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ABSTRACT 

The thesis addressed multiple questions about the signal transduction mechanisms 

that trigger gene expression responses to dehydration signals, and about the role of 

antioxidant defenses in combating dehydration stress in the African clawed frog, Xenopus 

laevis. 

In the first part of the thesis the responses to dehydration stress by the three main 

MAPK cascades were traced by measuring both total protein levels, and the relative 

amounts of active phosphorylated proteins for multiple intermediates in the p38 MAPK, 

stress-activated protein kinase (SAPK), and extracellular signal-regulated kinase (ERK) 

cascades. The data documented a major activation of the ERK pathway in most organs of 

X. laevis during dehydration. Selected upstream activator and downstream targets of the 

ERK pathway also showed pronounced tissue specific regulation in response to 

dehydration. The SAPK was activated in skeletal muscle, lung, and skin whereas the p38 

MAPK was activated in the lung and kidney of X. laevis. 

The second part of the thesis focused on antioxidant defenses that are known to be 

contributors to cell preservation under various types of stress. Two main transcription 

factors that regulate antioxidant genes were activated in response to dehydration in X. 

laevis organs: NF-E2 related factor (Nrf2) and forkhead box, class O (FoxO). 

Immunoblotting showed a significant increase in their nuclear translocation, and enzyme-

linked immunosorbant assays showed increased DNA binding activity by FoxOl under 

dehydration stress. Expression of downstream target genes controlled by these 

transcription factors was enhanced during dehydration. Six family members of the 

glutathione S-transferase (GST) and three family members of the aldo-keto reductase 
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(AKR) showed tissue specific expression, correlated with Nrf2 activation. Manganese-

dependent superoxide dismutase (MnSOD) and catalase expression were also elevated 

under FoxOl control. Improved antioxidant defenses may be critical to dealing with 

variations in tissue oxygenation and reactive oxygen species generation that are one 

consequence of large changes in body hydration that affect oxygen delivery to tissues. 

This thesis showed for the first time that the MAPKs family members are 

selectively activated in response to two levels of dehydration stress in X. laevis. Also, 

antioxidant defenses play a critical protective role during dehydration stress in these 

frogs. 
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CHAPTER 1 

General Introduction 



2 

INTRODUCTION 

Water availability in the environment has major influence on the distribution, 

activity, and behavior of amphibians. As consequences of their highly water permeable 

skin, most amphibians (a) live in moist or wet environments where they can keep 

themselves well-hydrated by absorbing water across their skin, and (b) show the widest 

tolerance among vertebrate groups for variation in body water content and body fluid 

ionic strength and osmolality. Hence, they are good models for studies of dehydration 

effects because of their unique abilities to survive dehydration levels that would be lethal 

to other vertebrates (Hillman et al., 2009). A variety of species that live in seasonally arid 

environments can withstand long periods of dehydration (especially while estivating) 

through applying one or more of these strategies: 1) conserving water by forming 

waterproof cocoons that minimize evaporative water loss, 2) accumulating urea to 

increase the osmolality of body fluids (Feder and Burggren, 1992), 3) oxidizing lipid 

reserves as fuels during estivation, which results in metabolically produced water. In 

addition, during dehydration, water in extra-organ fluid spaces and in the bladder is used 

first to help stabilize the water of vital organs, but as the stress progresses and 

dehydration levels become severe, organs experience water loss too (Churchill and 

Storey, 1993). 

In sub-Saharan Africa, the clawed frog Xenopus laevis is known to occupy 

swamps, lakes, rivers and human-established bodies of water like dams and wells 

(Tinsley and Kobel, 1996). These environments can change rapidly during the dry 

season. As these bodies of water dry up, the absence of water affects the vegetation and 

wild life in the area making it hard for Xenopi to survive, so they estivate and rely on 

adaptive mechanisms to help them survive their harsh environment. Estivation in lower 
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vertebrate is poorly studied except for lungfish (Dunn et al., 1983; Fishman et al., 1992; 

Frick et al., 2008; Ferreira da Silva et al., 2008). The fact that X. laevis leads an almost 

totally aquatic life but still shows a substantial tolerance to dehydration and salinity 

change made it an attractive model for the studies of dehydration responsive signal 

transduction and gene expression presented in this thesis. 

In order to survive long periods of stress, animals have to decrease their metabolic 

demands. This occurs in a coordinated manner in a process known as metabolic rate 

depression (MRD). This adaptation has been reported in animals experiencing different 

types of environmental stressors including anoxia, estivation, dehydration, freezing, and 

hibernation. To date, many metabolic pathways that assist in stress resistance have been 

identified. All these pathways are regulated by processes that involve stress activated 

signal transduction cascades. Controlling the activity of enzymes and functional proteins 

via reversible protein phosphorylation is considered the most powerful mechanism of 

MRD. The process involves the addition or removal of a phosphate group, via the action 

of protein kinases and protein phosphatases, resulting in a change in enzyme/protein 

conformation that can affect multiple parameters including activity, sensitivity to efforts, 

binding to other proteins, etc (Storey, 2004). One of the best-studied families of protein 

kinases is the mitogen-activated protein kinases (MAPKs). MAPK cascades begin at the 

cell membrane where an external signal causes the activation of a receptor kinase, 

typically a receptor protein tyrosine kinase (RPTK). This then triggers a three-tier 

regulatory cascade of kinases that provide a huge amplification of signal through the 

serial activation of the MAPK kinase kinase (MAPKKK), MAPK kinase (MAPKK) and 

finally the MAPK, increasing its activity by about 1000-fold (Cowen and Storey, 2003). 

The role of many members of this superfamily of kinases in regulating stress responses in 
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cells has been identified in a number of animal species (Greenway and Storey, 2000a; 

Green way and Storey, 2000b; Cowan and Storey, 2003; MacDonald and Storey, 2005; 

Larade and Storey, 2006). This made them a good potential target of study when 

analyzing X. laevis responses to dehydration. As part of MRD, reversible protein 

phosphorylation also contributes to regulating gene transcription via inhibiting or 

activating a number of transcription factors (TFs). Gene transcription is an energy 

expensive process that costs cells about 1-10% of their energy budget; protein synthesis 

is even more expensive and can consume up to 40% cellular ATP turnover in some 

tissues. As a consequence, one part of MRD must include strong global suppression of 

transcription and translation. In general, cells respond by shutting down the synthesis of 

most proteins but production of selected proteins is continued and/or up-regulated. This is 

particularly true of proteins that play roles in stabilizing and protecting other 

macromolecules (Storey and Storey, 2004). Antioxidant defense enzymes are one class of 

protective proteins that are typically up-regulated under stress conditions. For example, 

they play a protective role during anoxia stress in freshwater turtle, garter snakes, and the 

leopard frogs and also aid natural freezing survival in wood frogs and garter snakes 

(Hermes-Lima and Storey, 1993a; Hermes-Lima and Storey, 1993b; Hermes-Lima and 

Storey, 1996; Willmore and Storey, 1997a; Willmore and Storey, 1997b; Joanisse and 

Storey, 1996). Since dehydration stress mX. laevis leads to an increase in blood viscosity 

and a decrease in blood volume causing a decrease in oxygen circulation and generalized 

tissue hypoxia (Hillman, 1978), rehydration in this species might cause an increase in 

reactive ROS in a manner similar to that seen in mammalian organs during post-ischemic 

reperfusion. Hence, I reasoned that the activation pattern of two transcription factors 

(Nrf2 and FoxOl) might play a protective role during dehydration in X. laevis by 
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increasing the production of a number of antioxidant enzymes. 

LIFE HISTORY AND PREVIOUS STUDIES 

Xenopus is a genus of frogs that was described in 1803 by Daudin. The best-

known species is Xenopus laevis from southern Africa. The scientific names Xenopus 

(meaning peculiar foot) and laevis (meaning smooth) were given to the frog by Wagler 

and Daudin, respectively, during the 19th century (Deuchar, 1975). Platanna, flat hand, is 

the popular name of the species in South Africa However, X. laevis is mostly known as 

the African clawed frog because of the presence of keratinous claws on the inner toes of 

its hind legs (Cannatella and De Sa, 1993). The Xenopus genus is known for its bizarre 

flattened body, clearly designed for swimming. The body includes fairly long and 

muscular hind legs that extend sideways and have webbed toes for swimming and short 

lateral forelegs with no webbing and long flexible toes that play no significant role in 

supporting the body but guide food to the mouth. Xenopus also has a small head relative 

to its body size with dorsally pointed eyes since the frogs spend much of their time on the 

bottom of bodies of water watching for prey or predators to approach from above. The 

eyes lack an eyelid but have a highly convex cornea to improve the range of vision 

overhead. The middle ears of Xenopus are fully developed but concealed by skin, and the 

tongue is absent (Cannatella and De Sa, 1993; Deuchar, 1975). Even though Xenopus 

does not have a visible ear drum, which is considered a primitive feature in aquatic 

vertebrates that is not adapted to receiving airborne vibration, the presence of a 

cartilaginous disc under the skin behind the eyes in Xenopus is implicated in providing 

the same functions as an ear-drum in terrestrial frogs. This may also give it an advantage 
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since the disc could better analyze vibrations carried through water because it has greater 

robustness than an ear-drum (Deuchar, 1975). 

The sudden appearance of Xenopi in newly formed ponds at the beginning of the 

rainy season gave indirect evidence of their ability to estivate. Direct evidence followed 

when drought conditions were simulated in the lab, and the frogs were observed to 

disappear into the mud. X. laevis can survive eight months of estivation with no food or 

water (Tinsley and Kobel, 1996). Estivation is a state of torpor used by anurans that 

inhabit areas with limited water supply during the dry season (Feder and Burggren, 

1992). Even though estivating species show a high level of dehydration and starvation 

tolerance, retaining water and maintaining cellular energy reserves represent the most 

critical elements for their long term survival. Thus, survival during estivation is strongly 

constrained by the starvation and desiccation conditions that the animals have to face. As 

mentioned before estivators are not the only animals known to use MRD as a strategy to 

endure environmental stress conditions; rather it is a common strategy for dealing with 

many types of environmental stress (Storey and Storey, 1990). For example, by 

suppressing metabolic rate to 25% of normal, animals gain a 4-fold extension of the time 

that they can survive using their stored reserves of internal fuels. Also, according to Feder 

and Burggren (1992), MRD in estivators is temperature dependent. 

X. laevis can survive long term starvation (Merkle and Hanke, 1988a). When 

starved, the frog goes through two distinct phases. The first one starts within about 2 

weeks and lasts for about 4-6 months. This phase is marked by a decrease in oxygen 

consumption to about 30% of normal resting values within a few days of starvation. The 

frogs switch gradually from metabolizing protein, provided from the frogs' normal diet, 

to relying on lipid and glycogen consumption. The first phase ends with the beginning of 
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an energy crisis caused by the depletion of carbohydrates and lipid reserves after 4-6 

months of starvation (Hanke and Merkle, 1988a, b). The second phase starts with an 

increase in oxygen consumption, an increase in nitrogen excretion and a decrease in 

muscle protein mass indicating a switch to protein catabolism for energy. This phase lasts 

for about 40 weeks and is then followed by yet another diminished metabolic rate. After 

12 months of starvation a 30-40% decrease in blood glucose was evident (Hanke and 

Merkle, 1988a) whereas plasma electrolyte levels seemed to be well-controlled with a 10-

30% decline only. 

X. laevis have a very small bladder and so cannot rely on it to store water during 

estivation like many other estivating frog species do. Hence, their main option seems to 

be the metabolic strategy of minimizing water loss by increasing body fluid osmolality 

via urea accumulation. To do this, the frogs reduce ammonia excretion, increase the 

activities of urea cycle enzymes and convert ammonia to urea that accumulates in plasma 

and tissues (Balinsky et al, 1961; Janssens, 1964; Seiter et al, 1978). Carbamoyl 

phosphate synthetase (CPS) is the rate-limiting step in urea production, because it 

provides the initial substrate used in the urea cycle. CPS uses bicarbonate, ammonia, and 

phosphate (derived from ATP) to produce carbamoyl phosphate (Horton et al, 1996). 

With respect to X. laevis, researchers have analyzed both natural and experimental 

conditions where the animals are under water stress (ie. dehydration in air or immersion 

in hypersaline water). Balinsky et al. (1967) analyzed a group of X. laevis that had been 

naturally estivating for 2-3 months; they found small variations in tissue amino acid 

levels but plasma amino acid levels doubled or tripled and urea rose 15-20 fold during 

estivaiton. Liver CPS activity also increased ~6-fold. Effects of dehydration were also 

directly analyzed in frogs that were held out of water for 1-3 weeks with results showing 
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that urea levels increased in X. laevis liver, blood and muscle proportional to the extent of 

water loss (Balinsky et al., 1961). Exposure of these freshwater frogs to hypersaline 

external medium (0.9% saline) also led to urea accumulation in X. laevis tissues 

(Janssens, 1964). 

X. laevis has been widely studied for about 50 years, both as a convenient adult 

amphibian model for various physiological studies and, much more extensively, as a 

model of embryonic development. However, the molecular mechanisms that help X. 

laevis to survive long periods of dehydration have not been investigated in depth. 

Dehydration is one form of environmental stress that cells can adapt to by regulating 

different pathways that are central to an animal's metabolism. Other stress models 

showed the ability to regulate powerful biochemical mechanisms to achieve a much 

lower metabolic rate. These mechanisms are usually quickly reversed upon arousal. 

There is little known about the regulation of gene expression in estivating animals, 

therefore more research is needed in that area (Storey, 2002). One aspect of estivation is 

explored in this thesis - selected gene responses to dehydration. From other stress models 

it has been established that conserving fuel reserves is a key component of long-term 

survival, and animals achieve this using MRD. Indeed, estivators typically lower 

metabolic rate to levels that are just 20-30% of normal resting rate (Storey, 2002). 

Similarly, dehydration stress is known to cause a significant decline in X. laevis active 

metabolic rate reaching values similar to that of resting metabolic rate at 30% water loss 

(Hillman, 1978). 
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OBJECTIVES AND HYPOTHESES 

Objective 1: Dehydration stress and mitogen activated protein kinases (MAPKs) 

For dehydrating animals, reducing energy expensive processes is essential for 

long term survival. Protein modification via phosphorylation is ATP-inexpensive and 

quickly reversible upon removal of the stress. The mitogen-activated protein kinase 

(MAPK) superfamily encompasses major conserved signaling cascades that lead to the 

control of diverse physiological processes by phosphorylating a number of proteins and 

transcription factors that play an essential role in cell differentiation, mobility, energy 

metabolism and apoptosis. I predicted that dehydration stress would disturb the balance 

of these processes and that stress-induced MAPK signaling will be important in 

implementing responses to dehydration. 

Hypothesis: MAPK family members are activated during dehydration in X. laevis 

tissue and exert their activity via induction of proteins and transcription factors 

that play protective roles. 

Chapter 2 tests this hypothesis by assessing the protein levels and activation status 

of different components in the ERK pathway using western blotting. Tissue specific 

activation was seen for the ERK pathway components c-Raf, MAPK ERK Kinase 

(MEK1/2), and MEK Kinase. The activation of ERK upstream activators and 

downstream targets showed similar patterns to that of ERK. Two known downstream 

targets of the ERK pathway were also tested: the signal transducer and activators of 

transcription (STAT) and the p90 ribosomal S6 kinase (RSK). Furthermore, the total 
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protein levels and activation status of one of the RSK downstream targets, ribosomal S6 

protein (S6RP), was measured in response to medium and high dehydration in X. laevis. 

Chapter 3 further investigates two other MAPK modules by measuring protein 

levels and phosphorylation status of JNK and p38. In this chapter significant activation of 

the p38 MAPK pathway was demonstrated in lung and kidney whereas JNK-mediated 

signaling was important in muscle, lung and skin. Total protein levels and the 

phosphorylation status of three known downstream targets of this pathway were further 

assessed: c-Jun, c-Myc, and the cAMP responsive element binding protein (CREB). All 

showed tissue specific regulation in response to dehydration in X. laevis. 

Objective 2: Dehydration stress and antioxidant defense 

One effect of dehydration is an increase in blood viscosity and a decrease in blood 

volume that, as dehydration progresses, impairs proper oxygen delivery to tissues and 

causes hypoxia. During rehydration, oxygen will again rise but a rapid increase in oxygen 

levels also causes oxidative stress that must be dealt with by cellular antioxidant 

defenses. Elevated antioxidant defenses have been proven to be a widespread component 

of hypometabolism in multiple animal systems suggesting their beneficial effects in long 

term cell protection under conditions where energy/fuel limitation does not allow normal 

levels of protein turnover (synthesis, degradation) to eliminate oxidatively damaged 

macromolecules. 

Hypothesis: Tissue response to dehydration stress in X. laevis includes the 

activation of antioxidant transcription factors such as NF-E2 related factor (Nrf2) 
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and forkhead box, class O (FOXO) and leads to the up-regulation of antioxidant 

enzymes under their control. 

Chapter 4 tests this hypothesis by measuring Nrf2 protein expression in six tissues 

of X. laevis. Tissue specific regulation of Nrf2 in response to dehydration stress included 

a significant increase in Nrf2 protein level in the lung, heart, skin and liver. RT-PCR also 

demonstrated an increase in nrf2 mRNA expression in liver. Studies of Nrf2 downstream 

targets, glutathione S-transferases and the aldo-keto reductases, showed organ specific 

patterns of expression during dehydration. 

Chapter 5 further investigates antioxidant responses by examining the activation 

status of FoxOl transcription factors in X. laevis muscle and liver. Total protein and 

mRNA levels of two FoxOl downstream targets, catalase and Mn2+-dependent 

superoxide dismutase (MnSOD), were also analyzed. In the liver, FoxOl showed a 

significant increase in nuclear translocation and DNA binding activity under dehydrating 

conditions. The activation pattern of this transcription factor was similar to that seen in 

the two downstream targets studied. Western blotting showed a significant increase in 

catalase and MnSOD protein levels in X. laevis liver. RT-PCR confirmed that the 

increases in both enzymes were due to elevated catalase and MnSOD mRNA levels in 

liver. 



CHAPTER 2 

Activation of extracellular signal-
regulated kinases during dehydration in 
the African clawed frog, Xenopus laevis 
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INTRODUCTION 

The African clawed frog is native to southern Africa, and lives in areas where 

water is limited (Tinsley and Kobel, 1996). The frog is largely aquatic, but it has the 

ability to survive through the dry season. The molecular signaling mechanisms that allow 

adult X. laevis to deal with environmental dehydration stress have not been explored. 

This chapter explores one of the signal transduction cascades that mediate external stress 

signals to coordinate metabolic and gene expression responses by cells. This is the 

extracellular signal-regulated kinase (ERK) cascade, one family of the mitogen-activated 

protein kinase (MAPK) superfamily. This superfamily encompasses major conserved 

signaling cascades that lead to the control of diverse physiological processes (Roux and 

Blenis, 2004; Krishna and Narang, 2008). MAPKs have been classified into six distinct 

pathways in mammals based on their preferential response to selected signals (Krishna 

and Narang, 2008). The three most studied groups of vertebrate MAPKs are: 1) the p38 

MAPKs, that were originally described as a 38 kDa protein that is phosphorylated under 

endotoxin treatment or osmotic shock, 2) the stress activated protein kinases (SAPKs), 

also known as JNKs, because they were first discovered by their role in the 

phosphorylation of the c-jun transcription factor, and 3) the ERKs (Cowan and Storey, 

2003; Krishna and Narang, 2008). 

The regulation of the three main MAPK members in response to different 

stressors has been well characterized in mammalian cell lines but until recently the role of 

this superfamily in regulating adaptive responses in stress tolerant animals has received 

little attention (Cowan and Storey, 2003). Recent work in our lab has examined the 

responses of the three MAPK families to whole body freezing in wood frogs, anoxia 
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exposure in turtles and snails, and hibernation in ground squirrels (Greenway and Storey, 

2000a; Greenway and Storey, 2000b; Cowan and Storey, 2003; MacDonald and Storey, 

2005; Larade and Storey, 2006). In wood frogs (Rana sylvatica), for example, natural 

freezing survival was associated with the activation of p38 and JNK in different tissues, 

whereas the ERK pathway was unaffected (Greenway and Storey, 2000a). Studies have 

also explored the activation of MAPK family members in another frog species {Rana 

ridibunda) by diverse stimuli, including oxidative stress (Aggeli et al., 2001; Gaitanaki et 

al., 2003). In the present study I hypothesized that the ERK2 pathway would be activated 

in response to dehydration stress leading to subsequent activation of downstream ERK 

targets. Among the targets of ERK are various transcription factors and protein kinases 

whose actions could play roles in cellular responses to dehydration including enhanced 

expression of genes encoding protective proteins as well as protein kinase mediated 

readjustment and/or suppression of energy-expensive cellular processes under stress. This 

chapter examines the effect of dehydration on the expression of the ERK2 pathway in X. 

laevis including the upstream regulators of ERK2 and some of its downstream targets. 

The data show a strong coordinated activation of the entire cascade providing good 

evidence of a significant role for ERK signaling in regulating both metabolic and gene 

expression responses to dehydration in the frogs. 

MATERIAL AND METHODS 

Animals 

Animal holding and experimental procedures received prior approval of the 

Carleton University Animal Care Committee. Female X. laevis (Daudin), 80-128 g body 

mass, were a donation from the Department of Zoology, University of Toronto. Animals 
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were held in tanks of dechloraminated water at 22°C. Dehydration experiments were 

similar to those described by Churchill and Storey (1993). Animals were divided into 

three groups: (1) controls maintained as above, (2) medium dehydration, and (3) high 

dehydration. For medium dehydration, frogs were placed in closed containers and were 

allowed to air dry over time. For high dehydration, frogs were placed in the same types of 

containers but these had a layer of silica gel desiccant in the bottom which resulted in a 

more rapid rate of dehydration; a perforated divider prevented frogs from touching the 

desiccant. Water loss was monitored at intervals over 6-7 days by removing the animals 

at intervals and quickly weighing them. Six frogs were monitored at frequent intervals 

(Fig. 2.1) and the others less often. The change in mass was used to calculate the 

percentage of total body water lost via the following equation: 

% water lost = [(W* - Wd) / (W; * BWQ)] * 100 

where Wj is the initial mass of an individual, Wd is the mass during experimental 

dehydration, and BWQ is the initial body water content of frogs before dehydration. 

BWCj was determined from measurements of the wet and dry masses of 7 euthanized 

frogs; the value was 0.741 + 0.019 g water per g body mass. Medium and high 

dehydration groups of frogs were sampled when they reached predetermined levels of 

water loss. For tissue sampling, frogs were quickly pithed, blood samples were retrieved 

(see below), and then tissues were quickly dissected out and frozen in liquid nitrogen 

prior to transfer to -80°C for long term storage. 

Blood sampling, hematocrit and metabolic assays 

Blood was sampled as follows. The aorta was snipped and two 50 ul aliquots of 

blood were quickly withdrawn into heparinized micropipettes. These were plugged at one 
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end with miniseal (Dade), centrifuged for 1 min and then total sample length and packed 

red blood cell length in the tubes were measured and used to calculate hematocrit. 

Remaining blood was pipetted into 2 ml microcentrifuge tubes with a aliquot (-0.1 vol) 

of anticoagulant solution added (10 mM EDTA in 0.9% w:v NaCl). Samples were 

centrifuged for 5 min at 5°C and then plasma was removed and frozen at -80°C. Plasma 

glucose levels were measured using a commercial glucose analyzer (Freestyle). Initial 

tests with known amounts of glucose added to aliquots of X. laevis plasma showed that 

there were no detection problems when using frog plasma with this commercial analyzer. 

Plasma urea was measured by the method Price and Harrison (1987) with some 

modification. The working reagent was made fresh by combining 2 vol stock reagent A 

(600 ml double-distilled water [DDW], 300 ml H2S04, 100 ml 85% H3P04, O.lg FeCl3) 

with 1 volume stock reagent B (500 ml DDW, 0.05 g thiosemicarbazide, 2.5g 

diacetylmonoxime). Samples (1-50 ul plasma) and standards (from 1 mM urea stock) 

were added to polypropylene Falcon tubes and adjusted to 1 ml total volume with DWW. 

A 0.5 ml aliquot of the working reagent was then added, mixed and the tubes were boiled 

in a covered bath for 10 min. After cooling for a few minutes in a fume hood, 200 ul 

aliquots of samples were pipetted into wells of a microplate and absorbance at 525 nm 

was measured using a microplate reader. Urea concentrations in plasma samples were 

determined by comparison with the standard curve. 

Preparation of crude tissue extracts 

Frozen tissue samples were homogenized 1:10 w:v in buffer containing 20 mM 

Hepes, 0.1 mM EDTA, 1 mM Na3V04, 200 mM NaCl, 10 mM NaF, 10 mM p-

glycerophosphate, and Sigma protease inhibitor mix. After centrifugation for 15 min at 
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11,000 rpm, the supernatant was removed. Soluble protein concentration was measured 

by the Coomassie blue dye-binding method using Bio-Rad prepared reagent and bovine 

serum albumin as the standard. Samples were adjusted (if needed) to constant 

concentrations by the addition of small amounts buffer and were then mixed 1:1 v/v with 

SDS-PAGE sample buffer (100 mM Tris-HCl, pH 6.8, 4% w:v SDS, 20% v:v glycerol, 

0.2 w:v bromophenol blue, 10 % v:v 2-mercaptoethanol) and boiled for 5 min. Final 

soluble protein concentrations for the preparations from different tissues were 5 ug/ul for 

heart and kidney, 4 ug/ul for skeletal muscle, 2 ug/ul for lung and liver, and 1 |ig/ul for 

skin. 

Immunoblotting 

Aliquots containing equal amounts of protein for samples from each tissue (10-30 

ug depending on the protein being analyzed) were loaded into wells of 10 or 12% SDS 

polyacrylamide gels. Electrophoresis was carried out on a Bio-Rad mini-gel apparatus at 

room temperature using 1 X running buffer (3.02 g Tris base, 18.8 g glycine, 1 g SDS per 

litre, pH ~8.3). Proteins were then transferred onto PVDF membrane by wet transfer with 

transfer buffer containing 25 mM Tris pH 8.5, 192 mM glycine, 20% v/v methanol. 

Membranes were washed in TBST (Tris buffered saline containing 0.1% v:v Tween-20, 

20 mM Tris base, 140 mM NaCl) for 5 min and were then blocked with 2.5% non-fat 

dried milk for 10-30 min in TBST prior to washing twice with TBST. Membranes were 

then incubated with primary antibodies overnight at 4°C followed by washing for 3 x 5 

min in TBST and then incubation with secondary antibody (1:1000 or 1:2000 dilution) 

for 1-2 h at 22°C, and final washes of 3 x 5 min with TBST. Immunoreactive bands were 

visualized by enhanced chemiluminescence (Millipore Corporation). PVDF membranes 
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were then stained for 20 min with Coomassie blue (0.25% w:v Coomassie Brilliant Blue 

R, 50% v:v methanol, 7.5% v:v acetic acid) and destained for ~7 min with destaining 

solution (50 ml distilled water, 50 ml acetic acid, 150 ml methanol). Antibodies were 

purchased from Cell Signalling Technology except for MEK kinase and MEK1/2 which 

were from Transduction Laboratories; all were used according to manufacturer's 

instructions (for more information see appendix 1). Where possible the synthetic peptide 

sequence of the source used is compared to X. laevis protein sequence at the specific 

residues where the immunogen is synthesized. Also, ground squirrel samples are used as 

control. 

Normalization and Statistics 

Both immunoblot and Coomassie stained bands were visualized using a 

ChemiGenius Bio-imaging System (Syngene, Frederick, MD, USA) and densitometric 

analysis was performed using the associated Gene Tools software. A group of three 

Coomassie blue stained bands that showed constant density in all samples from a given 

tissue were quantified and immunoblot band densities in each lane were normalized 

against the summed density of these bands in the same lane in order to correct for any 

minor variations in sample loading. Mean normalized band densities ± SEM for control 

and dehydrated samples (n= 3-6 independent samples) were calculated and then statistical 

testing was performed using analysis of variance followed by the Student-Newman-Keuls 

test. 

RESULTS AND DISCUSSION 

Metabolic responses to dehydration 
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Initial studies determined the limit to body water loss for X. laevis; frogs died at 

values just above 30%, the mean percentage of total body water loss for frogs that died 

being 32.4% ± 0.98 SEM (n=7). Based on this value, two groups of frogs were set up and 

monitored as they underwent experimental dehydration to medium or high levels. Frogs 

lost water at near-linear rates and the final mean percentages for the medium and high 

dehydration groups were 16.6 ±1.6 % (n=9) and 28.0 ± 1.6 % (n=10), respectively, of 

total body water lost over 6-7 days (Fig. 2.1). Hence, the high dehydration group 

represents frogs whose water loss was close to the lethal limit whereas the medium 

dehydration group reached only about half of that level. Blood hematocrit values also 

attested to the loss of body water, the percentage of total blood volume occupied by 

packed red blood cells rising from 40% in control frogs to 47% in medium and 50% in 

high dehydration groups (Table 1). 

The high cutaneous water loss rates of amphibians can be minimized by 

behavioral, physiological and biochemical adaptations (Hillman et al., 2009). One 

method to help retard water loss is to raise the osmolality of body fluids and, among 

anuran species that estivate or endure hypersalinity, the commonly-used osmolyte is urea. 

Indeed, previous studies have shown that under osmotic or water stress, X. laevis reduce 

ammonia excretion, elevate the activities of urea cycle enzymes and accumulate urea 

(Balinsky et al., 1961; Janssens, 1964; Seiter et al, 1978). In the present study, plasma 

urea concentration increased sharply when frogs were dehydrated, rising by 27- and 33-

fold, respectively, in the medium and high dehydration groups as compared with control 

values of 1.66 mM (Table 1). As a consequence of dehydration, amphibians also 

experience hypoxia due to elevated blood viscosity and reduced blood volume that make 

it harder to fully oxygenate tissues (Hillman et al., 2009). Hypoxia stress typically 
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triggers the mobilization of liver glycogen reserves and elevates plasma glucose in frog 

species and in the present study this also occurred. Plasma glucose levels in the high 

dehydration group were 2.3-fold higher than in controls (Table 1), similar to the effects of 

dehydration on blood glucose levels in leopard frogs, Ranapipiens (Churchill and Storey, 

1993). This is consistent with the probable development of hypoxic conditions during 

dehydration in X. laevis. 

The ERK pathway 

The components of the ERK signaling cascade have been well established (Roux 

and Blenis, 2004, May and Hill, 2008; Ramos, 2008). The classical initiation site is a 

RPTK in the plasma membrane. Activation of the receptor passes a signal from its 

phosphotyrosine-docking protein and adaptor growth factor receptor bound proteins 

(Grb2) to a guanine nucleotide exchange factor called SOS (son of sevenless). SOS 

facilitates the activation of a small G protein called Ras by catalyzing the exchange of 

GDP to GTP. Active, GTP-bound Ras then binds to and activates one of the MAPKKKs 

belonging to the ERK cascade; these include Rafs (A-Raf, B-Raf, and c-Raf), Mos and 

MEKK. These then activate the MAPKKs (MAPK/ERK kinase or MEK1/2) and finally 

the MAPKs (the ERK family, ERK1 and ERK2 being the best studied) (Fig. 2.2). The 

activated ERK is then capable of phosphorylating cytosolic substrates or transcription 

factors. 

Activation of c-Raf and MEKK in response to dehydration 

In the present study, immunoblotting was used to measure the levels of 

phosphorylated c-Raf-1 because it has an equal ability to phosphorylate MEK1 and 
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MEK2 (Wu et al , 1996). Different and tissue specific responses were seen in organs of 

medium and high dehydrated X. laevis (Fig. 2.3A). Medium dehydration did not 

significantly affect phospho-cRafer338 levels in any of the five tissues tested but high 

dehydration did. Phospho-cRafer338 levels rose in skeletal muscle and lung by 2.4-2.5 

fold (P<0.01) compared to control levels in both organs. Similarly, levels of the 

phosphoprotein rose by 0.94-fold in skin (P<0.05) as compared to control levels. 

Phospho-Rafer338 was not detectable in the liver. 

Another MAPKKK in the ERK pathway is MEKK (Roux and Blenis, 2004) and 

analysis of MEKK showed that it also responded to dehydration in X. laevis tissues. 

MEKK total protein levels were elevated significantly in muscle and liver of medium 

dehydrated frogs by 0.55 and 4-fold (PO.01), respectively (Fig. 2.3B). Levels remained 

elevated in liver of high dehydrated frogs. MEKK protein also responded to high 

dehydration in lung and kidney, rising by 2- and 2.3-fold. However, in heart and skin, 

MEKK levels were reduced significantly in dehydrated frogs and MEKK levels also 

returned to control values in skeletal muscle of high dehydrated frogs. The activation of 

c-Raf and MEKK in the present study is also in line with the findings of Matsuda et al. 

(1995) who tested the effect of osmotic shock on these proteins using rat 3Y1 fibroblastic 

cells. Our data support that the proposal that c-Raf and MEKK both play important roles 

in the response of X. laevis lung and skeletal muscle to dehydration. MEKK is also 

important in liver and kidney whereas c-Raf responded positively to dehydration in skin. 

MEK1/2 activation in response to dehydration 

MEKK, c-Raf, and other activated MAPKKKs phosphorylate the dual specificity 

kinases MEK 1 and 2. These are highly selective for their substrates which are primarily 
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ERK1 and ERK2 (English et al., 1999). They phosphorylated ERK1/2 at both tyrosine 

and serine/threonine residues (MacDonald and Storey, 2004) and MEK 1/2 have two 

other unique features that allow them to efficiently activate ERK1/2. The first is the 

binding site of ERK2, which is represented by an 8 residue stretch in MEK 1/2 known as 

the D domain. The second feature is the presence of a proline-rich insert in the C-terminal 

portion of the catalytic core of MEK 1/2, which is important for intracellular stimulation 

of ERK1/2 (English et al., 1999). 

Since upstream regulators of MEK 1/2 were activated in response to dehydration 

in some X. laevis organs, I next measured total protein levels and activation status of 

MEK 1/2. In skin and liver, total MEK 1/2 protein decreased by -0.50 and ~0.60-fold 

(PO.01), respectively, under both medium and high dehydration conditions (Fig. 2.4A). 

MEK 1/2 levels were also reduced in heart of medium dehydrated frogs by 0.33-fold 

(P<0.01). However, in lung, total MEK 1/2 protein content was strongly increased by 2-

and 4-fold (P<0.01) under medium and high dehydration and MEK 1/2 also increased by 

2-fold (PO.01) in the kidney under high dehydration. 

It is the active phosphorylated form of MEK that is key to triggering ERK and so 

the relative levels of phospho-MEK i/2ser217/221 are important. Fig. 2.4B shows that 

dehydration enhanced phosphorylation of MEK in all tissues, as compared with control 

levels. Under medium dehydration conditions, the amount of phospho-MEK l/2ser 17 ' 

increased by 2-fold in lung, 2.3-fold in skin and by 0.74-fold in liver (PO.01). High 

dehydration further enhanced phospho-MEK j/2se r2 I7 /221 content in lung and skin to 6-

fold and 3-fold above the phosphoprotein content of controls (PO.01). Phospho-MEK 

l/2ser217/221 levels were also elevated by 1.8-fold in muscle, 2-fold in kidney, and 2.5-fold 

in heart (PO.01) under high dehydration conditions. 
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A strong correlation between c-Raf activation (Fig. 2.3 A) and the phosphorylation 

of its downstream target MEK 1/2 (Fig. 2.4) occurred under high dehydration in muscle, 

lung and skin. Similarly, there was a good correlation between MEKK activation (Fig. 

2.3B) and elevated levels of phosphorylated MEK 1/2 in kidney, lung and liver. 

However, the elevated phospho-MEK i/2ser217/221 levels in heart under high dehydration 

conditions could not be related to either c-raf or MEKK so it is possible that other Raf 

isoforms or Mos could be involved in the pathway in heart (Roux and Blenis, 2004; 

Sridharetal.,2005). 

ERK2 activation in response to dehydration 

Activation of MEK 1/2, the MAPKK of the ERK pathway, leads to 

phosphorylation of ERK at a conserved Thr-Glu-Tyr (TEY) motif of the activation loop 

(MacDonald and Storey, 2004). The vertebrate ERK family includes six isozymes 

(ERK1, 2, 3, 5, 7, 8) but ERK1 and ERK2 have received the most study. They share 83% 

amino acid identity and are structurally and functionally similar (Roux and Blenis, 2004). 

In general, activation of the ERK pathway mediates cell growth and differentiation in 

response to a number of different stimuli including growth factors, cytokines, 

transforming agents, virus infection and carcinogens (May and Hill, 2008; Ramos, 2008). 

The interaction of ERK2 (the isozyme analyzed in the present study) with its substrates 

was better understood after using X-ray crystallography. The activation of ERK2 causes 

the protein to undergo conformational changes creating a proline-specific surface pocket. 

When inactive, this pocket is usually occupied by Argl92, so substrate access to the 

proline catalytic site is inhibited when ERK2 is not phosphorylated onThrl83 and 

Tyrl85. In addition to the proline specific pockets, ERK2 has the ability to regulate its 
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substrates through direct binding of the C-terminal substrate binding groove of ERK to 

the activation site of substrates thereby restricting their interaction with other kinases 

(Schaeffer and Weber, 1999). 

The ERK2 antibody crossreacted with a single band in X laevis tissues at the 

expected molecular weight for ERK2 (~42 kDa). Under dehydration stress the total 

protein levels of ERK2 remained stable in muscle and lung ofX. laevis (Fig. 2.5A) but 

ERK2 levels were suppressed by 0.30-0.40-fold (PO.05) in heart and skin of both 

medium and high dehydrated frogs. Oppositely, total ERK2 protein increased by 0.35 and 

0.50-fold (P<0.01) in kidney and liver, respectively, under medium dehydration. Levels 

of the active, phosphorylated form of ERK2 showed very different responses to 

dehydration with a significant increase in the amount of active phospho- ERKthr202/tyr204 

detected in all tissues except skin (Fig. 2.5B), mirroring the activation of MEK 1/2, the 

upstream MAPKK (Fig. 2.4). In particular, phospho- ERKthr202/tyr204 content was very 

strongly enhanced in both muscle and kidney by 6- and 4.6-fold (P<0.01), respectively, 

under high dehydration conditions as compared to control levels of the phosphoprotein. 

Phospho-ERKthr202/tyr204 levels also increased in lung by 2.8-3.3 fold (PO.01) in 

dehydrated animals and heart showed a similar ~2-fold increase. This result is consistent 

with previous work on R. ridibunda heart where ERK was powerfully activated by stress 

stimuli (Gaitanaki et al., 2003). A 2.5-fold increase (PO.01) in the amount of 

phosphorylated active ERK2 was also seen in liver during medium dehydration. 

Overall, then, the above data for the MAPKKK, MAPKK, and MAPK 

components of the ERK cascade are all consistent in documenting an activation of this 

cascade in response to physiological dehydration stress in most tissues of X. laevis. The 

exception was skin which showed elevated levels of phosphorylated c-raf and MEK 1/2 
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but not of ERK2. However, it is possible that ERK1 might be the target that is activated 

in skin. Activation of the ERK cascade may be responding directly to dehydration stress 

or may be responding to hypoxic conditions caused by dehydration effects on the 

circulatory system. Studies on other species have reported ERK activation by 

ischemia/reperfusion in rabbits (Iliodromitis et al., 2006) or by osmotic stress in animals 

and yeast (Kultz and Burg, 1998). 

ERK downstream substrates 

The activation of the ERK cascade in X. laevis tissues implies that activation of 

some downstream targets of ERK is important for dehydration resistance. ERK substrates 

are present in all cellular compartments (Roux and Blenis, 2004), but the best-known 

actions of ERKs are in the regulation of gene expression. ERKs can translocate to the 

nucleus and influence gene transcription by phosphorylating transcription factors or 

transcription factor modifying proteins (Krishna and Narang, 2008; Ramos, 2008). 

Therefore, I next evaluated the responses of some known ERK targets in X. laevis tissues. 

The signal transducer and activators of transcription (STAT) proteins are a family 

of cytoplasmic transcription factors that form homo- or heterodimers upon 

phosphorylation prior to translocating into the nucleus. In mammals there are seven 

family members (STAT 1, 2, 3, 4, 5a, 5b, 6). Phosphorylation of these transcription 

factors occurs on a conserved tyrosine residue in the C-terminal domain (Benekli et al., 

2003; Ning, et al., 2001). STAT 3 is a known substrate of ERK1/2 (Chung et al , 1997; 

Krishna and Narang, 2008) and so I analyzed the phosphorylation status of phospho-

STAT3ser727 as a measure of ERK downstream action. Levels of the phosphoprotein 

increased significantly under high dehydration conditions in three tissues of X. laevis 
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(Fig. 2.6A) and in all cases this correlated with elevated phospho-ERK2 in the same 

tissues (Fig. 2.5B). In skeletal muscle, phospho-STAT3ser727 showed small but significant 

increases of 0.24-0.30-fold (PO.05) whereas greater increases of 1.9-2.3 fold (P<0.01) 

occurred in lung. Phospho-STAT3ser727 levels were also 2-fold higher in kidney of high 

dehydrated frogs (P<0.01). However, phospho-STAT3 levels were suppressed in heart of 

medium dehydrated frogs and were unchanged in the other tissues. Activated STAT3 in 

muscle, lung and kidney can up-regulate a number of genes whose protein products assist 

in cell survival. For example, the antiapoptotic Bcl-2 family members (BC1-XL, Mcl-1) 

were up-regulated in multiple myeloma following STAT3 induction. Other known 

STAT3 target genes include c-Myc that plays a role in sensitizing cells to apoptotic 

stimuli (Benekli et al., 2003). The activation of STAT3 in the muscle and kidney could be 

a general response to dehydration stress since a significant change in the water contents 

of individual organs occurs (measured as a change in protein concentration) when frogs 

dehydrate (Churchill and Storey, 1993; Holden and Storey, 1997). 

The p90 ribosomal S6 kinase (RSK) family of proteins is another known target of 

ERK action. The protein was originally isolated from X. laevis, and described as a protein 

kinase with the ability to phosphorylate the S6 protein of the 40S ribosomal subunit. 

Although S6 is still the best-known RSK target, recent studies have identified other 

targets including other proteins involved in ribosomal translation, the insulin receptor, the 

proapoptotic protein BAD and some nuclear targets (Ruvinsky and Meyuhas, 2006). In 

humans, there are four RSK isoforms; each contains two distinct and functional kinase 

domains. In the carboxy-terminal domain, RSK autophosphorylation and activation occur 

and then stimulate the phosphotransferase activity of the amino-terminal kinase domain 

to allow RSK to phosphorylate its targets. ERK activation of RSK1 requires the 
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phosphorylation of its C-terminal activation loop (Anjum and Blenis, 2008). ERK 

achieves that by playing one of two roles in the process. Activated ERK can directly 

phosphorylate RSK1 and ERK can also bring RSK1 closer to membrane-associated 

kinases that may phosphorylate RSK on specific residues (Richards et al., 2001). 

The present study focused on the regulation of one of the essential RSK proteins, 

RSK1. The RSK1 activation pattern quite closely mirrored the pattern seen for 

ERKthr202/tyr204 H i g h d e h y d r a t i o n elevated the amount of p90RSK ser380, with levels of the 

phosphoprotein increasing by 7-, 5-3- and 2-fold (P<0.01) in muscle, lung, kidney and 

liver, respectively (Fig. 2.6B). By contrast, in heart, phosphoprotein content decreased by 

0.47-fold and 0.69-fold (PO.01) during medium and high dehydration, respectively, 

where the phospho-RSKl content did not change in skin. 

To confirm that RSK activation leads to phosphorylation of down-stream targets 

in tissues of dehydrated frogs, I next measured S6 ribosomal protein (S6RP) protein 

levels and its phosphorylation state in X. laevis organs. Phosphorylation sites on S6RP 

were mapped to five serine residues in the highly conserved carboxyl-terminal: Ser235, 

Ser236, Ser240, Ser244, and Ser 247 (Ruvinsky and Meyuhas, 2006). The effects of 

dehydration on total S6RP protein levels in X. laevis tissues are shown in Fig. 2.7A (note 

that selected samples were unavailable in 3 cases). S6 protein levels were 6.9- and 2.4-

fold higher (P<0.01) in muscle and liver during high dehydration, as compared with 

controls. Dehydration also had a very marked effect on lung S6RP protein levels with 

mean increases of 23.5- and 17.8-fold (PO.05) under medium and high dehydration 

conditions, respectively. However, dehydration had no significant effect on S6RP protein 

content in kidney, heart, or skin. The phosphorylated form of the protein was assessed 

using an antibody that detects serine 235/236 phosphorylation in the C-terminal region. A 
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strong increase in phospho-S6RP content was detected in most tissues under high 

dehydration conditions (Fig. 2.7B); levels were 8.5-, 8.5-, 4.7-, and 6.8-fold higher in 

skeletal muscle, lung, kidney, and liver, respectively (P<0.01), compared the control 

content of phosphoprotein. Phospho-S6RPser235/236 also increased in lung by 0.70-fold 

(P<0.05) under medium dehydration. A good correlation occurred between the increase 

in phospho-S6RP protein levels and the amount of activated phospho-RSKl (Fig. 2.6B) 

in muscle, lung, kidney and liver of the high dehydration frogs. These findings also agree 

with previous studies that showed that RSKs are the kinases responsible for 

phosphorylating the S6RP subunit inX laevis oocytes (Schwab et al., 1999). 

The functional role of S6RP phosphorylation is still debatable. Initial studies 

proposed that S6RP has a regulatory role in translation initiation but subsequent data was 

conflicting as to whether a causal link existed between S6RP phosphorylation and the 

efficiency of protein synthesis. Indeed, a recent study used S6RP knockin (S6RPP"/") mice 

to assess S6RP function with results that showed that the rate of global protein synthesis 

in mouse embryo fibroblasts was actually higher than in wild type cells, and, furthermore, 

the liver of these mice had the same proportion of ribosomes engaged in polysomes as 

did the wild-type. Other actions for phosphorylated S6RP have been suggested including: 

(a) specifically increasing the translation efficiency of a subgroup of mRNA species that 

contain 5'-terminal oligopyrimidine tracts (TOP mRNAs), (b) mediating an inverse 

regulation of cell size versus cell proliferation, and (c) involvement in glucose 

homeostasis (Ruvinsky and Meyuhas, 2006). Given the profound changes in S6RP levels 

and phosphorylation status in X. laevis organs, the effects of dehydration stress in this 

frog model might be an excellent one to exploit in order to finally identify a physiological 

role for S6RP. 
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Table 2.1 Total body water lost by experimental groups of X. laevis, blood hematocrit, 

plasma urea and plasma glucose concentrations. Data are means ± SEM. Statistical 

testing used analysis of variance followed by the Student-Newman-Keuls test. a -

Significantly different from the control value, PO.05; b - P< 0.005. c - Significantly 

different from the value for medium dehydration, P<0.005. 

Body water lost, % 

Hematocrit, % 

Plasma Urea (mmol l"1) 

Plasma Glucose (mmol l"1) 

n 

Control 

0 

40.4 ±1.61 

1.66 ±0.29 

2.52 ± 0.22 

6-13 

Medium Dehydration 

16.6 ±1.6 

46.7 ± 1.13a 

45.8±9.81b 

3.39 ±0.36 

6-9 

High Dehydration 

28.0 ±1.6° 

49.6 ± 2.24b 

54.8 ± 6.75b 

5.81 ±0.75b'c 

6-10 



Figure 2.1. Progress of body water loss by six X. laevis over 6-7 days of air drying 

(medium dehydration) versus drying over desiccant (high dehydration); conditions are 

described in detail in the Methods. For the animals shown, final % body water loss values 

were 16.7, 17.4 and 19 % for medium and 26.4, 26.9 and 28.8 % for high dehydrated 

frogs. 
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Figure 2.2. Schematic of the ERK pathway members analyzed and their relationship to 

the general MAPK signaling cascade. Arrows lead from activators to target proteins. 
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Figure 2.3. Effect of medium and high dehydration on the activation of two MAPKKKs, 

c-Raf and MEKK , in X. laevis tissues: (A) Expression levels of active phosphorylated 

cRaf. The phospho-cRafer338 antibody crossreacted with a single band at the expected 

molecular mass ~74 kDa. (B) MEKK protein levels. The MEKK antibody crossreacted 

with a single band at the expected molecular mass of ~45 kDa. Representative western 

blots show control (C), medium dehydration (MD) and high dehydration (HD) 

conditions. Histograms show mean normalized protein levels, expressed relative to 

control values. Kidney samples for medium dehydrated frogs were not available. Data are 

means ± SEM, n=3-6 independent trials on tissue extracts from different animals. Letters 

that differ are significantly different from each other, P<0.05. 



32 

Figure 2.3 

Musefe Lung 
c ; " . . . . • . . „ . : ; _ , 

PD 
HD -

3 1 

M 
flj -2.6 * 
> 

J© 

at * 

P' 1.6 

o 

> 
0.5 

Kidney 

t 

b 
T 

» 

r 
if 

Heart Skin 
• • • • " i r ^ : i 

^ 4 ' '•.' J l ;*$§•' *?*ji1 
& . j . , j - . ^ l 

1 Control 

k '~— Medium Dehydration 
j ^ ^ H High Dehydration 

a 

a 
mi 

Muscle Lung Kidney 

B Muscle Lung Kidney Heart Skin 

Heart 

Liver 
c I * • — • » | - 1 -"-»•* 

MD wmm* 11 
H D I *•*—•» I - | •.iiiir.L:.rii 

Muscle Lung Kidney Heart Skin 

Skin 

Liver 



Figure 2.4. Effect of medium and high dehydration on the MAPKK of the ERK cascade 

in six tissues of X. laevis. (A) total MEK 1/2 protein levels and (B) phospho-MEK 

l/2ser2172 ' levels. The antibodies used crossreacted with single bands at the expected 

molecular mass of-45 kDa. Other information as in Figure 2.2. 
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Figure 2.5. Effect of medium and high dehydration on (A) total ERK2 protein levels and 

(B) phospho-ERKthr202/tyr204 content in tissues of X. laevis. The antibody used crossreacted 

with a single band at the expected -42 kDa. Other information as in Figure 2.2. 



34 

Figure 2.5 

Muscle Lung Kidney Heart Skin Liver 
c t z E u r ^ — " "—-

M0CZZ 
H D r — 

^C 
c 

I IContfol O 

3 BBWB9 Medium Dehydration 
High Dehydration 

Muscle Lung Kidney Heart Skin Liver 

B Muscle Lung Kidney Heart Skin Liver 

Muscle Lung Kidney Heart Skin Liver 



Figure 2.6. Effect of medium and high dehydration on the phosphorylation of two target 

substrates of ERK: (A) phospho-STAT3ser727 and (B) phospho-p90 RSKser380 i n Z laevis 

tissues. Phosphospecific antibodies each crossreacted with single bands on the blots at the 

expected molecular masses of -78 kDa for phospho-STAT3ser727 and -90 kDa for 

phospho-p90 RSKser38°. Other information as in Figure 2.2. 
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Figure 2.7. Effect of medium and high dehydration on (A) total S6 ribosomal protein and 

(B) phospho-S6 ribosomalser235/236 protein levels in six tissues of X. laevis. S6 antibodies 

crossreacted with a single band at the expected molecular weight -32 kDa. Other 

information as in Figure 2.2. 
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CHAPTER 3 

Transcription regulation via the 
activation of JNK and p38 mitogen-

activated protein kinases during 
dehydration in Xenopus laevis 
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INTRODUCTION 

MAPKs are a superfamily of proteins that play a major role in translating cell 

receptor signals into biological responses within cells (Schindler et al., 2007) by 

covalently attaching the terminal phosphate from ATP onto specific serine (Ser), 

threonine (Thr) or tyrosine (Tyr) side chains of numerous target proteins in cells (Johnson 

and Lapadat, 2002; Biondi and Nebreda, 2003). To maintain signal specificity and 

efficiency this superfamily of kinases exhibits two essential properties: 1) sensitive 

means of regulation, and 2) high specificity for substrates, which is achieved by specific 

docking sites (Biondi and Nebreda, 2003). In general, the ERK pathway (examined in 

chapter 2) is activated mainly by mitogens or cell differentiation stimuli whereas the 

stress-activated protein kinase (SAPK; also known as c-Jun N-terminal kinases or JNKs) 

and p38 MAPK families are mostly associated with cellular responses to environmental 

stressors that include oxidative stress and ischemia/reperfusion (Gaitanaki et al., 2003; 

Cowan and Storey, 2003; Iliodromitis et al., 2006). 

The SAPK/JNK and p38-MAPK pathways are well-known to respond to osmotic 

stress in various systems (Hohmann et al., 2007; Kultz and Burg, 1998; Tsai et al., 2007) 

including some rather unique forms of osmotic stress such as that caused by extracellular 

freezing in freeze tolerant species (Greenway and Storey, 2000). Studies analyzing 

osmotic stress of cells most often do so from the point of view of changes in dissolved 

ion or metabolite concentrations (e.g. salt loading) but osmotic stress also arises due to 

dehydration. Indeed, Huang and Tunnacliffe (2004) were first to report that sensing and 

responding to water loss caused by drying in human cells can lead to the activation of 

both JNK and p38 MAPKs. Many animals live in situations where they experience 
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dehydration in their natural environment and they need mechanisms to defend against 

water loss and/or trigger adaptive responses to deal with water loss. As mentioned before 

the African clawed frog is one of these. Previous studies have shown that animals have to 

adjust many physiological, biochemical and behavioral processes in order to adapt to 

stresses (such as dehydration) encountered during estivation. One overriding adjustment 

is metabolic rate depression (MRD) which allows stored body fuel reserves to be rationed 

to support many months of estivation. Other adjustments include actions such as 

induction of urea cycle enzymes and the accumulation of urea as an osmolyte to help 

limit body water loss. As mentioned earlier, the powerful biochemical mechanisms used 

to reorganize metabolism during estivation and/or under dehydration stress should be 

quickly reversible and require very little metabolic reorganization upon arousal. A prime 

mechanism for making such adjustments is reversible protein phosphorylation. This 

requires only the addition or removal of a phosphate group, via the action of protein 

kinases and protein phosphatases, to create dramatic changes in enzyme activities 

(Storey, 2002). Given the involvement of the ERK pathway in the X. laevis response to 

dehydration (chapter 2), I hypothesized that whole animal dehydration would cause 

selective regulation and activation of other MAPK modules: the JNK and p38 MAPK 

pathways. Such activation could lead to differential expression and activation of selected 

downstream transcription factors such as c-Jun, c-Myc, and CREB. 

MATERIAL AND METHODS 

Animals 
Animal holding and experimentation was as described in chapter 2. 
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Tissue extracts and Immunoblotting 

Tissue extracts were prepared from control and dehydrated X. laevis as described 

in chapter 2. JNK and phospho-JNK antibodies were purchased from Cell Signalling 

Technology, p38 and phospho-p38 antibodies were from New England Biolabs Inc. and 

all others were purchased from Santa Cruz Biotechnology. All antibodies were used 

according to manufacturer's instructions. Immunoblotting was conducted essentially as 

described in chapter 2 with minor changes. Membranes were washed in TBST before 

incubating with secondary antibody for 1-2 h at 21°C. Bands were visualized by adding 1 

ml of enhanced chemiluminescence reagent (Millipore Corporation). Subsequently, 

PVDF membranes were stained for 30 min with Coomassie blue and destained for -10 

min. 

RESULTS AND DISCUSSION 

Regulation ofSAPK/JNK during dehydration 

JNKs are activated by dual phosphorylation on tyrosine and threonine residues 

within a conserved Thr-Pro-Tyr (TPY) motif. The two known MAPKKs that are 

responsible for activating JNKs are MEK4 and MEK7; they are themselves 

phosphorylated by a number of MAPKKKs. The JNK family encompasses three 

members (JNK1, JNK2, JNK3) that exist in 10 or more different spliced forms (Roux and 

Blenis, 2004; Schindler et al., 2007; Krishna and Narang, 2008). A mammalian JNK 

antibody was used in the present study and cross-reacted well with a single protein band 

mX. laevis extracts at the expected molecular mass of ~46 kDa for JNK1. 
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Dehydration stress resulted in tissue-specific responses by JNK1. Total JNK 

protein levels increased strongly in lung under both medium and high dehydration (Fig. 

3.1 A); levels rose significantly (PO.05) by 2.3 and 4-fold, respectively. Total JNK1 also 

increased by 1.5-fold in skin under high dehydration conditions. Dehydration affected 

heart and liver differently; total JNK1 protein decreased by ~0.50-fold in heart during 

medium dehydration and by ~0.70 and 0.50-fold during medium and high dehydration in 

liver. The relative amount of the active phosphorylated form of JNK 1 also responded to 

dehydration (Fig. 3.IB). Phospho-JNK t^183^185 content increased significantly in 

skeletal muscle and lung (by 1.5- and 2.4-fold, respectively) under high dehydration. 

JNK1 was also activated in skin with 2.3 and 2.5-fold increases in phospho-JNK 

t i tyri 5 i e v e i s m medium and high dehydrated animals, respectively. In heart, however, 

phosphorylated JNK1 levels fell by ~0.50-fold in dehydrated frogs. The responses of 

JNK1 to dehydration suggest a significant role for this transcription factor in cellular 

response to this stress, particularly in three organs that are likely to be most greatly 

affected by water loss under desiccating conditions - the two peripheral organs, skin and 

leg skeletal muscle, as well as the lung that can lose large amounts of water during 

breathing. Although the functions of JNK 1-triggered gene expression responses to 

dehydration in X. laevis are not yet known, these might include actions that contribute to 

limiting tissue water loss and/or alleviating osmotic stress as well as contributions to 

dealing with collateral stresses associated with dehydration such as hypoxia or oxidative 

stress. Dehydration decreases blood volume and elevates blood viscosity, putting a strain 

on the heart and causing generalized hypoxia; indeed, dehydrational death in anurans has 

been linked with heart failure (Hillman, 1978). A previous study with perfused hearts of 
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Rana ridibunda reported JNK activation by osmotic shock (perfusion with sorbitol) or 15 

min anoxia (Aggeli et al., 2001) whereas the data presented in this chapter found reduced 

amounts of active JNK1 in X. laevis heart under dehydration stress. The two studies 

differed quite substantially in both the stressor used and the in vitro versus in vivo 

situations making it impossible to identify a unifying principle of JNK action in the 

stressed frog heart at the present time. 

Regulation ofp-38 MAPK during dehydration 

The p38 MAPK is activated by phosphorylation of a conserved Thr-Gly-Tyr 

(TGY) motif that is catalyzed via two upstream MAPKKs, MEK3/6, that have high 

specificity for p38 but do not activate other MAPK family members (Cowan and Storey, 

2003; Roux and Blenis, 2004). The substrate specificity of p38a, studied by X-ray 

crystallography, was attributed to the difference in the TGY phosphorylated motif and the 

length of the activation loop of p38 as compared with that found in ERK2 and JNK 

(Roux and Blenis, 2004). The p38 family encompasses 4 different isoforms: a, P, y, and 8 

(Platanias, 2003; Krishna and Narang, 2008). These kinases are known to be activated by 

a number of stimuli that include hormones, osmotic shock, and heat shock (Johnson and 

Lapadat, 2002). 

The effects of dehydration on the total p38 protein content ofX laevis tissues are 

shown Fig. 3.2A. Medium dehydration had no effect on protein levels in any tissue but 

high dehydration led to 1.5-, 1.7-, and 1.4-fold increases in p38 content in lung, kidney 

and heart, respectively. Levels of active phosphorylated p38 were also unaffected by 

medium dehydration (Fig. 3.2B). However, active phospho-p38 tyr182 content was 
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significantly increased in lung and kidney under high dehydration conditions with levels 

that were 2.15- and 1.6-fold higher than control values, respectively. In heart, a 

significant decrease of ~0.50-fold was seen in phospho-p38 tyr182 content. Phospho-p38 

^ levels were too low to measure in X. laevis skin. A reduction in the amount of active 

p38 in X. laevis heart under high dehydration was again contrary to results reported 

previously for stress effects (sorbitol perfusion, anoxia) on isolated hearts of R. ridibunda 

(Aggeli et al., 2002). Furthermore, both freezing and thawing triggered p38 activation in 

the freeze tolerant wood frog, Rana sylvatica (Greenway and Storey, 2000); note that 

extracellular freezing is effectively a dehydration stress on cells. However, the increase in 

phospho-p38 tyr182 content in X. laevis kidney during dehydration correlates well with the 

similar response of R. sylvatica kidney to freeze/thaw (Greenway and Storey, 2000). 

Activation of p38 in the kidney could be a general response to dehydration stress arising 

due to either whole body water loss or water sequestration into extracellular ice. Indeed, 

multiple signaling and metabolic responses to freezing in R. sylvatica are mimicked by 

dehydration of the frogs and this has shown that various freeze tolerance adaptations are 

derived from underlying anuran responses to dehydration (Churchill and Storey, 1993; 

Holden and Storey, 1997). The pattern of p38 MAPK responses to dehydration in X 

laevis appears to be independent of JNK in all tissues except for the lung suggesting that 

the two MAPK modules are independently triggered during dehydration and undoubtedly 

mediate different cellular responses to the stress. 

Response to dehydration by JNK andp38 downstream targets 

JNKs and p38 MAPKs phosphorylate a variety of specific target proteins to affect 
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functions including enzymatic activity, subcellular location, and interaction with other 

proteins and molecules (Johnson and Lapadat, 2002). Both MAPK members can activate 

cytoplasmic and nuclear substrates in response to different stressor (Roux and Blenis, 

2004; Krishna and Narang, 2008). There I analyzed responses to dehydration by selected 

target proteins: (a) c-Jun, a known substrate of JNK1, (b) c-Myc, another substrate of 

JNK1, and (c) cAMP responsive element binding protein (CREB), a known substrate of 

p38 MAPK (Tan et al., 1996; Kultz and Burg, 1998; Noguchi et al., 1999; Krishna and 

Narang, 2008). 

c-Jun 

JNKs, originally identified as SAPKs in rats, were renamed to emphasize their 

role in the phosphorylation of one of their most extensively studied targets, the 

transcription factor, c-Jun (Krishna and Narang, 2008). JNKs phosphorylate c-Jun on two 

major sites, Ser63 and Ser73. The phosphorylation and activation of this protein leads to 

increased c-Jun dependent transcription (Roux and Blenis, 2004). As one part of the 

dimeric activator protein 1 (AP-1) family, c-Jun is capable of forming homo- or hetero-

dimeric complexes with a number of the basic leucine zipper transcription factors 

families including c-Fos, Maf, and ATF/CREB (Ham et al , 2000; Dunn et al., 2002). In 

this group, c-Jun is known to exhibit the highest activation potential. Once activated the 

transcription factor has the ability to activate a number of genes that include cyclin Dl, 

Bcl3, and Bim which can affect cell cycle progression, survival, and apoptosis, 

respectively (Shaulian and Karin, 2001; Shaulian and Karin, 2002). 

Total protein levels of c-Jun were assessed in X. laevis tissues under medium and 
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high dehydration conditions (Fig. 3.3A). Medium dehydration did not affect c-Jun protein 

levels in five tissues but reduced c-Jun content by ~0.60-fold in skin and also by ~0.74-

fold in skin under high dehydration conditions. Four tissues showed significantly elevated 

levels of c-Jun under high dehydration conditions. Total c-Jun protein increased by 1.7-

fold in skeletal muscle and liver, 1.9-fold in heart, and 4-fold in lung. The amount of 

active phosphorylated c-Jun ser73 also increased in two tissues under high dehydration 

conditions (Fig. 3.3B); levels rose by 1.4- and 1.9-fold in kidney and heart, respectively. 

Typically, two main mechanisms are responsible for regulating AP-1 activity: 1) 

increasing the transcription of c-fos and c-Jun, 2) the activation of c-fos and c-Jun via 

phosphorylation (Marshall, et al., 2000). Based on the results of the present study, AP-1 

appears to play a significant role in the regulation of gene expression in all organs except 

skin under conditions of high dehydration in X. laevis as indicated by the increased levels 

of c-Jun protein as well as the phosphorylation activation of c-Jun in heart and kidney. 

The data in this chapter indicate that activated JNK does not play a role in 

phosphorylating c-Jun because there is no correlation between the regulation pattern of 

the two proteins (Fig. 3. IB and 3.3B). A number of other kinases can be responsible for 

c-Jun phosphorylation including protein kinase C and casein kinase (Baker et al., 1992). 

Previous studies using chromatin immunoprecipitation (ChIP) revealed that the activation 

of c-jun and ATF2 in response to genotoxic stress can lead to the induction of at least 250 

genes, ~10% of which are involved in DNA repair (Karin and Gallagher, 2005). For 

dehydrated X. laevis c-Jun might play a protective role via inducing pro-survival genes 

(Shaulian and Karin, 2002). 
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c-Myc 

Transcriptional regulation of genes by c-Myc is governed by c-Myc interaction 

with myc associated factor X (Max). Formation of Myc-Max heterodimers is required for 

the activation and binding of this transcription factor to specific DNA sequences in a 

diverse group of genes. One of the key biological functions of c-Myc is promotion of 

cell-cycle progression (Pelengaris et al., 2002). c-Myc is also known to play a role in 

sensitizing cells to apoptotic stimuli; that is achieved via direct phosphorylation of c-Myc 

at Ser-62 and Ser-71 by JNK leading to enhanced apoptosis promoting activities 

(Noguchi et al., 1999). Total cMyc antibody did not crossreact with X laevis tissue 

extracts, so in this study I analyzed only the phosphorylated active form of the 

transcription factor, phospho-cMyc thr58/ser62 (Fig. 3.4). Medium and high dehydration had 

no significant affect on phospho-cMyc thr58/ser62 levels in the muscle, heart, or skin of X. 

laevis. However, medium dehydration resulted in a 0.24-fold decrease in phospho-cMyc 

thr58/ser62 -n j ^ g ^ j e v e i s rerUrned to control values during high dehydration. Kidney was 

the only tissue that showed a strong significant increase in phospho-cMyc thr58/ser62 content 

in response to dehydration with a 2.4-fold increase seen under high dehydration 

conditions. However, this result did not correlate with the response of phospho-JNKl in 

kidney (Fig. 3.IB). Other MAPK family members and other kinases such as GSK3 can 

also activate c-Myc (Alarcon-Vargas and Ronai, 2004). However, both c-Jun and c-Myc 

were activated in kidney indicating they may be part of the general stress response in 

kidney. Significant decreases in kidney water contents, measured as a change in protein 

concentration, was reported in wood frogs in response to either freezing or dehydration 

stresses (Churchill and Storey, 1993; Holden and Storey, 1997). C-Myc is also known to 
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enhance cellular response to oxidative stress (Benassi et al., 2006), another side effect of 

dehydration. Oxidative stress in spadefoot toads seems to occur due to an overall 

decrease in antioxidant capacity during dehydration stress, a result of estivation (Grundy 

and Storey, 1998). 

CREB 

The name CREB was given to this transcription factor because it was first 

identified as a cAMP signaling pathway target. Subsequent studies showed that CREB is 

activated by a diverse array of stimuli that result in phosphorylation on serine 133. To 

achieve further specificity, CREB can be phosphorylated on additional sites. 

Furthermore, phosphorylation of CREB associated proteins also plays a role in 

modulating the activity and specificity of this transcription factor (Shaywitz and 

Greenberg, 1999). Both total CREB protein and phosphorylated CREB ser133 content were 

widely affected by dehydration mX. laevis organs (Fig. 3.5). Total CREB protein levels 

increased significantly (~2-fold) during medium dehydration in skeletal muscle; levels 

also rose in by 0.40-fold in skin and increased further to 0.60-fold above control levels 

under high dehydration (Fig. 3.5A). In lung, however, total CREB protein levels 

decreased significantly by ~0.40 and 0.60-fold under medium and high dehydration 

conditions, respectively. Heart also showed a ~0.50-fold decrease in total CREB protein 

level under high dehydration. Liver showed the strongest response to dehydration with a 

significant 3.5-fold increase in CREB levels during high dehydration. 

Unlike the somewhat variable tissue-specific response by total CREB to 

dehydration, the amount of active phosphorylated CREB ser133 showed a uniform increase 
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in response to dehydration in five out of the six tissues tested (Fig. 3.5B). In muscle, high 

dehydration led to a strong 3.5-fold increase in phospho-CREB ser133 content; skin 

responded similarly with a 2.6 fold increase in CREB ser under high dehydration. Lung, 

liver and heart showed significant increases in CREB ser133 under both medium and high 

dehydration; compared with control values, levels rose by 2.3 and 2.6-fold in lung, 2 and 

1.9-fold in liver, and 1.3 and 1.2-fold in heart under medium and high dehydration 

conditions, respectively. Hence, CREB-mediated gene expression would appear to have a 

significant and broad-based role in X. laevis tissues under dehydration stress, perhaps 

mediating adaptive functions that promote cell survival. Indeed, CREB is known to play 

a critical role in cell survival by increasing the transcription of pro-survival proteins 

including Bcl-2 family members (Bcl-2 and BC1-XL) and Mcl-1 (Ballif and Blenis, 2001). 

Furthermore, a recent study linked CREB action to regulating one of the major mucins in 

the human airway submucosl glands (Choi et al., 2009). Although this remains to be 

experimentally tested, one can speculate that the activation of CREB during medium and 

high dehydration in X laevis lung might play a role in limiting respiratory water loss by 

this organ by changing the amount or type of mucins in the lung epithelia. 



Figure 3.1. Effect of medium and high dehydration on the protein expression of JNK in 

six tissues of X. laevis. (A) Relative levels of total JNK protein. (B) Relative levels of 

active phosphorylated JNK thrl83/tyr185. Representative western blots show JNK expression 

under control (C), medium dehydration (MD), and high dehydration (HD) conditions. 

Histograms show mean ± SEM, n=3-6 independent trials on tissue samples from different 

animals. Letters that differ are significantly different from each other, P<0.05. 
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Figure 3.1 
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Figure 3.2. Effect of medium and high dehydration on the protein levels of (A) p38 

MAPK, and (B) phosphorylated p38 tyr182 in six tissues of X. laevis. The antibodies used 

crossreacted with single bands at the expected molecular mass of -40 kDa. Other 

information as in Figure 3.1. 
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Figure 3.2 
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Figure 3.3. Effect of medium and high dehydration on the protein expression of (A) c-

Jun, and (B) phosphorylated c-Jun ser73 in six tissues of X. laevis. The antibodies used 

crossreacted with single bands at the expected molecular mass of ~48 kDa. Other 

information as in Figure 3.1. 
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Figure 3.4. Effect of medium and high dehydration on phosphorylated c-Myc r se 

protein expression in five tissues of X. laevis. The antibodies used crossreacted with 

single bands at the expected molecular mass of ~67 kDa. Other information as in Figure 

3.1. 
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Figure 3.5. Effect of medium and high dehydration on the protein expression of (A) 

CREB, and (B) phosphorylated CREB ser133 in six tissues of X. laevis. The antibodies 

used crossreacted with single bands at the expected molecular mass of ~40 kDa. Other 

information as in Figure 3.1. 
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Figure 3.5 

J Contra) 
Medium Dehydration 
High Dehydration 

Muscle Lung Kidney Heart Skin Liver 

B 
4 i 

Muscle Lung Kidney Heart Skin Liver 



CHAPTER 4 

Activation of antioxidant defense via Nrf2 
transcription factor in the dehydrated 

African clawed frog 
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INTRODUCTION 

Exposure to a variety of environmental factors can induce oxidative stress in 

living organisms, triggering the over-production of ROS. These include UV radiation, 

pathogen invasion and oxygen shortage (reviewed in Blokhina et al., 2003). Various 

natural reactions in cells also produce ROS including superoxide radical and hydrogen 

peroxide. These are relatively unreactive but can undergo reactions, catalyzed by Fe2+ or 

Cu+, that produce highly reactive hydroxyl radicals that can cause severe damage to 

biological macromolecules including proteins, lipids, and DNA (Hermes-Lima, 2004; 

Halliwell and Gutteridge, 2007). Because of this, many organisms have a range of 

antioxidant defences involving metabolites, peptides and enzymes and manage these in 

both constitutive and inducible forms. Constitutive defences provide a "housekeeping" 

response that is present in all cells whereas inducible defences are enhanced in response 

to specific stress conditions that over-produce ROS. 

The expression of antioxidant genes is under the control of selected transcription 

factors, key ones being members of the NF-E2-related factor (Nrf) family of basic leucine 

zipper transcription factors. Nrf2 is of particular interest because it mainly regulates the 

inducible response (Cullinan and Diehl, 2006). Nrf2 normally resides in the cytoplasm 

where it is bound to a repressor protein, Keapl. Oxidative stress triggers Nrf2 release 

from Keapl, followed by Nrf2 translocation to the nucleus. There it forms heterodimers 

with other proteins, including small Mafs, and activates transcription by binding to the 

antioxidant response element (ARE) in the promoter region of genes that code for 

antioxidant and detoxifying proteins (Shih et al., 2005; Cullinan and Diehl, 2006). 
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Nrf2 regulates a number of genes but, as mentioned before, the present chapter 

focuses on the expression of two families of enzymes: the GSTs and the AKRs. Soluble 

GSTs belong to four main classes: alpha, mu, pi, and theta. A mitochondrial GST, kappa, 

has also been identified. Sequence identity is about 40-50% for GSTs in the same class 

and 25-30% between GSTs from different classes. In mammals soluble GSTs are 

collectively expressed in rather large amounts, constituting as much as 4% of total 

soluble protein in liver (Eaton and Bammler, 1999). Enzymes in the AKR superfamily 

perform oxidoreduction reactions on a huge variety of natural and foreign substrates. 

They are divided into 14 families (AKR 1-AKR 14) with a total of 114 members 

(http://www.med.upenn.edu/akr). The present study focuses on members of the AKR1 

and AKR7 families. The AKR1 family includes aldehyde reductases (AKR1A group), 

aldose reductases (AKR1B group) and other groups such as hydroxysteroid 

dehydrogenases and steroid 5 P-reductases. The AKR7 family members are aflatoxin 

aldehyde reductases (also known as AFARs) that catalyse the reduction of dicarbonyl 

containing compounds (Hyndman et al., 2003; Ellis and Hayes, 1995). 

This chapter investigates responses by antioxidant systems to the stress of 

dehydration in X. laevis. The skin of frogs is highly water-permeable and, hence, water 

balance is a major physiological imperative for all species. Frogs display a wide variety 

of adaptive strategies to acquire and retain water, deal with desiccating environmental 

conditions, and endure a wide range of osmolality of body fluids (Hillman et al., 2009). 

As mentioned before, X. laevis is primarily an aquatic frog but in its native environment 

in southern Africa can experience seasonal drying out of ponds that imposes dehydration 

stress and stimulates overland migration of frogs to find new ponds. One effect of 

http://www.med.upenn.edu/akr
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dehydration is an increase in blood viscosity and a decrease in blood volume that impairs 

proper oxygen delivery to tissues and causes hypoxia. Indeed, Hillman (1978) showed a 

strong decrease in maximal oxygen consumption rates and circulatory oxygen delivery 

capabilities during dehydration stress in X laevis leading to hypoxia/anoxia and 

ultimately dehydrational death. However, if dehydration is not lethal, the process of 

rehydration is also stressful for it produces a quick reoxygenation of tissues that results in 

a rapid increase in the generation of ROS (Hermes-Lima and Storey, 1998; Hermes-Lima 

and Zenteno-Savin, 2002). Hence, defences against oxidative stress are needed. In this 

study I hypothesized that X. laevis up-regulates its antioxidant defences under 

dehydration stress to avoid oxidative injuries as a result of dehydration/rehydration 

episodes. 

MATERIAL AND METHODS 

Animals 

Dehydration experiments forX laevis were conducted as described in chapter 2. 

Preparation of crude extracts and Western blot analysis 

Preparation of crude extracts was conducted as described in chapter 2 with minor 

changes. Antibodies were a gift from Dr. John Hayes (Biomedical Research Centre, 

University of Dundee) and were raised against rat proteins except for Nrf2 which was 

purchased from Santa Cruz Biotechnology. For nuclear extracts, only samples of skeletal 

muscle and liver were analyzed. Extracts were prepared essentially as described by 

Mamady and Storey (2006) with minor changes. Samples (0.5-1.0 g) was homogenized 
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in a Douce homogenizer using 1-2 ml of homogenization buffer containing 10 mM Hepes 

at pH 7.9, 10 mM KCL, 10 mM EDTA and 1 mM DTT, with 1 ul per ml protease 

inhibitor cocktail (Sigma). After centrifugation for 10 min at 10,000 rpm, supernatants 

(cytoplasmic extract) were removed and then pellets were resuspended in 150 ul of 

extraction buffer containing 10 mM Hepes at pH 7.9, 400 mM NaCl, 1 mM EDTA, 1 

mM DTT, 10% v:v glycerol, and 1-2 ul protease inhibitor cocktail. The pellets and 

extraction buffer were mixed at room temperature for 1 h by gently shaking the sample 

every 10 min. Samples were then centrifuged again and nuclear extracts (supernatant) 

were collected. Soluble protein concentration was quantified in whole tissue extracts and 

nuclear fractions as described in chapter 2. Sample preparation, western blotting, and 

visualization were conducted as described in chapter 2. 

Total RNA extraction 

Total RNA was prepared from -100 mg of muscle and liver samples. 

Diethylpyrocarbonate (DEPC; 0.1% v/v) was used to treat all materials and solutions 

used in this procedure. Tissue was homogenized in 1 ml of Trizol™ reagent (Invitrogen) 

using a Polytron homogenizer and then 200 ul chloroform was added followed by 

centrifugation at 10,000 rpm for 15 min. The upper aqueous phase that contained RNA 

was removed to a fresh tube and the RNA was precipitated by adding 500 ul isopropanol. 

After centrifugation at 10,000 rpm for 10 min and washing with 1 ml 70% ethanol, the 

total RNA pellet was resuspended in 50-100 ul DEPC-treated water. RNA concentration 

was determined by absorbance at 260 nm and the quality of total RNA was assessed by 

the integrity of 28S and 18S ribosomal RNA bands. 
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RT-PCR 

RT-PCR was conducted essentially as described by Mamady and Storey (2006) 

with minor alterations. Briefly, 10-15 ug total RNA was reverse transcribed into cDNA 

using the reverse transcriptase enzyme Superscript II (Invitrogen) and an oligo-dT primer 

(Sigma Genosys). The resulting cDNA was serially diluted (lO^-lO"5) and PCR was 

conducted using primers designed from X. laevis nrf2 using the Primer Designer program 

version 3.0 (Scientific and Educational Software). The forward and reverse primers used 

for nrf2 were 5'-CATGGTGGAGCAGAGCATGT-3' and 5'-

GGAGAGTCGTGGGCTTTAAC-3', respectively. The housekeeping gene (a-tubulin) 

was also amplified with forward and reverse primers being 5'-

AAGGAAGATGCTGCCAATAA-3' and 5'-GGTCACATTTCACCATCTG-3', 

respectively. PCR was performed by mixing 5 ul diluted cDNA with 15.5 ul DEPC-

treated water, 1.25 ul primer mixture, 0.5 ul 10X PCR buffer (Invitrogen), 1.25 ul 50 

mM MgCl2, 0.5 ul 10 mM dNTPs, and 0.5 ul Taq Polymerase. PCR amplification cycles 

started with an initial step of 2 min at 94°C, followed by 1 min at 95°C, 1 min at 62.5°C, 

1 min at 72°C, repeated 36 times; the final step was 6 min at 72°C. PCR products were 

separated on a 1% agarose gel, stained with ethidium bromide, and the intensity of the 

cDNA band of interest (the most dilute sample that was visible) was scanned and 

quantified. 

Sequencing 
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RT-PCR products were sequenced by the Ontario Health Research Institute 

(OHRI) using the dideoxy method. The sequence retrieved was 566 base pairs and was 

verified as encoding X. laevis Nrf2, also known as nuclear factor (erythroid-derived 2)-

like 2 (NFE2L2) protein (accession number BC082631.1) using the program BLAST at 

http://blast.ncbi.nlm.nih.gov/Blast.cgi. 

Normalization and Statistics 

Normalization and statistics were conducted as described in chapter 2. For RT-

PCR, detection of gel bands was done using the ChemiGenius Bio-Imaging System 

(Syngene, Frederick, MD, USA) and densitometric analysis was performed with the 

associated Gene Tools software. Band intensity of nrf2 was normalized against the 

corresponding intensity of the house keeping gene band amplified from the same sample. 

Mean normalized band densities ± SEM for control and dehydrated samples were 

calculated and significance testing used the Student t-test. Data are derived from multiple 

independent extracts from different animals with a minimum of n=3. 

RESULTS 

Nr/2 total protein, nuclear localization, and mRNA levels 

The Nrf2 antibody crossreacted with a single band on the immunoblots at the 

expected molecular mass of -57 kDa. Nrf2 protein expression was assessed in six tissues 

ofX. laevis comparing control frogs with dehydrated animals that had lost 28.8 ± 1.6 % 

(n=8) of total body water (Fig. 4.1); this level of dehydration is a high but survivable 

stress that is near the lethal limit (-32%) for this species (Malik and Storey, 2009). 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Dehydration resulted in a strong significant increase (P < 0.05) in Nrf2 protein levels in 

four tissues; levels rose by 1.7-, 2.8-, 3- and 4-fold in heart, abdominal skin, lung and 

liver, respectively (Fig. 4.1 A). However, Nrf2 protein content did not change in skeletal 

muscle or kidney. To determine if the increases in Nrf2 protein derived from activation of 

nrf2 gene expression, PCR was used to amplify nrf2 mRNA from liver and skeletal 

muscle. Fig. 4.IB shows that nrf2 transcript levels increased 2-fold (P < 0.05) in liver 

during dehydration, similar to the rise in Nrf2 protein in the organ whereas nrf2 transcript 

levels did not change in muscle. To activate gene expression, transcription factors must 

migrate to the nucleus and hence, the distribution of Nrf2 between cytoplasmic and 

nuclear compartments is instructive. Fig. 4.1C shows the nuclear localization of Nrf2 in 

muscle and liver. In liver, the amount of Nrf2 protein in the nucleus did not change in 

dehydrated frogs but in muscle strong nuclear translocation was seen with nuclear Nrf2 

levels being 4.3-fold higher (P < 0.05) in muscle from control versus dehydrated frogs. 

The elevated levels of Nrf2 protein in X laevis organs suggest that downstream genes 

under Nrf2 control may be up-regulated under dehydration stress. To assess this, I next 

quantified protein levels from two families of genes under Nrf2 control: glutathione S-

transferases and aldo-keto reductases. 

GST family of proteins 

Figures 4.2 and 4.3 show the responses by six GST family members to 

dehydration in X. laevis tissues. GST levels were assessed by immunoblotting and, for all 

six proteins, the antibody used cross-reacted with a single strong band of frog protein at 

the expected GST molecular weight of ~28 kDa. Protein levels of the GST P isozyme 1 
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are shown in Fig. 4.2A. Strong significant increases in GSTP1 occurred in heart, skin and 

liver; levels were 2.6-, 1.7-, and 9-fold (P < 0.05) higher in dehydrated frogs as compared 

with controls. However, GSTP1 content did not change in muscle and lung and decreased 

significantly by 0.50-fold in kidney. Two GST Mu isozymes were assessed. Levels of the 

GSTM1 isoform increased significantly (P < 0.05) by 2.1-fold in muscle during 

dehydration and by 3- and 2-fold in lung and skin, respectively (Fig. 4.2B). GSTM1 

levels did not change in kidney and liver and decreased significantly by 0.40-fold in 

heart. GSTM3 levels showed a similar tissue-specific pattern of expression. Levels of 

GSTM3 rose significantly by 2-, 1.4-, and 1.9-fold (P < 0.05) in the muscle, lung, and 

skin respectively, and were unaffected in the other three tissues. A GST kappa 1 isozyme 

was assessed in five tissues ofX laevis (Fig. 4.3 A). In muscle and kidney of dehydrated 

frogs, levels of GSTK1 protein increased significantly by 1.8- and 1.5-fold (P < 0.05), 

respectively, compared with control values but levels were unchanged in heart, skin and 

liver. Dehydrated frogs showed enhanced levels of GST alpha 3 protein (GSTA3) in 

kidney (2-fold) and lung (3.9-fold) (P < 0.05) but levels were unchanged in muscle and 

heart and decreased significantly by 0.70-fold in liver (Fig. 4.3B). The last member of the 

GST family studied was a theta isozyme, GSTT1 (Fig. 4.3C). Protein levels rose by 2.3 

and 1.7-fold (P < 0.05) in muscle and kidney, respectively, of dehydrated frogs, but were 

reduced by 0.60 and 0.70-fold in lung and skin, respectively, and were unchanged in 

muscle, heart, and liver. 

AKR family of proteins 
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The responses to dehydration by three members of the AKR family were analyzed 

using antibodies that recognized the rat isozymes that are named AFAR1 (or AKR7A1), 

AKR1B4, and AKR1A3 (http://www.med.upenn.edu/akr'). Each of the three antibodies 

crossreacted with single bands of protein on the frog blots at the expected molecular mass 

of-37 kDa for AKR members. AFAR1 protein increased in muscle, kidney, and skin of 

dehydrated frogs by 1.3-, 1.5-, and 1.7-fold (P < 0.05), respectively (Fig. 4.4A). 

However, levels fell by 0.20-fold in liver of dehydrated frogs. The second member 

studied was an aldose reductase, using the antibody against the rat protein (AKR1B4). 

Levels increased significantly in four tissues, rising 1.4-fold in lung, 1.8-fold in muscle 

and 2-fold in heart and skin (P < 0.05) (Fig. 4.4B) but did not change in kidney and liver 

of dehydrated frogs. The AKR1A enzyme subfamily contains aldehyde reductases and 

levels in X laevis were assessed using antibodies raised against rat AKR1A3. Levels 

increased significantly in three tissues of dehydrated frogs by 1.9-, 2- and 2.2-fold in 

muscle, liver and skin, respectively (P < 0.05) but were unchanged in the other tissues 

(Fig. 4.4C). 

DISCUSSION 

The role of Nrf2, a member of the Cap 'n' Collar (CNC) family of basic leucine 

zipper (bZip) transcription factors, in promoting the expression of genes involved in cell 

growth, protein folding, antioxidant defence, and detoxifying reactions is well-established 

(Cullinan and Diehl, 2006; Thimmulappa et al., 2002). The present study examined the 

expression of Nrf2 in response to whole body dehydration mX. laevis. The results in this 

chapter show a strong elevation of Nrf2 protein levels in lung, heart, skin and liver during 

http://www.med.upenn.edu/akr'
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dehydration which suggests that Nrf2 mediated gene expression has a significant role to 

play in the responses of frog tissues to dehydration stress. X. laevis rely mainly on their 

lungs for gas exchange (Feder and Burggren, 1992), but their skin also plays a central 

role in this process according to Emilio and Shelton (1974) who reported that X. laevis 

skin accounts for 30% of O2 uptake and 80% of CO2 elimination. Under dehydration 

conditions, the lungs have to take over the skin's role which might explain the increase in 

the lung antioxidants defenses during dehydration. In the muscle and kidney no 

significant changes in Nrf2 total protein levels were recorded. The 2-fold increase in nrf2 

mRNA transcripts in the liver suggests that the regulation of Nrf2 total protein levels in 

this organ is linked with transcriptional control of nrf2 expression. This is also supported 

by the data for skeletal muscle where both nrf2 mRNA and Nrf2 protein levels were 

unchanged under dehydration stress. The up-regulation of Nrf2 protein and mRNA levels 

in a detoxifying organ like the liver during dehydration is consistent with a role for Nrf2 

in regulating genes involved in detoxification reactions. However, the nuclear 

translocation data for Nrf2 in liver showed no significant increase in the relative amount 

of Nrf2 present in the nucleus in dehydrated animals whereas Nrf2 presence in the 

nuclear fraction of muscle rose strongly by 4.3-fold during dehydration. 

Both the changes in total Nrf2 protein levels in four tissues and the nuclear 

translocation of Nrf2 in muscle suggest an enhanced antioxidant response in X. laevis 

during dehydration. To assess this, the expression of selected proteins from two families 

(GSTs and AKRs) that are known to be transcriptionally activated by Nrf2 were assessed 

(Chanas et al., 2002; Jowsey et al., 2003; Kang et al., 2007, Nishinaka and Nishimur, 

2005; Ellis et al., 2003). The multiclass family of GST enzymes functions to detoxify 
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xenobiotic compounds. Each subunit of these dimeric enzymes has an active site that is 

composed of 2 distinct functional regions. The first is the hydrophilic G-site that binds 

glutathione (GSH); this site is highly conserved among all GSTs. The second is the 

adjacent H-site that binds structurally diverse electrophilic substrates by providing a 

hydrophobic environment. The H-site is less conserved between GST family members 

because of the broad range of substrates that must be handled (Eaton and Bammler, 

1999). GSTs catalyze reactions by binding both GSH and the electrophilic substrate into 

the active site followed by a nucleophilic attachment of GSH onto the electrophilic 

substrate by activating the sulfhydryl group on GSH. The electrophilic functional center 

of the substrate can be a carbon, nitrogen, or sulphur. Generally, GSTs catalyze 

detoxification reactions with the general formula: GSH + R-X—• GSR+HX, where R-X is 

the electrophile. The cysteine residue of GSH and the electrophile form a thioether bond 

producing a product that is usually less reactive with cellular macromolecules and more 

water soluble (reviewed in Armstrong, 1997). Unlike mammalian GSTs, little is known 

about this family of proteins in amphibians. A few studies identified and characterized 

the different classes of GSTs present in X. laevis and mu, alpha, sigma, and pi classes 

have been found (Angelucci et al., 2002; De Luca et al., 2002; De Luca et al., 2003). 

However, the responses and regulation of these different classes of GSTs with respect to 

environmental stress in X. laevis has not previously been examined. 

Organ-specific patterns were seen in GST responses to dehydration. Significant 

increases in the protein levels of GSTM1, GSTM3 and GSTA3 all occurred in lung 

correlated with elevated lung Nrf2 content. Similarly, skin showed increased levels of 

GSTM1, GSTM3 and GSTP1 (by 1.7-, 3- and 3.9-fold, respectively), again correlated 
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with high Nrf2 levels in skin of dehydrated frogs. High Nrf2 in heart and liver of 

dehydrated frogs also correlated with strong elevations of GSTP1 protein in these organs. 

The response of the Pi class isoenzyme in liver was unexpected since this mRNA for this 

isozyme was reported to be present only in X. laevis embryos but not adult tissue (De 

Luca et al., 2003). However, the present data would argue that expression of GSTP1 is 

minimal (or trace) in liver of control adult frogs in an aquatic environment but is 

markedly induced (~9-fold) by dehydration stress. Furthermore, although nrf2 mRNA 

increased in liver, giving rise to strong increases in Nrf2 protein, Nrf2 translocation to the 

nucleus did not change in liver (Fig. 4.1). Perhaps, then, changes in the levels of a Nrf2 

binding partner are an important determinant for the Nrf2-mediated up-regulation of 

GSTP1 in liver, or perhaps other response elements are involved in up-regulating liver 

GSTP1 during dehydration; candidates could include the xenobiotic response element 

(XRE), glucocorticoid response element (GRE), or GST P enhancer 1 (GPE). In skeletal 

muscle, however, the responses to dehydration were different. Total nrf2 mRNA and 

Nrf2 protein did not change in muscle of dehydrated frogs but the nuclear content of Nrf2 

rose by 4.3-fold. This correlated with the up-regulation of multiple antioxidant enzymes 

in muscle including 3 GST isozymes (Ml, M3, Kl) and all 3 AKR isozymes. 

The second family of proteins studied was the AKRs. These enzymes are 

generally involved in the detoxification of a wide range of environmental and 

endogenously generated aldehydes and diketones to alcohols (Spite et al., 2007; Ellis and 

Hayes, 1995). AKRs also catalyze the reduction of carbonyl compounds such as sugars, 

steroids hormones, and ketones in an NADPH-dependent manner (Seery et al., 1998). A 

variety of tissue specific roles of these enzymes have been identified that range from 



68 

glucose reduction to steroid metabolism (Spite et al., 2007). AKR1 family members are 

known to be regulated by a variety of stimuli including osmotic stress, oxidative stress, 

and ROS (Hsu et al., 1997; Nishinaka and Nishimura, 2001, 2005; Seo et al., 2000); in 

kidney, for example, aldose reductase acts to reduce glucose to sorbitol, an organic 

osmolyte that is important in kidney osmoregulation (Hsu et al., 1997). However, in this 

study only AFAR1, an AKR7 family member, showed enhanced expression in the 

kidney. The present data found a significant consistent elevation of AFAR1, AKR1B4 

and AKR1A3 in muscle and skin of X laevis under dehydration stress; this suggests a 

common need by these two peripheral tissues for AKR actions under situations of tissue 

water loss. AKR1B4 was also elevated in lung and AKR1 A3 also increased in liver of X. 

laevis during dehydration. Enhanced levels of the AKR1A type protein in X. laevis 

tissues is interesting because AKR1A group members reduce aldehydes including 

malondialdehyde (MDA) which is an end product of ROS attack on polyunsaturated fatty 

acids (Hjelle and Petersen, 1983). Hence, AKR1A group members can make a defined 

contribution to antioxidant metabolism. 



Figure 4.1. Effect of dehydration o n ^ laevis Nrf2. (A) Representative western blots show 

Nrf2 protein expression under control (C) and dehydrated (D) conditions in four tissues 

with two independent samples shown per tissue. Histogram shows normalized protein 

levels in six tissues. (B) Representative bands on agarose gels show PCR product levels 

of amplified nrf2 and a-tubulin for two preparations from liver. Histogram shows 

normalized nrf2 mRNA levels in the muscle and liver. (C) Representative western blots 

show levels of Nrf2 protein in nuclear extracts. Histogram shows relative protein 

distribution of Nrf2 in nuclear extracts of muscle and liver from control versus 

dehydrated frogs. Data are means ± S.E.M., n=3-5 independent trials on tissue from 

different animals. *: Significantly different from the corresponding control, as determined 

by the Student's t-test, PO.05. 
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Figure 4.2. Effect of dehydration on the protein levels of GST pi and mu family members 

in six tissues of X. laevis: (A) GSTP1, (B) GSTM1, (C) GSTM3. In all panels, 

representative bands show western blots of protein levels in tissues from control (C) and 

dehydrated (D) conditions; bands for two independent samples are shown per tissue. 

Histograms show normalized protein levels for control versus dehydrated conditions; data 

are means ± S.E.M., n=3-5 independent trials on tissue from different animals. *: 

Significantly different from the corresponding control, P<0.05. 
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Figure 4.2 
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Figure 4.3. Effect of dehydration on the protein levels of GST kappa, alpha and theta 

family members in tissues of A! laevis: (A) GSTK1, (B) GSTA3, (C) GSTT1. Other 

information as in Figure 4.2. 
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Figure 4.3 
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Figure 4.4. Effect of dehydration on the protein levels of AKR family members in X. 

laevis: (A) AFAR1, (B) AKR1B4, (C) AKR1 A3. Other information as in Figure 4.2. 
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Figure 4.4 
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CHAPTER 5 

Transcriptional regulation of 
antioxidant enzymes by FoxOl in 

dehydrated Xenopus laevis 
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INTRODUCTION 

FoxO transcription factors are considered to be key regulators of cell fate; they 

control fundamental cellular processes like metabolism, cell cycle, stress response, and 

apoptosis (Glauser and Schlegel, 2007; Horst and Burgering, 2007; Lam et al., 2006; 

Salih and Brunet, 2008). In mammals four FoxO isoforms have been identified to date: 

FoxOl, Fox03, Fox04 (previously known as FKHR, FKHRL1, and Afx, respectively) 

and Fox06 (Glauser and Schlegel, 2007; Lam et al., 2006). The first three (FoxOl, 3, 4) 

are major substrates of Akt (protein kinase B) and serum and glucocorticoid induced 

protein kinase (SGK). Akt-dependent phosphorylation in response to growth factor and 

insulin stimulation reduces the DNA-binding ability of FoxO, promotes FoxO export 

from the nucleus to the cytoplasm, and enhances its degradation (Lam et al., 2006; Salih 

and Brunet, 2008). The newly identified FoxO member, Fox06, is not tightly controlled 

by Akt posttranslational modification because it lacks the C-terminal AKT consensus 

phosphorylation motif and is constitutively located in the nucleus (Lam et al., 2006). In 

addition to phosphorylation, FoxO family members can also be regulated by acetylation 

and ubiquitylation (Horst and Burgering, 2007). 

Dehydrational death in anurans is believed to be the result of circulatory collapse 

resulting from a rapid fall in the frogs' blood pressure due to the significantly increased 

blood viscosity near their tolerance limit. In X. laevis viscosity does play a role in 

dehydration death by intensifying the effects of non-permeant solutes present in the 

plasma, which when exceeded lead to the debilitation of the cardiovascular system. That 

debilitation results in reduced oxygen delivery capabilities and a generalized tissue 

hypoxia/anoxia due to the increase in blood oxygen arterio-venous difference, which is 
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caused by the decrease in venous oxygen concentration with dehydration. To compensate 

for the high arterial blood oxygen capacity (BOC) and the low venous BOC, frogs 

increase their heart rate to be able to deliver the same amount of oxygen to tissues. That 

was proven when it was shown that X. laevis resting heart rate (RHR) increased 

significantly with dehydration. At 25% of original body weight the RHR value was 

similar to that of the active heart rate. Dehydration stress also causes a significant decline 

in active metabolic rate which was reduced to values similar to resting metabolic rate 

when frogs reached 30% water loss (Hillman, 1978). The decrease in tissue oxygen levels 

during dehydration makes X. laevis organs susceptible to oxidative injury similar to that 

seen in postischemic mammals (Echenhoff et al., 1992). I have already shown in chapter 

4 that X. laevis regulates its antioxidant defence through increasing the production of 

antioxidant enzymes when facing dehydration stress (Malik and Storey, 2009). This 

chapter further investigate X. laevis antioxidant regulation by measuring the total protein 

levels and activation status of one member of the FoxO subfamily, the FoxOl 

transcription factor. I hypothesize that dehydration stress in X. laevis will lead to the 

activation of FoxOl transcription factor and that this will result in an increase in 

oxidative stress resistance by X. laevis organs by up-regulating two antioxidant enzymes, 

catalase and Mn -dependent superoxide dismutase (MnSOD), both known to be FoxOl 

downstream targets (Venkatesan et al., 2006; Van der Horst and Burgering, 2007; 

Birkenkamp and Coffer, 2003; Salih and Brunet, 2008). 
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MATERIAL AND METHODS 

Animals 

Dehydration experiments were conducted as described in chapter 2. Two groups 

were compared: control frogs and those from the high dehydrated group (28.0 ± 1.6 % of 

total body water lost). 

Preparation of crude tissue extracts, Western blots, andRT-PCR 

All procedures were performed as described in chapters 2 and 3, except for minor 

changes. For western blots, antibodies were purchased from Cell Signalling Technology 

except for catalase which was from GenScript Corporation; all were used according to 

manufacturer's instructions. For RT-PCR, primers were designed for MnSOD and 

catalase using the Primer Designer program version 3.0 (Scientific and Educational 

Software). The forward and reverse primers used for MnSOD were 5'-

GTWCCAGCSTTGGSCTACTC-3' and 5'-CTCCCAGTTGATMACATTCC -3', 

respectively, where W=A/T, S=G/C and M=A/C. The forward and reverse primers used 

for Catalase were 5'-GTGAGAACATTGCTGGACAC-3' and 5'-

GTGGCGTAAGAGGAATGCTG-3', respectively. The housekeeping gene (a-actin) was 

also amplified with forward and reverse primers being 5'-

TGCTCCRAGRGCAGTATTCC-3' and 5'- AAGACGCATGATKGCATGAG -3', 

respectively. 

DNA binding assay 

Liver nuclear extracts were prepared as described previously. Aliquots containing 
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an equal amount of protein from control and dehydrated samples (skeletal muscle and 

liver) were used to assess the amount of binding by FoxOl to its response element using 

an ELISA type assay from Panomics Corp. There are two parts to this assay: 1) the 

activated FoxOl in X. laevis nuclear extracts binds to a FoxOl probe on a biotinylated 

oligonucleotide forming the TF-DNA complex, and 2) this is then immobilized and 

captured on a 96-well streptavidin coated assay plate. The binding assay was performed 

according to manufacturer's instructions. Briefly, FoxOl-DNA complex binding was 

carried out by incubating the nuclear extracts with the FoxOl specific probe for 30 

minutes. The samples were then transferred to the assay plate where they were incubated 

for 1 hour. The wells were washed three times prior to adding FoxOl primary antibody 

(1:200 v/v diluted in antibody dilution buffer). The primary antibody was incubated at 

room temperature for 1 hour followed by washing each well three times using washing 

buffer. A secondary antibody, HRP linked anti-rabbit IgG, was added (1:200 v/v) to each 

well and the plate was incubated for 1 hour. The wells were washed three times prior to 

adding the substrate solution. After developing for 15 minutes, the stop solution was 

added and the developed color was immediately quantified by reading the absorbance at 

450 nm. All incubation steps were performed at room temperature with mild agitation on 

a rocking platform at 150 rpm. 

Sequencing 

RT-PCR products were sequenced by the Ontario Health Research Institute 

(OHRI) using the dideoxy method. The sequence retrieved for X laevis MnSOD, also 

known as SOD2, was 538 base pairs; the sequence retrieved for catalase was 116 base 
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pairs. Both sequences were verified (MnSOD accession number AY3 62041, catalase 

accession number NM001087075) using the program BLAST at 

http://blast.ncbi.nlm.nih.gov/Blast.cgi. 

RESULTS 

FoxOl total protein, nuclear localization, andDNA binding assay 

The anti-rabbit FoxOl cross reacted with a single band at the expected molecular 

weight of-78 kDa. Total FoxOl protein levels remained unchanged during dehydration 

stress in X. laevis muscle and liver. Activated FoxOl translocates to the nucleus, where 

an increase in DNA binding activity follows. Hence, FoxOl content in nuclear and 

cytoplasm extracts of skeletal muscle and liver from control versus dehydrated frogs was 

assessed. FoxOl levels in nuclear extracts of muscle from dehydrated frogs were 

significantly reduced by 0.40-fold as compared with controls (Fig. 5.1 A). By contrast, the 

opposite was seen in liver where FoxOl showed a significant increase of 1.8-fold in 

nuclear extracts from dehydrated frogs and a 0.60-fold decrease in the cytoplasm. 

Next, FoxOl DNA binding activity was assessed in nuclear extracts from X. 

laevis muscle and liver using the Panomics commercial kit and a correlation was found 

with FoxOl nuclear translocation. Relative FoxOl DNA binding activity was 1 ± 0.18 

SEM in control muscle and 0.88 ±0.18 SEM in dehydrated muscle (n =4 independent 

trials). In the liver relative FoxOl DNA binding activity showed an increase from 1 ± 

0.11 SEM in nuclear extracts from control frogs to 1.57 ± 0.13 SEM in (n =3 independent 

trials) in extracts from dehydrated frogs. 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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FoxOl posttranslational modification 

FoxOl transcription factor can be regulated via protein phosphorylation. 

Mammalian FoxOl can be phosphorylated at serine and threonine residues in response to 

insulin signaling: these sites are T24, S256, S319, and S329. An examination of the X 

laevis FoxOl sequence identified the comparable residues as T28, S245, S308, and S318 

(Pohl et al., 2004). FoxOl phosphorylation status in response to dehydration mX. laevis 

was examined using a FoxOlser256 anti-rabbit antibody that should recognize the 

homologous Ser245 site in the frog protein. This crossreacted with a single protein band 

in frog liver at the expected molecular weight of ~82 kDa; however, the antibody did not 

crossreact on blots with X laevis muscle extracts. Total phospho-protein level was 

significantly reduced in liver from dehydrated X laevis, as compared with controls (Fig. 

5.IB). Furthermore, when nuclear extracts were assessed, FoxOlser245 phosphoprotein 

content was also significantly reduced in liver of dehydrated X laevis implying reduced 

nuclear translocation of FoxOl in the dehydrated state. 

MnSOD 

MnSOD levels were assessed by immunoblotting and the antibody used cross-

reacted with a single strong band of frog protein at the expected molecular weight of -25 

kDa (Fig. 5.2A). Protein levels of MnSOD showed no significant changes in X laevis 

skeletal muscle, lung, heart, and skin in response to dehydration. However, in kidney and 

liver significant increases of 1.4- and 1.5 fold were seen, respectively, in tissue from 

dehydrated frogs as compared to controls. To determine if the increases in MnSOD 

protein derived from activation of MnSOD gene expression, RT-PCR was used to 
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amplify MnSOD mRNA transcripts from skeletal muscle and liver of X. laevis. Fig. 5.2B 

shows that MnSOD transcript levels did not change in muscle, but increased 1.5-fold in 

the liver in response to dehydration, similar to the rise in MnSOD protein in the organ. 

Catalase 

Catalase protein expression was also assessed in six tissues of X. laevis (Fig. 

5.3A). The antibody crossreacted with a single band on the immunoblots at the expected 

molecular weight of ~65 kDa. Significant increases in catalase content of 1.8-fold, 1.9-

fold, and 1.4-fold were seen in response to dehydration in muscle, lung and liver, 

respectively. However, in kidney, catalase protein level decreased significantly (0.50-

fold) during dehydration. No significant change occurred in heart and skin. Fig. 5.3B 

shows comparable results for catalase mRNA levels in X. laevis muscle and liver. A 

significant increase of 2.2-fold was seen for catalase mRNA levels in liver during 

dehydration stress but muscle mRNA levels remains constant. 

DISCUSSION 

This chapter focuses on the role of FoxOl in the X. laevis response to 

dehydration. As mentioned earlier, transcriptional activation of FoxO family members is 

controlled at multiple levels that include: initiation of gene expression, subcellular 

localization, posttranslational modification, and degradation (Lam et al., 2006). 

Posttranslational modification plays an essential role in FoxOl nuclear translocation and 

DNA binding ability. The phosphorylation of FoxOs inhibits their ability to activate gene 

expression by disrupting FoxO interactions with co-activator proteins and facilitating 
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exclusion from the nucleus (Glauser and Schlegel, 2007). It is proposed that FoxO 

phosphorylation leads to its binding to 14-3-3 proteins, which cause its translocation into 

the cytoplasm where FoxO is targeted for proteosomal degradation (Kirkenkamp and 

Coffer, 2003; Lam et al., 2006). In this study, FoxOl total protein levels showed no 

significant change in response to dehydration stress in X. laevis muscle and liver 

suggesting that FoxOl protein is not actively manipulated by differential transcription or 

translation in response to dehydration stress in this frog. However, the activity of FoxOl 

as a transcription factor appears to change significantly in response to dehydration, at 

least in X. laevis liver (Fig. 5.1). In response to dehydration, FoxOl protein showed 

movement into the nucleus (ie. protein content increased significantly in nuclear extracts 

of liver) as well as a decrease in phospho-Fox01ser245 content both in whole liver and 

nuclear extracts of dehydrated frogs, changes that would facilitate nuclear retention 

and/or translocation into the nucleus by FoxOl. Furthermore, the DNA binding assay 

found a 1.6-fold increase in relative binding activity by FoxOl in nuclear extracts from 

dehydrated versus control frogs. All of these indicate that FoxOl transcriptional activity 

is enhanced during dehydration stress in X. laevis liver and suggest that genes under 

FoxOl control would be up-regulated in response to dehydration stress. 

Activated FoxO transcription factors play important roles in gene expression in 

response to a wide range of cellular processes such as cell death, differentiation, cycle 

progression, and resistance to stress (Glauser and Schlegel, 2007; Salih and Brunet, 

2008). This chapter focused on the role of FoxOl in cellular resistance to oxidative stress 

showing an up-regulation of key antioxidant targets of FoxOl, MnSOD and catalase, in 

response to dehydration. Superoxide radicals are mainly produced in the mitochondria as 
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a result of a "leaky" electron transport system (ETS). Spontaneous or catalyzed 

dismutation of superoxide radicals via MnSOD leads to the production of hydrogen 

peroxide (H2O2) (Storey, 2004). There are three structurally distinct SOD families: 1) 

copper/zinc containing SODs, found in both eukaryotes and bacteria, 2) iron/manganese 

containing SODs, and 3) nickel containing SOD found in bacteria (Fridovich, 1995; 

Wuerges et al., 2004). The iron containing SODs are found in prokaryotes, chloroplasts 

and protozoans, whereas the manganese containing SODs are found in prokaryotes and 

mitochondrial matrices. Purrello et al. (2004) cloned X. laevis SOD2 (MnSOD) cDNA 

and compared its amino acid sequence to other eukaryotes and prokaryotes. Their results 

demonstrated a very high conservation of X. laevis SOD2 amino acid sequence during 

evolution. To better understand the protective role of MnSOD during dehydration stress, I 

analyzed total protein and mRNA levels in X. laevis tissues. A significant increase in 

MnSOD protein levels was seen in kidney and liver of dehydrated X. laevis as compared 

with controls suggesting that the enzyme plays a key role in antioxidant defense against 

harmful superoxide radicals when the frog is under dehydration stress. A similar result 

was reported for estivating land snails, Otala lactea, where the activity of hepatopancreas 

SOD was significantly higher in estivating groups compared to aroused snails. The 

activity of SOD was also significantly elevated in garter snake liver after 10 h of anoxia 

(Hermes-Lima et al., 1998). The protein content of MnSOD remained stable in four 

tissues of X. laevis (Fig. 5.2A) showing that defense against superoxide radicals is held 

intact during the stress period in those tissues and possibly implicates tissues such as liver 

and kidney as being particularly susceptible to oxidative stress caused by dehydration. A 

similar result was reported for Ranapipiens, where SOD activity remained stable in these 
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frog tissues after 30 h of anoxia (Hermes-Lima and Storey, 1996). The data for MnSOD 

mRNA transcripts correlate well with the total MnSOD protein levels in X laevis muscle 

and liver and indicated that the significant increase in total MnSOD protein in the liver 

during dehydration is a result of enhanced MnSOD gene transcription. 

Even though H2O2 is a poor oxidizing agent, its ability to easily cross biological 

membranes and its high stability make it potentially dangerous. Also, the interaction of 

H2O2 with transition metals leads to the production of the most reactive species known, 

hydroxyl radicals ('OH). Hence, it is important to destroy H2O2 that is produced from the 

SOD reaction. Catalase is a heme enzyme that is present in almost all aerobic organisms 

(Prakash et al., 2009); its main role is to detoxify H2O2 by reducing it to water and 

oxygen (Storey, 2004). The results in this chapter show that elevated levels of catalase 

protein are a common response to dehydration in X. laevis muscle, lung, and liver and 

thereby suggest the importance of H2O2 detoxification to survival of this stress. Catalase 

gene expression has been linked to several FoxO family members (Lam et al., 2006; Van 

der Horst and Burgering, 2007). The correlation between FoxOl activation in liver and 

catalase gene and protein up-regulation in this organ implicates FoxOl in the catalase 

response to dehydration in liver. However, the evidence indicates that catalase up-

regulation in skeletal muscle would not be under FoxOl. Furthermore, although catalase 

protein level increased significantly during dehydration in X. laevis muscle, catalase 

mRNA levels did not, so this may indicate that controls other than gene transcription 

contribute to determining net muscle catalase protein levels; this could include controls at 

the levels of translation by ribosomes or degradation by the proteolytic apparatus. It is 

also possible that catalase mRNA up-regulation and catalase protein synthesis are early 
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events in X. laevis muscle when animals start to dehydrate with the result that mRNA 

levels had returned to baseline in highly dehydrated frogs whereas catalase protein 

remained elevated. Indeed, catalase mRNA half-life is known to be about 7 h (Clerch et 

al., 1991). In other models, where animals experienced variation in oxygen availability, 

catalase was reported to limit cellular oxidative stress by lowering 'OH production 

(Hermes-Lima and Storey, 1998). For example, a significant increase in catalase activity 

was seen after 30 h of anoxia exposure in R. pipiens muscle (Hermes-Lima and Storey, 

1996). Also, catalase activity was elevated in land snails after 30 days of estivation 

(Hermes-Lima and Storey, 1995). 

During early development, X. laevis rely on MnSOD and catalase activities for 

antioxidant defense (Rizzo et al., 2007). The present chapter shows for the first time that 

the same enzymes play a protective role during dehydration stress in the adult frog. The 

expression of FoxO regulated genes seem to be controlled by any of the FoxO 

transcription factors because the DNA-binding domain of all FoxO isoforms binds to the 

same consensus sequence motif on target genes. Therefore, the specificity of the 

members of this transcription factor family is obtained by isoform specific regulation or 

specific expression pattern (Horst and Burgering, 2007). In this study, FoxOl 

translocation to the nucleus, and the increase in FoxOl DNA binding activity mX. laevis 

liver strongly correlate with the up-regulation of MnSOD and catalase mRNA and protein 

and mRNA levels in this organ. This strongly supports the proposal that FoxOl is 

responsible for the increased production of MnSOD and catalase during dehydration 

stress in X. laevis liver. This is not surprising since the results presented in chapter 4 

showed that organ-specific up-regulation of other antioxidant enzymes occurs in response 
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to dehydration stress in X. laevis, and MnSOD and catalase represent the first line of 

defense in ROS detoxification. 



Figure 5.1. Effect of dehydration o n Z laevis FoxOl. (A) Representative western blots 

showing levels of FoxOl protein in nuclear and cytoplasm extracts under control (C) and 

dehydrated (D) conditions in skeletal muscle and liver of X. laevis (3 independent 

samples are shown for each condition). Histogram summarizes the mean data. (B) 

Representative western blots and summary histogram showing the expression of 

phosphorylated FoxOlser245 in whole liver extracts and liver nuclear extracts from control 

versus dehydrated frogs. Data are means ± S.E.M., n=3-5 independent trials on tissue 

from different animals. O : Significantly different from the corresponding control, 

PO.05. 
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Figure 5.1 
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Figure 5.2. Effect of dehydration on the expression of MnSOD protein and mRNA in X. 

laevis tissues. (A) Representative western blots of MnSOD protein levels in six tissues 

from control (C) and dehydrated (D) frogs; immunoblot images for three independent 

samples are shown per tissue. Histogram shows normalized protein levels for control 

versus dehydrated conditions. (B) Representative bands on agarose gels showing PCR 

product levels of amplified MnSOD and actin mRNA for three preparations from X. 

laevis muscle and liver. Band intensities for MnSOD PCR product were normalized 

against the corresponding intensities of the a-actin band amplified from the same sample. 

Histogram shows normalized mRNA levels in muscle and liver. Data are means ± S.E.M., 

n=3-5 independent trials on tissue from different animals. M: Significantly different from 

the corresponding control, PO.05. 
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Figure 5.3. Effect of dehydration on the expression of catalase in X laevis muscle and 

liver. (A) Representative western blots and summary histogram of catalase protein levels 

in six tissues. (B) Representative bands on agarose gels show PCR product levels of 

amplified catalase and a-actin for three preparations from X. laevis muscle and liver. 

Histogram shows normalized catalase mRNA levels. Other information as in Figure 2. 
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CHAPTER 6 

General Discussion 
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The focus of this thesis was to characterize two aspects of dehydration stress 

protective responses in X. laevis. The first one was the activation of signal transduction, 

which was achieved by examining total protein levels and phosphorylation status of three 

members of the MAPK superfamily, as well as a number of their downstream targets. 

The second was the activation of antioxidant defenses during dehydration stress, which 

was achieved by examining the regulation states of Nrf2 and FoxOl transcription factors 

and a number of their downstream antioxidant proteins that play roles in ROS 

detoxification. The thesis focused on conserved MAPKs and transcription factors and 

looked at different levels of regulation including: 1) posttranslational modification, 2) 

transcriptional control, and 3) translational control. 

Dehydration stress mX. laevis leads to a number of physiological reorganizations 

that were well characterized by Hillman (1978). They included: 1) an increase in blood 

viscosity, 2) a decrease in maximum oxygen consumption, 3) an increase in resting heart 

rate, and finally 4) an increase in whole animal lactate concentration at the critical 

activity point (CAP, inability of the frog to right itself). In an effort to minimize water 

loss, Xe«opi are also capable of producing osmolytes like urea (Balinsky et al., 1961). X. 

laevis held out of water for 1-3 weeks showed increased urea levels in blood, liver and 

muscle. Balinsky et al. (1961) stated that urea accumulation was a metabolic response 

and showed that the amount of urea accumulated is proportional to the extent of water 

shortage. That was also evident in the present study, the frogs show significant urea 

accumulation in response to both medium and high dehydration, with urea levels being 

markedly greater in the high dehydration group (Table 2.1). Furthermore, an increase in 

plasma glucose level also occurred during high dehydration in X. laevis (Table 2.1) 
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indicating that the frogs were experiencing some level of hypoxia that triggered the 

mobilization of liver glycogen. To better understand the molecular mechanisms 

underlying dehydration tolerance in X. laevis, I used techniques that included western 

blotting and RT-PCR to analyze the molecular organization of known stress-induced 

transcription factors and proteins. 

ACTIVATION OF MAPKs FAMILY MEMBERS 

Chapters 2 and 3 analyzed the involvement of three MAPK family members and a 

number of their downstream targets in the response to dehydration by X. laevis organs. 

Posttranslational modification via reversible protein phosphorylation represents a 

powerful tool for triggering and coordinating cellular responses to stress because it is a 

regulatory mechanism that can control the activity of many enzymes and functional 

proteins (Storey, 2004). Western blotting was used to measure the total protein level and 

activation statues of the three MAPK family members (Fig. 2.5, 3.1, 3.2). Each family 

member showed a tissue specific response to dehydration stress in X. laevis. The pattern 

of ERK2 responses to dehydration appeared to be independent to that of JNK1 and p38 in 

heart, skin and liver. In the muscle, ERK2 and JNK1 were activated in response to high 

dehydration. Similarly, high dehydration caused the activation of ERK2 and p38 in X. 

laevis kidney. Activation of MAPK family members was particularly apparent in lung 

during high dehydration, which is an organ that is highly susceptible to water loss during 

breathing. Perhaps MAPK signaling might trigger early protective measures by lung to 

help limit respiratory water loss under desiccating conditions. 
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Chapter 2 showed the activation of some or all of the components of the ERK2 

cascade (c-Raf, MEKK, MEK1/2, and ERK1/2) in response to high dehydration which 

demonstrated that ERK signaling is important to cellular defense in X. laevis when water 

loss becomes severe. Two well-known downstream targets, STAT3 and RSK1, were also 

phosphorylated and activated in some X laevis tissues in response to dehydration, as was 

the RSK target, the S6 ribosomal protein. This suggests that these targets contribute to 

dehydration defense and further confirms the importance of ERK signaling. Some organs 

(e.g. heart) showed clear activation of the ERK cascade but no change in the downstream 

targets that were assessed. However, there are a large number of downstream targets of 

ERK2 so this argues that dehydration-stimulated ERK signaling is focused on alternative 

targets in heart. Skin showed a strong increase in c-Raf and phospho-MEKl/2 but not in 

other cascade components which suggests that skin responses to dehydration are not 

directed by ERK2 but are likely accomplished by another ERK member, such as ERK1. 

Overall, chapter 2 provides strong evidence of a role for ERK signaling in dehydration 

defense in X laevis organs, documents activation or up-regulation of well-known ERK 

targets, and directs our attention to detailed studies of ERK-mediated responses to 

uncover all of the metabolic adaptations that are coordinated by ERK signaling in 

response to dehydration. 

Chapter 3 analyzed the regulation pattern of a number of JNK and p38 MAPK 

downstream targets showing that each had one or more protective functions during 

dehydration stress. In particular, the CREB transcription factors appeared to have a key 

protective role to play being activated in five tissues during high dehydration. Activation 

of this transcription factor could enhance the expression of pro-survival genes (Ballif and 
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Blenis, 2001). CREB can also play a role in limiting respiratory water loss inX laevis by 

changing the amount or composition of mucins in the airway epithelia of this frog (Choi 

et al., 2009). Another important transcription factor studied was c-Myc. Western blotting 

showed a significant increase in active phospho-c-Myc content during high dehydration 

in X. laevis lung and kidney. A key function of c-Myc is its ability to promote cell cycle 

progression by affecting production of the rate-limiting translation initiation factors (elF) 

2a and 4E (Pelengaris et al., 2002). From studies conducted in different stress models, 

protein synthesis is known to be one of the ATP-expensive cell functions that is typically 

strongly suppressed because of its high energy requirement (Storey, 2004). Even though 

cells can respond by totally shutting down the synthesis of most proteins during stress, 

they tend to increase the production of a small number of proteins that protect and 

stabilize other macromolecules during the stress period (Hightower and Hendershot, 

1997). C-Myc can play a regulatory role through increasing the production of elFs mX. 

laevis lung and kidney in order to increase the production of desired proteins. 

Chapters 2 and 3 clearly showed that the MAPK signal transduction cascades are 

activated in X. laevis tissues in response to dehydration. Activation was particularly 

pronounced under high dehydration conditions whereas fewer and less pronounced 

effects were seen in response to medium dehydration. This suggests that responses 

regulated by MAPK may be defensive actions to deal with severe dehydration and some 

of its consequences such as hypoxia due to elevated blood viscosity. Given that all 

anurans have wide tolerances for changes in body hydration and osmolality, it appears 

probable that the stress represented by medium dehydration could be dealt with largely 

without the intervention of MAPK-mediated responses. 
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ACTIVATION OF ANTIOXIDANTS 

Chapters 4 and 5 focused on the regulation of two of the main antioxidant 

transcription factors. Western blotting was used to analyze their activation status via 

measuring their nuclear translocation and posttranslation modification (e.g. phospho-

FoxOl). The chapters further investigated the transcriptional control of selected proteins 

using RT-PCR and showed tissue specific modification of antioxidant transcription 

factors and proteins in response to dehydration stress in X. laevis. 

Chapter 4 demonstrated an increase in Nrf2 protein levels in four tissues of X. 

laevis (Fig. 4.1 A) indicating that this transcription factor has a protective role during 

dehydration stress in this frog. The increase in Nrf2 protein levels was determined to be 

the result of the active production of this protein (Fig. 4.IB). Chapter 4 further 

investigated the role of Nrf2 in ROS detoxification by measuring the protein expression 

of two families of enzymes, that are known Nrf2 targets. Western blotting showed an 

increase in the production of AKR family members (10 cases) versus 1 case of 

suppression in frog organs in response to dehydration (Fig. 4.4). The six GST family 

members assessed showed similar responses to dehydration stress being more frequently 

elevated (14 cases) in frog organs versus suppressed (5 cases) (Fig. 4.2 and 4.3). This 

argues that selective elevation of GST isozymes is beneficial for dealing with the effects 

of dehydration on tissues. Predictably, these responses by GSTs could deal with oxidative 

stress occurring under the dehydrated state or provide an anticipatory response that 

precedes oxidative stress associated with rehydration and recovery from dehydration-

associated hypoxia. Such anticipatory responses to environmental stresses that alter tissue 
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oxygenation are well-characterized in amphibians and other species (Hermes-Lima and 

Storey, 1998; Hermes-Lima and Zenteno-Savin, 2002). Four of the six GSTs tested 

showed increased protein levels in X. laevis muscle. The same GSTs showed no 

significant change in their protein level in X. laevis liver during dehydration stress. That 

result correlated positively with Nrf2 nuclear translocation in X. laevis muscle, where a 

4.3-fold increase in Nrf2 levels was seen during dehydration stress. 

Chapter 5 showed an increase in FoxOl nuclear translocation during high 

dehydration in X. laevis liver. Western blotting also showed a significant decrease in the 

nuclear amount of the phosphorylated inactive form of FoxOlin liver (Fig. 5.IB). To 

confirm an activation of FoxOl in X laevis liver, an ELISA was used. A significant 

increase of ~1.5 fold was seen in high dehydrated liver compared to that of control. The 

chapter further investigated FoxOl role in ROS detoxification via measuring the protein 

expression and mRNA levels of two FoxOl downstream targets. Western blotting 

showed significant increases in MnSOD and catalase protein levels in X laevis liver 

during high dehydration. RT-PCR confirmed that the increase was due to elevated 

mRNA levels of MnSOD and catalase inX laevis liver under high dehydration. 

Chapters 4 and 5 provide the first demonstration in an important model species 

(X. laevis) of a transcriptional response by antioxidant systems, regulated by Nrf2 and 

FoxOl, to dehydration stress in amphibians. Although more details of this response to 

dehydration remain to be explored, these data suggest that modification of antioxidant 

defenses may be an integral part of amphibian management of natural cycles of 

dehydration and rehydration, perhaps particularly so for species inhabiting ephemeral 

waters. As such, the expression of antioxidant genes might be developed into a useful 
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marker of environmental stress among sentinel species. The relationship between 

antioxidant defense and dehydration stress is also supported by previous work that shows 

that oxidative stress is an element of natural estivation in anurans, a state of 

hypometabolism that typically includes severe dehydration. Thus, spadefoot toads 

(Scaphiopus couchii), that estivate underground for 9-10 months of the year and can lose 

up to 60% of total body water, showed decreased levels of reduced glutathione and 

accumulation of products of lipid peroxidation (conjugated dienes, lipid hydroperoxides) 

in tissues during estivation (Grundy and Storey, 1998). Hence, I conclude that 

dehydration stress in amphibians stimulates enhancement of antioxidant defenses in an 

organ-specific manner regulated, at least in part, by transcriptional control of antioxidant 

genes under the regulation of the Nrf2 and FoxOl transcription factors. 

OUTLOOK 

This thesis answered many questions about the molecular mechanisms 

underlining dehydration survival of X. laevis. However, many of the answers have 

created new and more complicated questions. This thesis showed that survival of 

dehydration stress in X. laevis requires major biochemical reorganization in the frogs' 

organs. Chapters 2 and 3 explored the activation of MAPKs family members. Chapter 2 

showed ERK2 role in the activation of STAT3, RSK, and S6RP, but further investigation 

is still need to determine their specific protective actions in dehydrated X. laevis. STAT3 

could affect the expression of a number of genes including antiapoptotic genes. To 

determine if that is the case in X. laevis western blotting could be used to assess STAT3 
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movement into the nucleus as well as ELISA to analyze DNA binding activity. Once 

STAT3 activation is confirmed, RT-PCR could be applied to determine which Bcl-2 

family member is up-regulated by dehydration stress in X. laevis. Chapter 2 also showed 

the activation of S6RP, but further investigation is needed to define its protective role 

during dehydration stress in X. laevis. The S6RP is well-studied and its role during 

dehydration stress in X. laevis could be to determine cell size, regulated protein synthesis, 

or maintain glucose homeostasis (Ruvinsky and Meyuhas, 2006). Chapter 3 showed 

tissue specific activation of SAPK and p-38 MAPK family members. The chapter also 

assessed the activation status of three downstream targets: c-Jun, c-Myc, and CREB. The 

p38 MAPK is known to play a role in translation regulation. As mentioned before, 

protein synthesis is one of the ATP-expensive cell functions that is known to be regulated 

(typically strongly suppressed) under different stress conditions due to its high energy 

requirement (Storey, 2003). A major mechanism of translation regulation is the reversible 

phosphorylation of selected eukaryotic initiation factors (elFs). EIF4E for example is a 

known target of p38 MAPK. Western blotting could be used to determine the activation 

status of eIF4E and other family members. The transcription regulation of eIF4E and 

eIF2a is also controlled by c-Myc, one of the p38 MAPK downstream targets studied. 

Once activated c-Myc can influence cell growth via increasing the production of eIF4E 

and eIF2a (Pelengaris et al., 2002). The three transcription factors studied in chapter 3 all 

play an essential role in cell cycle progression, survival, and apoptosis (Pelengaris et al., 

2002; Shaulian and Karin, 2001; Shaulian and Karin, 2002; Ballif and Blenis, 2001). To 

determine which of these is the main target, western blotting could be used to assess 

nuclear translocation and RT-PCR can be used to analyze mRNA transcript levels of 
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specific downstream targets such as Bel 2, Bel xl, Bel 3, Bim, cyclin Dl and cyclin D2. 

Chapters 4 and 5 mapped the regulation patterns of GSTs, AKRs, MnSOD, and 

catalase in X. laevis tissues during dehydration stress. All of these antioxidant enzymes 

showed tissue specific regulation in response to dehydration stress. However, further 

studies are needed to examine different time points of dehydration to determine if 

antioxidant defenses are activated throughout the stress period or only when dehydration 

becomes severe. In addition, a number of other antioxidant enzymes and TFs could 

contribute to ROS detoxification in X. laevis tissues. To test that theory a number of 

studies can be proposed. Western blotting could be used to assess the regulation status of 

glutathione peroxidase (GPx) family members, which can play major roles in H2O2 

decomposition. GPx family members can also catalyze the destruction of organic 

hydroperoxides using the tripeptide glutathione in its reduced form (GSH) as a co-

substrate (Storey, 2004). As mentioned before dehydration causes an increase in blood 

viscosity and a decrease in blood volume that impairs proper oxygen delivery to tissues, 

leading to hypoxia. The role of dehydration-related hypoxia can be investigated by 

examining the expression of the hypoxia inducible factor 1 (HIF-1). HIF-1 mediated 

expression of selected genes under desiccation stress could trigger compensatory 

strategies that either (a) enhance non-02 dependent pathways of energy production, or (b) 

enhance oxygen delivery to tissues. The role for HIF-1 in desiccation stress has never 

before been studied in animal systems. HIF-1 is a heterodimer composed of HIF-1 P 

which is located in the nucleus and is not affected by oxygen levels and HIF-1 a which is 

located in the cytoplasm and is oxygen dependent. When oxygen is abundant in the cell 

HIF-1 a is degraded continuously by the ubiquitin proteasome system. However, under 
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hypoxic conditions HIF-la is stabilized and translocated into the nucleus where it 

heterodimerizes with HIF-ip to produce the active HIF-1 protein that acts as a 

transcription factor to activate a number of target genes (Vaupel, 2004; Morin and Storey, 

2005). Western blotting can be used to determine the regulation and nuclear translocation 

of HIF-la and DNA binding assay could be used to determine the activation status of 

HIF during dehydration in X laevis. 

In conclusion, this thesis examined posttranslational modification and 

transcription control during dehydration stress in X. laevis. One MAPK family member 

that showed a major increase in all tissues was identified (ERK2), and tissue specific 

regulation of the other two MAPK members was also reported. Differential expression of 

antioxidant enzymes was identified, and increases in antioxidant proteins in the muscle 

and liver were shown to be regulated mainly by the Nrf2 and FoxOl transcription factors, 

respectively. This might not reflect an identical response to that seen in nature because 

the frogs are forced to dehydrated suddenly and give only about a week to reach their 

lethal limit. 
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Antibody used 
c-Raf 

MEKK 
MEK1/2 

Phospho-MEKl/2 
ERK1/2 

Phospho-ERKl/2 
RSK 
RIS6 

Phospho-RIS6 
STAT3 

JNK 
Phospho-JNK 

p-38 
Phospho-p-38 

c-Jun 
Phospho-c-Jun 
Phospho-c-Myc 

CREB 
Phospho-CREB 

Nrf2 
FoxOl 

Phospho-FoxOl 
MnSOD 
Catalase 

Source 
Rabbit 
Rabbit 
Rabitt 
Rabbit 
Rabbit 
Rabitt 
Rabbit 
Rabbit 
Rabbit 
Rabitt 
Rabbit 
Rabbit 
Rabitt 
Rabbit 
Rabbit 
Rabitt 
Rabbit 
Rabbit 
Rabitt 
Rabbit 
Rabbit 
Rabitt 
Rabbit 
Rabbit 

Company 
Cell Signaling Technology 
Transduction Laboratories 
Transduction Laboratories 
Cell Signaling Technology 
Cell Signaling Technology 
Cell Signaling Technology 
Cell Signaling Technology 
Cell Signaling Technology 
Cell Signaling Technology 
Cell Signaling Technology 
Cell Signaling Technology 
Cell Signaling Technology 

New England Biolabs 
New England Biolabs 

Santa Cruz Biotechnology 
Cell Signaling Technology 
Santa Cruz Biotechnology 
Santa Cruz Biotechnology 
Santa Cruz Biotechnology 
Santa Cruz Biotechnology 
Cell Signaling Technology 
Cell Signaling Technology 
Stressgen Biotechnologies 

GenScript 

Product number 
9427 

M17230/L5 
M17030/L9 

9121 
9102 
9101 
9341 
2212 
2211 
9134 
9252 
9251 
9212 

9211S 
SC045 
9164S 
J1906 
SC186 

SC101663 
SC722 
2880 
9461 

SOD HOD 
A011881 
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