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Abstract 

 

During winter, wood frogs (Rana sylvatica) can endure whole body freezing with 

65-70% of total body water converted to extracellular ice. As a result, cells experience 

extensive dehydration when water exits as well as anoxia due to interruption of blood flow. 

Adapting to such challenges requires metabolic rearrangement, partially mediated by 

transcription factor control over gene expression. Here, involvement of the nuclear factor 

of activated T-cells (NFAT) transcription factors, isoforms c1-c4, was analyzed in liver 

and skeletal muscle over freeze/thaw and anoxia/re-oxygenation cycles. Freezing activated 

NFATc3 in liver, leading to increased osteopontin expression and glycogen synthase 

kinase 3β repression (the latter potentially linked with glucose production as a 

cryoprotectant). Anoxia activated NFATc4 in liver, leading to increased atrial natriuretic 

peptide levels. Neither freezing nor anoxia significantly affected NFATs in skeletal muscle. 

Overall, the study indicates that NFATs have a crucial role to play in the natural 

cryoprotection of liver.  
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Chapter 1: General introduction 
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Extreme environmental conditions such as sub-zero temperatures, water loss, food 

availability, and prolonged exposure to low oxygen levels can impose challenges on 

organisms in the wild. Although the majority of animals cannot survive these abiotic 

stresses, a handful of organisms have developed coordinated physiological and 

biochemical strategies that aid survival.  Studying how these organisms naturally withstand 

extreme conditions will better our understanding of their adaptive strategies at the 

molecular level, which in turn will help in creating a road map for finding novel medical 

therapeutics and treatments for conditions such as diabetes, ischemic stroke/reperfusion 

and organ cryopreservation.  

1.1 Adaptations to sub-zero temperatures 

Exposure to cold temperatures can be challenging for some organisms. While some 

organisms, such as the Monarch butterflies simply avoid cold temperatures by migrating 

to warmer climates, other organisms including most ectotherms use anhydrobiosis, 

vitrification, freeze avoidance or freeze tolerance to overcome cold temperatures (Storey 

& Storey, 2004a). Anhydrobiosis is a defence mechanism that allows some species of 

prokaryotes (ex. cyanobacteria) and micro fauna (ex. Ditylenchus dipsaci nematodes) to 

go through periods of extreme dehydration to remove all available free water that could 

potentially freeze (Potts, 1994; Wharton, 1996; Storey & Storey, 2004a). Other organisms 

such as poplar and birch trees use a vitrification strategy in which their free water is 

solidified into an amorphous sugar glass that incorporates both the extracellular and 

intracellular solutes (Storey & Storey, 2004a). Insects, arthropods, and some invertebrates 

use two freeze avoidance strategies that rely on either the accumulation of high levels of 

different solutes (ex glycerol, sorbitol, mannitol, ribitol, xylitol, erythritol, ethylene glycol, 
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glucose, trehalose and sucrose) in order to lower the freezing point or they use a deep super-

cooling strategy where they activate mechanisms that enable their internal solutions to 

remain in a liquid state in freezing temperatures (Storey & Storey, 2004a). On the other 

hand, in freeze tolerant organisms, freezing starts with a controlled ice nucleation event 

that forms ice crystals on the skin, in the extracellular matrix, and between the organs 

(Schmid, 1982; Storey & Storey, 1988, 1992; Storey, 2006; Costanzo et al., 2008; Storey 

& Storey, 2012). Freeze-tolerance is an adaptive strategy used by some reptiles, insects, 

invertebrates, amphibians, and intertidal species such as bivalves, gastropods, and 

barnacles. 

Freezing imposes several challenges including: (A) physical stress as a result of ice 

crystal formation in the extracellular matrix and between organs which may be damaging 

to the architectural integrity of the cells and capillaries, (B) anoxic/ischemic stress to 

organs as a result of decrease in oxygen delivery due to blood plasma being frozen (C) 

dehydration stress as a result of losing up to ~60-70% of total body water to freezing 

resulting in organ dehydration and an increase in osmolality and ionic strength, and finally 

(D) physiological stress as a result of prolonged inactivity, complete cessation of heart beat, 

breathing, and brain activity (Storey, 1999; Storey & Storey 2004a, 2004b). Furthermore, 

these organisms have to also deal with challenges associated with thawing such as a large 

influx of reactive oxygen species upon oxygen reperfusion, cellular rehydration, and disuse 

of skeletal muscles during prolonged periods of inactivity. Taking this into consideration, 

it is evident that freeze-tolerant organisms have adapted to these stresses both at the 

physiological and molecular level. These natural adaptations create a natural freeze-

tolerant model system that allows scientists to gain a thorough understanding of the 
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molecular underpinnings in efforts to help solve current medical problems such as organ 

cryopreservation for transplants, ischemic stroke, and diabetes (Storey & Storey 2004a).  

1.2 Rana sylvatica as a natural freeze-tolerant model 

Rana sylvatica (R. sylvatica), commonly known as the wood frog, is an excellent 

model organism used for studying vertebrate natural freeze-tolerance. The geographical 

range of R. sylvatica stretches from the Arctic circle, including Alaska (near Fairbanks), 

western Canada, Midwestern United States, and extends down to the Great Lakes and the 

Ohioan boarders (Martof & Humphries, 1959; Middle and Barnes, 2001; Constanzo & Lee, 

2013; Constanzo et al., 2013) (Figure 1.1). Due to their large range, wood frogs from 

different zones are exposed to varying temperatures and have therefore adapted with 

different degrees of freeze tolerance. For example, wood frogs in the northern regions have 

shown to survive in temperatures below -18°C, whereas the wood frog population in the 

Great Lakes can only tolerate freezing at -3 to -6°C (Middle & Barnes, 2001; Costanzo & 

Lee, 2013).  Interestingly, a study by Costanzo & Lee (2013) compared the physiological 

and biochemical response between Alaskan and Ohioan wood frogs and showed that 

Ohioan wood frogs have smaller glycogen stores, are less uremic and lack cryoprotective 

solutes compared to the Alaskan wood frogs. It is clear that the same species of wood frogs 

native to different geographical locations have a varying degree of freeze-tolerance. 

Examining the molecular responses to freezing among wood frogs native to different 

locations provides us with insights about the evolutionary origins of freeze-tolerance. 

Wood frogs use their surroundings to cope with freezing. During winter, wood frogs 

burrow into the subnivean space, under multiple layers of leaves and snow on forest floors, 

to keep themselves insulated from the fluctuating winter conditions (Burroughs, 1914). 
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Indeed, a study by Schmid (1986) has shown that the temperature of the hibernacula under 

layers of leaf and snow remained modestly low at -1°C and decreased to only -7°C in cold 

winter days. These hibernacula sites prevent further dehydration and help wood frogs 

conserve their latent heat of fusion which helps to maintain a stable body temperature close 

to the body’s freezing point (-0.5°C for body fluids) (Storey & Storey, 2013). Therefore, 

these hibernacula sites are vital in controlling the freezing process.  

1.3 Ice nucleation and total body freezing in wood frogs 

Wood frogs activate several adaptive mechanisms in response to freezing. The first 

step of freezing is ice nucleation whereby wood frogs initiate a slow and controlled ice 

crystallization process at temperatures slightly under the freezing point of their body fluids 

(~ -0.5°C) (Storey & Storey, 2004b). Their moist hibernacula will form ice crystals at sub-

zero temperatures which provides the ice contact needed to initiate ice nucleation on the 

surface of the skin typically happening at -2.5°C to -3°C (Storey & Storey, 2004a). 

Interestingly, it has been shown that ~98% of wood frogs kept in moist environments froze 

at -2°C while only ~20% froze when kept in dry environments (Constanzo et al., 1999). 

When frogs overwinter on a dry surface, ice nucleation usually happens through ice 

nucleating bacterial activity (Pseudomonas and Enterobacter species) that are present on 

the surface of the skin and/or in the gut, this occurs when the frog has cooled down to 

approximately -2°C (Lee et al., 1995). Additionally, it has been shown that wood frog 

blood plasma contains ice nucleating proteins which upon activation mediate the formation 

of ice crystals within the vasculature (Storey & Storey, 1988).  The permeable skin of wood 

frogs allows ice formed on the surface to penetrate through and inoculate the internal body 

fluids thereby initiating an internal ice nucleation cascade (Storey & Storey, 2004a, 2004b). 
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Using proton magnetic resonance imaging (MRI), Rubinsky et al. (1994) showed that wood 

frogs freeze from the outside-in and ice propagates inwards through the body and fills the 

abdominal cavity, brain ventricles, bladder, eye lenses and forms sheets of ice between the 

skeletal muscle and the skin. Studies have shown that it would take between 12 to 24 hours 

for the wood frog to achieve maximum ice content of 60-70% (Storey & Storey, 2004b).   

1.4 Freeze/thaw adaptations in wood frogs 

Freezing can cause serious damage to the integrity of the cell, therefore to survive 

freezing and maintain cellular function after thawing, various cryoprotective measures are 

required to facilitate extracellular freeze tolerance and intracellular freeze avoidance. Some 

of these cryoprotective measures include the stabilization of cell membranes by trehalose 

and prolines and production of large quantities of small molecular weight carbohydrates 

used as cryoprotectants (Storey & Storey, 2004b).  R. sylvatica use glucose and to a lesser 

degree glycerol as cryoprotectants during freezing (Layne & Lee, 1995). As such, wood 

frogs accumulate extensive levels of glycogen (~180 mg/g wet weight) in their liver during 

the fall (Storey & Storey, 1984, 1992). Within 2-5 minutes of ice nucleation on the surface 

of the skin, molecular signals (involving thyroid hormones and β adrenergic receptors) are 

sent to the liver to initiate the conversion of stored glycogen to glucose (via glycogenolysis) 

which is then distributed to other tissues via the blood (Storey & Storey, 1984, 1985, 1988; 

Costanzo et al., 1993; Hemmings & Storey, 1993). Studies have been shown that freeze-

tolerant vertebrates such as R. sylvatica can increase their plasma glucose levels from 1-5 

mM in control state to ~300 mM in frozen state, a level that well exceeds the plasma 

glucose levels in diabetic patients (Storey & Storey, 1984; Duigliano et al., 2008). During 

freezing the heart (enters cardiac arrest after 15 hours of freezing) and the liver are saturated 
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with high levels of glucose and freeze last. This saturation is important as it can cause the 

tissues to have a lower melting point and thereby increase the speed of thawing when 

temperatures rise (Layne et al., 1989; Storey & Storey 2004b).  The use of glucose as one 

of the main cryoprotectants is an excellent choice during freezing for several reasons: (a) 

glucose can be easily synthesized from liver glycogen, (b) it can easily move in and out of 

cells, (c) it can be easily removed and stored when no longer needed, (d) it can stabilize 

proteins under stress conditions, and (e) it is a compatible solute meaning that even when 

levels are high, it will not interfere with the kinetics of different enzymes such as the 

glycolytic enzymes (Storey & Storey, 2004a, 2004b). These wood frogs can maintain their 

frozen state for months during the winter and only start to thaw when temperatures rise in 

the spring.  

Thawing, similar to freezing has to occur in a controlled manner to avoid any damage 

to the cell. Unlike the inward propagation of ice during freezing, MRI scans by Rubinsky’s 

group showed that thawing happens uniformly across all organs (Rubinsky et al., 1994). 

Interestingly, even though the heart and the liver were the last organs to freeze, they are 

the first ones to thaw due to the high levels of glucose present (Layne et al., 1989; Storey 

& Storey, 2013). In fact, the first measurable vital sign of R. sylvatica during thawing is 

the heart beat which is detected even when some organs are still frozen (Layne et al., 1989). 

A study by Layne et al. (1989) on wood frogs collected from New York showed that heart 

beat resumes as early as one hour after thawing at 5C (~1 beat/min), reaches 13.6 beat/min 

six hours after thawing and returns to control levels (15 beats/min) after complete thawing. 

Furthermore, once regular respiratory conditions are established and oxygen delivery to 

anoxic organs is resumed, more physical signs such as hind leg movement are observed 
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(Layne & First, 1991). It is important to note that the length of full recovery from freezing 

is directly related to the length of the freezing; and the longer the frogs spend in the frozen 

state, the longer it would take to resume full metabolic functions (Layne et al., 1998).  

Once thawed, it is important to restore glucose levels. A study by Storey and Storey 

(1986) showed that it could take over a week at 4°C to fully clear excess glucose from the 

wood frog system. The slow up-take of glucose allows the wood frogs to be protected 

against fluctuating temperatures and allows them to be ready to increase their glucose 

concentrations should the temperatures decrease again. Due to the hyperglycemic state of 

the frog and the limit of renal glucose reabsorption, some of the glucose is excreted through 

urine; however, because glucose is extremely important for subsequent freeze/thaw cycles, 

it is reabsorbed from the bladder and is converted back to glycogen and stored in the liver 

(Storey & Storey, 1986; Constanzo & Lee, 1997).  

1.5Anoxia and dehydration 

One of the main consequences of freezing is anoxia, which can be defined as 

inadequate delivery of oxygen to tissues. During freezing, oxygen delivery by blood to 

organs is interrupted due to the thickening of the blood plasma and due to blocked blood 

circulation (Storey & Storey, 2004b). This blockage also interrupts communication 

between cells/organs and halts waste removal from cells, leaving each individual cell to 

survive on its own during freezing (Storey & Storey, 2004b). Exposure to prolonged anoxic 

conditions causes a vast array of biochemical challenges that must be dealt with in order to 

survive. Challenges associated with long term anoxic exposure include the need for: a) 

large quantities of fermentable fuels, mainly glycogen, b) mechanisms to deal with storing 

and neutralization of the end products of anaerobic metabolism, c) mechanisms to adjust 
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the rate of ATP consumption to match the rate of ATP synthesis and d) orchestrating a 

coordinated antioxidant response to protect the cell from oxidative damage as a result of 

anoxic exposure (Storey & Storey, 2004c). 

As a result of limited oxygen availability, the mitochondrial electron transport chain 

(ETC) will not have sufficient oxygen to accept electrons, therefore it becomes reduced 

(Krivoruchko & Storey, 2010). The need for energy but the lack of oxygen directs ATP 

(adenosine triphosphate) synthesis toward anaerobic metabolism where carbohydrates 

(mainly glycogen) and a few amino acids (mainly aspartate but also asparagine, glutamate 

and glutamine) are used as fermentative fuels to make ATP (Storey & Storey, 2004c). 

While glycolysis in normoxic conditions can produce up to 38 moles of ATP per one mole 

of glucose, during anoxic conditions catabolism of glucose to lactate and H+ yields only 2 

moles of ATP for each mole of glucose (Storey & Storey, 2004c). This means that 

compared to aerobic ATP production, anaerobic ATP production requires 18 times more 

glucose to generate the same amount of energy. Although frozen frogs have large quantities 

of glucose available, its main role is to serve as a cryoprotectant in cells and not a 

fermentative energy source. Indeed, frozen wood frogs suppress the activity of three key 

glycolytic enzymes (hexokinase, glucose-6-phosphate dehydrogenase, 6-

phosphogluconate dehydrogenase) to prevent the use of cryoprotectant glucose as a source 

of fuel and instead they turn to endogenous glycogen stores to supply their fermentative 

energy demand (Storey & Storey, 2004b; Cowan & Storey, 2001). Moreover, even if there 

was an infinite supply of fermentable fuels, the end products lactate and H+ would disturb 

the pH balance of the cells and would require the production of large quantities of buffering 

substrates to be neutralized (Jackson & Ultsch, 2010). As a result, the demand for ATP 
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exceeds the amount of ATP present during anoxia and cells are not able to provide energy 

for their normal metabolic rates. This disequilibrium invokes mechanisms that enable the 

cells to suppress their normal metabolic rates and restrict energy expenditure to processes 

that are crucial for survival (Storey & Storey, 2004a, 2004b).  

Some of these processes involve pro-survival pathways important for dealing with 

the effect of anoxia and production of reactive oxygen species (ROS). One of the main 

outcomes of long-term anoxia is the lethal flow of ROS during oxygen reperfusion. Since 

the ETC is reduced during anoxia, it becomes more susceptible to producing large 

quantities of ROS upon re-oxygenation (reperfusion) which can cause serious damage in 

the cell. Wood frogs have developed mechanisms that allow them to selectively and 

strategically modulate the levels and activities of specific enzymes. Studies have shown 

that wood frogs up-regulate the enzymatic activity of several different antioxidant enzymes 

such as superoxide dismutase, catalase, glutathione S-transferase, glutathione reductase, 

and total Se-dependent glutathione peroxidase in the majority of tissues in response to 

anoxia (Joanisse & Storey, 1996; Storey & Storey, 2004b). Moreover, levels of metabolite 

antioxidants such as glutathione also increase during the freeze/thaw cycle (Storey & 

Storey, 2004b). Another challenge associated with anoxia is that it can damage protein 

structures and cause them to unfold. Heat shock proteins (HSPs) are extremely sensitive to 

the intracellular environment and can sense changes in intracellular pH, ionic strength and 

the redox state (Krivoruchko & Storey, 2010). They control various processes such as the 

cell cycle, DNA repair and stabilization, elimination of damaged proteins and guide the 

folding of nascent and misfolded proteins (Krivoruchko & Storey, 2010; Storey & Storey, 

2011). Glucose-regulated proteins (GRPs) are another set of chaperone proteins that are 
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induced after misfolded proteins accumulate in the endoplasmic reticulum and are markers 

of the unfolded protein response (Lee, 2001). Interestingly, a study by Zhenhong & Storey 

(unpublished data) found that GRP78, GRP94, HSP110, Hsc 70, HSP60, HSP40 and 

HSP10 all increased significantly in liver during 24 hours freezing and showed tissue 

specific differential regulation in skeletal muscle, kidney and heart in the same condition. 

The same study found that HSPs also show differential regulation during anoxic exposure 

and recovery in these organs.  Moreover, while GRP78 protein levels remained unaltered 

in liver and skeletal muscle after 24 hours of anoxia, GRP78 protein levels increased 

significantly in heart and skin (Zhenhong & Storey, unpublished data). Protein levels of 

GRP78 decreased after aerobic recovery in heart and skin and kidney. Interestingly, the 

same study found that GRP94 protein levels increased significantly during anoxia in liver, 

skeletal muscle, brain, kidney and skin (Zhenhong & Storey, unpublished data). The level 

of GRP94 proteins remained high in the heart during the aerobic recovery process but 

showed a significant decrease in kidney. The differential regulation of the chaperone 

proteins as well as the antioxidant response during the freeze/thaw and anoxia/re-

oxygenation cycle protect R. sylvatica and demonstrate that wood frogs have a well-

orchestrated defence mechanism to protect themselves in such conditions (Joanisse & 

Storey, 1996).  

Another stress associated with freezing is dehydration. When wood frogs freeze, 

~65-70% of their total body water is withdrawn from the cells and is crystalized in the 

extracellular matrix (Lee et al., 1992). In fact, freezing at -2.5°C caused a 58% water loss 

from liver and intestines and 23-36% water loss from skeletal muscle (Lee et al., 1992). 

Moreover, regardless of their physiological state and whether they are at -2°C or at 5°C, 
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due to their permeable skin, wood frogs rapidly loose water; which adds another layer of 

complication to freezing (Churchill & Storey, 1993). To prevent further water loss as a 

result of evaporation, wood frogs crouch into a tight ball, known as the water-conserving 

position, and hibernate in damp hibernacula under layers of leaves and snow (Churchill & 

Storey, 1993). In fact, the same study showed that wood frogs that hibernate in damp 

hibernacula lose only 2.5% of their total body water to evaporation while those that 

hibernate without covers will lose ~50% of their total body water in the same period of 

freezing (Churchill & Storey, 1993). Dehydration provides great benefits for wood frogs 

during freezing, it limits the amount of free water available and attenuates ice growth 

within the organs, thereby preventing intracellular ice formation (Storey, 1999). Wood 

frogs confine ice growth within the extra-organ space, abdominal cavity, the bladder, 

and/or between the skeletal muscle and the skin thus limiting cellular damage to tissues 

and capillaries (Storey, 1999). In addition, during dehydration water is withdrawn from 

inside the cell to the extracellular matrix resulting in the increase of cryoprotectant glucose 

concentration inside the cell which would allow for better cellular protection (Storey, 1999; 

Storey & Storey, 2004a). Lastly, although extreme dehydration can disturb the balance in 

ionic strength and osmolality, the permeable nature of amphibian skin already has prepared 

the wood frogs to deal with such problems (Storey & Storey, 2004b). Ultimately, although 

several defence mechanisms are in place to combat cellular stress as a result of freezing, 

anoxia and dehydration, the limited amount of energy available to spend on different 

metabolic processes makes it impossible for cells to survive for prolonged periods of time 

under these conditions. For this reason, wood frogs rearrange their metabolic processes in 

a well-organized manner and allocate the energy available to those metabolic pathways 
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that mediate survival under stress conditions. This means wood frogs will go through a 

series of metabolic re-organization events before entering the hypometabolic frozen state.   

1.6 Metabolic rate depression in wood frogs 

There is a finite amount of ATP available for metabolic processes (as a result of 

anaerobic metabolism), therefore strict regulation of energy usage is extremely important 

for survival. For this reason, organisms that go through prolonged periods of freezing, 

dehydration or anoxia decrease their metabolic rate dramatically to restrict energy 

expenditure to those processes that enable survival (Storey & Storey, 2004a; Storey, 2015). 

Some insects have been shown to decrease their metabolic rates to <10% of their control 

state when kept in the same conditions (Storey & Storey, 2004a). There are several 

requirements that must be met before wood frogs can survive in a hypometabolic state 

including: a) coordinating a global suppression of metabolic processes, b) maintaining 

available and adequate reservoir of glucose, and facilitate cellular mechanisms to dispose 

of accumulated waste and end products, c) coordinating communication between cells and 

organs d) strict regulation of ATP production and ATP consumption, e) reprioritizing 

energy allocation/restriction to specific cellular functions, and f) stabilizing cellular 

components during periods of stress in order to minimize/cut the amount of energy needed 

for restoration (Storey, 2015; Storey & Storey, 2007).  

These metabolic suppressions occur at various cellular levels including: transcription 

(i.e. epigenetic modifications such as histone phosphorylation, methylation & acetylation, 

DNA methylation, acetylation and SUMOylation, etc.), post-transcription (i.e. microRNAs 

and stress granules), and post-translation (i.e. reversible protein phosphorylation, 

acetylation, methylation, ubiquitination) (Biggar & Storey, 2011; Storey, 2015). The focus 
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of this project will be on the nuclear factor of activated T cells transcription factor family 

(NFATs) and their role in mediating transcriptional regulation under freezing and anoxia 

in liver and skeletal muscle of wood frogs.  

Transcription and translation are energy consuming processes and are subjected to 

tight regulation during metabolic rate depression. The accessibility of the DNA to the 

transcriptional machinery determines the rate and possibility of transcription. Several 

studies have thoroughly outlined the histone code and concluded that generally histone H3 

methylation at lysine 4 (H3K4), lysine 36 (H3K36) and lysine 79 (H3K79) causes gene 

activation whereas di-and tri-methylation of histone H3 at lysine 9 (H3K9), lysine 27 

(H3K27) and histone H4 lysine 20 (H4K20) causes gene repression (Zhang et al., 2012). 

Previous studies have shown that histone acetylation (Lys 23) and to some degree 

phosphorylation (Ser 10) promote transcription as they make the chromatin relaxed and 

open to the transcriptional machinery (Sterner & Berger, 2000; Cheung et al., 2000). 

Interestingly, when comparing histone H3 during hibernation in 13-lined ground squirrels, 

(also a hypometabolic state), total levels of this protein did not change; however, there was 

a 38-39% reduction in both histone H3 phosphorylation (Ser 10) and acetylation (Lys 23) 

during hibernation as compared to the euthermic group corresponding to the global 

suppression of transcription (Morin & Storey, 2006). Moreover, total histone deacetylase 

activity (enzymes that remove acetyl groups from histones) increased by 1.82 folds during 

hibernation, indicating their role in suppressing transcription (Morin & Storey, 2006).  

Even when more than 80-95% of the global metabolic rates are suppressed, about ~1-10% 

of the cellular energy is used by transcription (Rolfe & Brown, 1997; Storey & Storey, 

2007). As mentioned earlier, to be able to withstand prolonged periods of stress (in this 
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case freezing and anoxia), it is important to selectively express certain genes that will 

promote survival. In order to do that, there needs to be an increase in the activity and or 

levels of the corresponding transcription factor as well as easy accessibility to the DNA 

segments involved. For this thesis, the nuclear factor of activated T cells (NFATs) 

transcription factor family will be investigated under frozen and anoxic conditions in liver 

and skeletal muscle to assess whether NFATs may play a role in regulating freeze-tolerance 

in the wood frog.  

1.7 Nuclear Factor of Activated T cells (NFATs) 

Nuclear factor of activated T-cells (NFATs) are a family of five transcription factors 

that are associated with different signaling pathways. Studies have shown that NFATc1-4 

share the same DNA binding sequence (A/T) GGAAA (AN)(A/T/C) N and are regulated 

by calcium levels, whereas NFAT5 binds to a different DNA sequence and is activated by 

osmotic changes (Rao et al., 1997; Graef et al., 2001; Viola et al., 2005; Cheung & Ko, 

2013). Inactive NFATs are heavily phosphorylated and reside in the cytoplasm. Upon 

stimulation with intracellular calcium, NFATs are selectively dephosphorylated by 

calcineurin (calcium-calmodulin dependant phosphatase) and translocate into the nucleus 

(Rao et al., 1997; Rusnak & Mertz, 2000). Once in the nucleus, NFATs will bind to their 

DNA consensus sequence either alone or with other co-factors and carry out the expression 

of target genes (i.e. osteopontin and atrial natriuretic peptide). When calcium levels 

decrease, several nuclear kinases including glycogen synthase kinase-3 β (GSK3β), p38, 

and c-Jun N-terminal kinase (JNK) will re-phosphorylate NFATs in the nucleus and 

mediate their translocation back to the cytoplasm (Lee & Kim, 2007; Velden et al., 2008). 

NFATc1-c4 have been extensively studied in the immune system and are associated with 
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inducing the expression of immune related genes (Rao et al., 1997; Iniguez et al., 2000). 

Emerging studies on NFATs have shown that they also regulate genes associated with the 

cell cycle, apoptosis, adipocyte differentiation, skeletal and cardiac muscle differentiation, 

intestinal cell differentiation, insulin homeostasis, and cardiac hypertrophy (Molkentin et 

al., 1998; Ho et al., 1998; Baksh et al, 2000; Delling et al., 2000; Wang et al., 2001; Baksh 

et al., 2002; Viola et al., 2005; Yang et al., 2006). Because of their involvement in several 

cellular processes, it was of interest to examine NFAT regulation and see how they are able 

to surpass several control points and remain active even during an extreme hypometabolic 

state in wood frogs. This study, is the first investigation into the role that NFAT signaling 

during the freeze/thaw and anoxia/re-oxygenation cycles in R. sylvatica liver and skeletal 

muscle. 
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Figure 1.1: Geographical distribution of R. sylvatica. The geographical location of R. 

sylvatica from Alaska to the Ohioan boarders is shown by the shaded area.  

 

 

 

http://idahoherps.pbworks.com/f/1222831176/Rana-sylvatica_Range.gif 
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2.1 Animals  

A group of 250 adult male wood frogs (approximately 2 years old, between 5-7 

grams) were captured from breeding ponds in the Limerick Forest near the Ottawa area 

during the spring and transported, on ice, to our animal care facility at Carleton University. 

Frogs were then washed in a tetracycline bath and held at 5° in plastic containers containing 

sphagnum moss for two weeks prior to experimentation. The control group was sampled 

from this temperature and time.  

2.1.1 Freezing treatment 

 A subset of wood frogs was placed in plastic containers lined with damp paper towel 

and kept at -4°C incubators for 45 minutes to facilitate the cooling of their body 

temperatures and to allow for the initiation of ice nucleation. Immediately after the initial 

45-minute cooling period, containers were placed in a -2.5°C incubator for 24 hours. The 

frozen group was sampled at this time and temperature. The other group exposed to 24 

hours of freezing was transferred to another incubator and allowed to thaw for 8 hours at 

5°C. The 8 hour thawed group was sampled from this temperature. All animals (25-30 

wood frogs for each experimental condition) were sacrificed by pithing, and the dissected 

tissues were immediately flash frozen in liquid nitrogen and stored at -80 °C for future use. 

2.1.2 Anoxic treatment 

 Distilled water was bubbled with 100% nitrogen gas for approximately 30 minutes 

and was then used to damp paper towels. The damp paper towels were used to line the 

bottom of the plastic chambers in preparation for the experiment. The lid to the plastic 

chamber had two ports: one to allow nitrogen gas in and one to vent it out. Once the lid 
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was secured, 100% nitrogen gas was introduced to the chamber for 15-20 minutes. The 

5°C acclimated frogs were then placed in these chambers (5-6 frogs/chamber) and the lid 

was tightened and sealed with parafilm. Nitrogen gas was then passed through the 

chambers for approximately 30 minutes and the chambers were placed at 5°C incubators 

for 24 hours.  

 After 24 hours of exposure, half of the chambers were placed on ice while still sealed. 

Nitrogen gas was reintroduced to the plastic chambers and frogs were quickly sampled 

with minimal air exposure. This group represented the 24 hour anoxic group. The 

remaining 24 hour anoxic frogs were transferred to new chambers where they were exposed 

to air and allowed to recover from their anaerobic episode for 4 hours at 5°C. The 4 hour 

anoxic recovery group was sampled from this time and temperature. All animals (25-30 

wood frogs for each experimental condition) were sacrificed by pithing, and the dissected 

tissues were immediately flash frozen in liquid nitrogen and stored at -80 °C for future use. 

 All animal care, experimentation and euthanasia procedures were previously 

approved by the Carleton University Animal Care Committee in accordance to the 

guidelines set forth by the Canadian Council on Animal Care.   

2.2 Total soluble protein extraction for immunoblotting 

 Total soluble protein extraction was done using the control, 24 hour frozen, 8 hour 

thawed, 24 hour anoxic and 4 hour aerobic recovered liver and skeletal muscle tissues. 

Frozen tissue samples (n=4 independent biological replicates) were homogenized in 1:2 

w/v of homogenization buffer containing 20 mM Hepes, pH 7.4, 100 mM NaCl, 0.1 mM 

EDTA, 10 mM NaF, 1.0 mM Na3VO4, 10 mM β-glycerophosphate, a few crystals of 
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phenylmethyl-sulfonyl fluoride (PMSF) and 1.0 μL of Protease Inhibitor Cocktail 

(BioShop, Burlington, ON, Canada, cat. No. P1Coo1.1) using a Polytron homogenizer for 

~15-20 seconds. All of the homogenates were then centrifuged at 12,000 xg at 4°C for 15 

minutes and the resulting supernatants containing the soluble proteins were collected. The 

concentrations of the supernatants were measured using a Bio-Rad protein assay (Bio-Rad, 

Mississauga, ON, Canada, cat. No. 500.006) and all of the liver as well as the control 

skeletal muscle samples were normalized to 10μg/μL using homogenization buffer. The 24 

hour frozen, 8 hour thawed, 24 hour anoxic and 8 hour recovered skeletal muscle samples 

were normalized to 5μg/μL using homogenization buffer.  

 Equal volumes of the total soluble protein extracts and 2X SDS-PAGE (Sodium 

dodecyl sulfate polyacrylamide gel electrophoresis) sample buffer containing 100 mM 

Tris-HCl, 4% w/v SDS, 20% v/v glycerol, 0.2% w/v bromophenol blue and 10% v/v 2-

mercaptoethanol were mixed to give the following final concentrations: 5 μg/μL for all of 

the liver and the control of skeletal muscle samples and 2.5 μg/μL for the 24 hour frozen, 

8 hour thawed, 24 hour anoxic and 8 hour recovered skeletal muscle samples. All of the 

samples were then boiled in a water bath for ~5 minutes, cooled on ice for ~5 minutes and 

stored at -80 °C until needed. To check for the integrity of the proteins extracted, all of the 

prepared samples were run on a 10% SDS-PAGE gel. The gel was then stained using 

Coomassie Brilliant Blue (0.25% w/v Coomassie Brilliant Blue, 7.5% v/v acetic acid and 

50% methanol) and visualized using the Chemi-Genius Bioimager (Syngene, MD, United 

States).  
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2.3 Cyto-nuclear protein extraction 

 Frozen skeletal muscle and liver tissues from the control and 24 hour frozen groups 

(~0.5-1.0 g) were homogenized in 1:2 w/v of homogenization buffer A containing 10 mM 

HEPES, pH 7.9; 10 mM KCl; 10 mM EDTA; 20 mM -glycerol phosphate, 10 μL of 

Dithiotreitol (DTT) and 10 μL of Protease Inhibitor Cocktail (BioShop, Burlington, ON, 

Canada, cat. No. P1Coo1.1) per one mL of buffer using a Dounce Pestle homogenizer for 

3-10 strokes. The samples were then centrifuged at 10,000 xg for 10 minutes at 4ºC. The 

resulting supernatants were removed and used as the cytoplasmic fraction. The remaining 

pellets were re-suspended in extraction buffer B containing 20 mM HEPES, pH 7.9; 400 

mM NaCl; 1mM EDTA; 10% v/v glycerol; 20 mM -glycerol phosphate and 1.5 μL of 

DTT and 1.5 μL of Protease Inhibitor Cocktail per 147 μL of buffer. The samples were 

incubated on ice for one hour while rocking with intermittent vortexing and subsequently 

centrifuged at 10,000 xg for 10 minutes at 4ºC. The resulting supernatants were removed 

and used as the nuclear extract. The concentration of each sample was measured using a 

Bio-Rad protein assay (Bio-Rad, Mississauga, ON, Canada, cat No. 500.006) and samples 

were normalized to 10 μg/μL using their respective extraction buffers. The samples were 

then mixed with equal volumes of 2x SDS-PAGE sample buffer, boiled in a water bath for 

~5 minutes and chilled on ice for ~5 minutes. To test for the integrity of the cyto-nuclear 

extraction, equal concentrations of the cytoplasmic and the corresponding nuclear fractions 

were run on an SDS-PAGE gel. The separated proteins were then electro-blotted to a 

polyvinylidene difluoride (PVDF) membrane (Millipore, Etobicoke, ON, Canada, cat No. 

IPVH07850, 45 μm pore) and probed with an anti-histone H3 antibody (Cell Signaling, 
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Dancers, MA, United States, cat No. 9715) which served as a nuclear marker. All of the 

samples were stored at -80 °C until needed.  

2.4 SDS polyacrylamide gel electrophoresis and Western blotting 

All samples were run on SDS-PAGE gels with either 8%, 10%, or 15% resolving 

and 5% stacking gel compositions. The 5% stacking gels contained 5% acrylamide, 0.13M 

Tris pH 6.8, 0.10% SDS, 0.10% ammonium persulfate (APS), and 0.10% N,N,N’,N’-

Tetramethylethane-1,2-diamine (TEMED) and the 10% resolving gels contained 10% v/v 

of acrylamide,  0.4M Tris pH 8.8, 0.10% SDS, 0.10% APS and 0.10% TEMED. Equal 

amounts (~25 μg) of all total soluble protein extracts were loaded on SDS-PAGE gels and 

run using the Bio-Rad mini-gel apparatus filled with running buffer (25mM Tris-base, 190 

mM glycine, 0.1% w/v SDS with pH of ~7.6). The separated proteins were then transferred 

to PVDF membranes (Millipore, Etobicoke, ON, Canada, cat No. IPVH07850, 45 μm 

pore), and electro-blotted at 160 mA for 60-100 minutes at room temperature using transfer 

buffer containing 25mM Tris (pH 8.5), 192 mM glycine and 10% v/v methanol. The 

membranes were then dried at room temperature for ~5 minutes, rehydrated with methanol 

for ~1-2 minutes and blocked with either 5-10% w/v milk in Tris buffered saline with 

Tween-20 (TBST: 20mM Tris base pH 7.6, 150 mM NaCl, and 0.05% v.v Tween-20) or 

high molecular weight 2 mg/mL polyvinyl alcohol in TBST (Sigma-Aldrich, Oakville, ON, 

Canada, cat No. P8136-250G). Membranes were then washed 2-3 times for ~5 minutes 

with TBST and probed with either 1:500 or 1:000 of primary antibodies diluted in TBST 

and incubated overnight at 4°C. The membranes were then washed 3-4 times for ~5 

minutes with TBST at room temperature while shaking and incubated with 1:5000 or 

1:7000 of appropriate secondary antibodies conjugated to horse radish peroxidase (HRP) 
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for ~30 minutes at room temperature while shaking. Membranes were then washed 3 times 

for 5 minutes at room temperature with TBST while shaking. Membranes were then 

visualized with chemiluminescence (ECL: H2O2 and luminol) and stained with Coomassie 

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

Chemi-Genius Bioimager system (Syngene, MD, US) was used to visualized ECL bands 

as well as the Coomassie stained membranes.  Band intensities were analyzed using the 

Gene Tools software (Syngene, MD, US) and statistical analysis was done using the 

SigmaPlot software (SYSTAT, San Jose, CA, US).  

2.5 Total soluble protein isolation for transcription factor ELISA (TF-ELISA) 

Approximately 50 mg of frozen liver and skeletal muscle samples from control, 24 

hour frozen, 8 hour thawed, 24 hour anoxic and 4 hour aerobically recovered tissues (n=4 

independent biological replicates) were homogenized with 1:5 w/v pre-chilled lysis buffer 

(Etobicoke, ON, Canada, cat. No. 43-040) with 1mM Na3VO4, 10 mmM NaF, 10 mM β-

glycerophosphate and 1% protease inhibitor cocktail (BioShop, Burlington, ON, Canada, 

cat. No. PIC001) using a Dounce Pestle Homogenizer. The homogenates were then 

incubated on ice for 30 minutes with intermittent vortexing and centrifuged at 14,000 xg 

for 20 minutes at 4°C. The supernatants were collected and their concentrations were 

measured using the Bio-Rad protein assay. To evaluate the efficiency of the extraction, 

aliquots of 10 μL of each sample was mixed with 2x SDS-PAGE sample buffer and run on 

SDS-PAGE, as previously described. The gel was then stained with Coomassie blue and 

bands were visualized using the Chemi-Genius Bioimager system (Syngene, MD, United 

States). The total soluble protein extracts were stored at -80°C until use. 
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2.5.1 TF-ELISA DNA binding activity 

 Biotinylated-DNA oligonucleotides containing the NFAT binding element were 

synthesized by Sigma Genosys (Sigma-Aldrich, Oakville, ON, Canada). The biotinylated 

probe (5’-Biotin-CGCCCAAAGAGGAAAATTTGTTTCATA-3’and the complementary 

probe 3'GCGGGTTTCTCCTTTTAAACAAAGTAT-5') were diluted to a final 

concentration of 500 pmol/µL with ddH2O. The two probes were then mixed in a 1:1 ratio 

and placed in a thermocycler for 10 minutes at 95 ºC and subsequently allowed to cool at 

room temperature. The double stranded probes were then diluted with 1x phosphate buffer 

saline (1x PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4, pH 

7.4), briefly vortexed and 50 μL containing 40 pmol of the double stranded probe was 

added to streptavidin coated micro-plate wells (R&D Systems, Minneapolis, MB, Canada, 

Cat. No.CA73521-134,). Following a ~1hour incubation at room temperature, the unbound 

probes were discarded and the wells were washed three times with 200 μL of wash buffer 

(1x PBS and 0.1% Tween-20) and another time with 1x PBS buffer. Total soluble TF-

ELISA protein extracts containing equal amounts of protein (n=3-4 biological replicates 

for control, 24 hour frozen, 8 hour thawed, 24 hour anoxic and 4 hour recovery) for liver 

and skeletal muscle were mixed with transcription binding buffer (10 mM HEPES, 50 mM 

KCl, 0.5mM EDTA, 3mM MgCl2, 10% glycerol, 0.5mg/ml BSA, 0.05% NP-40 and 20 

mM DTT, pH 7.9, 1μg of Salmon sperm DNA), briefly vortexed and 50 μL (containing 

20-50 μg) of each sample was added to the probed wells. For the negative control wells, 

the same lysis buffer (Etobicoke, ON, Canada, cat. No. 43-040) used for TF-ELISA protein 

extraction was added to the master mix instead of proteins. All the wells were incubated 

for 1-2 hours at room temperature while on the plate shaker (Denville Scientific, Holliston, 
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MA, US, cat. No. S2125). After the incubation, the unbound transcription factors were 

discarded and the wells were washed three times with wash buffer. A volume of 60μL per 

well of the appropriate anti-NFAT antibody was then added to each well and the plate was 

incubated for ~1-2 hours at room temperature. Excess primary antibody was discarded and 

the wells were washed three times with wash buffer. Anti-rabbit IgG antibodies conjugated 

to HRP (Bio-Shop, Burlington, ON, cat. No. APA007P.2) were then added to each well 

(1:2000, 60 μL/well) and the plate was incubated for ~1 hour at room temperature. 

Unbound secondary antibodies were then discarded, the wells were washed four times with 

wash buffer and were subsequently incubated with 60 μL of tetramethylbenzidine 

(BioShop, Burlington, ON, Canada, cat No. TMB333.100). After colour development, 60 

μL of STOP solution (1M HCl, 60 μL/well) was added to terminate the reaction and the 

absorbance was measured. To determine the efficiency of the probes, a test run using 

pooled samples was performed for all of the targets to compare the DNA binding activity 

of the well containing all the assay components to wells that are missing either the probe, 

protein or the primary antibody.  

2.5.2 Environmental TF-ELISA  

 The same TF-ELISA protocol described above was performed with the following 

changes. To evaluate the effect of glucose on the DNA binding ability of NFATs, various 

concentrations of D-glucose (0-400 mM) were added to the reaction mixture, at room 

temperature, containing the total native soluble protein homogenates from the 24 hour 

frozen groups. The DNA binding activity of all the wells were normalized to the DNA 

activity of the wells with 0 mM of glucose.   
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To create a comparable well environment to freezing conditions, the same 

environmental TF-ELISA with different D-glucose concentrations was performed at 4°C 

using liver extracts from the 24 hour frozen group. The DNA binding activity of all the 

wells were normalized to the DNA activity of the wells with 0 mM of glucose.   

2.6 Quantification and statistics 

Enhanced chemiluminescent and Coomassie blue stained immunoblots were 

visualized using the Chemi-Genius BioImaging system (Syngene, Fredrerich, MD, USA) 

and densitometic analysis was performed with the associated Gene Tools software 

(Syngene, Fredrerich, MD, USA). Immunoblot chemiluminescent band intensities were 

normalized against a group of Coomassie blue stained bands in the same lane that showed 

constant levels of protein expression between the control, 24 hour frozen, 8 hour thawed, 

24 hour anoxia and 4 hour aerobic recovery groups (respectively for each stress/recovery 

condition) to correct for any minor variations in sample loading. The reported fold changes 

for the 24 hour frozen, 8 hour thawed, 24 hour anoxic and 4 hour recovered samples were 

relative to the control group by setting the control group to 1. Data is obtained from n=3-4 

independent biological replicates. 

The absorbance for the TF-ELISA experiments was measured at 450 nm (with 655 

nm as a reference) using the Multiskan spectrophotometer (Thermo Electron Corporation, 

Waltham, Massachusetts, USA). Data was analyzed using the SigmaPlot software 

(SYSTAT, San Jose, CA, USA) and the relative DNA binding activity for the 24 hour 

frozen, 8 hour thawed, 24 hour anoxic and 4 hour recovered groups were normalized to the 

control group which was set to 1. 
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The data obtained by western blotting and TF-ELISA were analyzed and graphed 

with One-way ANOVA with Holm-Sidak as a post-hoc test using the SigmaPlot software 

(SYSTAT, San Jose, CA, United States). Graphs show mean values ± SEM of n=3-4 

independent biological replicates; * p<0.05.  
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Chapter 3: Nuclear factor of activated T cell 

(NFAT) regulated glucose metabolism over the 

freeze/thaw cycle in wood frogs 
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3.1 Introduction 

Many organisms are faced with environmental conditions that could be challenging 

to their survival. Extreme cold temperature in winter is one such challenge that organisms 

must overcome to survive. While some organisms simply migrate to warmer climates to 

avoid winter, many others face winter in their natural habitat by adjusting their physiology, 

biochemistry and behavior to survive winter. Rana sylvatica, also known as wood frogs, 

are one of the few vertebrates known to date that are capable of surviving cold winter 

months by using a freeze-tolerant strategy (Schmid, 1982). Being able to survive freezing 

also requires the capability to withstand prolonged anoxic exposure, dehydration and 

hyperglycemia; stresses these wood frogs have mastered even in their unfrozen states. 

While the behavioral and physiological changes to prepare for freezing are important, this 

chapter will focus on the biochemical adaptations required to deal with freezing. As 

discussed earlier, during freezing wood frogs depress their metabolic rates and conserve 

the energy available by reprioritizing fuel consumption for processes crucial for survival. 

One way to regulate metabolic rate is through the regulation of gene expression, 

specifically by modulating the activity of key transcription factors. This study will examine 

the role of the nuclear factor of activated T cells (NFATs) over the wood frog freeze/thaw 

cycle.  

As discussed in chapter 1, NFATc1-c4 are involved in coordinating several 

processes including the regulation of glucose metabolism (Nilsson et al., 2006; Yang et al., 

2006). Previous studies have shown that glucose can increase intracellular calcium levels 

through the release of extracellular uridine 5’ triphosphate (UTP) and ATP (Parodi et al., 

2002; Lazaroski et al., 2003). The released UTP causes an influx of intracellular and 
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extracellular calcium from inositol triphosphate receptors and L-type voltage-dependent 

calcium channels (VDCCs) respectively (Lawrence et al., 2002; Nilsson et al., 2006). 

These high levels of calcium will then activate calcineurin (a calcium-calmodulin 

phosphatase) and allow it to dephosphorylate and activate NFATs (Rao et al., 1997). Once 

activated, NFATs enter the nucleus to elicit the transcription of their target genes.  

Emerging studies are elucidating the role of NFATs in mediating glucose 

metabolism. A study by Lawrence et al. (2002) has shown that glucose and glucagon-like 

peptide-1 both induce the expression of the rat insulin I gene via the NFAT signaling 

pathway in pancreatic β-cells. Moreover, NFATc2-/- and NFATc4-/- mice had a reduced 

expression of resistin and leptin, two adipokines that are involved in glucose metabolism 

(Yang et al., 2006). Other studies have shown that NFATc3 is responsible for inducing the 

expression of osteopontin under high glucose conditions (Nilsson-Berglund et al., 2010; 

Zetterqvist et al., 2015). Interestingly, the expression of osteopontin by NFATc3 was 

shown to be regulated by the release of extracellular nucleotides such as UTP, which as 

explained earlier causes the release of calcium (Renault et al., 2003; Nilsson-Berglund et 

al., 2010).  

Once the transcription of the target genes is complete and NFAT-mediated 

transcription is no longer needed, several kinases including glycogen synthase kinase 3β 

(GSK3β) re-phosphorylate NFATs (particularly NFATc3) and mediate their nuclear export 

back to the cytoplasm (Velden et al., 2008). In addition to its role as a transcription factor 

regulator, GSK3β is also involved in negatively regulating the activity of glycogen 

synthase, an enzyme that mediates the biosynthesis of glycogen when glucose levels are 

high (Woodgett et al., 1984; Lawrence & Roach, 1997).  
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While GSK3β deactivates glycogen synthase via phosphorylation at serine 3a, b 

and c, studies have shown that insulin can activate glycogen synthase by facilitating 

dephosphorylation at these three sites (Zhang et al., 1993; Skurat & Roach, 1996; Lawrence 

& Roach, 1997). Insulin can also stimulate the AKT signaling pathway which has been 

shown to phosphorylate and deactivate GSK3β in various cell types (Cross et al., 1995; 

Cross et al., 1997). Interestingly, previous studies by our group have shown that plasma 

insulin levels increase from 17 µUnits/ml during active control to approximately 35 

µUnits/ml under freezing conditions (Hemmings & Storey, 1996). This increase in insulin 

levels during freezing also correlates with the increase in AKT activation in liver but not 

in skeletal muscle (Zhang & Storey, 2013). Based on the previously known regulatory 

relation between AKT and GSK3β, an increase in AKT activity was expected to correlate 

with a decrease in GSK3β activity. The decrease in GSK3β activity would then allow 

glycogen synthase to remain active and carry on glycogenesis when glucose levels are high; 

however, this is not the case. AKT did not seem to inhibit GSK3β activity as p-GSK3β 

(Ser 9) levels were found to be significantly decrease in liver and skeletal muscle during 

freezing, implying that GSK3β was indeed active (Dieni et al., 2012). Moreover, Russell 

& Storey (1995) have found that freezing significantly decreases the activity of glycogen 

synthase in liver but not skeletal muscle in R. sylvatica.   

Maintaining a hyperglycemic state during freezing is important as the available 

glucose functions to cryopreserve the organs and prevent mechanical ice damage. A recent 

study has found that GSK3β can complex with AMP-activated protein kinase (AMPK) and 

inhibit its activity (Bultot et al., 2012; Suzuki et al., 2013). Interestingly, AMPK protein 

levels were found to significantly increase during freezing in both R. sylvatica liver and 
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skeletal muscle (Rider et al., 2006). The contradictory results between an active GSK3β as 

measured by Dieni et al., (2012) and an active AMPK as measured by Rider et al., (2006) 

prompted this study to investigate the regulatory mechanism involved in GSK3β 

expression during freezing in R. sylvatica liver and skeletal muscle.  

A thorough literature review revealed that NFATs may play a role in regulating 

GSK3β expression. Osteopontin as suggested earlier is a downstream target of NFATc3 

capable of causing the activation of the signal transducer and activator of transcription 3 

(STAT3) transcription factor in hepatocytes (Nilsson-Berglund et al., 2010; Wen et al., 

2015; Zetterqvist et al., 2015). Interestingly, high levels of insulin have been shown to elicit 

the nuclear translocation of the activated STAT3, which when bound to the GSK3β 

regulatory element prevented its transcription (Moh et al., 2008). Moreover, while 

activated STAT3 prevents GSk3β transcription, it does not alter the activity of already-

available GSK3β enzymes present in the cell. Based on these findings, two hypotheses 

were postulated: 

1. NFATs will be differentially regulated during the freeze/thaw cycle with 

NFATc3 showing an increase in expression after exposure to freezing. 

2. Activation of the NFATc3 signaling pathway will result in GSk3β 

transcriptional suppression during freezing.    

 

 

 

 



 

34 
 

3.2 Materials and Methods 

Animal treatment and tissue collection 

 Male wood frogs were collected, treated and sacrificed as previously described in 

chapter 2.  

 

Protein isolation and immunoblotting 

Total protein isolation for western blotting, TF-ELISA, and the cyto-nuclear protein 

extraction protocols are described in chapter 2. For western botting, the samples were run 

on SDS-PAGE at a constant voltage (180V) and transferred to PVDF membranes at a 

constant amperage (160mA). For a summary of the antibodies and blotting conditions used, 

see Table 3.1.   

 

TF-ELISA DNA binding activity  

The DNA binding analysis was performed using the control, 24 hour frozen and 8 

hour thawed samples as stated in Chapter 2. For a summary of antibody list and treatment 

conditions used, see Table 3.2. 
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Table 3.1: Summary of experimental conditions and antibodies used for western blotting 

for the freeze/thaw experiment. 

Primary 

antibody 

Tissue 

 

Blocking 

condition (in 

TBST) 

Probing 

conditions 

(dilution) 

Secondary 

antibody 

(dilution) 

Primary 

antibody 

source 

NFATc1 Liver 5% milk for 

60 min 

1:1000  

overnight 

1:5000 for 30 

mins 

Santa Cruz 

NFATc2 Liver 1% milk for 

30 mins 

1:1000 

overnight 

1:7000 for 30 

mins 

Santa Cruz 

NFATc3 Liver 5% milk for 

60 mins 

1:500  

48 hours 

1:5000 for 30 

mins 

Santa Cruz 

NFATc3 Liver 

(cyto/nuc) 

2% milk for 

30 mins 

1:500  

overnight 

1:7000 for 30 

mins 

Santa Cruz 

NFATc4 Liver 2.5% milk for 

30 mins 

1:1000 

overnight 

1:6000 for 30 

mins 

Santa Cruz 

NFATc1 Muscle 3% milk for 

30 mins 

1:500 

48 hours 

1:5000 for 30 

mins 

Santa Cruz 

NFATc2 Muscle 3% milk for 

30 mins 

1:500 

48 hours 

1:5000 for 20 

mins 

Santa Cruz 

NFATc3 Muscle 1% milk for 

30 mins 

1:1000 

overnight  

1:7000 for 30 

mins 

Santa Cruz 

NFATc4 Muscle 1% for 30 

mins 

1:1000  

overnight 

1:7000 for 30 

mins 

Santa Cruz 

Osteopontin Liver 2 mg/mL 

HMW PVA 

for 3 mins 

1:1000  

overnight 

1:7000 for 30 

mins 

DSHB 

University 

of Iowa 

Osteopontin Muscle 2 mg/mL 

HMW PVA 

for 3 mins 

1:1000  

overnight 

1:7000 for 30 

mins 

DSHB 

University 

of Iowa 

Calcineurin 

A 

Liver 4% milk for 

30 mins 

1:1000  

overnight 

1:7000 for 30 

mins 

GeneTex 

Calcineurin 

A 

Muscle 4% milk for 

30 mins 

1:1000  

overnight 

1:7000 for 30 

mins 

GeneTex 

GSK3β Liver 5% milk for 

30 mins 

1:1000  

overnight 

1:7000 for 30 

mins 

Santa Cruz 

GSK3β Muscle 5% milk for 

30 mins 

1:1000  

overnight 

1:7000 for 30 

mins 

Santa Cruz 

p-STAT3 

Y705 

Liver 2% milk for 

30 mins 

1:1000  

overnight  

1:7000 for 30 

mins 

Cell 

Signaling 

p-STAT3 

Y705 

Muscle 2% milk for 

30 mins 

1:1000  

overnight  

1:7000 for 30 

mins 

Cell 

Signaling 

p-STAT3 

S727 

Liver 2% milk for 

30 mins 

1:1000  

overnight  

1:7000 for 30 

mins 

Cell 

Signaling 
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Table 3.2: Summary of experimental conditions and antibodies used for TF-ELISAs for 

the freeze/thaw experiment. 

Primary antibody 

and probing 

condition (dilution 

in PBST) 

Tissue Treatment Secondary 

antibody and 

condition 

(dilution in 

PBST) 

Protein amount 

(µg) 

NFATc1  

1:1000 for ~60 mins 

Liver None 1:2000 for 1 hour 30 

NFATc2 1:1000 for 

~80 mins 

Liver None 1:2000 for 1 hour 40 

NFATc3 1:1000 for 

~90 mins 

Liver None 1:2000 for 1 hour 20 

NFATc4 1:1000 for 

~60 mins 

Liver None 1:2000 for 1 hour 40 

NFATc1 1:1000 for 

~ 90 mins 

Muscle None 1:2000 for 1 hour 40 

NFATc2 1:1000 for 

~ 90 mins 

Muscle None 1:2000 for 1 hour 30 

NFATc3 1:1000 for 

~ 70-80 mins 

Muscle None 1:2000 for 1 hour 40 

NFATc4 1:1000 for 

~ 90 mins 

Muscle None 1:2000 for 1 hour 30 

NFATc3 1:1000 for 

~70 mins 

Liver Glucose 1:2000 for 1 hour 20 

NFATc3 1:1000 for 

~ 70 mins 

Liver Glucose + 

4C 

1:2000 for 1 hour 20 

NFATc3 1:1000 for 

~60 mins 

Muscle Glucose 1:2000 for 1 hour 40 
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3.3 Results 

Analysis of total NFAT protein level 

  Total NFAT protein levels in both liver and skeletal muscle were measured using 

western immunoblotting to compare expression between the control at 5ºC, 24 hour frozen 

group at -2.5 ºC, and 8 hour thawed group at 5 ºC. Mammalian polyclonal antibodies were 

used for western blotting and each cross-reacted with a band near the expected molecular 

weight.  

 Figure 3.1 shows the pattern of NFATc1-4 expression during the freeze/thaw cycle 

in wood frog liver. The antibodies used cross reacted with a single band for each NFAT at 

the following molecular weights: NFATc1: ~140 Kda, NFATc2 ~98 KDa, NFATc3 ~98 

KDa, NFATc4 ~100 KDa). Exposure to 24 hours of freezing caused a significant decrease 

in NFATc1 (0.74 ± 0.08) and NFATc2 (0.74 ±0.07) compared to their respective control 

groups (1.00 ± 0.08 and 1.00 ± 0.04 respectively). After 8 hours of thawing, NFATc1 (0.99 

± 0.06), and NFATc2 (1.05 ± 0.02) expression levels were found to rebound back to control 

with NFATc2 showing a significant increase compared to the 24 hour frozen group. 

Exposure to 24 hour of freezing caused a significant increase in NFATc3 (2.16 ± 0.05) 

protein expression and levels remained significantly high during 8 hour of thawing (1.79 ± 

0.19) compared to the control group (1.00 ± 0.15). Levels of NFATc4 protein expression 

increased significantly (1.15 ± 0.03) during 24 hour of freezing but levels rebound back to 

control (1.00 ± 0.01) after 8 hour of thawing (1.05 ± 0.04).  

 Figure 3.2 shows the pattern of NFATc1-c4 expression during the freeze/thaw cycle 

in wood frog skeletal muscle. Exposure to 24 hour of freezing had no effect on NFATc1 

(1.00 ± 0.07) and NFATc3 (1.00 ± 0.05) protein expression during freezing compared to 
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the control groups (1.00 ± 0.13 and 1.00 ± 0.19 respectively). During 8 hour of thawing, a 

significant increase in protein expression levels was observed for NFATc1 (1.74 ± 0.09) 

and NFATc3 (2.17 ± 0.09), relative to control and frozen levels. Protein expression levels 

of NFATc2 (0.61 ± 0.08) decreased significantly after 24 hour of freezing and remained 

significantly low (0.67 ± 0.05) after 8 hour of thawing compared to the control group (1.00 

± 0.05). Protein expression levels of NFATc4 also significantly decreased after 24 hour of 

freezing (0.70 ± 0.03) compared to the control (1.00 ± 0.05). During 8 hour of thawing, 

NFATc4 protein expression (0.92 ± 0.05) returned back to control levels and showed a 

significant increase compared to the 24 hour frozen group.  

DNA binding activity of NFATs 

 Figure 3.3 shows the relative DNA binding activity of NFATs to their consensus 

sequence measured using TF-ELISAs in liver. The DNA binding activity of NFATc1 

significantly decreased (0.56 ± 0.1) after 24 hour of freezing but levels returned to control 

values (1.00 ± 0.06) after 8 hour of thawing (1.16 ± 0.06). The DNA binding activity of 

NFATc2 did not show a significant change after 24 hours of freezing (0.88 ± 0.04) or after 

8 hours of thawing (1.13 ± 0.07) compared to the control group (1.00 ± 0.09). Exposure to 

24 hours of freezing caused a significant increase in NFATc3 DNA binding activity (1.33 

± 0.04) compared to the control group (1.00 ± 0.08). The DNA binding activity of NFATc3 

returned to control levels after 8 hours of thawing (0.97 ± 0.08) but also showed a 

significant decrease compared to the 24 hour frozen group. The DNA binding activity of 

NFATc4 showed a significant decrease after 24 hours of freezing (0.29 ± 0.16) and levels 

remained low after 8 hour of thawing (0.31 ± 0.11) compared to the control group (1.00 ± 

0.05).  
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 Figure 3.4 shows the relative DNA binding activity of NFATs to their consensus 

sequence in skeletal muscle. The DNA binding activity of NFATc1 showed a significant 

decrease (0.37 ± 0.09) after 24 hours of freezing and levels remained significantly low 

(0.29 ± 0.12) compared to the control group (1.00 ± 0.03). Exposure to 24 hours of freezing 

caused a significant decrease (0.69 ± 0.05) in NFATc2 DNA binding activity compared to 

the control (1.00 ±0.03) and 8 hour thawed group. The DNA binding activity returned to 

control levels after 8 hour of thawing (0.94 ± 0.063). There was no significant change in 

DNA binding activity of NFATc3 after 24 hours of freezing (0.87 ±0.11) or after 8 hours 

of thawing (0.84 ±0.11) compared to the control group (1.00 ± 0.09). Exposure to 24 hour 

of freezing caused a significant decrease in NFATc4 DNA binding activity (0.67 ± 0.10) 

compared to the control group (1.00 ± 0.02) and levels remained low after 8 hour of 

thawing (0.74 ± 0.07).  

 Figures 3.5 and 3.6 shows the relative DNA binding activity of NFATc3 to its 

consensus sequence in the presence of a glucose gradient during freezing in liver and 

skeletal muscle at room temperature. Varying the concentrations of glucose did not affect 

the DNA binding activity of NFATc3 in either of the tissues.  

 Figure 3.7 shows the change in DNA binding activity of NFATc3 in the 24 hour 

frozen group in presence of a glucose gradient at 4°C. The combination of glucose gradient 

and cold temperature also did not show any effect on the DNA binding activity of NFATc3.  

Nuclear localization levels of NFATc3  

 Protein levels of NFATc3 in the nuclear fractions of the control and the 24 hour 

frozen group was measured using western blotting. Figure 3.8 shows that exposure to 24 
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hours of freezing (2.05 ± 0.33) caused a significant increase in nuclear levels of NFATc3 

as compared to the control nuclear fraction (1.00 ± 0.23).  

Analysis of total calcineurin A, GSK3β, osteopontin, p-STAT3 (Tyr 705), p-Stat3 (Ser 

727) 

 Figure 3.9 shows the protein expression levels of calcineurin A in liver and skeletal 

muscle. The anti- calcineurin A antibody used detected a single band at approximately 57.5 

KDa in both liver and skeletal muscle of wood frogs. Levels of calcineurin A remained 

constant during freezing (0.86 ± 0.04) but were found to be significantly elevated (1.36 ± 

0.13) after 8 hour of thawing, compared to the control (1.00 ± 0.07) and 24 hour frozen 

groups in liver. Exposure to 24 hours of freezing caused a significant decrease (0.51 ± 

0.003) in calcineurin A protein expression compared to the control group (1.00 ± 0.02). 

After 8 hours of thawing (0.78 ± 0.02) protein levels increased significantly compared to 

the 24 hour frozen group but remained significantly low compared to the control group.  

 Figure 3.10 shows the protein expression levels of GSK3β in liver and skeletal 

muscle. The anti-GSK3β antibody used detected a single band at ~47 KDa. Exposure to 24 

hours of freezing caused a significant decrease (0.58 ± 0.07) in GSK3β protein expression 

compared to the control in liver (1.00 ± 0.13). GSK3β expression returned to control levels 

(1.04 ± 0.04) after 8 hour of thawing but showed a significant increase in comparison to 

the 24 hour frozen group in liver. Expression levels of GSK3β did not change after 24 hour 

of freezing (0.95 ± 0.07) or 8 hour of thawing (0.77 ± 0.3) in skeletal muscle compared to 

the control group (1.00 ± 0.07).  
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 Figure 3.11 shows the protein expression levels of osteopontin in liver and skeletal 

muscle. The anti-osteopontin antibody used detected a single band at 35KDa in both liver 

and skeletal muscle of wood frogs. Protein levels of osteopontin increased significantly 

after 24 hour of freezing (2.1 ± 0.12) in liver relative to the control group (1.00 ± 0.10). 

After 8 hour of thawing, osteopontin levels (1.6 ± 0.14) remained significantly higher than 

the control group but showed a significant decrease compared to the 24 hour frozen group. 

Osteopontin protein levels did not change after 24 hours of freezing (0.85 ± 0.13) or after 

8 hours of thawing (1.09 ± 0.14) compared to the control group (1.00 ± 0.02) in skeletal 

muscle.  

 Figure 3.12a shows the levels of p-STAT (Tyr 705) in liver and skeletal muscle. The 

antibody used detected a single band at approximately 88 KDa. Levels of p-STAT (Tyr 

705) did not show a significant change after 24 hours of freezing (1.43 ± 0.09) but showed 

a significant increase after 8 hours of thawing (8.36 ± 1.3) compared to the control (1.00 ± 

0.07) and the 24 hour frozen group in liver. Exposure to 24 hours of freezing did not show 

a significant change (1.45 ± 0.23) in p-STAT (Tyr 705) protein expression and levels 

remained unchanged after 8 hour of thawing (1.88 ± 0.66) compared to the control group 

(1.00 ± 0.13) in skeletal muscle.  

 Figure 3.12b shows the levels of p-STAT (Ser 727) in liver. Exposure to 24 hours of 

freezing caused a significant increase (6.2 ± 1.28) in protein expression compared to the 

control group (1.00 ± 0.09). Protein levels decreased significantly compared to the 24 hour 

frozen group aftern8 hours of thawing (2.4 ± 0.35) but remained significantly high 

compared to the control group. The same antibody used did not detect any bands in skeletal 

muscle.  
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3.4 Discussion 

Studying freeze tolerance in natural models can provide insightful information 

about the molecular mechanisms necessary for mediating survival. Thorough 

understanding of these mechanisms can aid in developing appropriate cryopreservation 

techniques that could prolong organ preservation time and organ viability prior to 

transplantation. Freeze tolerant frogs also provide an excellent natural model for studying 

diabetes, as they go through prolonged periods of hyperglycemia with glucose levels (300 

mM) well exceeding those of patients with severe diabetic ketoacidosis (40 mM) (Kearney 

& Dang, 2007).  Although faced with a finite amount of energy and a global suppression 

of gene expression, these frogs can selectively and strategically up regulate necessary 

pathways that mediate survival, even during periods of extreme hypometabolism. For 

example, during freezing blood delivery to organs is interrupted. This interruption causes 

the production of reactive oxygen species (ROS) which is challenging to the cell. To protect 

against ROS, R. sylvatica up regulate several antioxidants metabolites and antioxidant 

enzymes to help combat oxidative damage. On the contrary, some signaling pathways are 

not essential to the cell during freezing. For example, the extracellular signal-regulated 

kinase (ERK) is responsible for cellular growth and proliferation (Cowan & Storey, 2001). 

Indeed, ERK activity in liver, kidney, heart and brain showed no significant increase in this 

condition, suggesting that cellular growth is not favoured during freezing (Joanisse & 

Storey, 1996; Greenway & Storey, 2001; Cowan & Storey, 2001). Freezing is a complex 

process that requires the tissue-specific regulation of cellular functions. For example, the 

mitogen-activated protein kinase (MAPK) signaling pathway is activated in a tissue 

specific manner in frozen wood frogs, where c-Fos protein levels increased in the brain and 

kidney but remained unaltered in liver and heart during freezing (Greenway & Storey, 
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2000). Similarly, Zhang & Storey (2013) found that AKT signaling was found to be 

regulated in a tissue-specific manner, AKT was inhibited in skeletal muscle, kidney and 

heart while remaining active in liver after freezing exposure. The current study aimed to 

investigate the NFAT signaling pathway in liver and skeletal muscle over the freeze/thaw 

cycle in R. sylvatica.  

The liver is the main site for glycogen storage in the body. This organ was of 

particular interest to this study as it plays a pivotal role in modulating survival by producing 

large quantities of glucose to cryopreserve all organs during freezing and by clearing the 

excess glucose upon thawing (Costanzo, 1993; Storey, 2003; Zhang & Storey, 2013). In 

contrast, the small glycogen stores in skeletal muscle are preserved during freezing and 

confined to the muscle itself to mediate function within the tissue (Hemming & Storey, 

2001). Due to the contrasting role of liver and skeletal muscle glycogen storage and usage, 

it was of interest to compare NFAT signaling in these two tissues. 

R. sylvatica can produce large quantities of glucose to protect itself against freezing. 

Several studies have shown that high levels of glucose cause an increase in intracellular 

calcium in several cell types including pancreatic islets, cardiac myocytes and vascular 

smooth muscle cells (Fadda & Massry, 1991; Barbagallo et al., 1995; Smogorzewski et al., 

1998). The increase in calcium levels is attributed to the fact that glucose causes an increase 

in extracellular UTP levels, which in turn causes the release of calcium both from 

intracellular and extracellular storage by acting on the inositol triphosphate receptors and 

VDCCs, respectively (Lawrence et al., 2002; Parodi et al., 2002; Lazaroswki et al., 2003; 

Nilsson et al., 2006). Since freezing in wood frogs is considered a hyperglycemic event, 
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and NFATs are activated by calcium, this prompted the investigation of NFAT signaling 

in liver and skeletal muscle during the freeze/thaw cycle in wood frogs.  

Total protein levels of NFATc1-c4 were measured by western blotting in both 

tissues. In general, as seen in Figure 3.1 and Figure 3.3, only NFATc3 showed a significant 

increase in protein expression by 1.90 ± 0.10 folds as well as DNA binding activity by 1.33 

± 0.04 folds after 24 hours of freezing in liver.  In contrast, none of the four NFATs showed 

a significant increase in protein expression or DNA binding activity after 24 hours of 

freezing in skeletal muscle (Figure 3.2, 3.4). While the increase in NFATc3 activity was 

expected in both tissues due to high levels of glucose, the discrepancy in skeletal muscle 

may be attributed to various factors that may prevent the release of calcium in this tissue 

even when glucose levels are high as explained earlier. Perhaps the discrepancy between 

protein levels and DNA binding activity of the other NFATs in both tissues can be 

explained by post-translational modifications. As seen in Figure 3.1, protein levels of 

NFATc4 are significantly up regulated during freezing, however there is a significant 

downregulation in DNA binding activity as seen in Figure 3.3 in the corresponding 

conditions in liver. Because the antibody used in this experiment was able to detect total 

NFATc4 (including both p-NFATc4 and normal NFATc4), it is possible that the increase 

seen in this experiment was a result of p-NFATc4 elevation. This hypothesis would explain 

the significant decrease in DNA binding levels while NFAT protein levels remain high; 

however, this would need to be further validated with the use of a phospho-specific p-

NFATc4 (Ser 168, 170) antibody.  

When NFATs are not needed, they are heavily phosphorylated by “maintenance 

kinases” and are sequestered in the cytoplasm (Rao et al., 1997). A member of the mitogen-
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activated protein kinase (MAPKs), c-Jun N-terminal kinase (JNK), was shown to 

phosphorylate NFATc1 near the calcineurin binding domain and prevent its nuclear 

accumulation (Chow et al., 2000). Studies from our lab have shown that JNK activity 

remained unchanged during freezing in liver; however, JNK activity increased 

significantly 90 minutes after thawing in liver before returning to baseline levels after 4 

hours of thawing in R. sylvatica (Greenway & Storey, 2000). Perhaps it is the inhibitory 

effect of JNK together with the decrease in NFATc1 protein levels that prevents nuclear 

accumulation leading to a significant decrease in NFATc1 DNA binding as shown in 

Figure 3.3 in the liver during freezing. Moreover, while JNK was not measured at 8 hours 

post thawing, it is possible that the decrease in its phosphorylating activity is responsible 

for the increase in DNA binding activity of NFATc1 in liver (Figure 3.3). Similarly, 

although the enzymatic activity of JNK were not directly measured in skeletal muscle, it is 

possible that perhaps the decrease in DNA binding activity of NFATc1 after 24 hours of 

freezing and 8 hours of thawing is attributed to the increase in JNK activity in those 

conditions (Figure 3.4). Further experiments are needed to fully understand the role of JNK 

activity in regulating NFATc1 phosphorylation in both liver and skeletal muscle.  

A member of the MAPK family, p38, is also responsible for phosphorylating 

NFATc2 and NFATc4, resulting in their localization in the cytoplasm (Arco et al., 2000; 

Yang et al., 2002). While p38 activity was not measured after 24 hours of freezing and 8 

hours of thawing in wood frog liver and skeletal muscle, it is possible that perhaps an 

increase in p38 activity is responsible for causing the significant decrease in NFATc4 DNA 

binding levels in liver after 24 hours of freezing and 8 hours of thawing and in skeletal 

muscle after 24 hours of freezing (Figure 3.3, 3.4). It is noteworthy to mention that since 
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the anti-NFATc4 antibody used detected both NFATc4 and p-NFATc4, it is highly possible 

that the significant increase seen after 24 hours in liver is actually an increase in the 

deactivated form, p-NFATc4. This would explain the significant decrease in NFATc4 

DNA binding activity as seen in Figure 3.3 compared to protein levels as seen in Figure 

3.1. This however can only be proven by measuring the level of p-NFATc4 modification 

in liver after 24 hours of freezing. The discrepancy between NFATc2 protein levels and 

DNA binding activity can also be clarified and measured using a phospho-specific anti-

NFATc2 antibody by western blotting (Figure 3.1, 3.3). With respect to the results 

obtained, it is evident that freezing causes a differential regulation in NFAT protein 

expression and DNA binding activity in a tissue specific manner. These results suggest that 

under a hypometabolic state where energy reserves are limited, only signaling pathways 

necessary for survival are activated.  

Frozen wood frogs are subjected to high levels of glucose, and since NFATc3 

showed a significant increase in protein expression as well as DNA binding levels during 

freezing, it was of interest to asses the effect of glucose on the DNA binding ability of this 

transcription factor. As seen in Figure 3.5 in liver and Figure 3.6 in skeletal muscle, adding 

varying concentrations of glucose, even at biologically relevant levels during freezing 

(~300 mM) did not cause a significant change in NFATc3 DNA binding. Likewise, the 

same DNA binding assay was performed at 4C, in efforts to mimic the freezing conditions 

in wood frogs, but it also failed to show a significant change in the DNA binding of 

NFATc3 (Figure 3.7). Although there are studies that show that glucose can enter the 

nucleus, it is possible that there is no physical interaction between glucose and NFATc3 

that could enhance its DNA binding activity (Kaminski et al., 2013). As mentioned earlier, 
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glucose causes the release of extracellular UTP which through a series of steps causes an 

increase in intracellular calcium levels (Nilsson et al., 2006). The increase in calcium in 

turn instigates a cascade of events that activate calcineurin, a phosphatase known to 

dephosphorylate NFATs and lead to their activation (Hogan et al., 2003; Rusnak & Mertz, 

2000). Interestingly, the study by Nilsson et al. (2006) concluded that high glucose 

activates NFATc3 specifically. This prompted a deeper examination of NFATc3 activation 

in both tissues over the freeze/thaw cycle. 

 To further confirm the activity of NFATc3, we measured the amount of NFATc3 

localized in the nuclear fractions of the control and the 24 hour frozen wood frog liver. As 

seen in Figure 3.8, after 24 hours of freezing, NFATc3 nuclear localization increased by 

~2.05 ± 0.33 folds compared to the nuclear localization in the control group. The increased 

nuclear translocation of NFATc3 further confirms the results obtained from the DNA 

binding experiment and concludes that NFATc3 is likely involved in gene transcription 

during freezing in the liver.  

In order for NFATc3 to enter the nucleus, it needs to be dephosphorylated by the 

Ca2+/calmodulin-dependent serine phosphatase calcineurin (Hogan et al., 2003).  Exposure 

to 24 hours freezing did not have an effect on protein expression levels of calcineurin A in 

liver but was found to significantly decrease the protein expression of this target in skeletal 

muscle (Figure 3.9). After 8 hours of thawing, calcineurin A showed a significant increase 

compared to the control and the 24 hour frozen group in liver while showing a significant 

decrease and increase compared to the control and the 24 hour frozen group in skeletal 

muscle. While the significant decrease of calcineurin A protein levels may be responsible 

for the decrease in NFATc1, c2 and c4 DNA binding activity observed during freezing 
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(Figure 3.4) in skeletal muscle, the unchanged protein levels during 24 hours freezing may 

be sufficient to dephosphorylate NFATc3 and facilitate its nuclear shuttling, DNA binding 

and specific activation of gene transcription in liver (Figure 3.3, 3.8). 

 Once NFATc3 is no longer needed in the nucleus, GSK3β will re-phosphorylate it 

and cause its nuclear exit (Veldon et al., 2008). GSK3β also regulates the activity of several 

other proteins including enzymes involved in metabolism (e.g. glycogen synthase), 

structural proteins (e.g. Tau), signaling proteins (IRS-1) and transcription factors (e.g. 

Nrf2) (Woodgett et al., 1984; Hanger et al., 1992; Liberman & Eldar-Finkelman, 2005; 

Velden et al., 2008, Rojo et al., 2008). Moreover, GSK3β was shown to inhibit the activity 

of AMP-activated protein kinase (AMPK) by forming a complex with its β subunit (Suzuki 

et al., 2013).  Previously, Dieni et al., (2012) determined that total GSK (both α and β) 

protein levels do not change during the course of freezing in liver or skeletal muscle. The 

present study shows that GSK3β protein levels are significantly downregulated in liver 

after 24 hours of freezing and rebound to control levels after 8 hours of thawing, where 

skeletal muscle showed no significant change in GSK3β protein expression over the 

freeze/thaw cycle (Figure 3.10). Interestingly, the same study by Dieni et al., (2012) 

measured protein levels of the inactive form of GSK3β, p-GSK3β (Ser 9), and found that 

phosphorylated levels decreased significantly during freezing in liver and skeletal muscle 

suggesting that this protein is likely active during freezing. With respect to NFATc3 

nuclear localization, it is possible that although GSK3β is active in the liver, it may not 

impose an inhibitory effect on NFATc3 nuclear accumulation, as nuclear levels of NFATc3 

after 24 hours of freezing significantly increased relative to control levels (Figure 3.8). This 

is perhaps due to the fact that GSK3β often requires the target protein to be “primed”. In 
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this case, other kinases are required to phosphorylate the target protein. This priming 

facilitates the inhibitory phosphorylation of that target by GSK3β (Lee & Kim, 2007). The 

absence of prime phosphorylation on NFATc3 and AMPK is perhaps responsible for the 

ineffectiveness of GSK3β in phosphorylating and deactivating these two targets.  

The relationship between AMPK and GSK3β is important for wood frog survival 

during freezing. There are several pathways that are regulated by AMPK including the 

inhibitory phosphorylation of glycogen synthase which prevents glycogen synthesis under 

high glucose conditions (Bultot et al., 2012; Suzuki et al., 2013). Rider et al. (2006) have 

reported that during freezing, there is a 2-fold increase in AMPK protein levels in liver 

where levels returns to control state after 4 hours of thawing (Rider et al., 2006). Likewise, 

skeletal muscle also showed a significant 4.5-fold increase in AMPK protein levels during 

freezing but levels remained 3-fold higher compared to the control after 6 hours of thawing 

(Rider et al., 2006). In correlation to this study, a decrease in GSK3β protein levels during 

freezing is beneficial as it would decrease the number of complexes made with AMPK, 

complexes that lead to the inhibition of AMPK activity. Again, the increase in GSK3β 

activity as well as AMPK protein levels in frozen wood frog liver and skeletal muscle are 

extremely important as they both inhibit the activity of glycogen synthase, an enzyme that 

mediates glycogen synthesis. This inhibition is crucial, as high glucose levels during 

freezing would activate glycogen synthase and force the conversion of glucose back to 

glycogen. Rider et al (2006) have suggested that while AMPK facilitates glucose secretion 

in the liver, AMPK activity in skeletal muscle is likely important for the uptake of glucose 

during freezing which is necessary for cryopreservation. It was shown that GSK3β protein 

levels were not affected during the freeze/thaw cycle in skeletal muscle (Figure 3.10), 
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suggesting that it might be playing a role in other inhibitory functions necessary for freeze 

survival such as the inhibition of protein synthesis and energy preservation. While freezing 

did not inhibit GSk3β activity, thawing may do so as high levels of glucose in a normal 

metabolic state leads to the activation of glycogen synthase and glycogen synthesis (Dieni 

et al., 2012). Although the time required to fully restore GSK3β protein levels to control 

levels may vary between tissues as seen in Figure 3.10, the increase in GSk3β protein levels 

in the liver after 8 hours of thawing may be responsible for deactivating AMPK and 

facilitating the conversion of cryprotective glucose back into glycogen to be stored for 

future freeze/thaw cycles (Storey & Storey, 2004b).  

The mechanisms by which GSK3β expression is repressed in freezing conditions is 

not yet known in wood frogs. It was shown that NFATc3 plays a role in inducing 

osteopontin expression in several cell types under hyperglycemic conditions (Nilsson-

Berglund et al., 2010; Zetterqvist et al., 2015). Osteopontin is a cytokine that is known to 

play a role in a variety of cellular functions including the induction of chronic inflammation 

(Nilsson-Berglund et al., 2010). A study by Wen et al. (2015) showed that osteopontin null 

mice exhibited a decrease in interleukin 6 (IL-6) secretion and STAT3 activation in 

hepatocytes after liver injury. Indeed, IL-6 null livers showed minimal STAT3 activation 

after liver injury but showed a restored STAT3 activation after a dose of IL-6 (Cressman 

et al., 1996). The role of STAT3 is critical for liver regeneration, as it is involved in 

orchestrating a variety of signaling pathways including the induction of immediate-early 

genes, mitogenesis and anti-apoptosis (Taub, 2003). A study by Moh et al. (2008) has 

shown that insulin dependent nuclear accumulation of p-STAT3 (Ser 727) and not p-

STAT3 (Tyr 705) is shown to supress GSK3β gene expression by binding to GSK3β’s 
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regulatory element at the promoter and preventing gene transcription. Interestingly, the 

same study found that the phosphorylation level of GSK3β was not affected by the 

inhibitory effect of p-STAT3 (S 727).  These findings sparked a deeper investigation into 

whether the same correlation is observed between osteopontin and the two forms of p-

STAT3 in relation to GSK3β expression levels in wood frogs.  

Current data shows a positive correlation with an increase in NFATc3 protein levels 

as seen in Figure 3.1 and DNA binding activity as seen in Figure 3.3 after 24 hours of 

freezing in liver. This trend also correlates with the increase in osteopontin protein levels 

after 24 hours freezing in liver (Figure 3.11). Although the increase in NFATc3 and 

osteopontin correlate after 8 hours of thawing (Figures 3.1, 3.11), the DNA binding levels 

of NFATc3 after 8 hours of thawing does not reflect the same trend (Figure 3.3). Perhaps, 

the increase in osteopontin after 8 hours of thawing in the liver (Figure 3.11) is a remnant 

of its increase after exposure to 24 hours freezing and its inability to be degraded. Likewise, 

the stable levels of NFATc3 proteins (Figure 3.2) as well as DNA binding ability (Figure 

3.4) after exposure to 24 hours freezing correlated with the stable expression of osteopontin 

(Figure 3.11) for the same conditions in skeletal muscle. While the protein levels of 

NFATc3 increased significantly after 8 hours of thawing (Figure 3.2), the DNA binding 

levels remained unchanged (Figure 3.4), which correlates with the unchanged expression 

of osteopontin (Figure 3.11) in skeletal muscle.   

Moreover, the correlation between osteopontin and STAT3 levels was investigated. 

Figure 3.12a shows that there was no significant change in p-STAT3 (Tyr 705) levels after 

freezing exposure in either tissues. The increase in osteopontin levels during the 

freeze/thaw cycle in liver correlated with a significant increase in p-STAT3 (Ser 727) levels 
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during freezing (Figure 3.12b). Interestingly, the same antibody used to detect p-STAT3 

(Ser 727) in liver did not cross-react with any band in skeletal muscle. Perhaps it is the 

insufficient amount of osteopontin protein levels that prevented the activation/detection of 

p-STAT3 (Ser 727) in skeletal muscle.  

Moreover, there are conflicting studies on the role of osteopontin in skeletal muscle. 

While some have shown that osteopontin released from myoblasts enhances muscle 

regeneration (Uaessontrachoon et al., 2008), others have concluded that high levels of 

osteopontin are associated with muscle dystrophy and ablation of this cytokine facilitates 

muscle repair (Capote et al., 2016). It is possible that an increase in osteopontin levels in 

wood frog skeletal muscle would favour the second case and cause muscular dystrophy 

during freezing. As such, the unaffected protein expression of osteopontin during freezing 

may actually provide protection to skeletal muscle cells by preventing muscle dystrophy 

(Figure 3.11). While plausible, further analysis is required to conclude the role of 

osteopontin during freezing in skeletal muscle. 

Osteopontin signaling is involved in other pathways that mediate glucose 

metabolism. The expression of osteopontin plays a role in regulating glucose transport. 

Osteopontin has been shown to increase glucose transporters 1 and 3 (GLUT) in 

osteosarcoma cells via αvβ3 integrin by involving the AKT, JNK and p38 pathways (Hsieh 

et al., 2014). These two glucose transporters are hypoxia-responsive and have a high 

affinity for glucose (Hsieh et al., 2014). A study comparing the amount and activity of total 

GLUTs between freeze-tolerant R. sylvatica and non-freeze-tolerant Rana papiens showed 

that R. sylvatica has five times more GLUTs in liver (King et al., 1993). The same study 

also suggested that different tissues express different GLUTs. For example, while GLUT4 
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transcripts were up regulated by 2.5 folds in the heart and 1.7 folds in skeletal muscle, 

kidney did not show any change in GLUT4 transcript levels in R. sylvatica (Aguilar & 

Storey, unpublished data; Storey & Storey 2004a). In correlation with our data, it is 

possible that the increase in osteopontin protein levels, JNK, P38 and AKT activity during 

24 hours freezing in liver is responsible for the observed increase in GLUT 1 and GLUT3 

in this tissue. The liver is responsible for distributing glucose to the whole body for 

cryoprotection; therefore, it is expected to see an increase in the levels of GLUTs to 

facilitate glucose transport. Whether GLUT1 and GLUT3 isoforms are present in liver and 

skeletal muscle is the subject of future studies. 

In conclusion, this study outlined the role of NFATs in regulating glucose 

metabolism during freezing in R. sylvatica liver and skeletal muscle. The present data 

showed that freezing resulted in an increase in NFATc3 protein expression and DNA 

binding activity in liver, while no such up regulation of NFAT proteins or DNA binding 

activity was observed in skeletal muscle. Osteopontin-mediated activation of p-STAT3 

(Ser 727) likely lead to the repression of the GSK3β gene transcription which in turn 

facilitated glycogenolysis in liver, but not in skeletal muscle. Altogether, our data correlates 

with previous studies that emphasize the involvement of liver, and to a lesser degree 

skeletal muscle in regulating cryoprotectant glucose during wood frog freezing.  
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Figure 3.1: Western blot analysis on total protein extracts showing the effects of the 

freeze/thaw cycle on NFAT proteins in wood frog liver. 

Changes in protein expression levels of total NFATc1-c4 in control, after 24 hours of 

freezing and 8 hours of thawing in wood frog liver. Representative ECL-detected bands 

are shown for each condition. All data are ± means of n=3-4 independent biological 

replicates. Significance (p <0.05) from control and 24 hour frozen group is denoted by a 

and b respectively. Statistical analysis was done using One-way Anova with Holm-Sidak 

post-hoc test.  
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Figure 3.2: Western blot analysis on total protein extracts showing the effects of the 

freeze/thaw cycle on NFAT proteins in wood frog skeletal muscle. 

Changes in protein levels of NFATc1-c4 in control, after 24 hours of freezing and 8 hours of 

thawing in wood frog skeletal muscle. Representative ECL-detected bands are shown for each 

condition. All data are ± means of n=3-4 independent biological replicates. Significance (p <0.05) 

from control and 24 hour frozen group is denoted by a and b respectively. Statistical analysis was 

done using One-way Anova with Holm-Sidak post-hoc test.  
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Figure 3.3: TF-ELISA analysis on total protein extracts showing the effects of the 

freeze/thaw cycle on the DNA binding ability of NFATs in wood frog liver. 

Changes in DNA binding activity of NFATc1-c4 in control, after 24 hours of freezing and 8 hours 

of thaw in wood frog liver. All data are ± means of n=3-4 independent biological replicates.  

Significance (p <0.05) from control and 24 hour frozen group is denoted by a and b respectively. 

Statistical analysis was done using One-way Anova with Holm-Sidak post-hoc test.  
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Figure 3.4: TF-ELISA analysis on total protein extracts showing the effects of the 

freeze/thaw cycle on the DNA binding ability of NFATs in wood frog skeletal muscle. 

Changes in DNA binding activity of NFATs in control, after 24 hours of freezing and 8 hours of 

thawing in wood frog skeletal muscle. All data are ± means of n=3-4 independent biological 

replicates. Significance (p <0.05) from control and 24 hour frozen group is denoted by a and b 

respectively. Statistical analysis was done using One-way Anova with Holm-Sidak post-hoc test.  
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Figure 3.5: Environmental TF-ELISA analysis on total protein extracts showing the 

effect of glucose on NFATc3 DNA binding in wood frog liver. 

Changes in DNA binding activity of NFATc3 from frozen wood frog liver in the presence of 

different concentrations of glucose at room temperature. All data are ± means of n=4 independent 

biological replicates. One-way Anova analysis showed no statistical significance.  
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Figure 3.6: Environmental TF-ELISA analysis on total protein extracts showing the 

effect of glucose on NFATc3 DNA binding in wood frog skeletal muscle. 

 Changes in DNA binding activity of NFATc3 using protein extracts from 24 hour frozen wood 

frog skeletal muscle in the presence of different concentrations of glucose at room temperature. All 

data are ± means of n=3-4 independent biological replicates. One-way Anova analysis showed no 

statistical significance.  
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Figure 3.7: Environmental TF-ELISA analysis on total protein extracts showing the 

effect of glucose and temperature on NFATc3 DNA binding in wood frog liver. 

Changes in DNA binding activity of NFATc3 using protein extracts from 24 hour frozen liver in 

the presence of different concentrations of glucose at 4°C. All data are ± means of n=4 independent 

biological replicates. One-way Anova analysis showed no statistical significance. 
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Figure 3.8: Western blot analysis showing the effect of freezing on nuclear distribution 

of NFATc3 in wood frog liver. 

 Nuclear distribution of NFATc3 of control and 24 H frozen Rana sylvatica liver. All data are ± 

means of n=4 independent biological replicates. Representative ECL-detected bands are shown 

for each condition. Significance (p <0.05) from control and 24 hour frozen nuclear samples is 

denoted by a. Statistical analysis was done using One-way Anova with Holm-Sidak post-hoc test.  
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Figure 3.9: Western blot analysis on total protein extracts showing the effect of the 

freeze/thaw cycle on calcineurin A protein levels in wood frog liver. 

Changes in protein levels of calcineurin A after 24 hours of freezing and 8 hours of thawing in 

Rana sylvatica liver and skeletal muscle. Representative ECL-detected bands are shown for 

each condition. All data are ± means of n=3-4 biological replicates.  Significance (p <0.05) from 

control and 24 hour frozen group is denoted by a and b respectively. Statistical analysis was done 

using One-way Anova with Holm-Sidak post-hoc test.  
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Figure 3.10: Western blot analysis on total protein extracts showing the effect of the 

freeze/thaw cycle on GSK3β protein levels in wood frog liver and skeletal muscle. 

Changes in protein levels of GSK3β after 24 hours of freezing and 8 hours of thawing in Rana 

sylvatica liver and skeletal muscle. Representative ECL-detected bands are shown for each 

condition. All data are ± means of n=3-4 biological replicates. Significance (p <0.05) from control 

and 24 hour frozen group is denoted by a and b respectively. Statistical analysis was done using 

One-way Anova with Holm-Sidak post-hoc test.  
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Figure 3.11: Western blot analysis on total protein extracts showing the effect of the 

freeze/thaw cycle on osteopontin protein levels in wood frog liver and skeletal muscle. 

Changes in protein levels of osteopontin after 24 hours of freezing and 8 hours of thawing in Rana 

sylvatica liver and skeletal muscle. Representative ECL-detected bands are shown for each 

condition. All data are ± means of n=4 independent biological replicates. Significance (p <0.05) 

from control and 24 hour frozen group is denoted by a and b respectively. Statistical analysis was 

done using One-way Anova with Holm-Sidak post-hoc test.  
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Figure 3.12a: Western blot analysis on total protein extracts showing the effect of the 

freeze/thaw cycle on p-STAT3 (Tyr 705) protein levels in wood frog liver and skeletal 

muscle. 

 Changes in protein levels of p-STAT3 (Tyr 705) after 24 hours of freezing and 8 hours of thawing 

in Rana sylvatica liver and skeletal muscle. Representative ECL-detected bands are shown for 

each condition. All data are ± means of n=3-4 independent biological replicates. Significance (p 

<0.05) from control and 24 hour frozen group is denoted by a and b respectively. Statistical analysis 

was done using One-way Anova with Holm-Sidak post-hoc test.  
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Figure 3.13b: Western blot analysis on total protein extracts showing the effect of the 

freeze/thaw cycle on p-STAT3 (S727) protein levels in wood frog liver. 

 Changes in protein levels of p-STAT3 (S727) after 24 hours of freezing and 8 hours of thawing in 

Rana sylvatica liver. Representative ECL-detected bands are shown for each condition. All 

data are ± means of n=3-4 independent biological replicates. Significance (p <0.05) from control 

and 24 hour frozen group is denoted by a and b respectively. Statistical analysis was done using 

One-way Anova with Holm-Sidak post-hoc test.  
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Chapter 4: Nuclear factor of activated T cell 

(NFAT) regulation over the anoxia/re-oxygenation 

cycle in wood frogs 
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4.1 Introduction 

Most multicellular organisms require oxygen for survival. The dependency on 

oxygen is so high that it’s depletion for as short as five minutes could impose challenges 

or even cause death in some organisms. While most living organisms are obligate aerobes, 

there are a few organisms (i.e. Trachemys scripta elegans, Carassius carassius, 

Hemiscyllium ocellatum and Rana sylvatica, to name a few) that can tolerate prolonged 

periods of anoxia (absence of oxygen) based on their environmental conditions (Storey & 

Storey, 2004a; Nilsson & Renshaw, 2004; Jackson & Ultsch, 2010). Adaptation to anoxia 

requires a fuel source that could be used for energy.  The fluctuating environmental 

conditions (i.e. lack of oxygen, freezing temperatures and extreme dehydration) prevents 

some vertebrates from emerging outside of their hibernacula; leaving them to rely on their 

internal fuel storage (mainly glycogen and or lipids) to generate energy (Storey & Storey 

2004c; Ruf & Geiser, 2014). This feeding behavior aided some of the ectotherms exposed 

to cold temperatures to adapt and accumulate large quantities of glycogen in their liver 

which would later be catabolized to generate glucose. The glucose generated in this manner 

would provide the fuel needed for anaerobic metabolism and serve as a cryoprotectant 

when needed.  The ability to generate energy in an anaerobic manner when oxygen levels 

fall has also prompted the frogs to develop a well orchestrated anoxia/re-oxygenation 

tolerance response, which is also necessary for their ability to freeze.  

Rana sylvatica is freeze-tolerant and as a consequence of freezing, these organisms 

are also capable of tolerating anoxia because the freezing of the blood plasma interruptions 

oxygen delivery to organs. Interestingly, these amphibians can also tolerate complete 

anoxia even without being frozen (Holden & Storey, 1997). This is important as freezing 
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causes ischemia, an event characterized by inadequate blood circulation leading to 

insufficient oxygen delivery to organs. On the other hand, anoxia does not interrupt blood 

circulation, the blood circulating is simply deprived of oxygen. The importance of oxygen 

is related to the energy reservoir of the cell. Under aerobic conditions, catabolism of one 

glucose molecule to CO2 and H2O yields 36 ATP molecules which provides energy to 

support different cellular processes. Oxygen is the final electron acceptor in the electron 

transport chain and when oxygen levels fall or become depleted, the electron transport 

chain gets reduced; therefore, being unable to produce ATP (Krivoruchko & Storey, 2010). 

Under these conditions, the amount of ATP required for cellular processes will exceed the 

amount of ATP available, therefore forcing the cells to generate more ATP in an oxygen-

independent manner (Storey & Storey, 2004c). Anoxia causes the synthesis of ATP via the 

glycolytic pathway where anaerobic catabolism of fermentable fuels is favoured. Once 

glycogen is broken down to glucose, the catabolism of one glucose molecules to two lactate 

molecules and H+ can yield two ATPs (Storey & Storey, 2004c). In the same process, 

lactate dehydrogenase converts pyruvate to lactate in a nicotinamide adenine dinucleotide 

(NADH)-dependent manner, resulting in the generation of NAD, a co-substrate required 

for glycolysis to continue (Storey & Storey, 2004c) The amount of ATP synthesized under 

anoxic conditions (~18 fold less compared to aerobic respiration) most often does not meet 

the cell’s energy demand. This creates a cellular environment with severe ATP imbalance. 

In addition, excessive production of lactate and H+ ions would require the cells to release 

buffers such as Ca2+ and HCO3
- to maintain a safe acid-base homeostasis in the cell and 

store large quantities of lactate (Storey, 2007; Jackson & Ultsch, 2010). While anoxic 

tolerant animals are adapted to deal with the above complications of anoxia, the amount of 
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energy generated by anaerobic metabolism of glucose is well below the amount of energy 

needed to sustain normal metabolic processes; therefore, to survive anoxia these organisms 

require to adjust their metabolic rates to meet the amount of energy available.  

Anoxia tolerant vertebrates depress their metabolic rate by ~90% when faced with 

low to no levels of oxygen (Storey, 2007; Jackson & Ultsch, 2010).  Metabolic rate 

depression helps anoxia tolerant organisms reduce ATP usage and directs the available 

energy in the cell toward processes that are crucial for survival. For example, the 

antioxidant defend response is activated during anoxia in liver and skeletal muscle of wood 

frogs. Previous studies done by our lab has shown that superoxide dismutase, catalase, 

glutathione S-transferase, glutathione reductase, and total Se-dependent glutathione 

peroxidase are significantly up regulated during anoxia in majority of the tissue (Joanisse 

& Storey, 1996; Storey & Storey, 2004b). In addition, non-enzymatic antioxidants such as 

glutathione also showed a significant upregulation during the freeze/thaw cycle (which is 

considered an anoxia/re-oxygenation event) (Storey & Storey, 2004b). Metabolic rate 

depression is also beneficial as it would supress the signaling pathways that compromise 

the viability of the cell while up regulating signaling pathways that enable cell survival.   

Gerber et al. (2016) has shown that anoxic wood frogs selectively down regulate pro-

apoptotic proteins while significantly up regulating proteins that are associated with cell 

survival in liver and skeletal muscle during anoxia. A cDNA library screen of anoxia-

tolerant turtle (Trachemys scripta elegans) revealed that anoxia caused the up regulation 

of several mitochondria encoded genes including Cox1, and Nad5 in the heart (Storey & 

Storey, 2004c). Another cDNA library screen of anoxic brain showed the anoxic 

responsiveness of several targets including: adenosine A1 receptor, HSP70-1A, and αB-



 

71 
 

Crystallin to name a few (Storey, 2007).  In addition, several heat shock proteins (HSPs) 

showed tissue specific up regulation in this organism after anoxic exposure with the 

following results: Hsp25, Hsp40, Hsp90, Hsp70 and Hsc70 in white skeletal muscle, 

Hsp40, Hsc70, Hsp90 in kidney and Hsp40, Hsp60, Hsp70 and Hsc70 in liver 

(Krivoruchko & Storey, 2010).  Moreover, anoxia tolerant marine snails (L. littorina) have 

shown an anoxia-dependent regulation of several genes including the ribosomal protein 

L26 increased by three to five folds in snail tissues over 48 to 96 hours of anoxic exposure 

before going back to control levels after 1 hour of aerobic recovery (Storey & Storey, 

2004c). Marine snails also showed a significant up regulation of ferritin (by two folds) and 

metallothionein (three-five fold) within 12 hours of anoxic exposure which are two targets 

involved in the antioxidant defense response (Storey & Storey, 2004c). All together these 

data show that even during periods of extreme hypometabolism and limited oxygen levels, 

these organisms can selectively and strategically up regulate specific genes and signaling 

pathways that mediate survival. The strict regulation of metabolic activity during periods 

of hypometabolism is achieved through several regulations, one of which is transcriptional 

control mediated by specific transcription factors. This thesis will examine the role of 

nuclear factor of activated T cells (NFATs) during the anoxia/re-oxygenation cycle in 

wood frog liver and skeletal muscle  

NFATs are known to be regulated by calcium levels in the cell, therefore, it is 

important to understand how calcium levels are influenced by anoxia.  It is known that 

exposure to hypoxia or anoxia initiates the production of ROS. When cells are exposed to 

hypoxic conditions, the mitochondrial electron transport chain is able to detect oxygen 

levels and mediate the release of ROS to act as second messengers (Waypa et al., 2002). A 
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study by Mungai et al. (2011) has shown that even low levels of ROS as a result of hypoxic 

exposure is capable of triggering the release of calcium from the endoplasmic reticulum. 

This release mediates the translocation of the calcium released-activated channels 

(CRACs) to the plasma membrane where extracellular calcium will enter the intracellular 

space and lead to the activation of calcium sensing targets (Mungai et al., 2011). Indeed, 

many studies have outlined the importance of calcium in regulating different kinases and 

phosphatases under conditions where oxygen levels are low (Sheng et al., 1990).  For 

example, Mottet et al. (2003) showed that hypoxia-mediated induction and activation of 

hypoxia inducible factor-1 (HIF-1) is calcium dependent as inhibiting calmodulin (a 

calcium sensor protein) or chelating calcium prevented this induction in HepG2 cells. Other 

groups showed that HIF-2α accumulation and activity in PC12 cells is dependent on 

calcium (Millhorn et al., 2000). As explained in Chapter 1, NFATs are activated in 

response to an increase in intracellular calcium levels via dephosphorylation by calcineurin 

(Rao et al., 1997; Viola et al., 2005). Since the increase in calcium levels has shown to 

induce NFAT activation in freezing, we were interested in exploring whether NFATs play 

a role in anoxia tolerance in wood frogs.  

Several studies outline the role of NFATs during hypoxia. One study showed that 

exposure to chronic hypoxia induced pulmonary arterial hypertension (PAH) as a result of 

NFATc3 mediated α-actin expression (Frutos et al., 2007).  Walczak-Drzewiecka et al. 

(2008) showed that NFATc4 is able to induce the expression of HIF-1 transcription factor 

in mast cells which is known to regulate processes involving the transportation of glucose, 

ischemic neovascularization, energy metabolism, apoptosis, and cancer (Forsythe et al., 

1996; Carmeliet et al., 1998; Iyer et al., 1998; Ryan & Johnson, 1998; Semenza, 2000; 
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Seagroves et al., 2001).  NFATc4 was also shown to induce the expression of atrial 

natriuretic peptide (ANP) (Carini et al.,2003).  Indeed, several studies have focused on the 

role of NFATs in providing protection against ischemic injury. For example, Shaw et al. 

(1987) have shown that ANP ameliorates damage associated with kidneys exposed to cold 

and warm hypoxia through restoring glomerular filtration. Furthermore, ANP activity was 

shown to protect hepatocytes after reperfusion injury by attenuating inflammation and 

initiating a heat shock response (Kiemer et al., 2000; Kiemer et al., 2002). The involvement 

of ANP in preventing ischemic-mediated injury in multiple tissues, prompted the current 

study to understand signaling pathways involved in inducing this hormone. This decision 

was based on the fact that hypoxia causes an increase in intracellular calcium levels and 

NFATs are activated by calcium; therefore, I hypothesized that: 

1. NFATs will be differentially regulated during the anoxia/re-oxygenation cycle 

with NFATc4 showing an increase in activity after anoxic exposure.  

2. Activation of the NFATc4 signaling pathway will result in ANP expression 

over the anoxia/re-oxygenation cycle.  
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4.2 Materials & methods 

Animal treatment and tissue collection 

 Male wood frogs were collected, treated, and sacrificed according to the description 

in chapter 2 for anoxic exposure.  

 

Protein isolation and immunoblotting 

The total protein isolations for western blotting and TF-ELISA were followed as 

explained in chapter 2. For western botting, the samples were run on SDS-PAGE at 

constant voltage (180V) and transferred to PVDF membranes at constant amperage 

(160mA).  

 

TF-ELISA DNA binding activity  

TF-ELISAs performed using the control, 24 hour anoxic and 4 hour aerobically 

recovered samples as stated in chapter 2.  
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Table 4.1: Summary of experimental conditions and antibodies used for western blotting 

used in the anoxia/re-oxygenation experiment. 

Primary 

antibody 

Tissue 

 

Blocking 

condition (in 

TBST) 

Probing 

conditions 

(dilution in 

TBST) 

Secondary 

antibody 

(dilution in 

TBST) 

Primary 

antibody 

source 

NFATc1 Liver 2% milk for 

30 mins 

1:500 for 48 

hours 

1:5000 for 30 

mins 

Santa Cruz 

NFATc2 Liver 5% for 40 

mins 

1:1000  

overnight  

1:5000 for 30 

mins 

Santa Cruz 

NFATc3 Liver 1% milk for 

30 mins 

1:1000  

overnight 

1:7000 for 30 

mins 

Santa Cruz 

NFATc4 Liver 1% milk for 

30 mins 

1:1000 

overnight  

1:6000 for 30 

mins 

Santa Cruz 

NFATc1 Muscle 5% milk for 

60 mins 

1:1000  

overnight 

1:5000 for 30 

mins 

Santa Cruz 

NFATc2 Muscle 2% milk for 

30 mins 

1:500  

overnight 

1:5000 for 20 

mins 

Santa Cruz 

NFATc3 Muscle 2% milk for 

30 mins 

1:1000 

overnight 

1:7000 for 30 

mins 

Santa Cruz 

NFATc4 Muscle 1% for 30 

mins 

1:500 

overnight 

1:5000 for 20 

mins 

Santa Cruz 

GSK3β Liver 3% milk for 

30 mins 

1:1000 

overnight 

1:7000 for 30 

mins 

Santa Cruz 

GSK3β Muscle 5% milk for 

30 mins 

1:1000  

overnight 

1:7000 for 30 

mins 

Santa Cruz 

Calcineurin 

A 

Liver 4% milk for 

30 mins 

1:1000  

overnight 

1:7000 for 30 

mins 

GeneTex 

Calcineurin 

A 

Muscle 4% milk for 

30 mins 

1:1000  

overnight 

1:7000 for 30 

mins 

GeneTex 

ANP Liver 2.5% for 30 

mins 

1:1000  

overnight 

1:6000 for 30 

mins 

GeneTex 

Osteopontin Muscle 2 mg/mL 

HMW PVA 3 

mins 

1:1000 

overnight 

1:5000 for 30 

mins 

DSHB 

University 

of Iowa 
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Table 4.2: Summary of experimental conditions and antibodies used for TF-ELISAs used 

in the anoxia/re-oxygenation experiment. 

Primary antibody 

and probing 

condition (dilution 

in PBST) 

Tissue Treatment Secondary 

antibody and 

condition 

(dilution in 

PBST) 

Protein amount 

(µg) 

NFATc11:1000 for ~ 

60 mins 

Liver None 1:2000 for 60 

mins 

40 

NFATc2 1:1000 for 

~ 60 mins 

Liver None 1:2000 for 60 

mins 

40 

NFATc3 1:1000 for 

~ 60 mins 

Liver None 1:2000 for 60 

mins 

30 

NFATc4 1:1000 for 

~ 60 mins 

Liver None 1:2000 for 60 

mins 

20 

NFATc1 1:1000 for 

~ 60 mins 

Muscle None  1:2000 for 60 

mins 

30 

NFATc2 1:1000 for 

~ 60 mins 

Muscle None 1:2000 for 60 

mins 

30 

NFATc3 1:1000 for 

~ 60 mins 

Muscle None 1:2000 for 60 

mins 

30 

NFATc4 1:1000 for 

~ 60 mins 

Muscle None 1:2000 for 60 

mins 

30 
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4.3 Results 

Analysis of total NFAT protein level 

  Total NFAT protein levels in liver and skeletal muscle were measured using western 

blotting to compare the relative expression levels between the control at 5 ºC, 24 hours 

anoxic at 5 ºC, and 4 hours aerobic recovered at 5 ºC. The mammalian polyclonal 

antibodies were used for western blotting and each reacted to a single band at the 

corresponding molecular weights. 

 Figure 4.1 shows the total protein expression levels of NFATc1-c4 in liver over the 

anoxia/re-oxygenation measured by western immunoblotting. NFATc1 (MW ~ 138KDa) 

protein levels increased significantly compared to the control (1.00 ± 0.04) after 24 hours 

of anoxic exposure (1.41 ± 0.11) and after 4 hours of aerobic recovery (1.54 ± 0.06). 

NFATc2 (MW ~ 98 KDa) protein levels did not change after exposure to 24 hours of anoxia 

(0.54 ± 0.05) or after 4 hours of aerobic recovery (1.12 ± 0.42) compared to the control 

group (1.00 ± 0.13). NFATc3 (MW ~ 90 KDa) protein levels also did not show a significant 

change after 24 hours of anoxia (0.63 ± 0.07) or after 4 hours of aerobic recovery (0.80 ± 

0.08) compared to the control (1.00 ± 0.12). NFATc4 (MW ~ 125 KDa) protein levels 

showed a significant increase after 24 hours of anoxic exposure (3.04 ± 0.28) compared to 

the control (1.00 ± 0.10) and 4 hours of aerobic recovery (1.77 ± 0.34) treatments.  

 Figure 4.2 shows the total protein expression levels of NFATc1-c4 in skeletal muscle 

over the anoxia/re-oxygenation cycle measured by western immunoblotting. NFATc1 

(MW ~ 98 KDa) protein levels decreased significantly compared to the control (1.00 ± 

0.09) after 24 hours of anoxic exposure (0.41 ± 0.08) and remained significantly low after 

4 hours of aerobic recovery (0.58 ± 0.11) compared to the control group. NFATc2 protein 
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levels remained unchanged after 24 hours of anoxic exposure (0.80 ± 0.12) and 4 hours of 

aerobic recovery (0.81 ± 0.10) compared to the control group (1.00 ± 0.026). NFATc3 

protein levels increased significantly after 24 hours of anoxic exposure (1.44 ± 0.07) 

compared to the control (1.00 ± 0.10) and returned to baseline after 4 hours of aerobic 

recovery (1.11 ± 0.1). NFATc4 protein levels showed a significant decrease after 24 hours 

of anoxia (0.63 ± 0.08) compared to the control group (1.00 ± 0.04) and returned to baseline 

after 4 hours of aerobic recovery (0.81 ± 0.06). 

DNA binding levels of NFATs  

 The DNA binding ability of NFATs to their consensus sequence was measured in 

liver and skeletal muscle. The antibodies used in this analysis were the same antibodies 

used for western blotting. Figure 4.3 shows the DNA binding levels of NFATc1-c4 in liver 

during the 24 hour anoxic/4 hour aerobic recovery cycle. The DNA binding levels of 

NFATc1 did not show a significant change after 24 hours of anoxic exposure (0.62 ± 0.15) 

or after 4 hours of aerobic recovery (1.10 ± 0.25) compared to the control group (1.00 ± 

0.18). However, NFATc2 showed a significant decrease in DNA binding levels after 24 

hours of anoxic exposure (0.15 ± 0.05) compared to the control group (1.00 ± 0.13) and 

the 4 hour aerobic recovery group (0.82 ± 0.07) where DNA binding levels returned to 

baseline. NFATc3 DNA binding levels did not show a significant change after 24 hours of 

anoxic exposure (0.60 ± 0.08) or after 4 hours of aerobic recovery (0.65 ± 0.04) compared 

to the control group (1.00 ± 0.19). The DNA binding levels of NFATc4 increased 

significantly after 24 hours of anoxic exposure (1.38 ± 0.11) and after 4 hours of aerobic 

recovery (1.58 ± 0.11) compared to the control group (1.00 ± 0.06). 
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Figure 4.4 shows the DNA binding levels of NFATc1-c4 over the 24 hour anoxic/4 

hour aerobic recovery cycle in skeletal muscle. NFATc1 showed a significant decrease in 

DNA binding levels after 24 hours of anoxic exposure (0.33 ± 0.10) compared to the 

control group (1.00 ± 0.12) and levels rebound to baseline after 4 hours of aerobic recovery 

(0.67 ± 0.12). NFATc2 showed no significant change in DNA binding levels after 24 hours 

of anoxic exposure (1.72 ± 0.38) compare to the control group (1.00 ± 0.32). NFATc2 

DNA binding levels increased significantly after 4 hours of aerobic recovery (3.67 ± 0.67) 

compared to the control group. NATc3 binding levels did not show a significant change 

after 24 hours of anoxic exposure (0.85 ± 0.18) or after 4 hours of aerobic recovery (0.58 

± 0.17) compared to the control group (1.00 ± 0.07). Likewise, NFATc4 binding levels 

also did not show a significant change after 24 hours of anoxic exposure (0.93 ± 0.09) or 

after 4 hours of aerobic recovery (1.21 ± 0.26) compared to the control group (1.00 ± 0.03).  

Analysis of GSK3β and calcineurin A protein expression levels 

Protein expression level of the downstream de-activator of NFATc3, GSk3β was 

measured by western immunoblotting in liver and skeletal muscle of R. sylvatica (Figure 

4.5). The antibody used cross reacted with a single band at approximately 47 KDa in both 

liver and skeletal muscle. GSk3β protein expression did not change after 24 hours of anoxic 

exposure (1.29 ± 0.17) or after 4 hours of aerobic recovery (1.45 ± 0.21) compared to the 

control group (1.00 ± 0.14) in liver. Likewise, in skeletal muscle, 24 hours of anoxic 

exposure (1.12 ± 0.13) or 4 hours of aerobic recovery (1.29 ± 0.1) did not cause a significant 

change in GSK3β protein expression levels compared to the control (1.00 ± 0.04). 

The protein expression levels of the upstream activator of NFATs, calcineurin A was 

measured by western immunoblotting in liver and skeletal muscle (Figure 4.6). The 
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antibody used cross reacted with a single band at 57.5 KDa in both tissues. Calcineurin A 

protein levels increased significantly after 24 hours of anoxic exposure (1.78 ± 0.07) and 

levels remained significantly high after 4 hours of aerobic recovery (2.14 ± 0.16) compared 

to the control (1.00 ± 0.17) in liver. Protein levels of calcineurin A in skeletal muscle 

showed no significant change after 24 hours of anoxic exposure (0.15 ± 0.09) compared to 

the control group (1.00 ± 0.18) but levels increased significantly after 4 hours of aerobic 

recovery (2.11 ± 0.23) compared to both the control and the anoxic group.  

Analysis of atrial natriuretic peptide and osteopontin  

 Figure 4.7 shows the protein expression levels of ANP, one of the down stream targets 

of NFATc4. The antibody used cross reacted with a single band at approximately 17 KDa 

in liver. Exposure to 24 hours of anoxia resulted in a significant increase in ANP protein 

levels (3.8 ± 0.34) compared to the control (1.00 ± 0.31) and levels remained significantly 

high (3.64 ± 0.25) after 4 hours of aerobic recovery compared to the control group in liver.   

Figure 4.8 shows the expression of a downstream target of NFATc3, osteopontin, in 

skeletal muscle. The anti-osteopontin antibody used cross-reacted to a single band at 35 

KDa in skeletal muscle. As seen in Figure 5, osteopontin protein levels showed no 

significant change after 24 hours of anoxic exposure (0.72 ± 0.07) or 4 hours of aerobic 

recovery (0.81 ± 0.09) compared to the control group (1.00 ± 0.07).  

 

4.4 Discussion 

Understanding the molecular mechanisms involved in adaptation to anoxia/re-

oxygenation in a naturally tolerant model may provide insightful information on solving 

current medical problems that are associated with stroke, ischemia/reperfusion, and 

enhancing the viability of transplantable organs. Many ranid frogs are shown to be able to 
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tolerate hypoxia (Tattersall and Ultsch, 2008; Jackson and Ultsch, 2010). This adaptation 

is as a result of having large glycogen stores that can be catabolized to generate ATP in an 

anaerobic manner when oxygen levels fall (Storey & Storey 2004c; Ruf & Geiser, 2015). 

When environmental temperatures fall below the freezing point (-0.5C), wood frogs start 

a controlled ice nucleation processes that result in whole body freezing (Storey & Storey, 

2013).  As a result, blood plasma also freezes which interrupts oxygen delivery to organs, 

leaving them in an ischemic state. Interestingly, our laboratory has shown that Rana 

sylvatica can survive anoxic conditions for at least 48 hours in chambers filled with 

nitrogen gas at 5C even when unfrozen, which further highlights their evolutionary 

adaptations leading to being freeze-tolerant (Holden & Storey, 1997).  

While adapting to anoxic environments is important for survival in most 

amphibians, it comes at a cost. Due to the fact that the amount of ATP generated under 

anaerobic conditions (<10% of aerobic amount) is far less than the amount of ATP 

generated under aerobic respiration, these animals are forced to allocate and reprioritize 

the available energy to processes that enable survival (Storey, 2007; Overgaard et al., 2007; 

Jackson & Ultsch, 2010). For this reason, many organisms that are anoxia tolerant must 

also be capable of depressing their metabolic rates to match the amount of energy generated 

under anaerobic conditions (Storey & Storey, 2004c; Storey, 2007; Overgaard et al., 2007; 

Jackson & Ultsch, 2010). For example, while some turtle species can reduce their 

metabolic rates under anoxia to 10-20% compared to their aerobic state, molluscs can 

reduce their rates even further to 2-10% compared to their aerobic rates (Herbert & 

Jackson, 1985; Storey & Storey, 2004c). In fact, it is the reduced metabolic rates that enable 

turtles to survive up to 3 months in anoxic and up to 5 months in aerated ice-locked ponds 
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in winter; long enough for the duration of winter (Ultsch & Jackson, 1982; Ultsch, 1985; 

Ultsch et al., 1999).  Furthermore, reducing the metabolic rates also helps with reducing 

the amount of end products made as a result of anaerobic respiration (such as lactate & H+ 

ions) (Storey & Storey, 2004c). The reduction in metabolic rates can be controlled at 

several levels as discussed in Chapter 1.  

Metabolic rate depression is greatly aided by several control mechanisms, one of 

which is transcriptional regulation mediated by specific transcription factors.  Previous 

studies have shown that exposure to hypoxia and generation of ROS can cause an increase 

in intracellular calcium levels (Waypa et al., 2002; Mungai et al., 2011). In fact, it is the 

elevation of calcium under hypoxia that seems to play a role in helping cells adapt to this 

condition. For example, the increase in intracellular calcium promoted phenotypic 

remodeling in smooth muscle cells and induced the activation of the cAMP response 

element binding protein (CREBP) and c-fos in hypertensive rats (Wellman et al., 2001). 

Interestingly, in anoxic wood frogs, protein levels of activated CREBP (Ser 133) also 

increased significantly in the brain (Wu & Storey, Unpublished data). Moreover, calcium 

and ROS were shown to activate NFκB (nuclear factor κB), a pro-inflammatory 

transcription factor that is responsible for mediating the transcription of several targets 

(Dolmetsch et al., 1998; Tabory et al., 2006). In correlation with anoxia-tolerant animals, 

the subunits of NFκB, p50 and p65, showed elevated transcript levels in anoxic turtle liver 

(Krivoruchko & Storey, 2010). The same study also found that the DNA binding and 

nuclear levels of NFκB were also significantly increased during anoxia. Similar trends were 

seen in frozen wood frog (also an anoxic event) liver and skeletal muscle where p50 and 

p65 protein levels were significantly elevated (Brooks & Storey, unpublished data). 
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Likewise, calcium levels have also shown to regulate the activity of NFAT transcription 

factors (Rao et al., 1997). The involvement of NFATs in regulating several cellular 

pathways including the cell cycle, apoptosis, skeletal/cardiac and adipocyte differentiation, 

glucose homeostasis, and muscle hypertrophy, prompted the investigation of this family of 

transcription factors in wood frogs (Ho et al., 1998; Molkentin et al., 1998; Backsh et al, 

2000; Delling et al., 2000; Backsh et al., 2002; Viola et al., 2005; Yang et al., 2006; Wang 

et al., 2010). Since ROS as a result of anoxic/hypoxic exposure increase intracellular 

calcium levels and NFATs are activated by calcium, it was of interest to see how this family 

of transcription factors is regulated in wood frogs during the anoxia/re-oxygenation cycle.  

This chapter examines the role of NFAT transcription under the anoxic/re-oxygenation 

cycle in liver and skeletal muscle of R. sylvatica.  

Liver and skeletal muscle were a good candidate for this study as they both have 

reservoirs of glycogen. Liver contains the largest glycogen reservoir in wood frogs and 

through glycogenolysis, this organ provides the glucose needed for energy and 

cryopreservative purposes for the remaining organs in the body during freezing (Costanzo, 

1993; Storey, 2003; Zhang & Storey, 2013). The same studies have also suggested that the 

liver is responsible for clearing and re-storing the excess glucose upon thawing. On the 

other hand, the glycogen storage in skeletal muscle is used within the tissue it self 

(Hemming & Storey, 2001). During anoxic conditions where glucose is used for energy, it 

is the glycogen storage from the liver and not the skeletal muscle that provides the glucose 

needed for anaerobic metabolism. It is the contrasting role of liver and skeletal muscle in 

glycogen storage and glucose secretion that prompted the investigation of NFAT signaling 

in these two tissues.   
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In order to see the effect of anoxia/re-oxygenation cycle on NFAT expression, 

protein levels of NFATc1-NFATc4 were measured by western blotting. With the exception 

of NFATc1 protein levels, both the protein expression and the DNA binding levels of 

NFATc1-NFATc3 either decrease or remained unchanged over the anoxia/re-oxygenation 

cycle in liver (Figure 4.1, 4.3). Similarly, in skeletal muscle, only NFATc3 showed a 

significant increase in protein expression levels while both the protein levels of NFATc1-

c3 and the DNA binding levels of all four NFATs either decreased or remained unaltered 

(Figure 4.2 and 4.4). Overall, only NFATc4 showed a significant increase in both protein 

expression and DNA binding levels after 24 hours of anoxia in liver (Figures 4.1 and 4.3); 

suggesting that NFATc4 activity could be necessary for surviving in this tissue.  The 

discrepancy between the expressed protein levels (NFATc1 in liver and NFATc3 in 

skeletal muscle as seen in Figure 4.1 and 4.2) and the DNA binding activity (Figure 4.3 

and 4.4) can be explained by the effect of post-translational modifications on protein 

activity. Previous studies have outline the role of phosphorylation in inhibiting NFAT 

activity (Rao et al., 1997; Hogan et al., 2003). When NFAT transcriptional activity is not 

needed, these transcription factors are heavily phosphorylated by different kinases and 

reside in the cytoplasm (Rao et al., 1997; Hogan et al., 2003; Viola et al., 2005). It is note 

worthy to mention that the antibodies used for NFATc1-c4 detect the total level of those 

NFATs (both the phospho and the dephospho forms); therefore, the increase in protein 

expression levels may in fact be an increase in the p-NFATc1 and p-NFATc3 levels in liver 

and skeletal muscle respectively (Figure 4.1, 4.2). This can be supported by the DNA 

binding levels of those NFATs in the respective tissues. For example, while the protein 

levels of NFATc1 in liver (Figure 4.1) (which also showed a slightly higher molecular 
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weight than expected) and NFATc3 (Figure 4.2) in skeletal muscle were significantly up-

regulated during anoxia, there was no significant increase in the DNA binding activity as 

seen in Figure 4.3 and 4.4 respectively. This problem could be eliminated by detecting the 

inactive levels of NFATs using phospho-specific antibodies.  

 The decrease in baseline activity of NFATc1-c3 in liver and all four NFATs in 

skeletal muscle is expected, as transcription is an energy-expensive process and cells 

undergoing hypometabolism need to conserve energy for pro-survival pathways while 

supressing processes that are problematic to the cell. For example, NFATc1 was shown to 

be overexpressed in hepatocellular carcinoma cells and was responsible for inducing 

cellular proliferation (Wang et al., 2010). Since cancer cells are hypoxic, it is possible to 

correlate the expression of NFATc1 in these cells to cellular proliferation during hypoxia. 

Based on this argument, it is possible that NFATc1 could cause cellular proliferation under 

anoxic conditions in wood frog. Since anoxic wood frogs are in a hypometabolic state and 

need to conserve energy, it is understandable that there would a downregulation in 

signaling pathways that promote cellular proliferation. The decrease in NFATc1 DNA 

binding levels in skeletal muscle (Figure 4.4) and the unchanged DNA binding levels in 

liver (Figure 4.3) during anoxia is perhaps a response to attenuate cellular proliferation in 

these two tissues. Moreover, NFATc2 was shown to cause muscle growth as a result of 

causing an increase in myotube size and nuclear numbers by mediating the fusion of mature 

muscle cells with multinucleated ones (Horsley et al., 2001). As mentioned earlier, to 

conserve energy, cellular growth is interrupted during stress and is resumed during or soon 

after the recovery phase. NFATc2 DNA binding levels decreased significantly in liver but 

remained unaltered in skeletal muscle after exposure to anoxia (Figure 4.3, 4.4), suggesting 



 

86 
 

that NFATc2 activity is attenuated under anoxic conditions. Indeed, NFATc2 DNA binding 

levels increased significantly compared to the control after 4 hours of aerobic recovery in 

skeletal muscle (Figure 4.4) indicating that perhaps it is facilitating skeletal muscle repair. 

Likewise, because NFATc2 activity is not needed in the liver, it is suppressed under anoxic 

conditions to conserve energy and is rebound after 4 hours of aerobic recovery; yet showing 

another tissue specific-response. NFATc3 was shown to increase in expression in response 

to chronic hypoxia (Bierer et al., 2011). This increase resulted in vasculature remodeling 

in primary pulmonary artery smooth muscle cells in both adult and neonatal mice leading 

to pulmonary hypertension (Frutos et al., 2007; Bierer et al., 2011). Perhaps the unchanged 

DNA binding activity of NFATc3 in both liver and skeletal muscle (Figure 4.3, 4.4) is a 

protective response against anoxia to protect both tissues from vasculature remodeling. All 

together, it is evident that unnecessary or harmful NFATs are strictly regulated under 

anoxic conditions in a tissue-specific manner in order to avoid and limit tissue damage 

during this stress.  

Several kinases are involved in phosphorylating NFATs to facilitate their nuclear 

export back to the cytoplasm. For example, studies have shown that nuclear localization of 

NFATc1 is inhibited by c-Jun N-terminal kinase (JNK). JNK phosphorylates NFATc1 near 

calcineurin binding site (Chow et al., 2000). Studies by Greenway & Storey (1999; 2000) 

have shown that JNK activity increased significantly after 5 hours of anoxic exposure but 

started to decrease for longer periods in anoxia-tolerant adult and hatchling turtles. 

Although JNK activity was not measured in anoxic R. sylvatica liver and skeletal muscle, 

based on previous research done in other animals, it is possible that anoxic exposure would 

perhaps increase the activity of JNK, leading to the phosphorylation of NFATc1 and 
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subsequently its cytoplasmic retention. As seen in Figures 4.3 and 4.4, while total NFATc1 

protein expression levels significantly increased in liver, the activity remained unaltered in 

contrast to skeletal muscle where both protein levels and DNA binding activity were 

significantly down regulated after 24 hours of anoxic exposure.  Perhaps, the JNK activity 

trend seen in adult and hatchling turtles is similar to what is happening in anoxic wood 

frogs where JNK activity increases early after anoxic exposure but start to decline for 

longer periods (Greenway & Storey 1999, 2000). This would explain the DNA binding 

activity trend seen in both liver and skeletal muscle. While this hypothesis is plausible, 

further experiments are required to asses the relationship between JNK and NFATc1 

phosphorylation. Moreover, as explained in chapter 3, phosphorylation of NFATc2 and 

NFATc4 by p38 causes the nuclear exit of these transcription factors (Arco et al., 1999; 

Yang et al., 2002). While p38 activity was not measured in R. sylvatica in response to 

anoxic conditions, the active form of p38 (p-p38) remained unchanged after exposure to 

20 hours of anoxia in turtle organs (Greenway & Storey, 2000). Perhaps, the unchanged 

kinase activity of p38 is responsible for allowing NFATc4 nuclear accumulation in the 

liver and subsequent increase in DNA binding levels during the anoxia/re-oxygenation 

cycle (Figure 4.3). Another study showed that casein kinase (CK1) can also phosphorylate 

NFATc2 and cause its nuclear export (Okamura et al., 2004). Perhaps it is the combinatory 

effect of CKI, p38 and the decrease in NFATc2 protein levels that mediate the decrease in 

DNA binding levels of this transcription after 24 hours of anoxic exposure in liver (Figure 

4.1, 4.3).  With caution, it is perhaps safe to speculate that activity of NFATc2 and NFATc4 

are regulated by CK1 and p38; however, further analysis of the relationship between CK1 

and p38, on the DNA binding activity of NFATc1 and NFATc4 is required in R. sylvatica 
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under such conditions. With respect to NFATc3, studies have shown that when this 

transcription factor is no longer needed in the nucleus, GSK3β will phosphorylate it and 

cause its nuclear export (Velden et al., 2008). Western blot analysis of total GSK3β (Figure 

4.5) showed that the anoxia/re-oxygenation cycle had no effect on its protein expression in 

liver or skeletal muscle, which correlates with the unchanged DNA binding activity of 

NFATc3 in both liver and skeletal muscle (Figure 4.3, 4.4).  

Inactive NFATs are heavily phosphorylated and are sequestered in the cytoplasm 

(Rao et al., 1997). It is only upon stimulation with calcium and subsequent calcineurin 

activation that these transcription factors can enter the nucleus and start the transcription 

of target genes (Rao et al., 1997). Levels of calcineurin A were measured by western 

blotting and the results are shown in Figure 4.6. While calcineurin A protein levels showed 

a significant up regulation during the anoxia/re-oxygenation cycle in liver, levels remained 

unchanged after 24 hours of anoxia but increased significantly compared to both the control 

and the anoxic group in skeletal muscle.  This pattern corresponds to the expression and 

activity data in liver and muscle. The significant up-regulation of NFATc4 proteins (Figure 

4.1) as well as DNA binding activity (Figure 4.3) is agreeable with calcineurin A protein 

up regulation (Figure 4.6) in liver. The expression pattern of calcineurin A after 24 hours 

of anoxic exposure also correlated with the expression and activity of NFATs in skeletal 

muscle as seen in Figure 4.2 and Figure 4.4. These findings indicate that NFATc4 signaling 

pathway is active in liver but not in skeletal muscle during anoxia, perhaps due to tissue 

specific protection it may offer.   

To see the effect of NFATc4 activation under anoxic condition in liver, ANP, one 

of the downstream targets of this transcription facto was analyzed (Carini et al., 2003). This 
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peptide hormone is shown to play a role in a variety of cellular processes including 

protecting against ischemic/reperfusion injury in different tissues (Shaw et al., 1987; 

Kiemer et al., 2000; Kiemer et al., 2002). Yamada et al. (2013) have shown that continuous 

administration of ANP through the ischemia/reperfusion state prevents liver damage by 

decreasing transaminase levels and apoptosis potentially through maintaining the integrity 

of the microvascular blood flow. Another group has shown that preconditioning 

hepatocytes with ANP decreases cell death due to apoptosis as well as necrosis in liver 

(Gerwig et al., 2003). Furthermore, ANP induction was shown to be associated with an 

increase in the heat shock response as outlined by Kiemer et al. (2002). Indeed, ANP caused 

the up regulation of heat shock protein 70 (HSP70) via cyclic guanosine monophosphate 

(cGMP). HSP70 was then complexed with the inhibitory factor κβ (Iκβ), resulting in the 

decrease of the pro-inflammatory activity of NFκβ upon reperfusion (Kiemer et al., 2002; 

Kiemer et al., 2000). All together, these and several other studies have thoroughly outlined 

the protective effects of ANP in different conditions, which prompted the investigation of 

ANP levels during the anoxia/re-oxygenation cycle in R.  sylvatica.  

Western blot analysis of ANP protein levels in liver revealed that exposure to 24 

hours of anoxia caused a 3.8 fold up regulation and remained at 3.6 folds compared to the 

control after 4 hours of aerobic recovery (Figure 4.7). The increase in ANP expression 

levels strongly correlated with the increase in NFATc4 protein expression and DNA 

binding levels during the anoxia/re-oxygenation cycle in liver (Figure 4.1, 4.3). This 

response is expected as several groups have shown the protective effects of ANP upon 

ischemia/reperfusion event in different organs. Carini et al. (1999) have shown that under 

anoxic conditions, intracellular sodium ion concentrations increase resulting in cell 
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swelling and potentially necrosis. A follow up study by the same group has concluded that 

ANP prevents sodium ion concentration overload by directly regulating Na+/H+ exchanger 

activity; thereby preventing the accumulation of this ion in the cell and preventing cell 

swelling (Carini et al., 2003). Furthermore, Gerwig et al. (2003) have demonstrated that an 

increase in ANP protein level prevents apoptosis under hypoxic conditions. A previous 

study by our group has shown that apoptotic response is inhibited in the liver of R. sylvatica 

exposed to the anoxic/re-oxygenation cycle (Gerber et al., 2016).  Perhaps the inhibition of 

apoptosis seen in anoxic liver of wood frogs is a response to the ANP protein expression 

as demonstrated in this study.  

Since there was no significant increase in DNA binding levels in any of the four 

NFATs (Figure 4.4) in skeletal muscle and only NFATc3 showed a significant up 

regulation in protein levels, one downstream target of NFATc3 (osteopontin) was used for 

analysis (Figure 4.2). As explained in chapter 1, osteopontin is one of the downstream 

targets of NFATc3 (Nilsson-Berglund et al., 2010; Zetterqvist et al., 2015). In addition to 

regulating hyperglycemia, osteopontin has also been shown to play a role in muscle 

regeneration.  Hirata et al. (2003) have shown that osteopontin levels are highly expressed 

in regenerating muscle. Another group showed that osteopontin null mice had a delay in 

muscle regeneration as a result of slower neutrophil and macrophage infiltration response 

(Uaesoontrachoon et al., 2013). Moreover, a study has shown that mice lacking osteopontin 

were prone to matrix disorganization, lack of collagen production and wound healing (Liaw 

et al., 1998). Indeed, the prominent role of osteopontin in muscle regeneration has been 

highlighted in a study by Kuraoka et al. (2016) where they concluded that osteopontin can 

be used as a biomarker for detecting muscle regeneration. Due to its importance in muscle 
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regeneration, it was of interest to measure osteopontin levels in skeletal muscle undergone 

the anoxia/re-oxygenation cycle. As seen in Figure 4.8, there is no significant change in 

the protein expression levels of osteopontin in skeletal muscle over the anoxia/re-

oxygenation cycle. Despite the importance of this cytokine in mediating muscle 

regeneration, the trend seen in osteopontin protein levels was expected as the DNA binding 

levels of its transcription factor, NFATc3, remained constant over the anoxia/re-

oxygenation cycle in skeletal muscle (Figure 4.4). As explained earlier, the increase in 

NFATc3 protein levels is probably as a result of an increase in the phosphorylated form of 

NFATc3. Moreover, protein levels of GSk3β, which is responsible for re-phosphorylating 

and causing the nuclear exit of NFATc3 also remains unchanged over the anoxia/re-

oxygenation cycle in skeletal muscle. Overall, while osteopontin may be important in 

mediating skeletal muscle remodeling and regeneration, its function is perhaps unnecessary 

as wood frogs show no sign of muscle impairment during the anoxia/re-oxygenation cycle 

(laboratory observations). While muscle reflexes were not measured in anoxic/recovered 

wood frogs, previously frozen wood frogs showed no muscle impairment after thawing 

(Layne et al., 1991). This is physiologically relevant as freezing is considered an ischemic 

event due to the interruption of blood flow to organs and thawing is considered a 

reperfusion event where oxygen delivery to organs is restored. The same study by Layne 

et al. (1991) has shown that the freeze/thaw cycle did not damage muscle contraction. In 

fact, there were no significant differences with regards to contraction strength between 

muscles that were thawed for 1, 2 or 24 hours compared to the control groups (Layne et 

al., 1991). With regards to these findings, it is understandable that wood frogs would 

downregulate skeletal muscle regeneration mechanisms, especially during periods where 
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energy reservoirs are limited. Perhaps, R. sylvatica prevents damage to skeletal muscle by 

up-regulating targets that would stabilize the structural integrity of the muscle cells; 

therefore, eliminating the need for muscle regeneration upon thawing. While this 

hypothesis is plausible, further experiments are required to make this conclusion.  

As mentioned earlier, the role of liver and skeletal muscle is different with respect 

to glucose secretion and cryoprotection. While the liver has the largest glycogen storage 

and provides the glucose needed for anaerobic metabolism in other tissues, the skeletal 

muscle confines its glycogen storage strictly for itself. Since the liver plays a significant 

role in allowing R. sylvatica to survive under anoxic conditions, it is understandable that 

even during periods of extreme hypometabolism, pro-survival signaling pathways would 

be activated to protect this tissue. On the other hand, since the skeletal muscle is not 

involved in glucose secretion to other tissues and is not vital to wood frog survival under 

anoxic conditions, it is understandable that it would not be active; as seen by absence of an 

increase in transcriptional activity in this chapter and chapter 3.   

In conclusion, to our knowledge this is the first study to explore the role of NFATs 

in liver and skeletal muscle of R.  sylvatica in response to anoxia/re-oxygenation. In liver, 

up regulation of NFATc4 protein expression levels as well as the DNA binding activity 

correlated with the increase in ANP protein levels   during the anoxia/re-oxygenation cycle.  

With respect to data from literature, it is safe to conclude that ANP offers cytoprotection 

to liver undergoing periods of limited oxygen availability and subsequent oxygen 

reperfusion. As for skeletal muscle, there were no significant DNA binding activity in any 

of the four NFATs. Osteopontin, a downstream target of NFATc3, also showed no 

significant change over the anoxia/re-oxygenation cycle in skeletal muscle, suggesting that 
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this tissue doesn’t require regeneration during anoxia. All together, this data suggests that 

once again liver is active under stress while skeletal muscle, as seen in Chapter 3, is not.  
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Figure 4.1: Western blot analysis on total protein extracts showing the effects of the 

anoxia/re-oxygenation cycle on NFAT proteins in wood frog liver. 

Changes in protein expression level of total NFATc1-c4 after 24 hours of anoxia and 4 

hours of aerobic recovery in wood frog liver. Representative ECL-detected bands are 

shown for each condition. All data are ± means of n=3-4 independent biological replicates. 

Significant (P<0.05) from control and 24 hour anoxia is denoted by a and b respectively. 

Statistical analysis was done using One-way Anova with Holm-Sidak post-hoc test.  
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Figure 4.2: Western blot analysis on total protein extracts showing the effects of the 

anoxia/re-oxygenation cycle on NFAT proteins in wood frog skeletal muscle. 

Changes in protein expression levels of total NFATc1-c4 after 24 hours of anoxia and 4 

hours of aerobic recovery in wood frog skeletal muscle. Representative ECL-detected 

bands are shown for each condition. All data are ± means of n=3-4 independent biological 

replicates. Significant (P<0.05) from control and 24 hour anoxia is denoted by a and b 

respectively. Statistical analysis was done using One-way Anova with Holm-Sidak post-

hoc test. 
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Figure 4.3: TF-ELISA analysis on total protein extracts showing the effects of the 

anoxia/re-oxygenation cycle on the DNA binding ability of NFATs in wood frog liver. 

Changes in DNA binding levels of NFATc1-4 to the NFAT consensus sequence after 24 

hours of anoxia and 4 hours of aerobic recovery in wood frog liver. All data are ± means 

of n=3-4 independent biological replicates. Significant (P<0.05) from control and 24 hour 

anoxia is denoted by a and b respectively. Statistical analysis was done using One-way 

Anova with Holm-Sidak post-hoc test. 
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Figure 4.4: TF-ELISA analysis on total protein extracts showing the effects of the 

anoxia/re-oxygenation cycle on the DNA binding ability of NFATs in wood frog skeletal 

muscle. 

Changes in DNA binding levels of NFATc1-4 to their consensus sequence after 24 hours 

of anoxia and 4 hours of aerobic recovery in wood frog skeletal muscle. All data are ± 

means of n=3-4 independent biological replicates. Significant (P<0.05) from control and 

24 hour anoxia is denoted by a and b respectively. Statistical analysis was done using One-

way Anova with Holm-Sidak post-hoc test. 
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Figure 4.5: Western blot analysis on total protein extracts showing the effect of the 

anoxia/re-oxygenation cycle on protein levels of GSK3β in wood frog liver and skeletal 

muscle. 

Changes in protein expression levels of GSK3β after 24 hours of anoxia and 4 hours of 

aerobic recovery in wood frog liver and skeletal muscle. Representative ECL-detected 

bands are shown for each condition. All data are ± means of n=4 independent biological 

replicates. One-way Anova analysis showed no statistical significance. 
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Figure 4.6: Western blot analysis on total protein extracts showing the effect of the 

anoxia/re-oxygenation cycle on protein levels of calcineurin A in wood frog liver and 

skeletal muscle. 

Changes in protein expression levels of calcineurin A after 24 hours of anoxia and 4 hours 

of aerobic recovery in wood frog liver and skeletal muscle. Representative ECL-detected 

bands are shown for each condition. All data are ± means of n=4 independent biological 

replicates. Significant (P<0.05) from control and 24 hour anoxia is denoted by a and b 

respectively. Statistical analysis was done using One-way Anova with Holm-Sidak post-

hoc test. 
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Figure 4.7: Western blot analysis on total protein extracts showing the effect of the 

anoxia/re-oxygenation cycle on protein levels of ANP in wood frog liver. 

Changes in protein expression levels of ANP after 24 hours of anoxia and 4 hours of aerobic 

recovery in wood frog liver. Representative ECL-detected bands are shown for each 

condition. All data are ± means of n=4 independent biological replicates. Significant 

(P<0.05) from control and 24 hour anoxia is denoted by a and b respectively. Statistical 

analysis was done using One-way Anova with Holm-Sidak post-hoc test. 
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Figure 4.8: Western blot analysis on total protein extracts showing the effect of the 

anoxia/re-oxygenation cycle on protein levels of osteopontin in wood frog skeletal 

muscle. 

Changes in protein expression levels of osteopontin after 24 hours of anoxia and 4 hours 

of aerobic recovery in wood frog skeletal muscle. Representative ECL-detected bands are 

shown for each condition. All data are ± means of n=4 independent biological replicates. 

One-way Anova analysis showed no statistical significance. 
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5.1 General Discussion 

Most organisms in the wild are exposed to environmental fluctuations and seasonal 

changes that impose a variety of challenges on everyday life. While some organisms avoid 

these challenges by migrating to more suitable environments, others adapt by reorganizing 

their physiological and biochemical responses in order to tolerate harsh environmental 

conditions. One such organism is Rana sylvatica (the wood frog), which combats cold 

winters by adopting a freeze-tolerant strategy. During freezing, approximately 65-70% of 

total body water is withdrawn from cells into the extracellular matrix to form ice crystals, 

leaving the wood frog in a state of extreme dehydration. As a result of freezing, blood 

delivery to different tissues is disrupted, which forces wood frog organs to overwinter in a 

state of complete anoxia. To protect its organs during freezing, R. sylvatica raises its 

glucose levels from 1-5 mM under normal conditions to approximately 300 mM when 

frozen, leaving the frog in an extremely hypoglycemic state (Storey & Storey, 1984). Thus, 

freeze-tolerance in wood frogs is associated with tolerance to four different stresses: 

freezing itself, dehydration, anoxia, and hyperglycemia. Interestingly, while wood frogs 

are naturally exposed to these stresses when frozen, they are also able to tolerate 

hyperglycemia, dehydration and anoxia even when unfrozen; making R. sylvatica an 

excellent natural model for studying stress-tolerance. Thoroughly analyzing and 

understanding the molecular mechanisms involved in regulating how R. sylvatica adapted 

to tolerate freezing, dehydration, anoxia and hyperglycemia can provide novel insights and 

aid in the development of therapeutics for medical problems associated with prolonging 

organ preservation time, diabetes and ischemic stroke/reperfusion in humans.  
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Each of the aforementioned conditions have their own complications that wood 

frogs must overcome. For example, ice growth as a result of freezing can physically disrupt 

the architecture of cells, damage capillaries and lead to cell death (Storey & Storey, 2007).  

Dehydration as a result of water loss can shrink cells and cause an increase in the 

intracellular ionic strength as well as osmolality and anoxia can cause a burst in ROS which 

can cause damage to macromolecules in the cell (Storey & Storey, 2004c). Moreover, when 

glucose levels are high and iron and copper metals are present, glucose undergoes auto-

oxidation to generate hydrogen peroxide and protein-reactive dicarboyl compounds which 

results in cellular damage (Storey & Storey, 2004c). In addition to the stressed state, the 

recovery phase (thawing, rehydration, re-oxygenation and glucose homeostasis recovery) 

associated with each stress can also impose challenges to these frogs. For example, the 

liver of wood frogs up-regulates fibrinogen during freezing, dehydration and 

hyperglycemia (glucose-loaded frogs) in order to repair tissue damage upon thawing, 

rehydration and glucose homeostasis as these conditions might disrupt tissue architecture 

and cause internal bleeding (Cai & Storey, 1997b; Storey & Storey, 2004c). Alternatively, 

anoxic wood frogs up regulate a myriad of anti oxidant enzymes and metabolites in order 

to protect the cells from the ROS generated during periods of oxygen deprivation and upon 

re-perfusion (Joanisse & Storey, 1996). Therefore, it becomes imperative for these frogs to 

develop a well organized defense mechanism not only during stress but also during the 

recovery phase. While wood frogs have developed a set of defense mechanisms for each 

of these stresses, without metabolic reorganization, supplying enough energy to cellular 

processes under these conditions becomes impossible. For this reason, wood frogs and 

other organisms (such as thirteen-lined ground squirrels, mollusks, and red ear slider turtles 



 

105 
 

to name a few) exposed to challenging environmental conditions go through periods of 

metabolic rate depression where they depress most of their metabolic processes to converse 

energy (Storey & Storey, 2004c). Metabolic rate depression is beneficial as it allocates the 

finite amount of energy available to processes necessary for survival while supressing 

undesirable processes that may be challenging to the viability of the cell.  

5.2 Transcription under metabolic rate depression 

Metabolic rate depression is mediated by several control mechanisms (as discussed 

in chapter 1), one of which is transcriptional regulation. A cDNA microarray screen of 

frozen wood frog heart revealed more than 200 genes that were up regulated, some of which 

include: HIF-1, antioxidant enzymes, adenosine A1 and ANP receptors and several other 

targets (Storey & Storey, 2004b). In addition, a cDNA library screen of control and 24 hour 

frozen wood frog liver has revealed another set of targets that were significantly up 

regulated including: the α and ϒ subunits of fibrinogen, ADP/ATP translocase, and FR10 

(Cai & Storey, 1997a; 1997b, 1997c).  All together, these up regulated targets confirm that 

even during periods of extreme hypometabolism, the transcription of pro-survival targets 

remains active. Transcription is carried out by specific transcription factors that work in a 

tissue/stress dependent manner. To date, several studies performed on R. sylvatica under 

frozen, dehydrated, anoxic and hyperglycemic conditions have revealed the differential 

regulation of the same transcription factors under different conditions and tissues. The 

current study outlined one such transcription factor family, NFATs, and characterized their 

role over the freeze/thaw and anoxic/re-oxygenation cycle in liver and skeletal muscle of 

R. sylvatica.  
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NFATs are a family of transcription factors that regulate the expression of genes 

associated with the immune system, cell cycle, apoptosis, cell differentiation, glucose 

homeostasis, and cardiac hypertrophy (Ho et al., 1998; Molkentin et al., 1998; Backsh et 

al., 2000; Delling et al., 2000; Wang et al., 2001; Backsh et al., 2002; Viola et al., 2005; 

Yang et al., 2006). While some studies have outline the role of NFATs under 

hyperglycemic and hypoxic conditions in other organisms; no study to date has analyzed 

NFAT regulation under freezing and anoxic conditions in wood frogs. For this reason, it 

was of interest to investigate how NFATs regulate gene expression in R. sylvatica under 

the hypometabolic states of freezing and anoxia in liver and skeletal muscle. 

5.3 NFAT signaling during the freeze/thaw cycle 

Chapter 3 examined NFAT regulation over the freeze/thaw cycle in liver and 

skeletal muscle. Total protein expression and DNA binding analysis of NFATc1-c4 in liver 

revealed that only NFATc3 is significantly up regulated and active during freezing while 

the remaining NFATs are either unchanged or significantly downregulated (Figure 3.1, 

3.3). Interestingly, the addition of glucose or change in temperature did not have any effect 

on the DNA binding activity of NFATc3 proteins from the 24 hour frozen treatment (Figure 

3.5, 3.7). Moreover, the nuclear accumulation of NFATc3 during freezing further 

confirmed the DNA binding activity results of this transcription factor (Figure 3.3, 3.8). 

The nuclear accumulation of NFATc3 was further confirmed by the significant decrease in 

protein levels of GSK3β, which functions to re-phosphorylate NFATc3 leading to its 

nuclear export (Figure 3.10). Furthermore, the activity and nuclear accumulation of 

NFATc3 correlated strongly with the increase in osteopontin protein levels which in turn 

correlated with the increase in p-STAT3 (Ser 727) protein levels (Figure 3.11, 3.12b). 
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Previous studies have shown that p-STAT3 (Ser 727) binds to the promoter of GSK3β and 

prevents its gene transcription (Moh et al., 2008). With respect to the data in this chapter, 

it is highly possible that the increase in p-STAT3 (Ser 727) proteins is responsible for the 

decrease in GSk3β protein expression (Figure 3.10). Overall, it was demonstrated that 

NFATc3 signaling may be responsible for inhibiting GSK3β transcription during freezing 

via osteopontin and p-STAT3 (S727).  

Both the total protein levels as well as DNA binding activity of NFATs were also 

measured in skeletal muscle during the freeze/thaw cycle. Interestingly, NFATs were either 

significantly downregulated or remained unchanged with no significant increase in DNA 

binding activity over the freeze/thaw cycle (Figure 3.2, 3.4). This observation might have 

been a result of the significant decrease detected in calcineurin A, a protein responsible for 

activating NFATs (Figure 3.9). In addition, varying glucose concentrations did not 

influence the DNA binding activity of NFATc3 proteins from the 24 hour frozen treatment 

(Figure 3.6). Unlike liver, the skeletal muscle data obtained showed that NFATc3 protein 

levels (during 24 hours freezing) and DNA binding levels during the freeze/thaw cycle 

remained unchanged. These findings also correlate with the constant protein levels of 

GSK3β, which in turn may be the result of constant osteopontin protein levels and the 

absence of p-STAT3 (S727) proteins (Figure 3.10, 3.11). Overall, this study demonstrated 

that NFAT signaling exhibited tissue-specific regulation and that NFATs were not active 

during the freeze/thaw cycle in skeletal muscle as compared to the liver. 

5.4 NFAT signaling during the anoxia/re-oxygenation cycle 

Chapter 4 examined the role of NFATs during the anoxia/re-oxygenation cycle in 

liver and skeletal muscle of R. sylvatica. Total protein levels of NFATc1-c4 as well as their 
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DNA binding activity during the anoxia/re-oxygenation cycle were measured in liver 

(Figure 4.1, 4.3). This analysis demonstrated that the DNA binding activity of NFATc1-c3 

either remained constant or decreased significantly over the anoxia/re-oxygenation cycle 

(Figure 4.3). NFATc4 on the other hand showed a significant increase in protein levels as 

well as DNA binding activity after 24 hours of anoxic exposure (Figure 4.1, 4.3). This 

increase perhaps resulted from the increase in calcineurin A proteins levels which is shown 

to activate NFATs (Figure 4.6). Furthermore, the increase in NFATc4 activity correlated 

with the increase in ANP protein levels (Figure 4.7), which has been shown to offer 

protection to ischemic/perfused liver tissue. Overall, this study demonstrated that NFATc4 

signaling was active during the anoxia/re-oxygenation cycle and that it is likely responsible 

for induction of ANP expression in liver.  

Total protein expression levels as well as DNA binding activity of all four NFATs 

were measured in skeletal muscle (Figure 4.2, 4.4). In correlation with protein expression 

analysis, anoxia seemed to increase the expression of NFATc3 while leaving the remaining 

NFATs either constant or significantly down regulated (Figure 4.2). Interestingly, 

analyzing the DNA binding activity of the same NFATs revealed a different pattern where 

NFATc1 remained significantly down regulated during anoxic exposure and the remaining 

NFATs showed no significant change (Figure 4.4). Interestingly, while NFATc1, NFATc3 

and NFATc4 DNA binding levels returned to control or remained constant after 4 hours of 

aerobic recovery, NFATc2 DNA binding levels increased significantly under the same 

condition (Figure 4.4). The discrepancy between NFATc2, NFATc3 and NFATc4 protein 

levels and DNA binding activity during the anoxia/re-oxygenation cycle needs to be further 

examined with the use of phospho-specific anti-NFAT antibodies. As explained previously 
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in chapters 3 and chapter 4, NFATs are deactivated by phosphorylation; thus knowing the 

phosphorylated levels of each NFAT in addition to their total levels (as measured in chapter 

3 and 4) would give a better interpretation of how these transcription factors are regulated 

over the stress/recovery cycle. It is perhaps possible that the antibody used detected both 

levels of NFATs, active and inactive, therefore providing no correlation between NFAT 

protein expression and their respective DNA binding levels. To eliminate this confusion, it 

would be of interest to measure the inactive form of NFATs using phospho-specific 

antibodies against p-NFATc1 (Ser 172), p-NFATc2 (Ser 168), p-NFATc3 (Ser 163,165) 

and p-NFATc4 (Ser 168,170). Interestingly, levels of the downstream de-activator of 

NFATc3, GSK3β, also remained unaffected over the anoxia/re-oxygenation cycle which 

correlates strongly with the DNA binding activity results (Figure 4.5). Moreover, 

calcineurin A, the upstream activator of NFATs, also showed no change during anoxia but 

was found to increase significantly after 4 hours of aerobic recovery which correlates with 

the DNA binding levels of some NFATs (Figure 4.4; 4.6). One possibility is that the 

increase in calcineurin A protein levels after 4 hours of aerobic recovery is responsible for 

the significant increase in NFATc2 DNA binding activity (Figure 4.4; 4.6). Moreover, the 

constant osteopontin expression observed during the anoxia/re-oxygenation cycle highly 

correlates with the DNA binding levels of NFATc3 (Figure 4.4, 4.8) which further 

confirms that anoxia does not affect the transcriptional activity of NFATc3. Together, these 

findings suggest that NFAT transcription factors may not play an essential role in skeletal 

muscle cells during anoxia and that the basal levels of expression and or down regulation 

observed may itself be important for promoting cell survival.  
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5.5 Summary 

Overall, this study is the first to demonstrate the effects of the freeze/thaw and 

anoxia/re-oxygenation cycle on NFAT signalling in R. sylvatica liver and skeletal muscle. 

As seen in chapter 3, NFATc3 was shown to play a role in regulating glucose metabolism 

during freezing in liver while remaining unchanged in skeletal muscle. Consequently, 

anoxic activation of NFATc4 in liver but not skeletal muscle is perhaps due to the fact that 

the liver is more prone to oxidative damage and needs additional protection. The current 

study showed that NFATs are differentially regulated in a stress and tissue specific manner 

suggesting the potential importance of these transcription factors in facilitating cell 

viability and survival during periods of hypometabolism. 

5.6 Future studies 

Various follow-up experiments can be performed to further elucidate the 

mechanisms of NFAT regulation. To analyze whether NFATs are regulated at the 

transcriptional level during the stress/recovery cycle, it would be of interest to measure the 

transcript level of the four NFAT transcription factors using quantitative reverse 

transcriptase polymerase chain reaction (qRT-PCR) in liver and skeletal muscle exposed 

to the freeze/thaw and anoxia/re-oxygenation cycle. The increase in transcript levels of 

these targets would indicate that their respective genes are accessible to the transcriptional 

machinery; meaning that epigenetic modifications within that region of the wood frog 

DNA favour an open chromatin structure. The outcome of this analysis will indicate if the 

protein expression levels seen in chapter 3 and chapter 4 are as a result of transcriptional 

activity on NFAT genes under the aforementioned conditions. Likewise, since the direct 

activity of transcription factors can be measured by the transcript levels of the downstream 
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target genes, it would be of interest to measure the transcript levels of osteopontin both in 

liver and skeletal muscle over freeze/thaw and anoxia/re-oxygenation cycle and ANP in 

liver over the latter cycle. This analysis will show whether the trend seen in osteopontin 

and ANP transcripts correspond to the trends seen in the transcript and DNA binding 

activity of NFATc3 and NFATc4 respectively and further confirm that the aforementioned 

transcription factors are indeed responsible for transcribing the osteopontin and ANP 

genes. 

To understand whether NFATs are regulated at the post-transcriptional level, it 

would be of interest to measure the transcript levels of specific microRNAs using 

quantitative PCR (qPCR). MicroRNAs are small non-coding RNAs that bind to their 

respective mRNA transcripts and cause their degradation. Previous studies have shown that 

NFATs are targeted by the following microRNAs: NFATc1 (microRNA-124), NFATc2 

(microRNA-184), NFATc3 (microRNA-1, 30s) and NFATc4 (microRNA-133a) (Weitzel 

et al., 2009; Li et al., 2010; Kang et al., 2013; Wu et al., 2015; Yin et al., 2015). Measuring 

the transcript levels of these microRNAs would add another layer of depth into the analysis 

of NFATs and would reveal whether these transcription factors are subjected to post-

transcriptional controls mediated by microRNAs over the freeze/thaw and anoxia/re-

oxygenation cycle in liver and skeletal muscle of wood frogs.  

 Previous studies have shown that post-translational modifications are involved in 

regulating protein functions under hypometabolic states (Zhang et al., 2013). Analyzing 

the different post-translational modifications involved would allow for better 

understanding of NFAT regulation with respect to their DNA binding activity. For 

example, this study used antibodies raised to detect total NFATs (both active and inactive 
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form) in order to determine the protein expression level of these transcription factors over 

the stress/recovery cycle. As seen in chapter 3 and chapter 4, total NFATc1-c4 protein 

levels may be contradictory to their DNA binding levels. For this reason, examining the 

protein levels of deactivated NFATs (p-NFATc1 (Ser 172), p-NFATc2 (Ser 168), p-

NFATc3 (Ser 163,165) and p-NFATc4 (Ser 168,170) over the course of the stress/recovery 

cycle will provide further insights into the relationship between the active NFATs and their 

DNA binding activity. This analysis is crucial as it would shed light on the discrepancy 

between the protein levels and the respective DNA binding activity measured.  

Furthermore, it is possible that other post-translational modifications are involved 

in regulation NFAT activity. For this reason, it would be of interest to determine whether 

acetylation, sulfation, biotinylation, nitrosylation, ubiquitination and or glycosylation 

modifications are involved in regulating NFAT activity. It was shown that these 

modifications can be detected using matrix-assisted laser desorption/ionization mass 

spectrometry (MALDI-MS) (Salzano & Crescenzi, 2005; Parker et al., 2010). To do this, 

protein extracts from the control, 24 hour frozen, 8 hour thawed, 24 hour anoxic and 4 hour 

aerobically recovered tissues would be subjected to 2-dimentional gel electrophoresis (2D-

gel) separation. This process will help to better identify & isolate the spots corresponding 

to NFATc1-NFATc4 prior the mass spectrometry analysis. Analysing the corresponding 

spots using MALDI-MS would determine two things: whether the aforementioned 

modifications are applied to NFATs and whether these modifications are stress/tissue 

specific and are differentially conjugated to NFATs over the freeze/thaw and anoxia/re-

oxygenation cycle.  
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The localization of NFATs may contribute to our understanding of NFAT 

activation with respect to each tissue and stress. It would be of interest to measure the cyto-

nuclear distribution of all four NFAT proteins over the stress/recovery cycle by western 

blotting. This information would further confirm the findings obtained from the DNA 

binding experiments, as levels of nuclear NFATs should theoretically highly correlate with 

the DNA binding activity of these transcription factors. Altogether, measuring the 

deactivated levels of NFATs (p-NFATs), other forms of NFAT post-translational 

modifications along with their cyto-nuclear distribution would confirm the results obtained 

in this experiment and further improve our understanding of how this family of 

transcription factors is regulated over the stress/recovery cycles.  

Together, this analysis combined with the cyto-nuclear distribution of NFATs 

would give a better insight into how post-translational modifications regulate NFAT 

transcriptional activity but either facilitating nuclear important or causing nuclear export. 

Furthermore, to fully understand NFAT regulation during the freeze/thaw and anoxia/re-

oxygenation cycle, it is important to look at the downstream regulators of remaining 

NFATs (NFATc1, NFATc2 and NFATc4).  As explained in chapters 3 and 4, JNK is 

responsible for re-phosphorylating NFATc1 and causing its nuclear exit (Chow et a., 2000). 

In the same manner, p38 phosphorylates NFATc2 and NFATc4 and which leads to their 

nuclear export into the cytoplasm (Archo et al., 1999; Yang et al., 2002). In addition, casein 

kinase I also regulates NFATc2 phosphorylation (Okamura et al., 2004). It would be of 

interest to measure the protein expression and activity levels of these kinases in liver and 

skeletal muscle exposed to 24 hours of freezing, 8 hours of thawing, 24 hours of anoxia 
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and 4 hours of aerobic recovery. This analysis would give an insight into the regulatory 

mechanisms involved in expelling NFATs from the nucleus back to the cytoplasm.  

Studies have shown that NFATs may interact with co-factors during transcription. 

For example, Armand et al. (2008) have shown that NFATc3 cooperates with MyoD to 

induce myogenin expression. NFATc1 cooperates with GATA4 to induce the expression 

of endothelin-1 in cardiac myocytes (Kakita et al.,2001). Another study showed that the 

synergistic cooperation NFATc2 and c-Jun induces the expression of interleukin-2 

(Walters et al., 2013). It would be of interest to determine whether the aforementioned or 

other co-regulators are involved in mediating NFAT transcription. Co-

immunoprecipitation of NFATc1-c4 from the nuclear fraction of the treated/recovered 

wood frog tissues (liver and skeletal muscle) followed by mass spectrometry of the 

obtained complex would identify the different proteins that make physical interaction with 

each NFAT. Since nuclear NFATs are assumed to be active, it would be safe to assume 

that the proteins identified in the NFAT complex are co-factors that facilitate and or 

synergistically increase NFAT transcription.  

To understand the broader impact of NFATs on freezing, it is important to consider 

the three other cellular stresses associated with freezing. As explained earlier, in tolerating 

freezing, wood frogs have also developed a tolerance for hyperglycemia, anoxia and 

dehydration. While the role of NFATs over the anoxia/re-oxygenation cycle was examined, 

there is no information on how this family of transcription factors is regulated in 

hyperglycemic and dehydrated wood frogs. It would be of interest to measure the total 

protein levels of NFATs, p-NFATs, calcineurin A, p38, casein kinase I, JNK and GSk3β 

as well as the DNA binding levels of the four NFATs in each condition. This study found 
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that NFATs exhibited tissue-specific regulation, where NFAT activity increased in liver 

(NFATc3 during freezing and NFATc4 during anoxia) but was found to be supressed or 

remain constant in skeletal muscle. It would therefore be of interest to measure the 

aforementioned targets in other tissues (i.e. heart, brain, kidney) under freezing, anoxia, 

hyperglycemia, and dehydration in wood frogs in order to further examine the tissue 

specific regulation of this family of transcription factors. Once this analysis is complete, it 

would be of interest to follow up the downstream effects of active NFATs on their specific 

target genes (such as osteopontin and ANP to name a few) to see how NFATs facilitate 

wood frog freezing, anoxia, hyperglycemia and dehydration.  

To fully see how NFATs regulate gene expression during freezing and the 

associated stresses, it is important to look at the specific downstream targets. The recent 

advancement in technology and molecular methods has provided scientists with a vast 

array of opportunities to study genome-wide trends in a model system. For example, 

chromatin immunoprecipitation followed by massive parallel sequencing (ChIP-seq) has 

been used to study genome-wide DNA-protein interactions (Valouev et al., 2008; Geertz 

& Maerkl; 2010). For this reason, ChIP-seq analysis of stresses/recovered liver and skeletal 

muscle would be performed to generate a genome-wide profile of promoter sites that are 

occupied by each NFAT. This analysis is initiated by the reversible cross linking of the 

target protein, in this case NFATs, to the DNA using formaldehyde. The cross-linked 

protein-DNA complex is then sheared into small fragments (100-500 base pair) and 

subjected to immunoprecipitation using NFAT-specific antibodies. Once the complex of 

interest is precipitated and the formaldehyde cross-linking is reversed, the DNA fragments 

obtained would be subjected to deep sequencing. Normally, the sequences obtained would 
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be blasted against the organism’s genome to determine the identity of the fragments; 

however, since the R. sylvatica genome is not sequenced, it is perhaps possible to compare 

the sequences obtained to other closely related frog genomes such as Xenopus tropicalis 

and Xenopus laevis to determine the identity of the fragments. While this may require more 

computation analysis and troubleshooting, the profile obtained would give valuable 

information about the known and novel genes that are regulated by each NFAT. Further 

quantification of those genes using qRT-PCR and their respective protein levels by western 

blotting would generate a genome-wide map of the expression trends of these targets over 

the stress/recovery cycles in wood frog liver and skeletal muscle. This information can then 

further be used to study the effect of each downstream target under NFAT regulation in a 

tissue/stress specific manner and determine its impact on survival and hypometabolism in 

wood frogs.  

Overall, the proposed experiments analyze NFAT regulation at the transcriptional, 

post-transcriptional and post-translational level in wood frogs exposed to the 

stress/recovery cycle and elucidate the effect of their signaling on downstream targets. 

Thoroughly understanding how NFATs are regulated during these conditions, may shed 

light into potential therapeutics strategies to remedy problems associated with organ 

cryopreservation, diabetes and ischemic/reperfusion upon stroke in humans. This is 

plausible since pharmaceutical treatments that modulate NFAT/calcineurin activity are 

available; making NFAT a potential target for different therapies.   
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Appendix I: Representative western blots 
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Figure S1: Whole image of ECL-detected membrane using the control, 24 hour frozen 

and 8 hour thawed liver samples probed with anti-NFATc1 antibody. 
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Figure S2:Whole image of ECL-detected membrane using the control, 24 hour frozen 

and 8 hour thawed skeletal muscle samples probed with anti-GSK3β antibody. 
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Figure S3:Whole image of ECL-detected membrane using the control, 24 hour frozen 

and 8 hour thawed liver samples probed with anti-p-STAT3 (Tyr 705). 
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Figure S4:Whole image of ECL-detected membrane using the control, 24 hour anoxic 

and 4 hour recovery liver samples probed with anti-calcineurin A antibody. 
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Figure S5:Whole image of ECL-detected membrane using the control, 24 hour anoxic 

and 4 hour recovery skeletal muscle samples probed with anti-calcineurin A antibody. 

 

 

 

 


