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ABSTRACT 

The wood frog, Rana sylvatica, survives freezing over winter. The African clawed 

frog, Xenopus laevis, withstands substantial dehydration seasonally. The effects of 

environment on these frogs' immunity were investigated with a focus on antimicrobial 

peptides. Expression of brevinin-lSY was analyzed during freezing, dehydration, anoxia, 

and development in R. sylvatica. Brevinin-lSY responded differently to each stress, 

suggesting environmentally regulated expression. Upregulation of hepcidin mRNA was 

demonstrated during dehydration in X. laevis liver, as were hepcidin agonists, STAT 3 

and cMYC. Alternatively, hepcidin antagonizing TGF-P-mediated SMADs were 

downregulated and the BMP-mediated SMADs, promoters of hepcidin expression, did 

not change. Molecular controls of X. laevis skeletal muscle growth were also explored 

during dehydration. Myostatin, a muscle growth antagonizer, was downregulated during 

dehydration, whereas cMYC, a muscle growth agonizer, and GLUT 4, a glucose 

transporter, were upregulated; differential control of SMADs was documented. The data 

suggest that, during estivation, muscle growth signals are promoted. 

in 
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CHAPTER 1 

General Introduction 



Amphibians have inhabited the Earth since an estimated 350 million years ago 

(Sodhi et al., 2008). Despite the adverse conditions faced throughout these many years, 

their species have thrived on all continents except Antarctica (Duellman & Trueb, 1986). 

Some amphibians are found in hot areas of the world and face desiccation, while other 

are found in the north and are challenged by subzero temperatures (Clark et al., 1997). In 

order to overcome the challenges associated with their environments, including changes 

in temperature, water, oxygen, and food availability, these animals utilize biochemical 

adaptations to survive. 

Adaptations to Arid Conditions 

Anurans have successfully distributed themselves in arid deserts, despite the fact 

that their highly water permeable integument predisposes them to rapid dehydration and 

generally requires them to live in moist or wet environments so they may hydrate 

themselves transcutaneously (Bentley & Yorio, 1979; Clark et al, 1997). This has led to 

a suite of physiological, biochemical, and behavioural adaptations that allow anurans to 

tolerate the widest variation in body water content and body fluid ionic strength and 

osmolality of any vertebrate group (Churchill & Storey, 1994b). 

Under arid conditions and high temperatures, a number of species facing food and 

water shortage will enter a state of dormancy termed estivation, during which the animal 

is inactive and fasts. Estivation can be a short term adaptation, but is more commonly 

used to survive through long dry seasons that are incompatible with active life and, for 

some species, can stretch for more than 2 years (Wilz & Heldmaier, 2000). The main 

criteria for anuran survival during estivation are water retention and sufficient fuel 
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reserves. Behavioural water conservation strategies include the selection of sheltered sites 

in which to estivate that minimize water loss (and also limit exposure to the elements and 

predators), adoption of the water holding posture, and apnoic breathing patterns. 

Estivation is also accompanied by (a) the accumulation of osmolytes in the body fluids 

that raise total osmolality and act colligatively to prevent water loss, (b) the stabilization 

of organ hydration at the expense of water from extra-organ fluid spaces and large 

amounts of water stored in the bladder, and (c) the aerobic oxidation of lipid reserves to 

produce water metabolically (for reviews: Shoemaker et ai, 1992; Pinder et al., 1992; 

Storey, 2002). Estivation is prefaced by ravenous eating to accumulate a large reserve of 

endogenous fuel and, as mentioned, lipids (and some proteins) are the principal fuel 

sources during estivation (Seymour, 1973; Hermes-Lima et ah, 2001). To conserve fuel, 

metabolic rate falls during estivation to only 10-30% of the resting metabolic rate of 

control animals (for review: Storey, 2002). Upon leaving estivation animals are faced 

with oxidative stress as a result of a rapid increase in oxygen uptake and consumption. 

Reactive oxygen species are dealt with by increased activities of antioxidant enzymes 

(Grundy & Storey, 1998). 

The African clawed frog, Xenopus laevis, is native to sub-Saharan Africa, where 

it is almost exclusively aquatic, inhabiting wet environments such as swamps, lakes, and 

rivers and rarely venturing onto land (Tinsley & Kobel, 1996). Their environment can 

change rapidly during the dry season when water sources evaporate and vegetation and 

wildlife patterns change in the area. The frogs respond to these seasonally arid conditions 

in one of two ways (Alexander & Bellerby, 1938). When stressed by low water, frogs 

will undertake nocturnal migrations overland to find a new body of water or, when this is 
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not possible, they dig into the cooler, damper subsoil of their evaporating body of water 

and enter a state of estivation (Alexander & Bellerby, 1938). Both these options require 

tolerance of substantial desiccation (to 35% of total body water lost) (Romspert, 1975). 

Anuran tolerance to dehydration is generally positively correlated with a more terrestrial 

life-style, making the dehydration capacity of the aquatic X. laevis intriguing to study 

(Hillman, 1980). 

Unlike many other estivating frog species, X. laevis has a very small bladder and 

cannot rely on its stored water when under dehydration stress (Calamita et al., 1994; 

Feder & Burggren, 1992). Therefore, to resist water loss under desiccating conditions, 

Xenopus accumulate osmolytes in their plasma and tissues to provide colligative 

resistance to water loss. These include amino acids, ammonia (2-3 fold increase) and urea 

(15-20 fold increase) (Balinsky et al., 1967). Urea accumulation is achieved via increased 

biosynthesis (due to increased protein catabolism) coupled with reduced renal clearance 

of nitrogenous wastes via antidiuresis (McBean & Goldstein, 1970a,b; Funkhouser & 

Goldstein, 1973). Supporting this, and despite an overall strong metabolic rate depression 

during estivation, activities of urea cycle enzymes are increased due to the enhanced 

transcription of the genes encoding these enzymes (Janssens & Cohen, 1968; Storey & 

Storey, 2010). 

Adaptations to Subzero Temperatures 

Amphibians in northern climates are generally forced to hibernate on land or 

underwater during the winter months (Tattersall & Ultsch, 2008). Those that overwinter 

aquatically must withstand prolonged bouts of hypoxia while sealed under ice. Those that 

overwinter terrestrially are faced with desiccation and freezing temperatures. One mode 
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of terrestrial hibernation used by toads, terrestrial salamanders, and some frogs is to 

overwinter below the frost line in a moist microenvironment (Tattersall & Ultsch, 2008). 

The overwintering strategy of the wood frog Rana sylvatica, whose geographic range 

extends from Alaska through Canada to the Great Lakes onto Labrador, has been a 

subject of high interest and study since 1982 when it was reported that this species 

tolerated freezing of 65-70% of its total body water during hibernation on the forest floor 

(Behler & King, 1979; Schmid, 1982). Several other terrestrially hibernating amphibian 

and reptile species have since been identified that survive whole body freezing during the 

winter; however, R. sylvatica remains the primary model organism for studies of 

vertebrate freeze-tolerance. 

The unique physiology of wood frogs allows them to undergo whole body 

freezing and maintain a frozen state without bodily harm until warmer temperatures allow 

them to thaw and resume active functions. However, subzero temperatures can be 

damaging and/or lethal to intolerant animals. This is because of the multiple stresses that 

arise from tissue freezing. Freeze damage occurs from (i) physical damage to subcellular 

machinery and tissues imparted by the formation and growth of ice crystals, (ii) ice 

surges that result from flash freezing following supercooling, (iii) extensive dehydration 

as a result of extracellular ice formation, (iv) ischemia from the solidification of blood, 

and (v) the loss of vital, muscle-based physiological responses such as breathing and 

heartbeat (for review: Storey & Storey, 2004a). The thaw process can be equally 

damaging since reperfusion can result in injury due to oxidative stress; more importantly 

though, thawing requires the coordinated reactivation of vital functions. 



Wood frogs employ a number of complex physiological and biochemical 

adaptations in order to survive freezing. They avoid extensive supercooling by initiating 

freezing at high subzero temperatures (-0.5 to -3°C) by inoculative freezing on the skin 

(Layne et al., 1990; Costanzo et al., 1999). The propagation of ice inwards through the 

frog's skin pores inoculates freezing internally and the frog freezes asymmetrically from 

the outside in (Rubinsky et al., 1994). Ice nucleating proteins in wood frog plasma may 

also play a role in ice propagation (Wolanczyk et al., 1990a,b; Storey et ah, 1992). A 

slow rate of ice formation (typically <5% of total body water per hour) allows the frog 

sufficient time to make the metabolic adjustments that will allow it to survive freezing 

(Layne & Lee, 1987). 

Dehydration of the frog's body due to evaporation across the skin as well water 

loss from cells into extracellular ice masses are both consequences of freezing. 

Evaporative water loss can be minimized by the selection of a humid or moist 

hibernaculum under organic leaf litter on the forest floor (Light, 1991; Churchill & 

Storey, 1993). To prevent intracellular freezing and to colligatively limit the amount of 

intracellular water that is lost into extracellular ice masses, frogs synthesize the 

cryoprotectant glucose from glycogen stores in the liver and deliver glucose in high 

concentration to all tissues via the blood (Storey & Storey, 1986). More recently, urea 

has also been identified as an osmoprotectant and cryoprotectant in the wood frog 

(Costanzo & Lee, 2005). Cyroprotectant synthesis commences upon ice nucleation on 

the skin and glucose is rapidly distributed via the circulation due to cardio-acceleration 

that is also triggered when freezing begins (Storey & Storey, 1985; Layne et al., 1989). 

This response highlights the importance of instigating ice nucleating at high subzero 
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temperatures so as to provide ample time to distribute glucose. Blood glucose levels can 

increase 60-fold during freezing, from about 5 mM glucose in controls to 300 mM 

glucose during freezing (Storey & Storey, 1986). Because of their high glucose content, 

the heart and liver are the last organs to freeze, and the first organs to revive during thaw 

(Rubinsky et al., 1994). Without oxygen, all metabolism in the frozen state is limited to 

anaerobic pathways (glycolysis), resulting in substantially decreased levels of available 

ATP. In order to maintain the freeze-tolerant state, metabolic regulation is employed. 

The endurance of R. sylvatica to freezing stems from its high capacity to tolerate 

water loss and to survive anoxia. In fact, most biochemical changes that occur during 

freezing can be categorized as responsive to either the anoxia (representing freeze-

induced ischemia) or dehydration (representing freeze-induced cell volume reduction) 

component. Only a few appear to be truly unique to freezing such as the production of 

ice nucleating proteins (Wolanczyk et al., 1990a,b; Storey et ah, 1992) and the up-

regulation of three novel genes {M6,frlO,fr47) that are implicated in freezing survival 

but have no homologues in gene/protein databases (Cai & Storey, 1997; McNally et al, 

2002, 2003). 

Various adaptations for dehydration were previously discussed with respect to the 

estivating frog, X. laevis. Terrestrially hibernating frogs, including the wood frog, can 

also become dehydrated, usually in late fall and winter. With the ability to tolerate up to 

50-60% of total body water loss, R. sylvatica are actually more dehydration hardy thanX. 

laevis, but the mechanisms used in survival remain the same (Churchill & Storey, 1993; 

Muir et ah, 2007). These include water-conserving behaviours, physiological 

adaptations, and the conservation of energy by reducing metabolic rate (Muir et al., 
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2007). Responding to dehydration by building up osmolytes in the body fluid is a 

universal strategy to resist water loss. In R. sylvatica, dehydration stimulates liver 

glucogenolysis just as rapidly and elevates blood glucose to the same levels as freezing. 

Therefore, the cryoprotectant response is proposed to have evolved from a pre-existing 

adaptation to dehydration (Churchill & Storey, 1994b). Glucose accounts for about 3% 

of blood osmolyte pressure and is secondary to the mobilization of urea. The elevation of 

urea during dehydration is thought to play an important role in depressing metabolism, 

perhaps by regulating key enzymes (Muir et al., 2007). 

Naturally, many ranid frogs tolerate prolonged hypoxia or short bouts (several 

days) of anoxia in the winter as they hibernate aquatically in ice-covered waters that 

contain low levels of dissolved oxygen (Tattersall & Ultsch, 2008). Unlike many of its 

North American ranid counterparts, R. sylvatica hibernate terrestrially (Collins & Lewis, 

1979; Light, 1991). Still, wood frogs experience levels of hypoxia during dehydration or 

diving and, during freezing, complete anoxia occur (Tattersall & Boutilier, 1999). 

During hypoxia, frogs preferentially locate low, above zero temperatures to lower their 

metabolic rate and postpone anaerobiosis (Tattersall & Boutilier, 1997). Without ample 

oxygen, glucose stores are rapidly used in anaerobic respiration and the differential 

regulation of proteins has been shown to increase the glycolytic capacity of wood frog 

organs (Wu et al., 2009). During hypoxia/anoxia, metabolic regulation is used to depress 

demands to meet ATP supply and protective measures against reoxygenation injury are 

put in place (West & Boutilier, 1998). 



Metabolic regulation during environmental stress 

Hypometabolism accompanies estivation/dehydration, freezing, and anoxia and is 

crucial in allowing survival under inhospitable conditions since it extends the time that 

the animal can survive and resist stressful conditions using only endogenous fuel reserves 

(for review: Storey & Storey 2004b). Hypometabolism is achieved via a reorganization 

of energy-consuming processes whereby most physiological and biochemical processes 

are suppressed or turned off (typically at least 70-80%) during environmental stress, 

including all non-essential gene transcription and protein synthesis (for review: Storey & 

Storey, 2010). Energy is reprioritized to vital cell functions and preservation strategies 

are implemented to promote survival over the prolonged period of dormancy (for review: 

Storey & Storey, 2004a). Metabolic rate depression (MRD) is partly achieved due to the 

reduced muscular energy demands; dormant animals are immobilized, heart and 

breathing rate are greatly reduced, and no feeding/digestion occurs (for review: Storey & 

Storey, 2004b). However, the intrinsic regulation of cellular metabolism is also 

necessary and is used to coordinate the differential gene expression needed to survive 

during dormancy. The molecular mechanisms behind this continue to be elucidated. One 

trend found is the role of reversible phosphorylation in changing the activity of 

proteins/enzymes during dormancy. Phosphorylation has been found to play a role in 

control over changes in fuel metabolism and the suppression of transcription and protein 

synthesis. Despite MRD, selective upregulation of some genes and proteins key to cell 

survival have been found. 



The immune system during environmental stress 

The immune system is placed in the precarious position of being a large network 

of effector molecules that is energetically costly but also important in maintaining good 

health (for review: Buttgereit et ah, 2000). Animals have been found to divert energy 

from other physiological processes in order to mount an immune challenge, even in the 

absence of the energetic constraints of dormancy (Wolowczuk et al., 2008; DiAngelo et 

al., 2009). How do dormant animals control present or potential infections and reduce 

the associated costs to do this during hypometabolism? Alternatively, how would the 

cost of maintaining a functional immune system in the absence of infection weigh against 

that of the infection itself? In either case, precious resources are diverted or traded off 

against other functions. 

During the inhospitable conditions that force animals into dormancy, the biomass 

of microbes is often lowered and there is a change in microbe community patterns (for 

review: Schimel et ah, 2007). One adaptive tactic during a lowered risk of infection is to 

reduce the investment in the immune system to a minimum. Hibernation in mammals 

may be a potential example of this, as reductions in many different types of immune 

molecules occur during torpor (for review: Bouma et al, 2010). However, theoretical 

work maintains that a partially effective immunity can achieve the greatest fitness when 

balancing the costs of the immune system (Behnke et al., 1992). 

Surviving environmental stress is known to require changes to physiological and 

biochemical processes, however, very little research has investigated how the immune 

system responds to environmental stress in amphibians. Despite being in a vulnerable 
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hypometabolic state under conditions of hot, dry summers or cold winters, X. laevis and 

R. sylvatica return to a normal active state once environmental conditions become 

favourable again. This favours a hypothesis that even during MRD, some immune 

effector molecules may be essentially maintained or even up-regulated. 

Amphibians are protected by both an innate and an adaptive immune system. The 

innate immune system provides the first line of defence against pathogens. It is made up 

of non-specific effector molecules which are constitutively present and available to 

combat pathogens but it does not lead to lasting immunity. The adaptive immune system 

provides a specific immune response to a given pathogen that has bypassed the innate 

immune system. Antibodies are the best known effector molecules of the adaptive 

immune system and these are developed during the lifetime of the host in response the 

infections encountered. Even after an infection has passed, some of the specific 

antibodies remain in the host's system and provide lasting immunity (immunological 

memory). The adaptive immune system is slow to develop in ectothermic vertebrates and 

requires the circulation of adaptive immune molecules through the blood and lymph. 

This circulation is mediated by breathing in frogs, since the lymphoid organ is located 

dorsally on top of the lungs (Hedrick et ah, 2007). Being ectothermic, the frog's ability 

to mount an immune defence is highly dependent on environmental temperature, and can 

be compromised at cooler temperatures (Raffel et al., 2006; Rohr & Raffel, 2010). 

Hence, freeze tolerant species such as R. sylvatica that spend the winter at very low 

temperatures (ranging between about +5 and -5°C) probably experience strong thermal 

suppression of their immune responses. Freezing of body fluids and the 

accompanying cessation of breathing and circulation would also disrupt/halt the capacity 
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to distribute blood-borne elements of the adaptive immune system to sites of infection in 

frozen animals. Furthermore, the energetic costs of an adaptive immune defence might 

be too high for frogs in a hypometaboHc state, whether it is high temperature estivation or 

low temperature freezing. Indeed, it has been proposed that, under environmental stress 

conditions that induce hypometabolism, frogs would depend more on a heightened 

competence of the constitutively expressed innate immune system and the maintenance 

of its nonspecific effector molecules in an infectious environment than on acquired facets 

of adaptive immunity (Bonneaud et al, 2003; McNamara & Buchanan, 2005). 

Antimicrobial Peptides 

Hypothesis 1 

Antimicrobial peptides, a key element of the innate immune response, are 

differentially up-regulated in frog tissues during environmental stress-

induced hypometabolism. 

To explore the idea that aspects of the innate immune system are heightened 

during dormancy, the regulation of antimicrobial peptides (AMPs) were investigated in 

response to freezing, anoxia, dehydration and metamorphosis in R. sylvatica (Chapter 2) 

and dehydration mX. laevis (Chapter 3). Studies focused on brevinin-lSY in wood frogs 

since this is the sole skin AMP that was detected previously in wood frogs (Matutte et al., 

2000) and on hepcidin in African clawed frogs, a liver AMP and iron regulatory hormone 

that is broadly distributed in vertebrates. 
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Microorganisms can enter the body through contact with external or internal 

epithelial surfaces. AMPs are molecules of the innate immune system that are expressed 

in both external and internal tissues, including the skin and mucosal membranes of the 

respiratory and gastrointestinal tract, and are effective against pathogens such as bacteria, 

fungi, and viruses (for review: Zasloff, 1992). Therefore, AMPs provide the first line of 

defense against microbes in the environment. AMPs are found in organisms from flies to 

humans, but the most abundant reported source of AMPs is from anurans (for review: 

Rinaldi et al., 2002). AMPs are small in size (typically 10-46 amino acids) and therefore 

it has been argued that they are less energetically costly to synthesize than other immune 

effectors (for review: Moret et ah, 2003). These molecules are synthesized in a 

prepropeptide form and are stored in a propeptide form, making them readily available 

should infection occur, without the need to distribute them (although it has been shown 

that some circulating cells do secrete AMPs). The prepropeptides consist of a conserved 

signal sequence and acidic propiece; these portions are cleaved off before or at the time 

of secretion to release the variable, C-terminal, mature, active peptides that are different 

from species to species (for review: Amiche et al., 1999). The proteolytic cascades that 

lead to AMP cleavage are still being elucidated. 

Mature peptide regions of AMPs are commonly modified post-translationally by 

amidation and glycosylation and less commonly by halogenation and phosphorylation 

(for review: Andreu & Rivas, 1998). Most skin AMPs are linear, cationic, amphipathic 

helical peptides, but another group is cyclic and contains one or multiple disulphide 

bonds (for review: Andreu & Rivas, 1998). These characteristics allow AMPs to bind to, 

and permeabilize the structure of target microbial membranes causing cell lysis or 
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perhaps transverse into the microbial cell and bind intracellular targets (for reviews: 

Rinaldi, 2002; Rollins-Smith et al., 2005). Since animals enduring environmental stress 

have limited energy resources, AMPs may provide the necessary host defense during a 

weakened state. 

SMAD Transcription Factors and Liver Immunity 

Hypothesis 2 

SMAD transcription factors, regulators of hepcidin gene expression, will 

be differentially regulated in X. laevis liver in response to dehydration 

stress to allow hepcidin expression to be enhanced. 

The SMAD family of transcription factors have long been known to propagate 

signals regulating inflammation (for review: Hedger et ah, 2011). One of their roles is to 

balance immune responses, including the control of immune suppression (for review: 

Yoshimura & Muto, 2011); this makes SMAD action an intriguing molecular regulatory 

mechanism to examine with respect to immunity during hypometabolism. The liver is an 

active site of immunity, synthesizing and housing a preponderance of innate immune 

molecules as compared with other organs (for review: Mehal et al., 2001). In the liver, 

SMAD signalling is a well-established key pathway controlling the activation of hepcidin 

expression (for review: Malyszko et ah, 2009). Hepcidin is an antimicrobial peptide 

produced primarily in hepatocytes that has a dual function of regulating iron homeostasis, 

another important facet of immunity. To explore how the innate immune system is 
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regulated in hypometabolism, Chapter 3 investigates the expression of hepcidin and the 

responses of the SMAD transcription factor family to dehydration inX laevis liver. 

SMAD Transcription Factors and Muscle Growth 

Hypothesis 3 

SMAD transcription factors in skeletal muscle, regulators of important 

muscle specific genes, will be differentially expressed in X. laevis muscle 

in response to dehydration stress to protect muscles from atrophy. 

In skeletal muscle, the SMAD family of transcription factors propagate signals 

regulating muscle ontogeny and physiology (for review: Kollias & McDermott, 2008). In 

particular, the SMAD pathway opposes the muscle growth that is stimulated by the 

mammalian target of rapamycin (mTOR) pathway (for review: Wackerhage & 

Ratkevicius, 2008). The anabolic and catabolic pathways in muscle are balanced in a 

way that allows a plastic response by muscles to environmental stimuli. Muscle wasting 

typically occurs as a consequence of extended periods of disuse or unmet energy 

demands, and can occur during disease (cachexia) and aging (sarcopenia) (for review: 

Glass & Roubenoff, 2010). However, animals that undergo natural periods of muscle 

disuse, such as estivators, do not experience these same levels of muscle atrophy despite 

extended periods of dormancy (for review: Hudson & Franklin, 2002b). Therefore, 

skeletal muscle must undergo molecular changes in order to resist atrophy during 

estivation. To explore how the muscle mass is regulated in hypometabolism, Chapter 4 

investigates the responses of SMADs to dehydration in X. laevis skeletal muscle. 
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SMAD Family of Transcription Factors 

The genes regulated by the SMAD family of transcription factors are vast, and 

include functions such immunity, growth, and proliferation, whose regulation is likely 

changed substantially during hypometabolism. The SMAD pathway is initiated via a 

ligand of the Transforming Growth Factor-P (TGF-P) superfamily. The TGF-P 

superfamily consists of secreted cell-to-cell signalling cytokines of which the bone 

morphogenetic protein (BMP), TGF-P, and activins are the best known families (Kloos et 

al., 2002). Ligand binding causes the hetero-oligmerization of two distantly related type 

I and type II transmembrane serine/threonine kinase receptors (Souchelnytskyi et al., 

1997). The type II receptor autophosphorylates and transphosphorylates the type I 

receptors; the type I receptor in turn phosphorylates the C-terminal tails of the receptor-

regulated SMAD transcription factor family, activating them (Nakayama et al., 2001). 

The SMAD family of transcription factors consists of 8 proteins that are 

evolutionarily conserved in function and regulation. The homologues Mothers against 

decapentaplegic (Mad) and sma were first identified through genetic studies in 

Drosophila melanogaster and Caenorhabditis elegans, respectively, and gave rise to the 

naming of the vertebrate equivalents as 'SMADs' (Sekelsky et al, 1995; Derynck & 

Zhang, 1996). SMADs 1-5 and 8 share highly similar N-terminal domains termed Mad 

homology (MH) 1, and all SMADs share a highly conserved C-terminal MH2 domain; 

the domains are separated by a variable proline-rich spacer sequence (Souchelnytskyi, 

1997; Liu et al., 1996). Based on structure and function, the eight known SMADs are 

divided into three classes: receptor regulated SMADs (R-SMADs), common partner 

SMADs (co-SMADs), and inhibitory SMADs (I-SMADs) (Miyazono, 2000). 
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Activated TGF-P superfamily type I kinase receptors phosphorylate R-SMADs at 

C-terminal Ser-Ser-X-Ser motifs. R-SMADs 1, 5, and 8 are phosphorylated in response 

to BMP signalling, whereas R-SMADs 2 and 3 are phosphorylated downstream of TGF-P 

and activin signalling. Phosphorylated R-SMADs dissociate from the TGF-P receptors 

and oligomerize with co-SMADs (SMAD 4). Unphosphorylated SMAD proteins 

routinely translocate in and out of the nucleus, but a phospho-R-SMAD:SMAD 4 

complex translocates into and accumulates in the nucleus. Phosphorylated R-SMADs 

can regulate target gene expression because SMAD 4 acts as a coactivator and stabilizes 

the interaction of R-SMADs with DNA and two other essential activators: CREB binding 

protein (CBP) and p300 (Derynck & Zhang, 2003; Janknecht et al, 1998; Topper et al, 

1998). Thus, SMAD proteins are critical in propagating TGF- p superfamily signals from 

outside the cell to transcriptional responses within the nucleus. Nuclear 

dephosphorylation renders SMADs transcriptionally inactive and transports them back to 

the cytoplasm. 

The I-SMADs (SMADs 6 and 7) antagonize TGF-P and BMP signalling by 

competing for and forming a stable complex with the activated type I receptor; this 

association blocks access to the R-SMADs, preventing their phosphorylation and 

activation. SMAD 6 inhibits TGF-p/activin receptors, whereas SMAD 7 inhibits both 

BMP and TGF-p/activin receptors (Hayashi et al, 1997; Hata et al, 1998). The 

transcription of I-SMADs is rapidly and directly induced by TGF-p/activin and BMP 

signalling, providing a mechanism of negative feedback that regulates SMAD signalling 

(Nakao et al., 1997; Afrakhte et al., 1998; Takase et al, 1998). 
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Despite the few numbers of SMADs in comparison to their many ligands, there is 

considerable context dependent transcriptional regulation versatility in this pathway. 

SMAD oligomeric complexes and a coordination with many sequence-specific 

transcription factors help to achieve their signalling diversity. In addition, it is becoming 

increasingly clear that the TGF-p superfamily ligands activate many other signalling 

pathways besides the SMADs. While some of the resulting responses are SMAD-

independent, others help mediate the SMAD response (for review: Derynck & Zhang, 

2003). 

The regulation of SMADs within the context of liver immunity and muscle 

plasticity inX laevis is examined in Chapters 3 and 4, respectively. 
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CHAPTER 2 

Developmental and environmental impacts on brevinin-lSY 
expression in the wood frog, Rana sylvatica 
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INTRODUCTION 

The wood frog, Rana sylvatica, is one of just a few terrestrially hibernating 

amphibians that can survive whole body freezing during the winter. Freezing survival 

requires many changes to physiological and biochemical processes. The onset of freezing 

(signalled by ice nucleation on the skin) initiates the synthesis of high concentrations of 

glucose from hepatic glycogen stores (Storey & Storey, 1985). The skin is typically the 

first tissue to experience freezing and other environmental stresses, yet the consequential 

impacts on gene expression in this tissue have received very little attention. 

In frogs, the skin plays an important role in immune defence. The dermal 

granular glands synthesize and store antimicrobial peptides (AMPs) that are effector 

molecules of the innate immune system. These are secreted onto the surface of the skin 

following injury or stimulation by the sympathetic nervous system and there they provide 

a first line of defence against microbes in the environment (Rollins-Smith & Conlon, 

2005). AMPs are small (-10-50 amino acid residues), positively charged peptides that 

bind to negatively charged membrane components on microbial cells (Rinaldi, 2002). 

Although AMPs are commonly found on anuran skin, their presence has also been 

characterized in other frog tissues (Groisman et al, 1992; Ohnuma et ai, 2010). 

Most amphibian species that have been examined to date produce multiple types 

of AMPs that act alone or in synergy to combat a range of invasive microbes; because of 

their synergistic effects, the action of a peptide mixture is thought to be more important 

than any single AMP alone (Barra & Simmaco, 1995; Schadich et ah, 2010). Although 

different genera of frogs express common families of AMPs, the peptides from any given 

species do not share identical amino acid sequences with other species (Conlon et ah, 
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2004). The brevinin AMPs are found in ranid frogs and share only five invariant residues 

(Pro , Ala9, Cys1 , Lys23, Cys ). Uniquely, the skin of the wood frog R. sylvatica 

produces only a single detectable AMP, the novel brevinin-ISY. Brevinin-1SY is a 24 

amino acid peptide with tested antimicrobial activity against Escherichia coli and 

Staphylococcus auereus (Matutte et al., 2000). Skin extracts obtained from wood frog 

specimens from cold ponds (<7°C) lacked antimicrobial activity, implicating an 

environmental role in AMP expression (Matutte et ah, 2000). Given that R. sylvatica 

may be frozen for weeks at a time, their vulnerability to pathogens during environmental 

stress was questioned. 

Metamorphosis is another key event in the development of the amphibian immune 

system (Ohnuma et al., 2010). During metamorphosis, amphibians undergo extensive 

rearrangements of their cells, organs and tissues; this includes substantial changes to their 

immune system. The high blood corticosteroid activity associated with the climax of 

metamorphosis is known to suppress the adaptive immune defences and skin peptide 

secretion has also been shown to be inhibited by (applied) corticosteroids (for review: 

Rollins-Smith et al., 1997; Simmaco et ah, 1998). Tadpoles have small, immature 

dermal granular glands and this raises the question of the tadpole's ability to protect itself 

against environmental pathogens using AMPs prior to metamorphosis (Vanable, 1964). 

In fact, the expression of antimicrobial peptide genes have been shown to be 

synchronized with metamorphosis, with undetectable levels of gene expression before 

metamorphosis and markedly increased levels observed during the period during which 

metamorphosis took place (Reilly et al, 1994b; Ohnuma et ah, 2006). Therefore, the 
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expression of AMPs may not only be dependent on environmental impacts, but also the 

life stage of the frog. 

In the present study, we investigate the tissue-specific expression of the brevinin-

1SY gene in adult R. sylvatica and the impacts that freezing and its associated stresses 

(anoxia and dehydration) have on mRNA expression levels. We also examine whether 

the brevinin-lSY gene is expressed in a developmentally-dependent manner in R. 

sylvatica. 

MATERIALS AND METHODS 

Animals 

Male wood frogs (5-9 g) were collected from spring breeding ponds in the Ottawa 

region in April 2010. Frogs were washed in a tetracycline bath and placed in plastic 

containers with damp sphagnum moss at 5°C for one week. Control frogs were sampled 

from this condition, euthanized by pithing, and tissues were quickly excised and flash 

frozen in liquid N2. Remaining animals were divided into three groups and given 

freezing, anoxia, or dehydration exposures; for freezing and anoxia exposures, methods 

were essentially as in De Croos et al. (2004) whereas dehydration exposures were 

modified from Churchill & Storey (1993). Briefly, for freezing exposure, frogs were 

enclosed in plastic boxes lined with damp paper towel, and placed in an incubator set to 

-4.5°C. The frogs were allowed to cool for 45 min and were nucleated by contact with ice 

forming on the paper towel when body temperature fell below about -0.5°C. Temperature 

was then adjusted upwards to -3°C and a 24 h freezing exposure was timed from this 
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point. For anoxia exposure, frogs were placed in sealed plastic containers (previously 

flushed with nitrogen gas) containing damp paper towel and held on ice. Containers were 

again flushed with nitrogen gas for 20 min and were then sealed and placed in an 

incubator set to 5°C for 24 h. For dehydration exposure, frogs were placed in closed 

plastic buckets in an incubator set to 5°C; animals were weighed at 12 h intervals until 

40% of their total body water had been lost. The total body water lost was calculated 

from the change in mass of the frogs over time: 

% water lost = [(M, - Md)/ (M, - BWQ)] x 100% 

where Mj is the initial mass of the frog, Md is the mass at any given weighing during the 

experimental dehydration, and BWC, is the initial body water content of the frog before 

dehydration which was experimentally determined to be 0.808 ± 0.012 g H2O g"1 body 

mass (Churchill & Storey, 1993). Frogs were sampled from each of the respective 

experimental conditions, and tissues were sampled as described above for the control 

animals. All tissue samples were stored at -80°C until use. Conditions for animal care, 

experimentation, and euthanasia were approved by the Carleton University animal care 

committee in accordance with guidelines set down by the Canadian Council on Animal 

Care. 

Tadpole eggs were collected from spring breeding ponds in the Ottawa region in 

April 2010 and raised in an aquarium until the completion of metamorphosis. Their 

developmental stages were determined using the Gosner 46-stage developmental 

chronology (Gosner, 1960). Tadpoles were housed in plastic tanks filled with 

dechlorinated, municipal water; tadpoles were progressively thinned to other containers 
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to avoid any negative impacts of crowding. The tadpoles were fed boiled endive 

fragments and goldfish food ad libitum once daily. 

Total RNA isolation and quality assessment 

Prior to use, all materials and solutions were treated with 0.1% v/v 

diethylpyrocarbonate (DEPC; BioShop, Burlington, ON) and autoclaved. Total RNA was 

extracted from tissues (dorsal and ventral skin, lung, stomach, small intestine, and large 

intestine) using Trizol™ reagent (Invitrogen, Burlington, ON). Briefly, tissue samples 

(200-400 mg) were homogenized in 1 ml Trizol using a Polytron homogenizer (n=4-5 

independent extractions). A 200 ul aliquot of chloroform was added to each sample and 

subsequently centrifuged at 24, 000 g for 15 min at 4°C. Total RNA was removed and 

precipitated for 10 min in isopropanol (500 ul) at room temperature. The samples were 

centrifuged at 5,400 g for 15 min at 4°C; the supernatant was discarded and the RNA 

pellet washed with 1 ml of 70% ethanol by centrifuging the sample at 5,400 g for 5 min 

and then removing the supernatant. The pellet was air-dried for 10 min before being re-

suspended in 20-50 ul of DEPC-treated water. The RNA concentration of the samples 

was determined on a GeneQuant Pro spectrophotometer (Pharmacia, Baie d'Urfe, QU) at 

260 nm. RNA purity was assessed using a ratio of absorbance at 260/280 nm, while RNA 

quality was examined by observing the integrity of 18S and 28S ribosomal RNA (rRNA) 

bands on a native agarose gel electrophoresis with ethidium bromide staining. 

cDNA synthesis andPCR amplification 

For first strand cDNA synthesis, 3 ug of total RNA were diluted using DEPC 

treated water to achieve a total volume of 10 (j.1 and 1 ul of oligo-dT (200 ng/ul; 5'-
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T T T T T T T T T T T T T T T T T T T T T V 3 , . v = A o r G o r C) (Sigma Genosys, Oakville, ON) 

was added to the sample. The samples were incubated at 65 °C for 5 min in a PCR 

machine (Mastercycler Eppendorf, Mississauga, ON) and then chilled on ice for 5 min. 

Then 4 ul of 5x first strand buffer (Invitrogen, Burlington, ON), 2 ul 100 mM DTT 

(Invitrogen, Burlington, ON), 1 jul 10 mM dNTPs (Bio Basic, Markham, ON), and 1 ul 

Superscript II reverse transcriptase (Invitrogen, Burlington, ON) was added to each 

sample. This mixture was incubated at 42°C for 60 min in a PCR machine and then held 

at 4°C. 

Serial dilutions of the cDNA in DEPC water (10"1 to 10"3) were used to amplify 

brevinin-lSY as well as a-tubulin (used for normalization). The amino acid sequence 

determined by Matutte et al. (2000) was converted into a hypothetical nucleotide 

sequence and then compared to the nucleotide sequences of other brevinin-1 genes to 

determine the codon variants most typical from other Ranidae frogs. Primers for 

brevinin-1 SY were designed from the consensus amino acid sequence. The primer 

sequences were as follows: 

(l)brevinin-lSY Forward 5'-GAGCCAGATGAABGGATGT-3' (B = G/T/C) 

Reverse 5'-TTTGGTTACTGCACAAATCA-3' 

(2) a-tubulin Forward 5'-AAGGAAGATGCTGCCAATAA-3' 

Reverse 5'-GGTCACATTTCACCATCTG-3'. 

PCR was performed by combining 5 ul of a cDNA dilution directly with 15 ul of 

a prepared PCR-master mix. This master mix was comprised of 1.25 ul of primer mixture 



(0.03 nmol/ul), 15 ul of DEPC treated water, 0.75 ul of lOx PCR buffer (Invitrogen, 

Burlington, ON), 1.5 ul of 50 mM MgCl2, 0.5 ul of 10 mM dNTPs, and 1 ul of Taq 

Polymerase (Invitrogen, Burlington, ON). The amplification program consisted of a 7 

min denaturation phase at 95 °C, a 33^-0 cycle amplification phase consisting of 94°C 

for 1 min, 62°C (brevinin-lSY) or 54°C (a-tubulin) for 1 min, and 72°C for 1.5 min, and 

a final elongation phase at 72°C for 10 min. The PCR block was cooled to 4 °C before 

the reaction tubes were removed. To ensure that the amplified products had not reached 

saturation, initial studies tested serial dilutions of cDNA to identify the dilution (typically 

10" ) that was non-saturating yet still showed visible bands for quantification purposes. 

PCR products were separated on 2.5% (brevinin-lSY) or 1.0% (a-tubulin) 

agarose gels for 30 min or 20 min at 130 mA, respectively. Agarose was dissolved in 

200 ml of lx TAE buffer (2 M Tris base, 1.1 ml concentrated acetic acid, 1 mM EDTA, 

pH 8.5) by heating. The gel was cooled slightly before 2 ul of ethidium bromide (0.3 

mg/300 ml) were added and the solution was allowed to solidify in a gel tray. A 3ul 

aliquot of xylene blue loading dye was added to each PCR reaction, 12.5ul samples were 

loaded onto the agarose gels, and electrophoresis was carried out at 130 V in TAE buffer. 

Samples of brevinin-lSY and a-tubulin PCR products were excised from the 

agarose gels using the freeze/squeeze method before sequencing. Briefly, samples were 

frozen in liquid nitrogen for ~5 min, thawed, and transferred to 0.5 mL Eppendorf tubes 

that had been punctured in the bottom, plugged with glass wool, and fitted inside 1.5 mL 

tubes. Samples were centrifuged at 13,845 g for 5 min and eluants were subsequently 

transferred to new tubes, diluted with 0.1 vol of 3 M sodium acetate and 3 vol of 90% 

ethanol, and centrifuged at 13,845 g for 15 min. Next, the supernatants were discarded 
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and 0.5 mL of 70% ethanol was used to wash the DNA precipitate before drying it for 5 

min at room temperature. The purified cDNA pellet was diluted in 40 ul of DEPC water 

and sent for sequencing at Bio Basic (Markham, ON). Sequences were confirmed as 

encoding the correct genes by sequence comparison in BLASTN. 

Data and statistics 

PCR-amplified products were visualized on ethidium bromide stained agarose gels using 

a Chemi-Genius Biolmaging system (Syngene Corp., Frederick, MD) and the band 

densities quantified using the associated Gene Tools software. Brevinin-ISY PCR 

products were normalized against the corresponding band intensities of a-tubulin 

amplified from the same cDNA sample to correct for any minor variations in sample 

loading. Data are expressed as means ± SEM derived from a minimum n = 4 independent 

samples from different animals. Statistical testing of normalized band intensities used 

one-way ANOVA and a post-hoc test (Student-Newman-Keuls). Protein analysis was 

completed using the CLC Protein Workbench software (CLC bio, Aarhus N, Denmark). 

RESULTS 

cDNA cloning of brevinin-lSYfrom adult wood frogs 

Primers for brevinin-1SY were used in RT-PCR to assess the relative mRNA gene 

expression levels in tissues of adult wood frogs in response to freezing, dehydration, and 

anoxia exposures. The brevinin-lSY amplicon was 57 nucleotides and was confirmed as 

encoding a partial sequence of brevinin using BLASTN. The BLAST search showed that 
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brevinin-lSY transcript shared the closest homology with the Ranapalustris brevinin-1 

PLc sequence (GenBank accession #: AM745088.1) with 80.7% homology to the 

corresponding sequence fragment (Fig. 2.01). 

The brevinin-1 SY amplicon encoded 19 amino acids, covering 79% of the full 

length, 24 amino acid brevinin-lSY peptide (Swiss-Prot #: P82871.1) (Fig. 2.02). The 

missing amino acids corresponded to the first 3 amino acids at the N terminus and the last 

2 amino acids at the C terminus (Fig. 2.02B). A single amino acid substitution occurred 

between the translated amplicon and the known peptide sequence reported by Mattute et 

al. (2000): an ATG encoding Met, where Ilei6 should be, despite the reverse primer 

encoding the He at the correct position. This is likely a sequencing error, since a 

substitution of the guanine nucleotide in ATG for any other base would encode an He. 

However, three trials of sequencing resulted in this same translation. A BLASTP of the 

brevinin-lSY peptide (Swiss-Prot #: P82871.1) showed that this peptide had the closest 

homology with the Rana catesbeiana Ranatuerin-4 precursor (GenBank accession #: 

AC051651.1) with 79.2% homology to the corresponding sequence fragment (Fig. 2.02). 

Since brevinin-1 SY was known to be present in R. sylvatica skin, this tissue was 

analyzed first. Control dorsal skin was found to have a 9.78-fold (±0.66) proportional 

greater gene expression than ventral skin (±0.13) when comparing equal amount of RNA. 

Next, mucosal tissues were tested for the presence of AMPs since these surfaces are also 

continually exposed to potentially pathogenic organism without high incidence of 

infectious disease, suggesting the presence of effective defence mechanisms (Bevins, 

1994). All other tissues tested were also found to express the brevinin-1 SY gene: lung, 

stomach, small intestine, and large intestine. 
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The effects of physiological stresses on brevinin-lSY expression were then tested. 

In response to 24 h freezing, brevinin-lSY mRNA expression levels decreased 

significantly in both dorsal skin (to 57% of control values) and large intestine (to 50%) 

(Fig. 2.03). Anoxia exposure for 24 h strongly increased brevinin-lSY mRNA transcript 

levels in ventral skin by 5.23-fold, but significantly decreased expression to 67 and 69% 

of control values in small and large intestine, respectively (Fig. 2.03). During 40% 

dehydration, the gene expression of brevinin-lSY increased significantly in dorsal skin 

(2.39-fold), ventral skin (3.29-fold), and lungs (1.57-fold) (Fig. 2.03). No significant 

changes in brevinin-lSY were seen in stomach under any of the experimental conditions. 

cDNA cloning of brevinin-lSY during frog development 

The PCR primers used to amplify brevinin-1 SY in the adult wood frog were used 

to amplify gene products from embryonic, tadpole and transforming adult stages, 

specifically over Gosner stages of development 14-45. Tadpoles were divided into 

Gosner stages based on observable physiological characteristics: Gosner stages 14-20 

(tadpoles within eggs), 21-25 (free swimming tadpole), 26-30 (development of the back 

limb bud), 31-35 (extension of the limb bud into a jointed leg), 36-41 (toe 

differentiation), 42-43 (development of front legs), and 44-45 (adsorbed tail bud). 

Brevinin-lSY was amplified at all stages tested during tadpole growth and 

metamorphosis. However, gene expression increased strongly in the later stages of 

development; expression levels significantly increased as compared to stages 14-20 

during Gosner stages 36-41(by 2.87-fold), stages 42-43 (by 4.5-fold), and stages 44-45 

(by 6.22-fold). These three Gosner stage brackets were also significantly different from 
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each other, with Gosner stage 42-43 being 1.57-fold higher than stage 36-41, and Gosner 

stage 44-45 being 1.38-fold higher than stage 42-43 (Fig. 2.04). 

Interestingly, the brevinin-lSY primers amplified a second 282 bp product from 

tadpole RNA that was not previously observed in adult tissues (Fig. 2.05A). The 

sequence had little similarity to that of brevinin-lSY; for example, there was only 

43.64% identity between the most similar 56 nucleotide region of the two sequences (Fig. 

2.05B). Levels of this unidentified gene product were present throughout development 

but were highest in stages 14-20 and 26-30 and were significantly lower during stages 21-

25 (to 31%), 31-35 (to 36%), 36-41 (to 52%), 42-43 (to 48%), and 44-45 (to 57%) as 

compared with Gosner stages 14-20 (Fig. 2.04). Hence, the expression pattern of this 

gene product was largely opposite to that of brevinin-lSY. A BLASTN search of this 

sequence revealed only a short region (maximum 7% query coverage) of similarity to 

various Ranidae antimicrobial peptide precursors, with sequence 5'-

GAGCCAGATGAAACGGATGT-3'. Except for a single base, this sequence was 

identical to the brevinin-lSY primer, and is therefore is likely of no significance because 

it could be forced amplication. 

The unidentified amplicon translated to a single open reading frame composing 

92 amino acids (Fig. 2.05). Analysis of this sequence showed this polypeptide to be 

mostly hydrophobic (60% of all residues were hydrophophic, 17% were hydrophihc, and 

23% were neither) and neutral (80% neutral, 15% negatively charged, 5% positively 

charged). Glycine (14%) and proline (15%) were the most frequently occurring amino 

acids. No secondary structure or Pfam domains were identified. One putative 

glycosylation and one putative phosphorylation for protein kinase C (PKC) site were 



31 

identified; they existed adjacent to each other at amino acids 53-56 and 55-57, 

respectively. Compared with the Kite-Doolittle scale of hydrophobicity, the sites of post-

translation modification overlapped one of the most hydrophobic regions of the peptide 

(amino acids 56-60), making it unlikely that functional posttranslational modifications do 

occur at the aforementioned sites. 

DISCUSSION 

The plasticity of R. sylvatica that allows this species to survive a number of 

different environmental stressors provides a natural model to analyze the impacts of 

environmental effects (freezing, anoxia, dehydration) on the immune system. 

Environmental impacts on amphibian disease are thought to be contributing to the 

unprecedented declines of amphibians around the world, yet the relationship dynamic 

between immunity and environment is not well understood (Fisher, 2007; Bosch et ah, 

2007). 

Environment can change host-pathogen interactions in several ways. First, 

microbe communities and their viability change with differing environmental conditions, 

exposing frogs to altered types and patterns of pathogens (Castro et ah, 2010; Sheik et 

ah, 2011). For example, the so-called 'chytrid' fungus, Batrachochytrium dendrobatidi, 

causes the infectious disease chytridiomycosis (a major cause of death in modern anurans 

globally). Chytrid infection shows thermal and hydric dependence and therefore shows a 

significant association with changes in climatic variables (Bosch et ah, 2007; Richards-
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Zawacki et ah, 2007; Bustamante et al., 2010). Hence, the presence of different types and 

amounts of pathogens may require altered defenses in frogs. 

Additionally, being ectothermic, the frog's ability to mount an immune defense 

may be dependent on environmental temperature (Raffel et al., 2006; Rohr & Raffel, 

2010). Both high and low environmental temperature can challenge viability, limit energy 

availability and trigger metabolic rate depression to support survival during these periods 

of bioenergetic constraint. Theoretical work maintains that a partially effective immunity 

can achieve the greatest fitness when balancing the costs of the immune system. 

Maintaining the immune system is minimal, while mounting an immune response has a 

significant cost and can draw energy resources from other physiological systems (Derting 

& Compton, 2003; McDade et al, 2008) - although this may be an unlikely event in the 

'budget' of an animal in a hypometabolic state. One might hypothesize that under 

environmental stress and/or during hypometabolism, frogs would depend more on the 

competence of the constitutively expressed innate immune system and the maintenance 

of its non-specific effector molecules (such as AMPs) in an infectious environment rather 

than more ATP-expensive acquired facets of immune immunity (Bonneaud et al, 2003; 

McNamara & Buchanan, 2005). 

Understanding how climate affects the disease dynamic requires insight into how 

environment affects host-pathogen interactions via the immune system (Richards-

Zawacki et al., 2010). Using R. sylvatica, we are able to tease apart whether changes in 

an immune response are changed universally because of the unifying metabolic rate 

depression experienced during each freezing, anoxia, and dehydration or whether there 

are environmentally specific effects that lead to unique patterns of response for each of 
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the stresses. Additionally, because wood frogs express only a single dermal antimicrobial 

peptide, expression trends are not confounded by multiple functionalities of differing 

AMPs. 

Previous studies by Matutte et al. (2000) revealed that skin from wood frogs 

collected from cold ponds during the early spring breeding period that occur immediately 

after winter hibernation lacked detectable concentrations of brevinin-lSY in the skin or 

any other similar antimicrobial activity. This led to the conclusion that peptide synthesis 

is dependent on microbial challenge, which was presumably correspondingly weak in the 

cold winter habitat. This hypothesis was cited in several other papers and backed up by 

evidence that R. esculenta produce very low amounts of AMPs when kept in a sterile 

environments (Mangoni et al., 2001; Conlon et al, 2004). Indeed, the analysis of gene 

expression levels of brevinin-lSY in the present study showed a drop in AMP mRNA 

levels during 24 h freezing in the dorsal skin of R. sylvatica, which is in line with the 

results observed by Mattute et al. (2000). Large intestine also showed a freeze-

responsive decreased in AMP mRNA expression. However, mRNA levels did not drop 

in the ventral skin, lungs, stomach, or small intestine of R. sylvatica after 24 h of 

freezing. This is curious, considering that an adaption to match immune response with 

bacterial challenge in the environment should perhaps occur universally throughout the 

frog. A hypothesis to rationalize the drop in AMP expression in just dorsal skin and large 

intestine during freezing might be developed based on the relationship that R. sylvatica 

has with ice-nucleating bacteria over the winter. 

Wood frogs survive freezing best when the freezing event is slow and allows lots 

of time for cryoprotective adjustments such as the synthesis and distribution of the 



glucose cryoprotectant or the up-regulation of specific genes (Storey & Storey, 2004a). 

Slow freezing is ensured if nucleation occurs at a temperature just below the freezing 

point of body fluids (about -0.5°C) - that is, if supercooling is minimized. To ensure 

minimal supercooling and ice nucleation close to the freezing point, frogs employ ice 

nucleators. These include inoculative freezing initiated by environmental ice, the actions 

of ice-nucleating bacteria, and ice-nucleating proteins in the blood (for review: Storey & 

Storey, 2004a). In a damp hibernaculum, inoculative freezing due to skin contact with 

environmental ice is the likely the major mode of nucleation (Constanzo et al., 1999). 

However, in the event that there is no direct contact with external ice, ice-nucleating 

bacteria trigger crystallization before supercooling becomes extensive (Layne, 1995). Ice-

nucleating active (INA) bacteria in the natural flora of the large intestine (the area with 

the largest interaction between the host and microorganisms) and dorsal skin of winter 

wood frogs are thought to be responsible for the characteristic supercooling point of 

about -2°C of frogs cooled on dry substrate (Lee et ah, 1995; Layne, 1995; Mahida et al., 

1997). Cold induced down-regulation of AMPs in these areas may allow the increased 

colonization or viability of INA bacteria during the winter when they are most needed. 

More investigation of the environmentally inducible nature of INA bacteria is required, 

since to date they have only been isolated from winter (February) R. sylvatica. 

One element of natural freeze tolerance in wood frogs is the ability to endure 

prolonged anoxia and ischemia that allows the animals to survive without oxygen over 

prolonged periods of freezing. A common response to hypoxia is to alter the perfusion of 

organs to maintain blood flow to critical organs at the expense of reduced blood flow to 

the digestive organs (Davies, 1989; Axelsson & Fritsche, 1991; McGaw, 2005). This is 
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effective in hypoxia tolerant species but in hypoxia sensitive species (especially 

mammals), the labile cells of the intestinal mucosa are readily injured by periods of 

hypoxia/reoxygenation and ischaemia/reperfusion (Redan et ah, 1990; Xu et al., 1999). 

Hypoxia often leads to gut damage that allows bacterial translocation: the penetration of 

gut flora through the intestinal barrier into the sterile tissue beyond (Zhi-Yong et al., 

1992; Tazuke et al., 2003). This has drawn focus to the gut as the origin of sepsis and 

multiple organ dysfunction syndrome (MODS) following hypoxia in humans (Rotstein, 

2000). Therefore, one might hypothesize that an increase in gut immune function, such 

as via up-regulation of AMPs, may benefit this scenario. However, the reverse may be 

true. Interestingly, gut luminal bacteria and sublethal doses of endotoxins have been 

found to ameliorate ischaemia/reperfusion injury systematically (potentially by 

desensitization of the inflammatory response), whereas digestive decontamination in 

clinical studies has failed to reduce MODS (van der Hoven et al., 2001; Turnage et ah, 

1994; Neviere et ah, 2000; Rotstein, 2000). While primary effects of reperfusion injury 

are mediated by reactive oxygen species, secondary effects arise from abnormal 

recruitment of immune effector molecules (Simons et al., 1987; Kong et ah, 1998). 

Likewise, it has been found that the depletion of various intestinal resident immune 

molecules prevents reperfusion injury in the gut (Chen et ah, 2004; Mbachu et al., 2004). 

Coincident with this scenario, the present results for wood frogs showed that gut (small 

and large intestine) brevinin-1 SY expression decreased over 24 h anoxia. This may 

reflect a mechanism to limit collateral tissue damage by immune cells during anoxia or 

may be a preparatory mechanism to combat impending oxidative stress that occurs 

rapidly following re-oxygenation (for review: Hatfield et ah, 2009). Coordinated 
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changes in antioxidant defenses during anoxia are a commonality between animals that 

endure variable oxygen environments (for reviews: Hermes-Lima et al., 1998 & 2002). 

Most of the research has focused on the build-up of antioxidants, but as seen here, 

alteration of the immune system could perhaps also play a role in the prevention of re-

oxygenation injury. Anoxia/hypoxia also occurs during freezing and under high levels of 

dehydration (Joanisse & Storey, 1996; Hillman, 1978, 1987). Therefore, in line with this 

hypothesis, the effect of thawing and rehydration would also be predicted to result in 

decreased AMP levels. 

While hypoxic animals often perfuse other organs at the expense of digestive 

blood flow, selective redistribution of blood flow between cutaneous regions in frogs 

during changing environmental oxygen content does not occur, and the skin still plays a 

role in gas exchange during hypoxia in frogs (Boutilier et al., 1986; West & Burggren, 

1984; Pinder & Burggren, 1986). Boutilier et al. (1986) suggested that the fixed 

distribution of blood supply to the skin ensures optimal perfusion in spite of 

environmental changes. Frog lungs, however, have been shown to receive increased 

blood flow during hypoxia, likely to provide blood in the area where the most oxygen 

should be available. During anoxia, breathing rate has been shown to progressively 

decrease until it eventually ceases in R. pipiens and since lymph movement is dependent 

on lung ventilation in frogs, the physiological responses to anoxia may inadvertently 

lower immunity (Winmill et al., 2004; Hedrick et al, 2007). With a decreased internal 

immune function, the protection of the skin by AMPs may become increasingly 

important. This might account for the rise in ventral skin AMP levels observed in R. 
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sylvatica during 24 h anoxia; the heightened AMP mRNA would thus become 

increasingly comparable to that of the normal levels of the dorsal skin. 

The skin of amphibians regulates water uptake and salt balance to meet different 

physiological conditions (Shoemaker & Nagy, 1977; Greenwald, 1971). Owing to their 

highly permeable skin, amphibians have a high susceptibility to evaporative water loss. 

Amphibians tolerate wide variations in water content and ionic strength of their body 

fluids (Shoemaker, 1992); in the wood frog, endurance of up to 50-60% of total body 

water loss is a mechanism that aids in freezing when extracellular ice and evaporative 

water loss cause extensive cellular dehydration (Churchill & Storey, 1993). In fact, 

freeze tolerance has been suggested to have arisen from a pre-existing mechanism used to 

defend against water stress (Churchill & Storey, 1994a, 1995). In wood frogs, 

dehydration alone provokes a hyperglycemia response, comparable to the build-up of 

cryoprotectants during freezing (Churchill & Storey, 1993,1994b); similarly, the build-up 

of urea to protect against colligative water loss is thought to be important in both 

dehydration and freezing (Costanzo & Lee, 2005; Muir et al., 2007). Parallel molecular 

responses are also observed between wood frog dehydration and freezing, including a 

reduced metabolism, activated liver glycogen phosphorylase, and elevated %PKAc and 

liver second messenger cAMP levels (Pinder et al, 1992; Churchill &Storey, 1994b; 

Holden & Storey, 1997). Despite these similarities, brevinin-lSY expression patterns 

differed between dehydration and freezing stresses in wood frogs. Whereas AMP 

transcript levels were significantly decreased in dorsal skin and small intestine during 

freezing, dehydration to 40% of total body water loss caused significant increases in 

AMP mRNA expression levels in lungs and both the ventral and dorsal skin. Similar to 
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these results, magainin mRNA increased during medium and high dehydration and 

magainin protein levels were elevated during high dehydration in African clawed frogs, 

Xenopus laevis (HA Holden, unpublished data). Frogs rely on both pulmonary and 

cutaneous gas exchange; therefore, the impacted tissues of lung and skin could be unified 

by their role in respiration (Gottlieb & Jackson, 1976). Additionally, as the first organ to 

experience evaporative water loss, the skin is placed to have stress-detecting and 

signaling functions to trigger survival adaptations (Wu et al., 2008). 

Dehydration is accompanied by a markedly reduced blood flow (likely because of 

decreased blood pressure as a result of lowered blood volume), increased blood viscosity, 

a decreased number of perfused skin capillaries, and leads to tissue hypoxia because of 

these difficulties in acquiring and circulating oxygen (Christensen, 1974; Hillman, 1987; 

Malvin et al, 1992; Churchill &Storey, 1993; Muir et al, 2007; Burggren & Moalli, 

1984). A study in R. pipiens also showed that during dehydration the skin experiences 

very high water loss compared with other organs, resulting in significant mass loss due to 

ecdysis (Smith & Jackson, 1931). These factors greatly impact cutaneous gas 

permeability. However, despite drastic changes during dehydration, the skin remains 

important for cutaneous CO2 excretion (Boutilier et al, 1979; Burggren & Vitalis, 2005). 

A continued exposure to airborne pathogens, combined with a reduced availability of 

vasculature or blood perfusion to the infected area could increase the vulnerability of the 

respiratory organs in dehydrated animals, since many immune effector molecules travel 

through the blood. Further impairing the internal immune system may be a drastically 

decreased lymph flow (as observed in B. marinus during dehydration) owing to the 

decreased lung ventilation frequency in amphibians during water loss (Jones et al, 1997). 
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A compensatory effect might be the observed increase in dermal AMPs to diminish 

potential infection opportunities in these areas during dehydration. Additionally, skin 

wound healing, as might be associated with the regeneration of the integument following 

unnatural ecdysis due to dehydration, has been shown to be associated with an induction 

of AMPs (Nakazawa et al., 2003; Bardan et al, 2004; Ohnuma et al, 2006). 

Development and metamorphosis is associated with massive rearrangement of 

tissues and systems, including the immune system (for review: Rollins-Smith, 1997). 

Tadpoles have an immune system that is adequate for their aquatic environment, but is 

not the same as the mature immune system that these frogs have as adults when they live 

in both terrestrial and aquatic environments. Previous studies have shown that, in 

general, AMP mRNA expression is undetectable before the onset of metamorphosis. In 

X. laevis, peptide expression was shown to occur ~2 stages after mRNA expression 

(Vanable, 1964; Reilly et al, 1994b; Ohnuma et al, 2006). Although small levels of 

brevinin-lSY transcripts were found in all Gosner stages analyzed, strong increases in 

transcript levels occurred only at the end stages of metamorphosis (stages 36-45); the 

timing of these significant increases are consistent the emergence of AMP expression as 

seen in other species of anurans (Reilly et al., 1994b; Clark et al., 1994; Ohnuma et ah, 

2006). AMP expression is thought to be induced by thyroid hormones (T3) associated 

with metamorphosis, and corresponds with the development of mature mucosal and 

dermal glands in the adult skin tissue (Ohmura & Wakahara, 1998). The current findings 

are in accordance with this hypothesis, since significant increases in wood frog brevinin-

1S Y were synchronized with the localized development of adult epidermal tissue in the 

transforming tadpole. Significant increases in antimicrobial expression were first 
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observed at stages 36-41, during which adult epidermis is first found on the limbs of the 

metamorphic frog and parts of the trunk region. The next significant increase in 

brevinin-lSY expression (Gosner stages 42-43) was associated with adult skin formation 

on the remaining regions of the body and parts of the head (except the tail, which does 

not transition to adult epidermis). Adult skin development is complete at Gosner stage 45 

(Suzuki et al, 2009), when the final jump in brevinin-1SY levels was observed in R. 

sylvatica. This relationship between the antimicrobial peptide expression and the 

development of adult skin suggests that the basal levels of brevinin-1SY gene expression 

observed before adult skin growth may be associated with the internal organs. 

Antimicrobial expression has been identified previously, but less commonly, during the 

tadpole stage, with amplification of basal levels during metamorphosis as observed here 

(Wabnitz et al, 1998; Ohnuma et al, 2010). 

The marked coordination between AMP levels and frog readiness to leave the 

aquatic environment suggests that AMPs are a requirement for dealing with terrestrial 

pathogens. The transformation of the larval integument from apical, skein, and basal 

cells to an adult skin consisting of a stratified squamous epithelium with a developed 

dermis exposes a vulnerable stratum coreum susceptible to invasion (for review: 

Yoshizato, 2007; Berger et al, 1999). However, another hypothesis is that AMPs might 

also play a role in the apoptosis of larval skin cells so that they can be replaced by adult 

skin cells during metamorphosis; this hypothesis occurred when several antimicrobials 

were shown to have apoptotic properties (for review: Conlon et al, 2009). Programmed 

cell death is necessary for the development of the adult amphibian and, like all aspects of 

metamorphosis, is controlled by thyroid hormones (TH) (for review on apoptosis during 
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development: Ishizuya-Oka et al., 2010; Hayes, 1997). TH levels peak during the 

metamorphic climax - this is associated with the apoptotic death of the upper two layers 

of the epidermis, while the basal layer proliferates to reconstitute the adult dermis 

(Schreiber & Brown, 2002); peak TH production occurs between stages Gosner stages 

-40-44 (Yaoita & Brown, 1990; Regard et al, 1978). In the present study, peak 

antimicrobial expression of brevinin-lSY occurred between Gosner stages 44-46 in the 

wood frog, so this dual function cannot be ruled out. 

During the amplification of tadpole brevinin-lSY, a second unidentifiable 

amplicon appeared that was not previously seen in adult tissues. This unidentified 

amplicon was tadpole specific, down-regulated concurrently with the upregulation of 

brevinin-lSY but showed little homology with brevinin-lSY. In fact, a BLASTP of the 

putative protein sequence found no significant similarity to anything. The unidentified 

amplicon translated to a single open reading frame coding for 92 primarily hydrophobic 

amino acids and further analysis indicated no likely secondary structure, Pfam domains, 

or sites of post-translation modification. Since antimicrobial peptides are generally 

cationic, amphipathic alpha helices with a preponderance of lysine amino acids (Matutte 

et al, 2000), it would seem unlikely that this polypeptide is a novel AMP. 

Analysis of skin AMPs in tadpoles, metamorphs, and adults of Ewing's tree frog 

also isolated tadpole specific peptides that did not correspond to the known 

antimicrobials of that species (Schadich et al., 2010). The physiological roles of these 

peptides are unknown, but were conjectured to include chemical cues to conspecifics or 

defence against specific pathogens (these peptides were not effective when tested against 
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E. coli). These same roles, as well as metamorphic roles, could also be predicted for the 

unidentified amplicon observed in R. sylvatica tadpoles. 

In conclusion, freeze-responsive genes in wood frogs can also be categorized as 

responsive to either the anoxia (representing freeze-induced ischemia) or dehydration 

(representing freeze-induced cell volume reduction) component. The present results show 

that brevinin-lSY responds to each. The response pattern of brevinin-lSY was different 

during freezing, anoxia, and dehydration and shows an environmentally regulated, organ-

specific expression that addresses the individual needs and physiological changes of each 

of the tissues so as to promote whole animal survival during that time. The major role of 

brevinin-lSY in the skin in reacting to the environment and mediating an appropriate 

immune response is evident because skin was the only tissue that showed a change in 

AMP expression in response to all three stresses: freezing, anoxia, and dehydration. By 

contrast, brevinin-lSY expression in the stomach was not affected by changes in the 

environment. Brevinin-1 SY was not only an adult specific AMP, as is common to 

brevinin forms in other species, but rather was expressed at low basal levels until 

metamorphosis, when expression was significantly amplified. Interestingly, a tadpole 

specific amplicon of unknown identity was observed. 



(A) 

43 

100% 95% 90% 35% 80% 75% 
I I I I I I 

Brevinin-lSY 

Brevinin-lBLb 

Brevinin-lPa 

Brevinin-lCHa 

Brevinin-lFLc 

yys 

5. 

92% 

3% 

m 

(B) 

Brevinin-lSY 
Brevinin-lBLb 
Brevinin-lPa 
Brevinin-lCHa 
Brevinin-lPLc 

100% 
77.2% 
77.2% 
77.2% 
80.7% 

100% 
94.7% 100% 
91.2% 93.0% 
91.2% 93.0% 

100% 
93.0 100=i 

(Q 
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FIG. 2.01. Partial nucleotide sequence of R. sylvatica brevinin-lSY and comparison 
to other frog species. 

Partial brevinin-lSY nucleotide sequence from R. sylvatica aligned with the brevinin 
nucleotide sequences from four other species: brevinin-lBlb (Rana blairi; Accession no: 
EU407153.1), brevinin-lPa (Ranapipiens; Accession no: EU407148.1), brevinin-lCha 
(Rana chiricahuensis; Accession no: DQ923154.1), and brevinin-lPLc (Ranapalustris; 
Accession no: AM745088.1) showing (A) homology tree, (B) homology matrix , and (C) 
regions of conservation (only those nucleotides differing from the R. sylvatica brevinin-
1SY are indicated) for the five sequences. 
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FIG. 2.02 (legend on next page) 
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FIG. 2.02. Partial nucleotide and deduced amino acid sequence of R, sylvatica 
brevinin-lSY. 

(A) Partial nucleotide and deduced partial amino acid sequence of brevinin-lSY (R. 
sylvatica). (B) A single open reading frame was predicted from the nucleotide sequence 
and coded for a peptide of 19 amino acids which corresponded to the known amino acid 
sequence of the brevinin-lSY (Mattute et al., 2000). Brevinin-lSY amino acid sequence 
(Accession no: P82871.1) was aligned with similar sequences from other species: 
brevinin-lCHb (R. chiricahuensis; Accession no: ABK91541.1), brevinin-lPb (R. 
pipiens; Accession no: ABB89061.1), brevinin-Plc (R. palustris; Accession no: 
CAN87010.1), brevinin-lCG4 (Amolops chunganensis; Accession no: ADM34207.1) 
and ranatuerin-4 {Rana catesbeiana; Accession no: AC051651.1) showing (C) homology 
tree, (D) homology matrix, and (E) regions of conservation (only those amino acids 
differing from the R. sylvatica brevinin-lSY are indicated) for the six sequences. 
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FIG. 2.03. Effects of freezing (24 h), anoxia (24 h), and dehydration (40% total body 
water lost) on the mRNA expression of brevinin-lSY as determined by RT-PCR. 
Representative RT-PCR bands of brevinin-lSY (above) and a-tubulin (below) are shown 
and the corresponding histograms show normalized mean values. Data are means ±SEM, 
n=4-5 independent trials. Significantly different from the corresponding control (5°C 
acclimated) value as determined using a one way ANOVA (SNK), PO.05 . b Significantly 
different from the corresponding freezing value as determined using a one way ANOVA 
(SNK), P O . 0 5 . c Significantly different from the corresponding dehydration value as 
determined using a one way ANOVA (SNK), P<0.05. 
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FIG. 2.04. Effects of growth and metamorphosis through Gosner Stages 14-20,21-25, 
26-30, 31-35, 36-41, 42-43, and 44-45 on the mRNA expression of brevinin-lSY inR. 
sylvatica as determined by RT-PCR. Representative RT-PCR bands of brevinin-lSY and 
a-tubulin (internal standard) and corresponding histograms showing normalized mean 
values. Data are means ±SEM, n=4-5 independent trials. Significantly different from the 
corresponding Gosner stage a 14-20 value, b 21-25,c 26-30, d 31-35,e 36-41, or f 42-43 
value as determined using a one way ANOVA (SNK), PO.05. 
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FIG. 2.05. Partial nucleotide and deduced amino acid sequence of R. sylvatica 
unidentified mRNA. 

(A) Partial nucleotide sequence of the unidentified mRNA transcript from R. sylvatica 
tadpoles and its deduced partial amino acid sequence. A single open reading frame was 
predicted from the nucleotide sequence and coded for a polypeptide of 92 amino acids. 

(B) Alignment of the 56 nucleotide region (shaded in part A) of the unidentified mRNA 
transcript that showed greatest homology with the corresponding segment of the 
brevinin-lSY nucleotide sequence. 



49 

CHAPTER 3 

Hepcidin antimicrobial peptides from the 
African clawed frog, Xenopus laevis 
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INTRODUCTION 

The African clawed frog, Xenopus laevis, has been extensively studied since the 

1950s as a model of embryonic development, but much less is known about the 

physiology and biochemistry of the adult animal or its strategies for dealing with 

environmental stress (Beck & Slack, 2001). Studies have shown that the microbe 

community changes during desiccation (Amalfitano et ah, 2008; Marxsen et ah, 2010). 

Therefore, during estivation in burrows that are drying out or during overland migrations, 

frogs may be exposed to different types or patterns of pathogens and may need altered 

defenses. Although many amphibians, including X. laevis, can tolerate 30-50% of total 

body water loss, the effects of dehydration on amphibian immune defenses is lacking and 

requires investigation (Carey et ah, 2001). Because of the high energy cost of mounting 

an adaptive immune response, we hypothesized that elements of innate immunity might 

be heightened when frogs enter estivation, potentially triggered as a response to 

dehydration (Moret et ah, 2003). To explore the idea that the innate immune system is 

heightened during estivation, the regulation of effector molecules of innate immunity 

were investigated in response to dehydration stress in X. laevis. 

Antimicrobial peptides (AMPs) are broadly effective defense molecules that exist 

as part of the innate immune system of all vertebrates. Hepcidin is one of these - a 

conserved, cationic, amphipathic peptide that is synthesized by the liver and released into 

the plasma where it functions as both an internal AMP and an iron regulatory hormone 

(Hu et ah, 2008; Park et ah, 2001). Hepcidin inhibits efflux of iron from cells by binding 

to the cellular iron exporter ferroportin causing it to be degraded. Hypoferremia can 

inhibit the proliferation of some pathogens in the bloodstream and, therefore, the 
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regulation of iron availability by hepcidin contributes to host defense (Nemeth et al, 

2004). Hepcidin expression is regulated by three main signals: transforming growth 

factor-p (TGF-P), bone morphogenetic protein (BMP), and interleukin 6 (IL6) (Fig. 

3.01). 

Both BMP and TGF-P ligand binding cause the heteroligmerization of two 

distantly related type I and type II transmembrane serine/threonine kinase receptors that 

subsequently activate an evolutionarily conserved transcription factor family called 

SMADs (Souchelnytskyi et al, 1997; Nakayama et al, 2001; Fig. 3.01). When the BMP 

ligand is bound by the BMP coreceptor hemojuvelin (HJV), the downstream receptor 

regulated SMADs (R-SMAD) 1,5, and 8 activate hepcidin transcription (Babitt et al, 

2006). By contrast, R-SMADs 2 and 3 are phosphorylated downstream of TGF-P 

signaling and, when bound by growth differentiation factor 15 (GDF15), are thought to 

antagonize hepcidin transcription (Tanno et al, 2007; Finkenstedt et al., 2009; Lakhal et 

al, 2009; Chou & Weiss, 2007; Fig. 3.01). Phosphorylated R-SMADs dissociate from 

the receptor and oligomerize with the common partner SMAD4 (co-SMAD4); the 

heteromeric SMAD complex translocates into the nucleus where it regulates hepcidin 

expression (Nakayama et al, 2001). The inhibitory I-SMADs (SMADs 6 and 7) 

antagonize TGF-P and BMP signaling by forming a stable complex with the activated 

type I receptor; this association blocks access to the R-SMADs, preventing their 

phosphorylation and activation (Hayashi et al, 1997; Hata et al, 1998). 

IL6 is a cytokine released in response to an inflammatory stimulus as a part of the 

acute phase response (APR) of the innate immune system and binds IL6 receptor a and 

glucoprotein 130 (gpl30) complexes (for review: Carbia-Nagashima & Arzt, 2004). This 
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interaction activates Janus kinases (JAKs) that in turn phosphorylate the signal 

transducers and activators of transcription (STAT) family, activating them and allowing 

them to translocate into the nucleus. STAT3, when phosphorylated on tyrosine 705, 

regulates hepcidin expression directly by binding the promoter region (Wrighting & 

Andrews, 2006; Fig. 3.01). 

The present study examines the effect of dehydration on the expression of 

hepcidin in X. laevis liver including upstream regulation by SMAD and STAT signaling. 

The data show that hepcidin transcription is upregulated in response to dehydration and 

STAT3 is implicated in its control. 
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Fig. 3.01. Molecular events outlining the impact of the SMAD signaling pathway 
on liver cells. BMP 6 with co-receptor hemojuvelin cause the heteroligmerization of type 
I and type II SMAD receptors which phosphorylate R-SMAD 5 causing them to bind 
with SMAD 4, translocate into the nucleus, and activate hepcidin. TGF-P signalling 
causes the heteroligmerization of type I and type II SMAD receptors which 
phosphorylate R-SMADs 2 and 3 causing them to bind with SMAD 4, travel into the 
nucleus, and inhibit hepcidin. SMAD 6 antagonizes BMP signaling by forming a stable 
complex with the activated type I receptor. IL6 binds its receptor and this interaction 
activates Janus kinases (JAKs) that in turn phosphorylate the signal transducers and 
activators of transcription (STAT) family, activating them and allowing them to 
translocate into the nucleus to activate hepcidin expression. cMYC is a co-regulator of 
hepcidin expression that is inhibited by SMADs 2 & 3. 
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MATERIALS AND METHODS 

Animals 

Female X. laevis (31-47 g) were donated from a colony at the University of 

Toronto in 2010. In our lab, they were rinsed in a tetracycline bath and then held in tanks 

of dechlorinated water at 22°C for at least 3 weeks before use. Control animals were 

sampled from these conditions. The remaining animals were divided into two groups and 

dehydrated to two levels: (1) medium dehydration (24±1 % of total body water lost; n=7) 

and (2) high dehydration (38 ±1 % of total body water lost; n=6). For dehydration 

experiments, frogs were placed in closed plastic containers and allowed to air dry over 

time. Water loss was monitored by weighing the frogs at 12 h intervals. The change in 

mass of each frog was used to calculate the percentage of total body water lost: 

% water lost = [(M; - Ma)/ (M; - BWQ)] x 100% 

where Mi is the initial mass of the frog, Ma is the mass at any given weighing during the 

experimental dehydration, and BWQ is the initial body water content of the frog before 

dehydration which was experimentally determined to be 0.74 ± 0.02 g H2O g"1 body mass 

(Malik & Storey, 2009). Frogs were sacrificed by pithing once they reached the 

predetermined level of water loss and liver was quickly excised, frozen in liquid N2 and 

then stored at -80°C. 

Preparation of crude tissue extracts 

For total protein extracts, frozen liver samples were homogenized 1:5 w:v in 

homogenization buffer A (20 mM Hepes, 200 mM NaCl, 0.1 mM EDTA, 10 mM NaF, 1 
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mM Na3V04, 10 mM (3-glycerophosphate) with ~1 mM of the protease inhibitor 

phenylmethylsulfonyl fluoride (PMSF) added immediately preceding homogenization 

using a Polytron PT10 homogenizer. Homogenates were centrifuged at 24,000g for 15 

min in a Sorval BC-5B refrigerated centrifuge at 4°C and then the supernatant was 

removed. 

For nuclear and cytoplasmic extracts, separate frozen liver samples were 

homogenized 1:2 w:v in homogenization buffer B (10 mM Hepes, 10 mM KCl, 10 mM 

EDTA, 10 mM p-glycerol phosphate, 10 mM DTT, 1% v:v Protease Inhibitor Cocktail 

(Sigma, pH 7.9) using a Dounce homogenizer (20 piston strokes). Homogenates were 

centrifuged at 24,000g for 10 min at 4°C. The supernatant was removed (cytoplasmic 

fraction) and the pellet was then resuspended in 150 ul of extraction buffer per gram of 

starting tissue. Extraction buffer contained 10 mM Hepes, 0.2 M NaCl, 0.5 mM EDTA, 

5% v:v glycerol, 10 mM P-glycerophosphate, 10 mM DTT, and 1% v:v Protease 

Inhibitor Cocktail. Following 1 h rocking on ice, the resuspension was centrifuged at 

24, OOOg for 10 min at 4°C. The supernatant was removed (nuclear fraction). 

Soluble protein concentration in all extracts was quantified by the Coomassie blue 

dye-binding method using the Bio-Rad prepared reagent (BioRad Laboratories, Hercules, 

CA) with bovine serum albumin as the standard; absorbance at 595 nm was measured on 

a MR5000 microplate reader. Samples were normalized to a constant protein 

concentration by the addition of small amounts of homogenization buffer A or B (as 

required) and then aliquots were mixed 1:1 v:v with 2x loading buffer (100 mM Tris-

base, 4% w:v SDS, 20% v:v glycerol, 0.2 w:v bromophenol blue, 10% w:v 2-
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mercaptoethanol), boiled for 5 min, cooled to room temperature, and transferred to long-

term storage at -20°C. 

Western blotting 

Equal amounts of protein were loaded into lanes of SDS polyacrylamide gels and 

subjected to SDS-polyacrylamide gel electrophoresis (PAGE) on a BioRad mini-gel 

apparatus at room temperature in running buffer (3.02 g Tris Base, 18.8 g glycine and 1 g 

SDS per litre, pH 8.3) at 180 V for 45 min. Proteins were transferred to PVDF membrane 

at 160 mA for 1.5 h using a wet-transfer method in transfer buffer (25 mM Tris, 192 mM 

glycine, 10% v:v methanol, pH 8.5). Membranes were blocked with either milk (3%; 20 

min) or polyvinylalcohol (PVA; 1 min) and washed three times with Tris-Buffered Saline 

with 0.05% v:v Tween (TBST), before being incubated with primary antibody overnight 

at 4°C. Following incubation, the membranes were washed as above in TBST, and 

incubated with HRP-linked anti-rabbit IgG secondary antibody (BioShop, Burlington, 

ON) diluted 1:4000 v:v in TBST for 1 h at room temperature, and then rewashed in 

TBST as above. Immunoreactive bands were visualized with enhanced 

chemiluminescence using the ChemiGenius Bioimaging System (Syngene, Frederick, 

MD). Subsequently, membranes were stained using Coomassie blue (0.25% w:v 

Coomassie brilliant blue, 7.5% v:v acetic acid, 50% v:v methanol). Antibodies 

recognizing SMAD 2 (Cat. No. 5339), P-SMAD 2, (Ser465/467; Cat. No. 3108), SMAD 

4 (Cat. No. 9515), SMAD 5 (Cat. No. 9517), P-SMAD 1/5 (Ser463/465; Cat. No. 9516), 

SMAD 6 (Cat. No. 9519), and P-STAT 3 (Tyr705; Cat. No. 9131) were purchased from 

Cell Signalling (Danvers, MA). SMAD 3 (Cat. No. A01224) and P-SMAD 3 (Ser425; 

Cat. No. A01215) was purchased from GenScript (Piscataway, NJ) whereas cMYC (Cat. 
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No. SC-764) and P-MYC (Thr 58/Ser 62; Cat. No. SC-8000-R) were from Santa Cruz 

(Santa Cruz, CA). All primary antibodies were rabbit polycolonal IgG diluted 1:1000. 

Electrophoretic mobility shift assay 

DNA oligonucleotides were designed based on the consensus DNA binding 

element of SMAD 3 and produced by Sigma Genosys (Oakville, ON). The biotinylated 

probe (SMAD 3 5'-Biotin-AAGCTTGTCTCCAAGGCAGACAATGT-3') and the 

complement probe (SMAD 3 5'-c-ACATTGTCTGCCTTGGAGACAAGCTT -3') were 

diluted in water to 500 pmol/ul and combined 1:1 v:v for a total volume of 20 ul. The 

probe mixture was incubated for 10 min at 94°C in a thermocycler, and then allowed to 

anneal by slowly cooling to room temperature. 

Each sample was prepared by combining 10 ng of double stranded probe, 7 ug of 

nuclear extract (prepared as described above), 1 ug of poly d(I-C) (Sigma-Aldrich, 

Oakville, ON), 2 ul of EMSA binding buffer (10 mM Tris, 50 mM NaCl, 1 mM EDTA, 

5% glycerol, 2.5 uM DTT, pH 7.8) and diluting to a final volume of 10 ul with water. 

The samples were incubated for 30 min at 15°C in a thermocycler, combined with 1 ul of 

6x DNA loading dye (BioShop, Burlington, ON) and loaded into the lanes of a non-

denaturing polyacrylamide gel alongside a turtle liver-E2F positive control. The gel had 

previously been subjected to electrophoresis on a BioRad mini-gel apparatus in TBE 

buffer (90 mM Tris, 90 mM boric acid, 20 mM EDTA) at 120 V for 10 min at 4°C before 

loading. Following loading, the gel was further electrophoresed for at 120 V for 50 min 

in TBE buffer at 4°C. 
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Proteins were transferred to Pall Biodyne B nylon membrane (that had been pre-

soaked in TBE buffer) using a wet-transfer method using TBE buffer as transfer buffer. 

The membrane was fixed in an oven for 1 h at 80°C, blocked in lx blocking buffer 

(Affymetrix, Santa Clara, CA) for 30 min at room temperature, probed with streptavidin-

HRP (BioShop, Burlington, ON ) diluted 1:1000 in lx blocking buffer for 30 min at room 

temperature, and washed with lx wash buffer (Affymetrix, Santa Clara, CA). Biotin 

reactive bands were visualized with enhanced chemiluminescence using the 

ChemiGenius Bioimaging System. 

Total RNA isolation and quality assessment 

RNA isolation and assessment were conducted as described previously in Chapter 

2. 

cDNA synthesis and PCR amplification 

cDNA synthesis was preformed as described previously in Chapter 2. 

Primers for the target genes were designed using the Primer Designer Program 

v3.0 (Scientific and Educational Software) based o n Z laevis orX. tropicalis sequences. 

The primer sequences were as follows: 

(1)SMAD2 Forward 5'-AGTCATCATGAACTGAAAGC-3' 

Reverse 5'-GGTTCCGAATAGGTGACAGG-3' 

(2)SMAD4 Forward 5'-ACGGACATCTTCAGCATCAC-3' 

Reverse 5' -TTGTGCGGTTGCGGCTTGTT-3' 

(3) SMAD 5 Forward 5'-CTTCCACACCGAGCCAGAAC-3' 
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(4) cMYC 

(5) Hepcidin I 

(6) Hepcidin II 

(7) a-tubulin 

Reverse 

Forward 

Reverse 

Forward 

Reverse 

Forward 

Reverse 

Forward 

Reverse 

5' -ACTGACAGCAGGAGCGATGC-3' 

5' -CC AGAGTCAACCGCCACAGA-3' 

5' -G AC ACCGCTTCAGAACTAAC-3' 

5' -GATCTGTAGCTCTATTAGG-3' 

5'-GCATTTGCCACAGCCCTTGAA-3' 

5'-CTGCCTGCTGCTCCTTCTCT-3' 

5'-GTCTCTTGGTCCGGAACAGAG-3' 

5' - AAGGAAGATGCTGCC AATAA-3' 

5'-GGTCACATTTCACCATCTG-3' 

PCR was performed by mixing 5 ul of a cDNA dilution with 1.25 ul of primer 

mixture (0.03 nmol/ul), 15 ul of DEPC treated water, 0.75 ul of lOx PCR buffer 

(Invitrogen, Burlington, ON), 1.5 ul of 50 mM MgCl2, 0.5 ul of 10 mM dNTPs, and 1 ul 

of Taq Polymerase (Invitrogen, Burlington, ON). The amplification program consisted of 

7 min at 95°C; 30-40 cycles of 94°C for 1 min, annealing at 51-62°C for 1 min, and 

72°C for 1.5 min, and 72°C for 10 min. Annealing temperatures were 57.5°C for SMAD 

2 and 4, 62°C for SMAD 5, 61.7°C for cMYC, 51.5°C for Hepcidin 1 and 2, and 54°C 

for a-tubulin. To ensure that the amplified products had not reached saturation, initial 

studies tested serial dilutions of cDNA to identify the dilution (typically 10"2) that was 

non-saturating yet still showed visible bands for quantification purposes. PCR products 

were separated on 1% agarose gels (or 2% for hepcidin) for 20 min at 130 mA. Gels were 

prepared by adding agarose to 200 ml of TAE buffer (2 M Tris base, 1.1 ml concentrated 

acetic acid, 1 mM EDTA, pH 8.5). The agarose was dissolved by heating and then 2 ul of 
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ethidium bromide (0.3 mg/300 ml) were added, before the solution was allowed to 

solidify in a gel tray. A 3 ul aliquot of xylene blue loading dye were added to each PCR 

reaction and 12.5 ul samples were loaded onto the gels; electrophoresis was carried out at 

130 V in TAE buffer. 

Samples of amplification products were excised from the agarose gels using the 

freeze/squeeze method as described previously in Chapter 2. 

Data quantification and statistics 

Chemiluminescent blots and ethidium bromide stained agarose gels were 

visualized using a Chemi-Genius Biolmaging system (Syngene Corp., Frederick, MD) 

and band densities were quantified using the associated Gene Tools software. 

Immunoreactive band intensities were normalized against the summed intensity of a 

group of Coomassie-stained protein bands in the same lane that did not change between 

control and experimental states; the summed intensities of these bands were confirmed as 

unchanging by comparing them to the immunoreactive bands of glyceraldehyde-3-

phosphate dehydrogenase, a constitutive housekeeping gene and accepted reference 

protein. The normalization step allowed for the correction of any minor variations in 

sample loading. PCR products were normalized against the corresponding band intensity 

of a-tubulin amplified from the same cDNA sample. Data are expressed as means ± 

SEM, n = 3-5 independent samples from different animals. Statistical testing of 

normalized band intensities used one-way ANOVA and a post-hoc test (Student-

Newman-Keuls) or the Student's Mest. 
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RESULTS 

The antibodies used in the following study cross-reacted with only a single 

protein band at the expected molecular masses after electrophoresis of X. laevis tissue 

extracts. These immunoreactive bands where compared to, and corresponded to, the 

respective immunoreactive bands in 13-lined ground squirrel liver positive controls that 

were assessed on the same blots. The proteins analyzed are as follows with their 

identified molecular weight in brackets: SMAD 2 (60 kDa), SMAD 3 (52 kDa), SMAD 4 

(70 kDa), SMAD 5 (60 kDa), SMAD 6 (62 kDa), cMYC (70 kDa), and STAT 3 (85 

kDa). 

Dehydration effects on hepcidin 

Using gene-specific primers designed fromX tropicalis hepcidin I a 108 base 

pair (bp) amplicon of hepcidin I encoding 35 amino acids was amplified fromX. laevis 

liver (Fig. 3.02A). This gene fragment showed 94.3% similarity to the respective region 

of the X. tropicalis homolog (Fig. 3.02B), and spanned amino acids 47-81 of the X. 

tropicalis sequence, representing - 4 3 % of the hepcidin I protein. Although similar to the 

hepcidin I sequence from X. tropicalis, the X. laevis hepcidin I protein sequence did not 

show considerable identity to hepcidin from other animals (Fig. 3.02B,C). 

Analysis of the hepcidin I sequence showed this peptide to be fairly equally 

hydrophobic and hydrophilic (34% of all residues were hydrophobic, 37% were 

hydrophilic, and 29% were neither) and neutral (80% of all residues were neutral, 3% 

were negative, 17% were positive). Cysteine was the most frequently occurring amino 

acid, composing 23% of the residues. A Kyte-Doolittle plot showed a large hydrophobic 
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stretch from amino acids 15 to 25 and a hydrophilic site from amino acids 6 to 12. A beta 

strand secondary structure was identified from amino acids 14-20, overlapping the 

hydrophobic stretch (surface probability estimated to be 0). A putative phosphorylation 

site (PKC) was identified at amino acids 8-10, within the hydrophilic stretch, and where 

the surface probability of the peptide was estimated to be highest. No Pfam domains 

were identified. 

Using gene-specific primers designed fromX tropicalis hepcidin II a 112 bp 

amplicon of hepcidin I encoding 37 amino acids was amplified fromX laevis liver (Fig. 

3.03 A). This gene fragment showed 89.2% similarity to the respective region of the X. 

tropicalis homolog (Fig. 3.03B), and spanned amino acids 22-58 of the X. tropicalis 

sequence, representing -46% of the hepcidin II protein. Although similar to the hepcidin 

II sequence from X. tropicalis, the X. laevis hepcidin II protein sequence did not show 

considerable identity to hepcidin from other animals (Fig. 3.03B,C). 

Analysis of the hepcidin II sequence showed this peptide to be mostly 

hydrophobic (49% of all residues were hydrophobic, 24% were hydrophilic, and 27% 

were neither) and neutral (76% of residues were neutral, 14% were negatively charged, 

11% were positively charged). Serine was the most frequently occurring amino acid, 

composing 14% of the amino acids. A Kyte-Doolittle plot showed a hydrophilic stretch 

from amino acids 19-24. One putative phosphorylation site (PKC) was identified at 

amino acids 33-35, overlapping a hydrophilic region with the highest surface probability 

of the fragment. No secondary structure or Pfam domains were identified. 
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The mRNA expression levels of hepcidin I increased significantly by 3.58-fold 

during medium dehydration and then decreased to 53% of the medium dehydration value 

under high dehydration conditions, a level that was 1.89-fold higher than the control (Fig. 

3.04). Hepcidin II mRNA transcripts increased significantly only during high dehydration 

by 2.07-fold as compared with controls (Fig. 3.04). 

Dehydration effects on the TGF-P activated SMAD pathway 

The expression levels of R-SMAD 2 were measured by RT-PCR and 

immunoblotting in muscle from control, medium dehydrated, and high dehydrated 

African clawed frogs. RT-PCR amplified a 362 base pair (bp) product encoding 120 

amino acids that matched amino acids 151-270 of the X laevis SMAD 2 (GenBank ID: 

AAB39329.1) protein when using a BLAST search, representing -24% of the entire 

protein (Fig. 3.05A). This fragment showed the closest similarity to SMAD 2 from 

Western clawed frog (Fig. 3.05B), although considerable identity (98.15% identity) was 

observed between all SMADs in this region (Fig. 3.06) 

SMAD 2 mRNA transcript levels were reduced during dehydration to 73% and 

74% of the control levels under medium and high dehydration conditions, respectively 

(Fig. 3.07A). Correspondingly, total protein levels of SMAD 2 decreased significantly to 

64% and 61% of control levels in response to medium and high dehydration (Fig. 3.07B). 

Transcription factors must move into the nucleus in order to exert their effect on gene 

expression and, therefore, changes in the distribution of SMADs between nuclear and 

cytoplasmic fractions is a useful indicator of changes in SMAD transcriptional activity. 

The relative amounts of SMAD 2 in cytoplasmic and nuclear fractions of X. laevis liver 
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were evaluated under control versus high dehydration situations. Under high dehydration 

conditions, a significant decrease to 79% in the cytoplasmic content of SMAD 2 was 

seen, reflecting the decreases in total SMAD protein levels reported above; interestingly, 

a strong 2.06-fold increase is observed in SMAD 2 nuclear levels (Fig. 3.07C). 

Phosphorylated (activated) SMAD 2 (Ser 465/467) decreased significantly during high 

dehydration, falling to 68% of the control values (Fig. 3.07D). This was reflected by a 

decrease in relative levels of both the cytoplasmic and nuclear P-SMAD 2 content to 65% 

and 69% of their control values, respectively (Fig. 3.07E). 

R-SMAD 3 protein exhibited an expression pattern similar to SMAD 2 in 

response to dehydration. Total SMAD 3 protein levels decreased significantly to 52% 

and 71% during medium and high dehydration, respectively (Fig. 3.08A). This was 

reflected by a decrease in the cytoplasmic SMAD 3 content to 69% during high 

dehydration. Under high dehydration the nuclear content of SMAD 3 increased by 1.45 -

fold (Fig. 3.08B), similar to SMAD 2. Phosphorylated (activated) SMAD 3 (Ser 425) 

decreased significantly during high dehydration, falling to 73% of its control values 

respectively (Fig. 3.08C), with a resulting 79% decrease in nuclear levels, but no change 

in cytoplasmic levels (Fig. 3.08D). P-SMAD 3 (but not P-SMAD 2) binds directly to 

DNA in the nucleus and hence P-SMAD 3 binding to DNA was assessed using an 

electrophoretic mobility shift assay (EMS A) - a technique to analyze protein interactions 

with DNA. P-SMAD 3 binding to DNA was reduced significantly to 84% of control 

level during high dehydration, mirroring the drop in P-SMAD 3 levels localized to the 

nucleus during high dehydration (Fig. 3.08E). 
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Dehydration effects on co-SMAD 4 

Co-SMAD 4 expression levels in liver were measured by RT-PCR and 

immunoblotting from control, medium dehydrated, and high dehydrated African clawed 

frogs. RT-PCR amplified a 166 bp product encoding 54 amino acids that matched amino 

acids 298-351 of the X. laevis SMAD 4 (GenBank ID: AA16968.1) protein when using a 

BLAST search, representing -10% of the entire protein (Fig. 3.09A). SMAD 4 showed 

close percent similarity to a number of organisms (Fig. 3.09B), with a 98.15% identity 

observed between all analyzed SMAD 4s in the region corresponding to the amplified 

fragment (Fig. 3.10). SMAD 4 mRNA transcript levels decreased significantly to 79% 

and 74% of control values during medium and high dehydration (Fig. 3.11 A), 

respectively, while total protein levels mirrored this trend and decreased by 71% and 

67%, respectively (Fig. 3.1 IB). Nuclear levels did not change, but cytoplasmic levels in 

liver from high dehydration frogs decreased to 60% of control cytoplasmic levels (Fig. 

3.11C). 

Dehydration effects on the BMP activated SMAD pathway 

R-SMAD 5 expression levels were measured by RT-PCR and immunoblotting 

from the liver of control, medium dehydrated, and high dehydrated African clawed frogs. 

RT-PCR amplified a 240 bp product encoding 79 amino acids that matched amino acids 

386-464 of the JT. laevis SMAD 5 (GenBank ID: AA170467) protein when using a 

BLAST search, representing ~13% of the entire protein (Fig. 3.12A). This region of 

SMAD 5 showed low percent similarity to a number of organisms (Fig. 3.12B); however, 

an 88.14% identity was observed between all analyzed SMAD 5s in the region 
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corresponding to the amplified fragment (Fig. 3.13). SMAD 5 mRNA levels increased 

by 3.45 and 2.07 fold during medium and high dehydration, respectively (Fig. 3.14A). 

SMAD 5 total protein levels reflected this pattern, increasing by 1.73 and 1.56 - fold 

during medium and high dehydration, respectively (Fig. 3.14B). The observed increase 

in total SMAD 5 levels was reflected by a significant increase by 3.07-fold during high 

dehydration in cytoplasmic values while nuclear values did not change (Fig. 3.14C). P-

SMAD 5 (Ser 463/465) levels showed the reverse pattern to SMAD 5 total protein, 

decreasing to 58% and 56% of control levels during medium and high dehydration, 

respectively (Fig. 3.14D). The observed drop in P-SMAD 5 levels during high 

dehydration were reflected by a significant decrease in relative cytoplasmic levels to 65% 

of control values (Fig. 3.14E). 

I-SMAD 6 expression levels were also measured by immunoblotting in liver from 

control, medium dehydrated, and high dehydrated African clawed frogs. However, total 

protein and nuclear versus cytoplasmic distribution showed no changes in response to 

either levels of dehydration (Fig. 3.15A,B). 

Dehydration effects on P-STAT3 

P-STAT3 3 (Tyr 705) expression levels were measured by immunoblotting for 

control, medium dehydrated, and high dehydrated African clawed frog liver. The relative 

amount of phosphorylated STAT 3 significantly increased by 1.77-fold under high 

dehydration conditions (Fig. 3.16A) and a significant 1.83-fold increase in nuclear-

localized phospho-protein was also seen during high dehydration (Fig. 3.16B). 
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Dehydration effects on cMYC 

cMYC expression levels were measured by RT-PCR and immunoblotting in the 

liver of control, medium dehydrated, and high dehydrated African clawed frogs. RT-

PCR amplified a 369 bp product encoding 123 amino acids that matched amino acids 

219-281 of the X. laevis cMYC (GenBank ID: AAH70712.1) protein when using a 

BLAST search, representing -15% of the entire protein (Fig. 3.17A). This region of 

cMYC was not very similar to a number of organisms (Fig. 3.17B), with a 55.77% 

identity observed between all analyzed cMYC proteins in the region corresponding to the 

amplified fragment (Fig. 3.18). Transcript levels of cMYC increased by 2.37 and 2.70 -

fold during medium and high dehydration (Fig. 3.19A), respectively, and total protein 

levels mirrored this trend and increased by 1.47 and 1.36 - fold, respectively (Fig. 

3.19B). This increase was reflected by an increase in cMYC nuclear levels to 1.29 - fold 

(Fig. 3.19C). P-cMYC levels increased significantly under medium dehydration 

conditions by 1.38 - fold over control levels, but then decreased significantly during high 

dehydration to 65% of medium dehydration levels, returning the relative phosphorylation 

levels to that of the control (Fig. 3.19D). Correspondingly, no changes were seen in the 

nuclear or cytoplasmic content during high dehydration (Fig. 3.19E). 

DISCUSSION 

Adaptations for surviving extensive dehydration offer opportunities to examine 

the mechanisms by which protein regulation confers an ability of animals to survive 

extreme environmental conditions. X. laevis can experience seasonally dry conditions that 
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result in evaporation of their aquatic habitat, leaving them to face desiccation stress. To 

survive, the frogs can enter a hypometabolic state of estivation. Entry into 

hypometabolism has been shown to affect the immune system of frogs including marked 

lymphocyte depletion, decreased primary and secondary lymphoid organs, and reduced 

complement levels in Rana pipiens during cold-induced hibernation and a decreased 

dermal expression of antimicrobial peptides in R. sylvatica while frozen over the winter 

(Cooper et al, 1992; Maniero & Carey, 1996; Matutte et al, 2000). Further studies have 

shown how cold temperatures alone generally diminish the immune system of 

ecotothermic vertebrates including non-hibernating frogs, lizards, and fish (Maniero & 

Carey, 1996). Environmental change has also been blamed for the mass declines and 

extinctions of anuran species by placing stress on their immune systems in such a way 

that they can no longer adequately control pathogens (Raffel et al, 2006). Despite 

studies analyzing the impact of the cold on immune function, the impact of 

hypometabolism at warm temperatures, such as that experienced seasonally by X. laevis 

has not previously been investigated. 

Hepcidin is an evolutionarily conserved, iron-regulatory and antimicrobial liver-

expressed peptide. While only one form of hepcidin exists in humans, multiple forms 

have been identified in various fish species and two forms (hepcidin I and hepcidin II) 

have been found inX. tropicalis (Hirono et al, 2005; Kim et al, 2005; Huang et al, 

2007; Yang et al, 2007; Hu et al, 2008). In the present study, two differentially 

regulated hepcidin cDNA sequences were amplified from X. laevis liver whereas 

previously, only one form was thought to exist based on the EST tag CB199190 (Hu et 

al, 2006). X. laevis hepcidin I and hepcidin II cDNA sequences showed considerable 
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identity to the X. tropicalis hepcidin I and hepcidin II amino acid sequences. This gene 

conservation between frog species is consistent with the high degree of structural 

conservation previously found between all hepcidin forms. In fact, in contrast to other 

antimicrobial peptides, hepcidin is highly conserved throughout vertebrate evolution (Shi 

and Camus, 2006; Padhi and Verghese, 2007; Hu et al, 2008). 

The N-terminal amino acids are responsible for hepcidin's interaction with 

ferroportin, potentially because of the presence of a metal binding motif in this area 

(Clark e£ al, 2011; Tselepis et al., 2010).; however, only the C terminal region of 

hepcidin I and the central region of hepcidin II were amplified from X. laevis. Hepcidin is 

generally known to be cysteine rich and form two beta sheets (for review: Diamond et al., 

2009). Consistent with its role as an AMP, hepcidin is amphipathic; the human hepcidin 

form has a hairpin structure stabilized by 4 disulfide bonds (Nemeth et al., 2005). In line 

with this structure, the amplified hepcidin I peptide was found also to be cysteine rich and 

was shown to have a region that theoretically forms a beta strand structure. These 

characteristics were not observed in the peptide fragment of hepcidin II. Despite the 

demonstration of two theoretical PKC phosphorylation sites in both hepcidin sequences, 

previous studies seemingly have not shown any type of post-translation modification. 

Hepcidin has been shown to be mitigated by hypoxia in mammals and fish (Shi & 

Camus, 2006). The urea accumulation occurring m.X. laevis during estivation can also 

cause an increase in the haemoglobin-oxygen binding properties of the Xenopus' blood, 

such that there is an inhibited oxygen release (Jokumsen & Weber, 1980). This effect, 

combined with an increased blood viscosity and reduced blood volume due to 

dehydration, decreases the blood's ability to fully oxygenate tissues andX. laevis can 
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experience hypoxia as a general consequence of estivation (Malik & Storey, 2009). 

Therefore, it was interesting to find that transcript levels of both hepcidin I and II were 

increased during dehydration despite the probable hypoxia experienced by dehydrated 

frogs. A similar scenario was observed in sea bass liver, where hepcidin transcription 

levels increased in spite of observed anemia; in this case, a response to infection 

apparently overrode the need for iron, demonstrating the dual functionality of hepcidin 

(Rodrigues et al., 2006). Thus, in contrast to the immunodeficiency observed during 

states of metabolic suppression in the cold, the increased hepcidin levels reflect a 

heightened immune status to protect aestivating X. laevis from infection during 

dehydration. 

To investigate the transcription factor(s) inducing the hepcidin expression, this 

study explored the possibility of hepcidin control by SMADs and STAT-3 by analyzing 

the protein and mRNA changes in these signalling pathways in response to dehydration. 

SMAD signalling through TGF-p" and BMP have previously been established to have 

opposing effects on the transcription of hepcidin. The ability of SMADs to either activate 

or repress transcription is conferred by the transcriptional partners with which they 

associate (Chen et al., 2002). 

BMPs are activated in response to rising circulating iron levels and signal through 

BMP receptors and, in mammalian cells (but not in zebrafish), also signal through the 

BMP co-receptor hemojuvelin (HJV) to positively regulate hepcidin expression (Babitt et 

al, 2006; Gibert et al, 2011). BMP activated SMADs have also been shown to partially 

mediate the response by hepcidin to inflammation - although its role is thought to be 

minor compared to that of STAT 3 (Verga Falzacappa et al, 2008). Although BMP 
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activated R-SMAD 5 levels were upregulated in this study at both the mRNA and protein 

levels i nX laevis liver, the total amount of activated P-SMAD 5 localized to the nucleus 

did not change. This was consistent with the fact that the protein levels of I-SMAD 6, 

whose role it is to inhibit the entry of SMAD 5 into the nucleus, did not change during 

dehydration. The maintenance of P-SMAD 5 in the nucleus occurred despite an overall 

suppression in P-SMAD 5 levels during high dehydration. These results indicate that 

dehydration had no effect on the activity of the BMP activated SMAD signalling 

pathway, therefore, the BMP activated iron responsive SMAD pathway cannot account 

for the elevated levels of hepcidin during high dehydration inX laevis. 

Unlike BMP signalling, TGF-P signalling has been shown to be a negative 

regulator of hepcidin. Since TGF-P signalling via SMADs has been shown to down-

regulate the IL6-induced phosphorylation of STAT3 in BLAST cells and epithelial cells, 

this might be the method of hepcidin mitigation (Walia et ah, 2003; Wierenga et ah, 

2002). The present analysis of the TGF-P signalling SMAD pathway showed a reduced 

protein expression of both SMAD 2 (supported by decreased SMAD 2 mRNA levels) and 

SMAD 3 in response to medium and high dehydration, combined with a decreased 

presence of the activated (phosphorylated) forms of these proteins in the nucleus in 

response to high dehydration. Once inside the nucleus, P-SMAD 3, but not P-SMAD 2, 

binds directly to the nuclear consensus sequence CAGA (by contrast, SMAD 2 

participates in DNA-bound complexes via SMAD 4) (Zawel et ah, 1998; Massague & 

Wotton, 2000). This study shows that P-SMAD 3 binding to its DNA element decreases 

during dehydration, which is consistent with a decreased amount of P-SMAD 3 in the 

nucleus during dehydration. Taken together, these data indicate a decrease in the activity 
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of the TGF-P mediated SMAD signalling pathway under high dehydration conditions. A 

release from this antagonizing pathway during high dehydration could account for some 

of the increases seen in the X. laevis hepcidin liver levels. 

STAT 3 stimulates hepcidin expression in response to pro-inflammatory 

cytokines (notably IL6), and is responsible for controlling the anemia of disease 

(Sakamori et al, 2010). Dehydration has been shown to promote inflammation in a 

number of mammalian pathologies including cystic fibrosis and keratoconjunctivitis 

(Boucher, 2007; Niederkorn et al, 2006; Zheng et al, 2010; Barbet et al, 1988). InX. 

laevis, a significant increase in phosphorylated STAT 3 levels and its proportion in the 

nucleus occurred in response to high dehydration, indicating an overall elevation in the 

activity of this transcription factor. This indicates that dehydration may promote an 

inflammation pathway during high dehydration, which could account for some of the 

increases seen in the X. laevis hepcidin liver levels under high dehydration conditions. 

Interestingly, both the iron regulated (SMAD) and pro-inflammatory pathways 

(via IL-6 and STAT3) required SMAD 4 for signalling to hepcidin in mouse cells (Wang 

et al, 2005). In the SMAD pathways, SMAD 4 combines with phospho-R-SMADs 

before they can translocate into the nucleus (Nakayama et al, 2001); STAT3 requires 

SMAD 4 in order to affect the transcription of hepcidin (Wang et al, 2005). SMAD 4 

mRNA transcript and protein levels were reduced in response to medium and high 

dehydration, minimizing their availability for either of the pathways to function. Despite 

this, the proportion of SMAD 4 in the nucleus remained unchanged demonstrating that its 

ability to accompany transcription factors to the nucleus is not affected by dehydration. 
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Taken together, the analysis of the SMAD and STAT pathways for trends that 

reflect the impact of dehydration on hepcidin revealed that active transcription factors 

from these pathways were only modified in response to high dehydration (i.e. an increase 

in P-STAT 3, and a decrease in P-SMADs 2 and 3). While this trend is mirrored in the 

elevation of hepcidin II mRNA in response to high dehydration, hepcidin I showed 

increased transcript levels as early as medium dehydration. Therefore, while the increase 

in the hepcidin activating P-STAT 3 protein and the decrease in the hepcidin 

antagonizing SMAD 2 and 3 proteins could be suggested to mediate enhanced hepcidin II 

(and potentially hepcidin I) transcription during high dehydration, another transcription 

factor would need to be implicated in the augmentation of hepcidin II mRNA under 

medium dehydration. 

In addition to having been identified as a hepcidin co-regulator in HepG2 and 

BHK cells, cMYC has also been shown to control cellular iron levels by coordinating the 

expression of iron-regulatory protein 2 and ferritin heavy chain (Bayele et al, 2006; Wu 

et ah, 1999). cMYC is also a key protein controlling cellular proliferation as it induces 

both cell cycle progression and apoptosis (Amati et ah, 1993). Iron levels and cell 

division are intricately entwined, with iron depletion leading to cell cycle Gl/S arrest by 

changing the expression levels of cyclins and cdks (Le & Richardson, 2002). Animals 

that enter into hypometabolic states are thought to exploit cell cycle arrest to conserve 

energy (for reviews: Biggar & Storey, 2009; Storey & Storey, 2007). The TGF-P 

mediated SMAD signalling pathway has been shown to repress cMYC and, 

correspondingly, the present results show that the down regulation of TGF-P mediated 

SMAD proteins during dehydration is accompanied by increased cMYC mRNA and 



74 

protein in response to both medium and high dehydration (Bayele et ah, 2006; Yagi et 

ah, 2002; Chen et ah, 2002). Notably, P-cMYC increased only during medium 

dehydration, with no change in nuclear levels during high dehydration. The phospho-

form of cMYC is stability regulated; phosphorylation at residue Ser-62 alone stabilizes 

cMYC, while the subsequent, dependent phosphorylation of Thr 58 targets cMYC for 

ubiquitin-mediated proteasome degradation; both phospho-forms play roles in the 

transactivation of genes (Gupta et ah, 1993; Sears et ah, 2000). From the current data, it 

is not possible to discern whether the stabilizing or destabilizing phosphorylated form is 

upregulated during medium dehydration. However, it has been previously demonstrated 

that cMYC phosphorylation is mediated by the Ras effector pathways; while the 

Raf/Mek/Erk branch of the Ras pathway is cMYC stabilizing via Ser62 phosphorylation, 

the phosphatidylinositol-3-OH kinase (PI3K)-Akt branch inhibits glycogen synthase 

kinase-3p (GSK-3p), preventing GSK-3P from phosphorylating cMYC on Thr 58 (Yeh et 

ah, 2004). Cessation of the Ras signal results in a loss of PI3K-Akt activity, allowing 

GSK-3P to be released from inhibition and phosphorylate cMYC on the destabilizing Thr 

58 residue. Previous work by Malik & Storey (2009) showed that the Erk cascade had a 

strong conserved activation during dehydration in X. laevis tissues; this included 

significant increases in the phosphorylated (activated) forms of each of c-Raf, Mekl/2, 

and Erk 1/2 during medium dehydration in liver, with a return to control levels by 

Mekl/2, and Erkl/2 under high dehydration. This is the same phosphorylation pattern 

observed for cMYC during dehydration, and the activation of the Ras pathway, as 

evidenced by the upregulated MAPK cascade, provides compelling evidence for cMYC 

phosphorylation to be a result of enhanced stabilization of Ser 62 phosphorylation. 
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Taken together, these trends in cMYC protein expression reflect the pattern induced in 

hepcidin I in response to dehydration, suggesting that, akin to other animals, cMYC may 

act upstream of the hepcidin peptide i n X laevis. 

The differential regulation of hepcidin I and II in response to dehydration suggests 

the possibility of a functional divergence between the hepcidin forms inX laevis. This 

idea has been presented before in light of the multiple copies of hepcidin found in fish 

species as well as X. tropicalis (Cho et al., 2009; Wang et al., 2009; Hu et al, 2008; 

Padhi & Verghese, 2007). InX tropicalis, hepcidin II was suggested to be iron-

regulatory whereas hepcidin I was thought to function as an antimicrobial peptide (Hu et 

al., 2008). The hepcidin form(s) affected by iron loading inX. laevis cannot be 

hypothesized here (since the upstream pathway showed no change during dehydration), 

but the expression of hepcidin II mRNA corresponded with the protein expression trends 

of STAT 3, suggesting that hepcidin II might function in innate immunity - although the 

increased expression levels of hepcidin I during high dehydration could also be a result of 

STAT 3 influence. Alternatively, this may be another mechanism to establish a 

diminished iron status to ward off disease. The correlation between cMYC and hepcidin 

I expression may provide insight into the control of cell-cycle progression in estivation 

by regulating iron pools through hepcidin I. Therefore, this data further supports 

differing roles of hepcidin I and II in lower vertebrates and may be a response to the dual 

environment that the African clawed frog can face seasonally. This was reasoning was 

hypothesized in teleost fish as well, where teleost hepcidin diversity was posited to be a 

reflection of the complexity of the environmental challenges these fish cope with during 

their lives (Xu et al, 2008). 
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In summary, Hepcidin I and II mRNA transcripts were identified in X. laevis and 

both were elevated in response to dehydration, reflecting a heightened AMP response and 

a diminished availability of iron throughout the body. We report the. suppression of 

activated proteins in the TGF-P activated SMAD pathway but not the BMP activated 

pathway in response to dehydration and an upregulation of STAT 3 and cMYC, 

implicating these transcription factors as playing important roles during dehydration. 

Previous studies show that cMYC and STAT 3 are involved in hepcidin regulation. The 

expression patterns of these players inX laevis liver suggest that they may also control 

hepcidin I and II expression in African clawed frogs. This is the first study to explore 

these transcription factor pathways and immune/iron regulatory proteins with respect to 

dehydration. 
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FIG. 3.02 (legend on next page) 
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FIG. 3.02. Partial nucleotide and deduced amino acid sequence of X. laevis 
hepcidin I. 

(A) Partial cDNA sequence of hepcidin I from the African clawed frog, with the 

corresponding translated amino acid sequence. Nucleotides and amino acids are 

numbered on the left. The nucleotide sequence was 108 bases and encoded 35 amino 

acids. The sequence covered amino acids 47-81 of the Western clawed frog sequence 

(Accession no. AAI56007.1), representing - 4 3 % of the total hepcidin I protein. 

(B) Homology tree and homology matrix produced from an alignment of the partial 
African clawed frog hepcidin I protein sequence with hepcidin from Western clawed frog 
(X. tropicalis; Accession no. AAI56007.1), zebrafish (Danio rerio; Accession no. 
AAI63916.1), chicken (Gallus gallus; Accession no. AAS99322.1) and human (Homo 
sapiens; Accession no. ABF47098.1)! The percentage values correspond to shared 
identity between corresponding species. 

(C) Comparison of the partial African clawed frog (X. laevis) hepcidin I protein sequence 
with the corresponding region in hepcidin I from Western clawed frog (X. tropicalis; 
Accession no. AAI56007.1), zebrafish (Danio rerio; Accession no. AAI63916.1), 
chicken (Gallus gallus; Accession no. AAS99322.1) and human (Homo sapiens; 
Accession no. ABF47098.1). 
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FIG. 3.03 (legend on next page) 
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FIG. 3.03. Partial nucleotide and deduced amino acid sequence of X. laevis 
hepcidin II. 

(A) Partial cDNA sequence of hepcidin II from the African clawed frog, with the 

corresponding translated amino acid sequence. Nucleotides and amino acids are 

numbered on the left. The nucleotide sequence was 112 bases and encoded 37 amino 

acids. The sequence covered amino acids 22-58 of the Western clawed frog sequence 

(Accession no. ABL75284.1), representing -46% of the total hepcidin II protein. 

(B) Homology tree and homology matrix produced from an alignment of the partial 
African clawed frog hepcidin II protein sequence with hepcidin from Western clawed 
frog (X. tropicalis; Accession no. ABL75284.1), zebrafish (Danio rerio; Accession no. 
NP_001018873.1), chicken (Gallus gallus; Accession no. AAS99322.1) and human 
(Homo sapiens; Accession no. ABF47098.1). The percentage values correspond to 
shared identity between corresponding species. 

(C) Comparison of the partial African clawed frog (X. laevis) hepcidin II protein 
sequence with the corresponding region in hepcidin II from Western clawed frog (X. 
tropicalis; Accession no. ABL75284.1), zebrafish (Danio rerio; Accession no. 
NP_001018873.1), chicken (Gallus gallus; Accession no. AAS99322.1) and human 
(Homo sapiens; Accession no. ABF47098.1). 
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FIG. 3.04. Effects of medium and high dehydration on the mRNA expression of 
hepcidin I and hepcidin II inX. laevis liver. Effects of dehydration on hepcidin mRNA 
levels as determined by RT-PCR. Representative hepcidin amplicons are shown with 
corresponding a-tubulin bands below. Histograms show relative changes in normalized 
hepcidin mRNA. Data are means ± SEM, n =3-5 independent trials. Significantly 
different from "control or bmedium dehydration values using a one way ANOVA and post 
hoc SNK test. 
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FIG. 3.05 (legend on next page) 
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FIG. 3.05. Partial nucleotide and deduced amino acid sequence of X. laevis 
SMAD 2. 

(A) Partial cDNA sequence of SMAD 2 from the African clawed frog, with the 
corresponding translated amino acid sequence. Nucleotides and amino acids are 
numbered on the left. The nucleotide sequence was 362 bases and encoded 120 amino 
acids. The sequence covered amino acids 151-270 of the African clawed frog sequence 
(Accession no. AAB39329.1), representing -24% of the total SMAD 2 protein. 
Redundant deviations from the Genbank sequence for this gene (Accession no. 
AAB39329.1) are underlined. 

(B) Homology tree and homology matrix produced from an alignment of the partial 
African clawed frog SMAD 2 protein sequence with SMAD 2 from Western clawed frog 
{X. tropicalis; Accession no. NP_001011168.1), zebrafish (Danio rerio; Accession no. 
AAF06737.1), chicken {Gallus gallus; Accession no. NP_989892.1) and human {Homo 
sapiens; Accession no. AAC39657.1). The percentage values correspond to shared 
identity between corresponding species. 
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African clawed frog YAFNLKKDEVCVNPYHYQRVETPVLPPVLVPRHTEILTEL 4 0 
Western clawed frog YAFNLKKDEVCVNPYHYQRVETPVLPPVLVPRHTEILTEL 4 0 
Chicken YAFNLKKDEVCVNPYHYQRVETPVLPPVLVPRHTEILTEL 4 0 
Human YAFNLKKDEVCVNPYHYQRVETPVLPPVLVPRHTEILTEL 4 0 
Zebrafish YAFNLKKDEVCVNPYHYQRVETPVLPPVLVPRHTEILTEL 4 0 
Consensus yafnlkkdevcvnpyhyqrvetpvlppvlvprhteiltel 

African clawed frog PPLDDYTHSIPENTNFPAGIEPQSNYIPETPPPGYISEDG 80 
Western clawed frog PPLDDYTHSIPENTNFPAGIEPQSNYIPETPPPGYISEDG 80 
Chicken PPLDDYTHSIPENTNFPAGIEPQSNYIPETPPPGYISEDG 80 
Human PPLDDYTHSIPENTNFPAGIEPQSNYIPETPPPGYISEDG 80 
Zebrafish PPLDDYTnSIPENTNFPtGIEPpnNYIPETPPPGYISEDG 80 
Consensus pplddyt sipentnfp giep nyipetpppgyisedg 

African clawed frog ETSDQQLNQSMDTGSPAELSPSTLSPVNHNLDLQPVTYS 119 
Western clawed frog ETSDQQLNQSMDTGSPAELSPSTLSPVNHNLDLQPVTYS 119 
Chicken ETSDQQLNQSMDTGSPAELSPSTLSPVNHsLDLQPVTYS 119 
Human ETSDQQLNQSMDTGSPAELSPtTLSPVNHsLDLQPVTYS 119 
Zebrafish EaSDQQmNQSMDTGSPAELSPSTLSPVNHgmDLQPVTYS 119 
Consensus e sdqq nqsmdtgspaelsp tlspvnh dlqpvtys 

FIG. 3.06. Comparison of the partial African clawed frog (X. laevis) SMAD 2 protein 

sequence with the corresponding region in SMAD 2 from Western clawed frog X. 

tropicalis; Accession no. NP001011168.1), zebrafish (Danio rerio; Accession no. 

AAF06737.1), chicken (Gallus gallus; Accession no. NP_989892.1) and human (Homo 

sapiens; Accession no. AAC39657.1). 
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FIG. 3.07. Effects of medium and high dehydration on the mRNA and protein 
expression of SMAD 2 in X. laevis muscle. (A) Effects of dehydration on the mRNA 
expression of SMAD 2 as determined by RT-PCR. Representative SMAD 2 amplicons are 
shown with corresponding a-tubulin bands below. Effects of dehydration on protein 
levels as determined by Western blotting after normalization to total protein: (B) total 
SMAD 2, (C) cytoplasmic/nuclear SMAD 2, (D) P-SMAD 2 (Ser 465/467), and (E) 
cytoplasmic/nuclear P-SMAD 2 (Ser 465/467) as determined by Western blotting. 
Representative Western bands show relative SMAD 2 protein levels. Histograms show 
relative changes in normalized SMAD 2 transcripts or protein. Data are means ± SEM, n 
=3-5 independent trials. Significantly different from the acontrol or bmedium dehydration 
values using a one way ANOVA and post hoc SNK test or Students t- test, P < 0.05. 
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FIG. 3.08. Effects of medium and high dehydration on the mRNA and protein expression 
of SMAD 3 in X. laevis liver. Effects of dehydration on protein content as determined by 
Western immunoblotting after normalization to total protein: (A) total SMAD 3 levels, 
(B) cytoplasmic/nuclear SMAD 3 levels, (C) relative P-SMAD 3 (Ser 425) levels, and 
(D) cytoplasmic/nuclear P-SMAD 3 (Ser 425) levels. Representative Western bands 
show SMAD 3 protein levels. (E) Effects of dehydration on the relative binding by 
SMAD 3 in nuclear extracts as determined by an EMSA. Representative EMSA shows 
relative SMAD 3 binding levels. Histograms show relative changes in normalized SMAD 
3 protein. Data are means ± SEM, n =3-5 independent trials. Significantly different 
acontrol or bmedium dehydration values using a one way ANOVA and post hoc SNK test 
or Students t- test, P < 0.05. 



87 

FIG. 3.09 (legend on next page) 
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FIG. 3.09. Partial nucleotide and deduced amino acid sequence of X. laevis 
SMAD 4. 

(A) Partial cDNA sequence of SMAD 4 from the African clawed frog, with the 
corresponding translated amino acid sequence. Nucleotides and amino acids are 
numbered on the left. The nucleotide sequence was 166 bases and encoded 54 amino 
acids. The sequence covered amino acids 298-351 of the African clawed frog sequence 
(Accession no. AA16968.1), representing -10% of the total SMAD 4 protein. 

(B) Homology tree and homology matrix produced from an alignment of the partial 
African clawed frog SMAD 4 protein sequence with SMAD4 from Western clawed frog 
(X. tropicalis; Accession no. AAI35846.1), zebrafish (Danio rerio; Accession no. 
ACA58502.1), and human {Homo sapiens; Accession no. BAB40977.1). The percentage 
values correspond to shared identity between corresponding species. No sequence was 
annotated for Chicken {Gallus gallus) SMAD 4. 
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African clawed frog YWPVHNELAFQPPISNHPAPDYWCSIAYFEMDVQVGETFK 40 
Western clawed frog YWPVHNELAFQPPISNHPAPeYWCSIAYFEMDVQVGETFK 4 0 
Human YWPVHNELAFQPPISNHPAPeYWCSIAYFEMDVQVGETFK 4 0 
Zebrafish YWPVHNEiAFQPPISNHPAPeYWCSIAYFEMDVQVGETFK 4 0 
Consensus ywpvhne afqppisnhpap ywcsiayfemdvqvgetfk 

African clawed frog VPSSCPIVTVDGYV 54 
Western clawed frog VPSSCPIVTVDGYV 54 
Human VPSSCPIVTVDGYV 5 4 
Zebrafish VPSSCPIVTVDGYV 54 
Consensus vpsscpivtvdgyv 

FIG. 3.10. Comparison of the partial African clawed frog (X. laevis) SMAD 4 protein 
sequence with the corresponding region in SMAD 4 from Western clawed frog (X 
tropicalis; Accession no. AAI35846.1), zebrafish (Danio rerio; Accession no. 
ACA58502.1), and human {Homo sapiens; Accession no. BAB40977.1). No sequence 
was annotated for Chicken {Gallus gallus) SMAD 4. 
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(B) 

FIG. 3.11. Effects of medium and high dehydration on the mRNA and protein 
expression of SMAD 4 inX. laevis liver. (A) Effects of dehydration on the mRNA 
expression of SMAD 4 as determined by RT-PCR. Representative SMAD 4 amplicons are 
shown with corresponding a-tubulin bands below. Effects of dehydration on protein 
levels as determined by Western blotting after normalization to total protein: (B) SMAD 
4 levels and (C) cytoplasmic/nuclear SMAD 4 levels. Representative Western bands 
show relative SMAD 4 protein levels. Histograms show relative changes in normalized 
SMAD 4 transcripts or protein. Data are means ± SEM, n =3-5 independent trials. 
Significantly different from acontrol or bmedium dehydration values using a one way 
ANOVA and post hoc SNK test or Students t- test, P < 0.05. 
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FIG. 3.12 (legend on next page) 
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FIG. 3.12. Partial nucleotide and deduced amino acid sequence of X. laevis 
SMAD 5. 

(A) Partial cDNA sequence oiSMAD 5 from the African clawed frog, with the 
corresponding translated amino acid sequence. Nucleotides and amino acids are 
numbered on the left. The nucleotide sequence was 240 bases and encoded 79 amino 
acids. The sequence covered amino acids 386-464 of the African clawed frog sequence 
(Accession no. AAl 70467), representing -13% of the total SMAD5 protein. Redundant 
deviations from the Genbank sequence for this gene (Accession no. AAl70467) are 
underlined. 

(B) Homology tree and homology matrix produced from an alignment of the partial 
African clawed frog SMAD 5 protein sequence with SMAD 5 from Western clawed frog 
(X. tropicalis; Accession no. AAH75389.1), zebrafish (Danio rerio; Accession no. 
AAI65695.1), chicken {Gallus gallus; Accession no. AAX56945.1) and human (Homo 
sapiens; Accession no. AAB66353.1). The percentage values correspond to shared 
identity between corresponding species. 
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African clawed frog VTVDGYVDPSGGD.RFCLGQLSNVHRTDTSERARLHIGKG 3 9 
Western clawed frog VliDGftDPSnnknRFCLGlLSNVnRnsTiEntRrHIGKG 4 0 
Chicken VIVDGftDPSnnknRFCLGlLSNVnRnsTiEntRrHIGKG 4 0 
Human VIVDGftDPSnnksRFCLGlLSNVnRnsTiEntRrHIGKG 4 0 
Zebrafish VIVDGftDPSnnknRFCLGlLSNVnRnsTiEntRrHIGKG 4 0 
Consensus v dg dps rfclg lsnv r t e r higkg 

African clawed frog VQLECRGEGDVWMRCLSDHAVFVQSYYLDREAG 72 
Western clawed frog VhLyyvG.GeVyaeCvSDssiFVQSrncnyqhG 72 
Chicken VhLyyvG.GeVyaeCLSDssiFVQSrncnyhhG 72 
Human VhLyyvG.GeVyaeCLSDssiFVQSrncnfhhG 72 
Zebrafish VhLyyvG.GeVyaeCLSDtsiFVQSrncnyhhG 72 
Consensus v 1 g g v c sd fvqs g 

FIG. 3.13. Comparison of the partial African clawed frog (X. laevis) SMAD 5 protein 
sequence with the corresponding region in SMAD 5 from Western clawed frog (X. 
tropicalis; Accession no. AAH75389.1), zebrafish (Danio rerio; Accession no. 
AAI65695.1), chicken (Gallus gallus; Accession no. AAX56945.1) and human (Homo 
sapiens; Accession no. AAB66353.1). 
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FIG. 3.14. Effects of medium and high dehydration on the mRNA and protein 
expression of SMAD 5 inX laevis liver. (A) Effects of dehydration on SMAD 5 
transcript levels as determined by RT-PCR. Representative SMAD 5 amplicons are shown 
with corresponding a-tubulin bands below. Effects of dehydration on relative protein 
levels as determined by Western blotting after normalization to total protein: (B) SMAD 
5, (C) cytoplasmic/nuclear SMAD 5, (D) P-SMAD 5 (Ser463/465), and (E) 
cytoplasmic/nuclear SMAD 5 (Ser463/465). Representative Western bands are shown as 
well as histograms showing relative changes in normalized SMAD 5 transcripts or 
protein. Data are means ± SEM, n =3-5 independent trials. Significantly different from 
acontrol or medium dehydration values using a one way ANOVA and post hoc SNK test 
or Students t- test, P < 0.05. 
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FIG. 3.15. Effects of medium and high dehydration on the protein expression of SMAD 
6 inX laevis liver. Effects of dehydration on protein (A) SMAD 6 levels and (B) 
cytoplasmic/nuclear SMAD 6 levels, as determined by Western blotting. Representative 
Western bands show SMAD 6 protein levels. Histograms show relative changes in 
SMAD 6 protein normalized to total protein. Data are means ± SEM, n =3-5 independent 
trials. Significantly different from acontrol or bmedium dehydration values using a one 
way ANOVA and post hoc SNK test or Students t- test, P < 0.05. 

Control Medium Dehydration High Dehydration 

FIG. 3.16. Effects of medium and high dehydration on the protein expression of STAT 3 
inX. laevis liver. Effects of dehydration on protein (A) STAT 3 levels and (B) 
cytoplasmic/nuclear STAT 3 levels, as determined by Western blotting. Representative 
Western bands show STAT 3 protein levels. Histograms show relative changes in STAT 
3 protein normalized to total protein. Data are means ± SEM, n =3-4 independent trials. 
Significantly different from acontrol or bmedium dehydration values using a one way 
ANOVA and post hoc SNK test or Students t- test, P < 0.05. 
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FIG. 3.17 (legend on next page) 
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FIG. 3.17. Partial nucleotide and deduced amino acid sequence of X. laevis cMYC. 

(A) Partial cDNA sequence of cMYC from the African clawed frog, with the 
corresponding translated amino acid sequence. Nucleotides and amino acids are 
numbered on the left. The nucleotide sequence was 369 bases and encoded 123 amino 
acids. The sequence covered amino acids 219-281 of the African clawed frog sequence 
(Accession no. AAH70712.1), representing -15% of the total cMYC protein. 

(B) Homology tree and homology matrix produced from an alignment of the partial 
African clawed frog cMYC protein sequence with cMYC from zebrafish (Danio rerio; 
Accession no. NP571487.2), chicken (Gallus gallus; Accession no. NPOO1026123.1), 
and human (Homo sapiens; Accession no. NP_002458.2). The percentage values 
correspond to shared identity between corresponding species. No sequence was annotated 
for Western clawed frog (X. tropicalis) cMYC. 



98 

Zebrafish PNSSSSSGSDSEDEEEEDEEEEEEEEEEEEEEEEEEIDVV 40 
Chicken -.tt—... .—q-ed- 20 
Human -.tt—... .—q 20 
African clawed frog s ...e--.d-q—dddd-dcd- 30 

Zebrafish TV.EKRQ.K.R.HE...TDASE..SRYP..SPLVLKRC 67 
Chicken -la-anesess. t-s. s-e ehck.-hh 55 
Human s-. apgkrs-sgsps-gg. h-k.-ph 55 
African clawed frog --. tas-rm-sgshsq-s . . . . r-hh 63 

FIG. 3.18. Comparison of the partial African clawed frog (X. laevis) cMYC protein 
sequence with the corresponding region in cMYC from zebrafish (Danio rerio; 
Accession no. NP571487.2), chicken (Gallus gallus; Accession no. NP001026123.1), 
and human (Homo sapiens; Accession no. NP002458.2). No sequence was annotated for 
Western clawed frog (X. tropicalis) cMYC. 
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FIG. 3.19. Effects of medium and high dehydration on the mRNA and protein 
expression of cMYC inX. laevis liver. (A) Effects of dehydration on the expression of 
cMYC transcripts as determined by RT-PCR. Representative cMYC amplicons are shown 
with corresponding a-tubulin bands below. Effects of dehydration on protein levels as 
determined by Western blotting after normalization to total protein: (B) total cMYC, (C) 
cytoplasmic/nuclear cMYC, (D) P-cMYC (Thr 58/Ser 62), and (E) cytoplasmic/nuclear 
P-cMYC (Thr 58/Ser 62). Representative Western bands are shown together with 
histograms showing relative changes in normalized cMYC transcripts or protein. Data are 
means ± SEM, n =3-5 independent trials. Significantly different from "control or 
bmedium dehydration values using a one way ANOVA and post hoc SNK test or Students 
f - tes t ,P<0.05. 
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CHAPTER 4 

Expression of SMAD transcription factors in the skeletal 
muscle of the African clawed frog, Xenopus laevis 



101 

INTRODUCTION 

This chapter transitions the thesis from looking at the immune system and 

analyzing the SMAD pathway with respect to its involvement in AMP (hepcidin) 

regulation in liver to the possible involvement of SMADs in the skeletal muscle response 

during dehydration. As the mechanisms behind SMAD signaling have previously been 

described in detail in Chapters 1 and 3, this introduction only provides an overview of 

this pathway's relevance in skeletal muscle. 

Skeletal muscle is a highly plastic tissue that has a remarkable morphogenic 

ability to respond to environmental stimuli. Muscle mass in maintained or augmented by 

usage. By contrast, the plastic response to periods of inactivity, disuse, or unmet energy 

demands typically leads to degenerative changes that culminate in the atrophy of muscle 

fibres and decreased mechanical performance (for reviews: Fitts et al., 2000; Powers et 

al, 2007). 

Few studies have investigated the effects of muscle disuse or hypocaloric atrophy 

in animals that experience natural bouts of dormancy (Mantle et al., 2009). Those that 

have found that atrophy in these animals occurs to a much lesser extent than would occur 

in humans or many other vertebrates under similar conditions (for reviews: Carey et al, 

2003; Shavlakadze & Grounds, 2006). The protection against muscle atrophy during 

estivation is thought to be an adaptive mechanism to maintain locomoter performance 

during the small temporal windows that estivator species have for fitness dependent 

behaviours such as feeding and breeding (for review: James et ah, 2010). The molecular 

mechanisms behind this atrophy protective phenomenon remain to be elucidated. The 

African clawed frog, Xenopus laevis provides a fascinating model to investigate the 



molecular responses of growth regulators in muscles to estivation as they can maintain 

this period of dormancy for up to 8 months without food or water (Tinsley & Kobel, 

1996). 

The processes that control the synthesis and degradation of muscle are tightly 

regulated by a variety of growth factors including transforming growth factor-P (TGF-P) 

and insulin signalling (for review: Jackman & Kandarian, 2004; Glass et al, 2010). 

Together these molecular controls affect muscle stem cell proliferation and myotube 

differentiation, primarily through the SMAD signal transduction pathway (Zhu et al, 

2000). This interplay imparts the conventional plasticity of skeletal muscle, with atrophy 

being characterized by decreases in protein synthesis and increases in protein 

degradation. 

Myostatin (growth-differentiation factor 8, GDF8) is a member of the TGF-P 

superfamily that is expressed and secreted predominantly by skeletal muscle and has the 

conserved function of negatively regulating skeletal muscle size (for review: Tobin & 

Celeste, 2005). Myostatin mutations result in gross and widespread hypertrophy and 

increases in skeletal muscle mass/hyperplasia (McPherron & Lee, 1997; Mosher et al, 

2007). Conversely, myostatin overexpression results in muscle atrophy (Reisz-Porszasz 

et al, 2003). Myostatin mRNA and protein are naturally elevated during muscle atrophy 

(Reardon et al, 2001; Shao et al, 2007; Wojcik et al, 2008). 

Myostatin functions by binding activin receptors and triggering phosphorylation 

of receptor-regulated SMADs (R-SMADs) 2 and 3 (Zhu et al, 2004; Fig. 4.01). 

Interestingly, one of the downstream targets of SMAD 2/3 is myostatin, suggesting that 
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myostatin autroregulates its own expression through activation of SMADs (Allen & 

Unterman, 2007). 

Insulin signaling is another major pathway that controls muscle growth (Sartori et 

al, 2009; O'Neill et al, 2010; Fig. 4.01). Binding of insulin-like growth factor 1 (IGF-1) 

triggers the activation of phosphatidylinositol-3-kinase (P13K). P13K in turn facilitates 

the translocation of Akt (protein kinase B) to the membrane where it is phosphorylated 

(activated) (Stitt et al, 2004). Once activated, Akt drives many anabolic processes in 

muscle. For example, Akt targets the phosphorylation and inactivation of the atrophy 

inducing forkhead box O (FoxO) transcription factors (Kandarian & Jackman, 2006) and 

the inhibitors of the growth enhancing mammalian target of rapamycin (mTOR) pathway 

(Inoki et al, 2002; McMullen & Hallenbeck, 2010). Akt is also the mediator between 

energy metabolism and insulin sensitivity; Akt stimulates glucose transport by insulin by 

stimulating the translocation of glucose transporter 4 (GLUT4) to the plasma membrane, 

where it facilitates the uptake of plasma glucose (Miinea et al, 2005; Anhe et al, 2010). 

Therefore, the absence of insulin signaling also contributes to reduced muscle mass and 

functions. R-SMAD 5 (but not SMAD 1 or 8) is specifically linked to the improvement of 

insulin uptake in skeletal muscles by enhancing Akt expression and phosphorylation 

(Anhe et al, 2010). 

In the present chapter, the molecular responses of the SMAD pathway are 

characterized in response to dehydration in X. laevis and interpreted to provide insights 

into the regulation of muscle mass and glucose transport during dehydration and 

estivation. 
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FIG. 4.01. Molecular events outlining the impact of the SMAD signalling 
pathway on skeletal muscle cells. BMP 9 causes the heteroligmerization of type I and 
type II SMAD receptors which phosphorylate R-SMAD 5 causing it to bind with SMAD 
4, translocate into the nucleus, and activate Akt. Once phosphorylated through the insulin 
signalling pathway, Akt stimulated the translocation of GLUT4 to the plasma membrane. 
SMAD 6 antagonizes BMP signaling by forming a stable complex with the activated type 
I receptor. TGF-0 signalling causes the heteroligmerization of type I and type II SMAD 
receptors which phosphorylate R-SMADs 2 and 3 causing them to bind with SMAD 4, 
translocate into the nucleus, and activate myostatin but inhibit cMYC. 
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MATERIALS AND METHODS 

Animals 

X. laevis were treated, sacrificed, and tissues collected as described previously in 

Chapter 3. 

Protein extracts and Western blotting 

Total protein and subcellular nuclear and cytoplasmic extracts were isolated, 

normalized, and samples prepared as described previously in Chapter 3. Protein samples 

for SMAD and cMYC protein analysis were separated using SDS-PAGE, transferred 

onto PVDF membrane, and immunoreactive bands visualized as described previously in 

Chapter 3. Myostatin and GLUT4 were separated on 12% SDS-PAGE gels for 45 min at 

180 V, and then transferred and visualized as described previously in Chapter 3. 

Antibodies recognizing SMAD and cMYC proteins and their dilutions are described 

previously in Chapter 3. Rabbit polycolonal IgG antibodies recognizing GLUT4 (1:4000; 

Cat. No. sc-7938) and myostatin (1:2000; Cat. No. AB3239) were purchased from Santa 

Cruz (Santa Cruz, CA) and Chemicon Millipore (Billerica, MA), respectively, and were 

used after blocking with milk (2.5%; 30 min). 

Electrophoretic mobility shift assay 

DNA oligonucleotide probes, sample preparation, and separation are described 

previously in Chapter 3. 

Total RNA isolation, cDNA synthesis and PCR amplification 

RNA isolation and assessment were conducted as described previously in Chapter 

2. cDNA synthesis, primer design, and gene sequencing were also completed as 
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described in Chapter 3. Primers for SMAD and cMYC genes were those used in Chapter 

3 whereas primer sequences for myostatin were: 

Myostatin Forward 5'-GGAGCACGGTCCACTGGAAT-3' 

Reverse 5'-CACTGTCAATGGATAACGGC -3 ' 

RT-PCR was preformed as previously described using an annealing temperature 

of 61.7 °C and 35 amplification cycles. To ensure that the amplified products had not 

reached saturation, initial studies tested serial dilutions of cDNA to identify the dilution 

(typically 10") that was non-saturating yet still showed visible bands for quantification 

purposes. PCR products were separated on 1% agarose gels for 20 min at 130 mA. 

Data quantification and statistics 

Data quantification and statistics were conducted as described in Chapter 3. 

RESULTS 

The antibodies used were each shown to cross-react with only a single protein 

band at the expected molecular mass after electrophoresis of X. laevis tissue extracts. 

These immunoreactive bands were compared to, and corresponded to, the respective 

bands in 13-lined ground squirrel liver positive controls that were analyzed on the same 

blots. The proteins analyzed were as follows with their identified molecular weight in 

brackets: SMAD 2 (60 kDa), SMAD 3 (52 kDa), SMAD 4 (70 kDa), SMAD 5 (60 kDa), 

SMAD 6 (62 kDa), cMYC (70 kDa), Myostatin (13 kDa), and GLUT4 (46 kDa). 
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Dehydration effects on the TGF-P activated SMAD pathway 

The expression levels of R-SMAD 2 were measured by RT-PCR and 

immunoblotting in muscle from control, medium dehydrated, and high dehydrated 

African clawed frogs. RT-PCR amplified a 362 base pair (bp) product encoding 120 

amino acids that matched theZ laevis SMAD 2 (GenBank ID: AAB39329.1) protein 

when using a BLAST search (previously described in Chapter 3). SMAD 2 mRNA and 

protein levels showed no significant changes over the course of dehydration (Fig. 

4.02A,B). Because transcription factors must translocate into the nucleus to potentiate 

their effect on gene expression, changes in the distribution of SMADs between nuclear 

and cytoplasmic fractions are a useful indicator of changes in SMAD transcriptional 

activity. Accordingly, the cytoplasmic versus nuclear distribution of SMAD 2 was 

analyzed but no significant changes occurred between control and high dehydration states 

in either nuclear or cytoplasmic levels (Fig. 4.02C). However, the relative amount of 

phosphorylated (activated) SMAD 2 (Ser 465/467) increased significantly by 1.95-fold 

during high dehydration, indicating a phosphorylation activation event (Fig. 4.02D). This 

was reflected by a 1.56-fold increase in the nuclear P-SMAD 2 content in high 

dehydration (Fig. 4.02E). 

R-SMAD 3 protein levels were significantly increased by 1.58-fold and 1.69-fold 

during medium and high dehydration, respectively (Fig. 4.03A). This was accompanied 

by a 1.78-fold significant increase in the nuclear-located content of SMAD 3 (Fig. 

4.03B). Phosphorylated SMAD 3 (Ser 425) content increased under high dehydration by 

1.35- fold (Fig. 4.03C), with a resulting 2.00-fold increase in P-SMAD 3 in the nucleus 

during that time (Fig. 4.03D). P-SMAD 3 (unlike P-SMAD 2) binds directly to nuclear 
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DNA and this binding ability was assessed using an electrophoretic mobility shift assay 

(EMSA). A 1.58-fold increase in P-SMAD 3 bound to DNA occurred under high 

dehydration conditions and reflected the elevated protein levels in the nuclear fractions 

reported above (Fig. 4.03E). 

Dehydration effects on myostatin 

Using gene specific primers designed from X. tropicalis a 248 base pair (bp) 

amplicon of myostatin encoding 82 amino acids was amplified from X. laevis muscle 

(Fig. 4.04A). This gene fragment showed 98.8% similarity to the respective region of the 

X. tropicalis homolog (Fig. 4.04B), and spanned amino acids 201-282 of the X. tropicalis 

sequence, representing - 2 1 % of the myostatin protein. This fragment was found to have 

a conserved TGF-3 propeptide domain (amino acids 1-54), consistent with the role of this 

protein in signalling through the SMAD pathway. The X. laevis myostatin protein 

sequence also showed considerable identity to myostatin from other animals (Fig. 4.05). 

In particular, there was only one amino acids difference between the X. laevis and X. 

tropicalis sequences over the 81 amino acid segment. The mRNA expression levels of 

myostatin decreased significantly to 38 and 39% of control values during medium and 

high dehydration, respectively (Fig. 4.06A). This corresponded to a significant decrease 

in myostatin protein to 79% of control under high dehydration conditions (Fig. 4.06B). 

Dehydration effects on cMYC 

cMYC expression levels were measured by RT-PCR and immunoblotting in the 

muscle of control, medium dehydrated, and high dehydrated African clawed frogs. The 

cMYC product was 369 nucleotides, which translated to a 123 amino acid fragment that 



matched t h e Z laevis cMYC protein (GenBank ID: AAH70712.1) when using a BLAST 

search (described in Chapter 3). Transcript levels of cMYC increased significantly under 

medium dehydration by 4.15-fold and by 3.52-fold in high dehydration (Fig. 4.07A). 

This enhanced expression was translated to the protein level. cMYC increased 

significantly by 1.75-fold in medium dehydration, and remained elevated during high 

dehydration (Fig. 4.07B). This increase in protein correlated to an augmentation of 

nuclear cMYC levels to 1.84-fold over controls during high dehydration; cytoplasmic 

levels of cMYC did not change (Fig. 4.07C). Relative levels of phosphorylated cMYC 

(Thr 58/Ser 62) stayed constant under medium and high dehydration, with no change in 

the nuclear or cytoplasmic distribution of P-cMYC during high dehydration (Fig. 

4.07D.E). 

Dehydration effects on the BMP activated SMAD pathway 

R-SMAD 5 expression levels were measured by RT-PCR and immunoblotting in 

muscle of control, medium dehydrated, and high dehydrated African clawed frogs. RT-

PCR amplified a 240 nucleotide product encoding 79 amino acids that matched the 

SMAD 5 protein (GenBank ID: AAI70467) in a BLAST search (described in Chapter 3). 

SMAD 5 mRNA increased significantly by 1.39-fold during medium dehydration, but 

decreased significantly to 42% of control values under high dehydration conditions (Fig. 

4.08A). SMAD 5 protein levels did not reflect the changes in transcript levels, 

suggesting translational regulation; SMAD 5 protein levels fell significantly during 

medium dehydration to 67% of controls, but rose again during high dehydration, 

returning to control values (Fig. 4.08B). As expected, no significant changes were 

observed in the nuclear or cytoplasmic distribution of SMAD 5 during high dehydration 



(Fig. 4.08C). Analysis of P-SMAD 5 (Ser463/465) content showed a decrease to 83% of 

control values during medium dehydration, followed by a return to control levels during 

high dehydration (Fig. 4.08D). Nuclear and cytoplasmic contents of P-SMAD 5 remained 

unchanged between control and high dehydration (Fig. 4.08E). 

The expression levels of I-SMAD 6 opposed those of P-SMAD 5, with protein 

levels increasing during medium dehydration by 1.75-fold before returning to control 

levels during high dehydration (Fig. 4.09A). No changes in the nuclear or cytoplasmic 

levels of SMAD 6 occurred between control and high dehydration (Fig. 4.09B). 

Dehydration effects on GLUT4 

GLUT4 protein levels increased significantly by 1.23-fold between medium and 

high dehydration in muscle of African clawed frogs as determined by immunoblotting 

(Fig. 4.10). 

Dehydration effects on co-SMAD 4 

Co-SMAD 4 is required for the accumulation of R-SMADs in the nucleus. 

SMAD 4 expression levels in muscle were analyzed by RT-PCR and immunoblotting 

from control, medium dehydrated, and high dehydrated African clawed frogs. RT-PCR 

amplified a 166 nucleotide product encoding 54 amino acids that matched XhsX. laevis 

SMAD 4 protein (GenBank ID: AA16968.1) using a BLAST search (described in 

Chapter 3). SMAD 4 mRNA transcript levels were elevated significantly by 3.14-fold 

and 3.08-fold in medium and high dehydration, respectively (Fig. 4.11 A). This 

corresponded to a significant increase in SMAD 4 total protein content by 1.80-fold 

during high dehydration (Fig. 4.1 IB). This result was reflected by an increase in nuclear 
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SMAD 4 protein by 1.55-fold during high dehydration without significant changes to 

cytoplasmic SMAD 4 levels (Fig. 4.11C). 

DISCUSSION 

The muscles of animals that endure natural bouts of dormancy, such as estivating 

frogs, have been shown to be significantly more resistant to muscle wasting as compared 

to humans or other animals that do not naturally experience long periods of inactivity (for 

review: Hudson & Franklin, 2002b). However, the molecular underpinnings of this 

phenomenon have not been fully elucidated. Here, the molecular responses of muscles to 

estivation inX laevis were analyzed in response to dehydration with a focus on the 

SMAD pathway. The R-SMADs play an important role in governing the downstream 

impacts of myostatin and Akt, the negative and positive regulators of skeletal muscle 

growth, respectively (Lee & McPherron, 2001; Anhe et al, 2010). 

Studies have shown an upregulation in myostatin expression in rodents in 

situations of muscle disuse such as during exposure to microgravity or hind limb 

suspension (Lalani et al., 2000; Wehling et ah, 2000); as well, myostatin has been linked 

to FoxO transcription factors in the mediation of atrophy-related protein degradation, 

highlighting the role of myostatin in atrophic pathways (McFarlane et ah, 2006; Gilson et 

ah, 2007). In contrast to these experiments, myostatin mRNA levels decreased 

significantly in response to both medium and high dehydration in X. laevis skeletal 

muscle. Furthermore, myostatin protein showed a time-delayed translational response to 

these changes in mRNA, with protein levels falling only during high dehydration. It has 
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been previously shown that the inhibition of myostatin signaling results in the 

hypertrophy of mature skeletal muscle fibres. This has also been corroborated inX. 

laevis, where the ex vivo treatment of skeletal muscles fibres with a myostatin inhibitor 

promoted muscle hypertrophy (Watt et ah, 2010). Along with the lowered levels of 

myostatin, a coincident significant increase in cMYC mRNA and protein was observed in 

X. laevis muscle under both medium and high dehydration. cMYC is a potent promoter 

of cell cycle progression and growth, and an increase in cMYC levels (as seen here) is a 

known early event in the response of skeletal muscle to hypertrophic stimuli (Whitelaw 

& Hesketh, 1992). These data suggest that, in response to dehydration, signals promoting 

muscle hypertrophy occur despite the energy limitations imparted by dormancy. These 

molecular adaptations may be used as mechanisms to prevent muscle atrophy in X. laevis 

under these stress conditions. 

Myostatin potentiates its effects by downstream signaling through R-SMADs 2 

and 3. Interestingly, the levels of phosphorylated (activated) SMADs 2 and 3 and nuclear 

co-SMAD 4 were significantly increased under high dehydration conditions, suggesting 

enhanced SMAD signaling despite lowered levels of myostatin. One of the downstream 

targets of myostatin/SMAD signaling is the myostatin gene itself; therefore, myostatin is 

thought to autoregulate in a positive feedback manner. Another target of TGF- p 

signaling is the cMYC gene; SMAD 3 exerts it anti-proliferative effects in part by 

inhibiting the synthesis of cMYC (Yagi et al., 2002; Kowalik, 2002). As previously 

mentioned, myostatin mRNA levels were diminished in medium and high dehydration, 

whereas cMYC mRNA was enhanced. These results seemingly imply an uncoupling 
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between myostatin and cMYC transcription and the SMAD pathway in X. laevis skeletal 

muscle during dehydration. 

Concomitant with the downregulation of myostatin and the upregulation of cMYC 

during medium and high dehydration, an upregulation of SMAD 3 total protein was 

observed. This was accompanied by increased nuclear levels of SMAD 3 protein which 

is likely a reflection of the fact that unstimulated SMADs 2/3/4 monomers shuttle 

between the cytoplasm and nucleus (Nicolas et ai, 2004). Indeed, SMAD 3 (but not 

SMAD 2) is translocated into the nucleus just as readily as P-SMAD 3, and shows a 

similar pattern of localization once inside the nucleus as P-SMAD 3 or P-SMAD 3/4 

complexes (Chen et ai, 2005). However, unphosphorylated SMAD 2/3 does not 

preferentially travel into the nucleus because of their association with cytoplasmic 

retention partners (for review: Reguly & Wrana, 2003). SMAD 3 alone (but not SMADs 

1/2/4) is able to bind directly and stimulate the promoter region of I-SMAD 7, and 

synergy with SMAD 4 greatly increases binding stability and stimulation (Nagarajan et 

ai, 1999; Denissova et ah, 2000). This is consistent with the fact that overexpression of 

SMAD 3 has been shown to induce downstream effects (Chen et ah, 1996). I-SMADs 

play a role in a negative feedback loop that modulates the signaling by TGF- p, activin, 

and BMP. Transcription of I-SMADs 6 and 7 is rapidly and directly induced by TGF- p 

signalling, providing a mechanism of negative feedback (Nakao et ah, 1997; Afirakhte et 

ai, 1998; Takase et al, 1998). Whereas I-SMAD 6 only inhibits BMP-mediated 

SMADs, I-SMAD 7 inhibits all R-SMADs. Recent articles have suggested that that 

myostatin gene expression is controlled by a balance between R-SMAD and I-SMAD 

levels, whereby myostatin signaling exerts positive feedback, but the induction of SMAD 



7 exerts negative feedback (Zhu et al, 2004; Forbes et ah, 2006). cMYC transcription 

would also be affected because of the antagonizing effect of SMAD 7 on SMADs 2/3. 

Therefore, the apparent mismatch in SMAD signaling and downstream target induction 

seen in the present work may be a result of I-SMAD elevation by exogenous SMAD 3 

during medium and high dehydration. Coincident with this theory, an induction in I-

SMAD 6 protein was observed in medium dehydration and there were no changes in 

SMAD 3 phosphorylation despite elevated levels of SMAD protein. However, increases 

in the phosphorylation of both SMAD 2/3 during high dehydration, suggest against 

inhibition at this time point. Therefore, during high dehydration SMAD signaling is 

seemingly not the main pathway controlling myostatin expression or synthesis. Since 

SMADs are known to regulate a large number of processes in the body beyond growth, 

including apoptosis, immunity cell fate and migration, to name a few, the elevation of 

activated SMADs 2/3 may be in response to other signaling molecules besides myostatin 

(for review: Ross & Hill, 2008). 

Myostatin transcription is controlled by several SMAD independent pathways, 

with the FoxOl transcription factor being thought to play a role in the atrophy mediated 

gene expression of myostatin (Allen & Unterman, 2007). Interestingly, nuclear FoxOl 

expression is down regulated under high dehydration conditions in X. laevis skeletal 

muscle tissue, suggesting that this transcription factor may be part of the missing link 

(Malik & Storey, 2011). 

Dehydration in frogs is associated with the accumulation of osmolytes in their 

plasma and tissues to provide colligative resistance to water loss. X. laevis mainly rely 

on increased plasma urea concentrations during dehydration, but glucose, another 



common colligative osmolyte, is also elevated in the plasma in some species during 

dehydration in levels high enough to have colligative effects (Balinsky et ah, 1967; 

Churchill & Storey, 1993,1994; Malik & Storey, 2009). Glucose serves as a main source 

of energy for skeletal muscle, but during estivation the main fuel source is typically 

stored lipids (Seymour, 1973; Hermes-Lima et ah, 2001). Therefore, the regulation of 

glucose uptake is evidently changed during dehydration. Because glucose uptake in 

muscles is intertwined with factors regulating muscle growth, the effects of dehydration 

on glucose transportation in muscle cells were also examined in this study. 

GLUT4 is the primary glucose transporter isoform in skeletal muscle cells and is 

responsible for glucose uptake upon insulin stimulation (for Review: He et al., 2007). 

Akt is an insulin-responsive protein kinase necessary for stimulating the translocation of 

GLUT4 to the plasma membrane and thus the activation of Akt is a rate limiting step for 

glucose uptake (van Dam et al., 2005; Anhe et ai, 2010). SMAD 5 has been shown to 

promote glucose uptake through GLUT4 by promoting upstream Akt expression and 

phosphorylation (Anhe et al., 2010). Myostatin also regulates glucose uptake and 

metabolism. In contrast to SMAD 5, myostatin causes the dephosphorylation of Akt and 

the inhibition of myostatin has been shown to increase insulin sensitivity and glucose 

uptake in muscles by upregulating GLUT4, whereas increases in myostatin have the 

opposite effect (Amirouche et al., 2009; Guo et al., 2009; Antony et al., 2007; Chen et 

al., 2010). 

Analysis of SMAD 5 during dehydration in X. laevis showed a significant 

decrease in SMAD 5 phosphorylation during medium dehydration. This likely occurs 

because of a combination of lowered levels of SMAD 5 protein and increased levels of I-



SMAD 6 at the same time. SMAD 6 forms stable interactions with BMP type I receptors, 

preventing the phosphorylation of downstream BMP mediated SMADs, such as SMAD 5 

(Goto et al., 2007). During high dehydration, total and P-SMAD 5 levels increase and 

SMAD 6 levels decrease, returning them to control values. While the drop in SMAD 5 

levels correlated with no effect on GLUT4, the elevation in P-SMAD 5 signaling during 

high dehydration combined with the lowered inhibition by myostatin may enhance Akt 

signaling since GLUT4 protein was elevated between medium and high dehydration 

(Anhe et al., 2010; Antony et al, 2007). 

Glut4 is an exercise responsive gene and its upregulation is triggered in part by 

the hypoxia that can develop in exercising muscles when oxygen demand by working 

muscle outstrips oxygen delivery capacity (Chiu et al., 2004; Garcia-Roves et ah, 2005). 

Studies have shown that hypoxia stress alone also increases glucose uptake in a GLUT4 

dependent manner in skeletal muscles (Zierath et ah, 1998). Hypoxia can develop inX. 

laevis during high dehydration as a consequence of an increased blood viscosity and 

decreased blood volume (Hillman, 1978). Therefore, the enhancement of GLUT4 mX. 

laevis may be a response to the imposed hypoxia. In frogs, hypoxia stress triggers the 

mobilization of liver glycogen to produce plasma glucose and this was also found to be 

true mX. laevis (Malik & Storey, 2009). Increased levels of GLUT4 inX. laevis skeletal 

muscle could enhance the uptake of the available plasma glucose into the cells for use as 

a substrate in anaerobic glycolysis, since a hypoxic environment is not conducive to 

aerobic lipid oxidation. Indeed, hypoxia-mediated increases in blood glucose are well-

known to contribute to anaerobic energy generation (D'eona et al., 1978; Donohoe & 

Boutilier, 1998). Interestingly, GLUT4 mRNA and protein were also elevated in the 



skeletal muscle of the 13-hned grounds squirrel, Spermophilus tridecemlineatus, during 

torpor (Tessier & Storey, 2010). Like estivators, hibernating ground squirrels show very 

little muscle atrophy despite weeks of inactivity and rely on stored lipids for energy (for 

review: Carey et al, 2003). However, unlike the aforementioned frogs, squirrels do not 

require the colligative protection of endogenous osmolytes or undergo hypoxia, 

suggesting an additional role of GLUT4 in the muscles of animals resistant to atrophy 

that requires further investigation. 

In conclusion, this study provides a molecular view of the proceedings of key 

proteins involved in muscle metabolism during dehydration-induced estivation. These 

data suggest that the characteristic protection of muscles against muscle wasting in 

estivating frogs may be mediated by lowered levels of myostatin and increased levels of 

cMYC. Changes to SMADs in both the TGF-p7activin and BMP pathway implicate their 

importance in the adaptation of muscles to dehydration stress (and/or estivation); 

however, the relationship between activated SMADs 2/3 and downstream targets 

myostatin and cMYC is seemingly decoupled. Elevated levels of GLUT4 perhaps in 

response increased P-SMAD 5 and decreased myostatin may increase plasma glucose 

transport into muscle cells, providing added substrate under hypoxic conditions created 

by high dehydration. Since myostatin inhibits activation of the Akt/mTOR pathway, and 

here we see a down-regulation of myostatin, an investigation into the positive growth 

factors of the P13K/Akt/mTOR pathway will provide an intriguing complement to this 

study and provide further insight into how estivators protect their muscles from atrophy 

(Trendelenburg et al, 2009; Watt et al, 2010). 
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I ĵy--̂ --** j J I I | 

FIG. 4.02. Effects of medium and high dehydration on the mRNA and protein 
expression of SMAD 2 inX. laevis muscle. (A) Effects of dehydration on the mRNA 
expression of SMAD 2 as determined by RT-PCR. Representative SMAD 2 amplicons are 
shown with corresponding a-rubulin bands below. Effects of dehydration on protein 
levels as determined by Western blotting after normalization to total protein: (B) total 
SMAD 2 levels, (C) cytoplasmic/nuclear SMAD 2 levels, (D) P-SMAD 2 (Ser 465/467) 
levels, and (E) cytoplasmic/nuclear P-SMAD 2 (Ser 465/467) levels as determined by 
Western blotting. Representative Western bands show SMAD 2 protein levels. 
Histograms show relative changes in normalized SMAD 2 transcripts or protein. Data are 
means ± SEM, n =3-5 independent trials. Significantly different from the acontrol or 
bmedium dehydration values using a one way ANOVA and post hoc SNK test or Students 
f-test, P < 0.05. 
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FIG. 4.03. Effects of medium and high dehydration on the mRNA and protein expression 
of SMAD 3 inX laevis muscle. Effects of dehydration on protein content as determined 
by Western immunoblotting after normalization to total protein: (A) total SMAD 3 levels, 
(B) cytoplasmic/nuclear SMAD 3 levels, (C) relative P-SMAD 3 (Ser 425) levels, and 
(D) cytoplasmic/nuclear P-SMAD 3 (Ser 425) levels. Representative Western bands 
show SMAD 2 protein levels. (E) Effects of dehydration on the relative binding by 
SMAD 3 in nuclear extracts as determined by an EMS A. Representative EMS A shows 
relative SMAD 3 binding levels. Histograms show relative changes in normalized SMAD 
3 protein. Data are means ± SEM, n =3-5 independent trials. Significantly different 
acontrol or bmedium dehydration values using a one way ANOVA and post hoc SNK test 
or Students t- test, P < 0.05. 
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FIG. 4.04. Partial nucleotide and deduced amino acid sequence of X. laevis 
myostatin. 

(A) Partial cDNA sequence of myostatin from the African clawed frog, with the 
corresponding translated amino acid sequence. Nucleotides and amino acids are 
numbered on the left. The nucleotide sequence was 248 bases and encoded 82 amino 
acids. The sequence covered amino acids 201-282 of the Western clawed frog sequence 
(Accession no. XP002931568.1), representing ~21.68% of the total myostatin protein. 

(B) Homology tree and homology matrix produced from an alignment of the partial 
African clawed frog myostatin protein sequence with myostatin from Western clawed 
frog (X. tropicalis; Accession no. XP_002931568.1), zebrafish (Danio rerio; Accession 
no. AAQl 1222), and human (Homo sapiens; Accession no. ABI48514). The percentage 
values correspond to shared identity between corresponding species. 



African clawed frog DVKTALQNWLKQPASTLGIEIKACDENGRDLPIAFRGSNE 4 0 
Western clawed frog 40 
Chicken v e-n f--t avt-p-pg- 40 
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FIG. 4.05. Comparison of the partial African clawed frog (X. laevis) myostatin protein 
sequence with the corresponding region in myostatin from Western clawed frog (X. 
tropicalis; Accession no. XP002931568.1), zebrafish (Danio rerio; Accession no. 
AAQl 1222), chicken (Gallus gallus; Accession no. AAK18000), and human (Homo 
sapiens; Accession no. ABI48514). 
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FIG. 4.06. Effects of medium and high dehydration on the mRNA and protein 
expression of myostatin inX. laevis muscle. (A) Effects of dehydration on the mRNA 
expression of myostatin as determined by RT-PCR. Representative myostatin amplicons 
are shown with corresponding a-tubulin (normalization control) bands below. (B) Effects 
of dehydration on myostatin protein levels as determined by Western blotting after 
normalization to total protein. Representative Western bands show myostatin protein 
levels. Histograms show relative changes in normalized myostatin transcripts or protein. 
Data are means ± SEM, n =3-5 independent trials. Significantly different from 
corresponding respective "control or bmedium dehydration values using a one way 
ANOVA and post hoc SNK test, P < 0.05 
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FIG. 4.07. Effects of medium and high dehydration on the mRNA and protein 
expression of cMYC inX laevis muscle. (A) Effects of dehydration on the expression of 
cMYC transcripts as determined by RT-PCR. Representative cMYC amplicons are shown 
with corresponding a-tubulin bands below. Effects of dehydration on protein levels as 
determined by Western blotting after normalization to total protein: (B) total cMYC, (C) 
cytoplasmic/nuclear cMYC, (D) P-cMYC (Thr 58/Ser 62), and (E) cytoplasmic/nuclear 
P-cMYC (Thr 58/Ser 62). Representative Western bands are shown together with 
histograms showing relative changes in normalized cMYC transcripts or protein. Data are 
means ± SEM, n =3-5 independent trials. Significantly different from "control or 
bmedium dehydration values using a one way ANOVA and post hoc SNK test or Students 
t- test, P < 0.05. 
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FIG. 4.08. Effects of medium and high dehydration on the mRNA and protein 
expression of SMAD 5 in X. laevis muscle. (A) Effects of dehydration on SMAD 5 
mRNA levels as determined by RT-PCR. Representative SMAD 5 amplicons are shown 
with corresponding a-tubulin bands below. Effects of dehydration on relative protein 
levels as determined by Western blotting after normalization to total protein: (B) SMAD 
5, (C) cytoplasmic/nuclear SMAD 5, (D) P-SMAD 5 (Ser463/465), and (E) 
cytoplasmic/nuclear SMAD 5 (Ser463/465). Representative Western bands are shown as 
well as histograms showing relative changes in normalized SMAD 5 transcripts or 
protein. Data are means ± SEM, n =3-5 independent trials. Significantly different from 
acontrol or bmedium dehydration values using a one way ANOVA and post hoc SNK test 
or Students t- test, P < 0.05. 
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FIG. 4.09. Effects of medium and high dehydration on the protein expression of SMAD 
6 inX. laevis muscle. Effects of dehydration on protein (A) SMAD 6 levels and (B) 
cytoplasmic/nuclear SMAD 6 levels, as determined by Western blotting after 
normalization to total protein. Representative Western bands show relative SMAD 6 
protein levels. Histograms show relative changes in normalized SMAD 6 protein. Data 
are means ± SEM, n =3-5 independent trials. Significantly different from acontrol or 
bmedium dehydration values using a one way ANOVA and post hoc SNK test or Students 
t- test, P < 0.05 
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FIG. 4.10. Effects of medium and high dehydration on the protein expression of GLUT4 
protein in X. laevis muscle as determined by Western blotting after normalization to total 
protein. Representative Western bands show relative GLUT 4 protein levels. Histograms 
show relative changes in normalized GLUT 4 protein. Data are means ± SEM, n =3-4 
independent trials. aSignificantly different from control values using a one way ANOVA 
and post hoc SNK test or Students Mest, P < 0.05. 
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FIG. 4.11. Effects of medium and high dehydration on the mRNA and protein 
expression of SMAD 4 mX. laevis muscle. (A) Effects of dehydration on the mRNA 
expression of SMAD 4 as determined by RT-PCR. Representative SMAD 4 amplicons 
are shown with corresponding a-tubulin bands below. Effects of dehydration on protein 
levels as determined by Western blotting after normalization to total protein: (B) SMAD 
4 levels and (C) cytoplasmic/nuclear SMAD 4 levels. Representative Western bands 
show relative SMAD 4 protein levels. Histograms show relative changes in normalized 
SMAD 4 transcripts or protein. Data are means ± SEM, n =3-5 independent trials. 
Significantly different from acontrol or bmedium dehydration values using a one way 
ANOVA and post hoc SNK test or Students t- test, P < 0.05. 
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CHAPTER 5 

General Discussion 



Amphibians inhabit all continents except Antarctica and have evolved a number 

of adaptations to survive in highly variable environments. The two examples examined 

in this thesis were the North American wood frog, Rana sylvatica, which is freeze 

tolerant, and the African clawed frog, Xenopus laevis, which is dehydration tolerant to 

-35% of total body water lost. Investigations into the physiological and biochemical 

changes that occur under these stresses have allowed the mechanisms of survivability to 

be elucidated. Metabolic rate depression (MRD) to reduce total energy expenditure and 

the use of colligative osmolytes to protect against dehydration/freezing are two general 

principles that have been identified in frogs adapting to environmental stress. However, 

despite global MRD that includes strong suppression of transcription and translation, 

certain suites of genes and proteins are upregulated during cellular stress, and these have 

been identified in being conducive to survivorship. 

Despite the adverse conditions that amphibians must have faced throughout the 

many years that they have inhabited the Earth (an estimated 350 million years), in the last 

40 years amphibians have faced an unprecedented decline, now making them the most 

threatened vertebrate class on the planet with as many as one-third of amphibian species 

at risk of extinction (Sodhi et ah, 2008; Carey et ah, 1999; Stuart et al, 2004). This has 

prompted research on the normal fitness of frogs, analyzing what keeps these animals 

healthy, so as to better identify and understand deviations that could signal compromised 

health. How the environment impacts the immune system and the muscle fitness of the 

frogs R. sylvatica and X. laevis has been the focus of my thesis, with the emphasis being 

on the gene and protein regulation of antimicrobial peptides (AMPs) and the SMAD 

family of transcription factors (with respect to AMP regulation and muscle mass). 
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Dormancy and the Immune System 

Environmental stress impacts host-parasite relationships among amphibians 

(Pounds et al., 1999; Woodhams et al., 2007), both directly and indirectly affecting the 

immune system (for review: Blaustein et al., 2010). How environment impacts amphibian 

disease is a major question in ecology, which has become increasingly important as 

scientists try to understand amphibian population declines (Raffel et al., 2006; Kielgast et 

al., 2010). This is because environmental change is often blamed for the increases in 

infectious disease that are contributing to the global declines of amphibian populations. 

In order to understand the emergence of infectious disease, the impact of environmental 

factors on the disease dynamic needs to be understood (Fisher, 2007). 

Previous studies analyzing the immune system of amphibians in response to 

physical environmental changes have shown that prolonged cold exposure, as occurs 

during hibernation, results in signs of substantial adaptive immunodeficiency. These 

include: an atrophied thymus during the winter, progressive losses of hemapoietic 

populations, decreased proliferation of T-lymphocytes, marked lymphocyte depletion, 

prolonged transplantation graft survival time, and an absence of immunological 

responsiveness to immunization (Miodonski et al., 1996; Jozkowicz & Plytycz, 1998; 

Maniero & Carey, 1997; Cooper et al., 1992). Despite these severe changes, analysis of 

innate immune components shows signs of selective activity. These include significant 

increases in neutrophils (but decreases in eosinophils) and a maintained low temperature 

response by the complement system (but diminished overall levels of complement 



molecules) (Mamero & Carey, 1997; Cooper et al., 1992; Ruben et al, 1977; Day et al, 

1970). 

Metamorphosis poses another period of adaptive immune incompetency. During 

the water-breathing juvenile (tadpole) stage, lymphocyte populations expand into an 

immune-competent system. During metamorphosis, amphibians undergo extensive 

rearrangements of their cells, organs and tissues and many metabolic processes, including 

the immune system. Amphibian metamorphosis is under neuroendocrine control and 

these hormones cause amphibians to dismantle their premetamorphic immune system by 

inducing apoptosis in susceptible lymphocytes and inhibiting lymphocyte proliferation. 

This substantially decreases lymphocyte populations in the thymus, liver, and spleen by 

at least 40% (for review: Rollins-Smith, 1998). Experiments have shown that during this 

time, tolerance is easily induced (Pasquir & Haimovich, 1976). Therefore, the 

dismantlement of the juvenile immune system may serve to eliminate unnecessary 

lymphocytes that may not be able to tolerate newly emerging adult-specific antigens and 

would consequently react adversely with adult tissues, potentially causing negative auto

immune reactions (Rollins-Smith, 1998; Pasquier& Haimovich, 1976). Following 

metamorphosis, lymphocyte populations expand to generate a renewed immune system. 

Antibodies of the mature adult immune system have a higher affinity and greater 

diversity than those created by the juvenile immune system and are tolerant of the adult-

specific molecules. Normally, metamorphs pass through the period of immune 

incompetency without danger, suggesting that molecules of the innate immune system 

must be keeping them healthy in the interim. An elevated innate immune system has 

been demonstrated previously at the onset of metamorphosis in sea squirts and insects, 
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however being invertebrates, these animals lack a functional adaptive immune system 

(Davidson & Swalla, 2002; Altincicek & Vilcinskas, 2006). 

Chapters 2 and 3 explored the impacts of cellular stress on AMP expression. 

AMPs are effector molecules of the innate immune system that are commonly found on 

frog skin and mucosal tissues, thereby providing the first line of defense against 

environmental microbes. AMPs were thought to be good candidates for protecting frogs 

while under the energy restriction of dormancy. In Chapter 2, the skin and mucosal 

tissues ofR. sylvatica were scanned for expression of its singular dermal AMP, brevinin-

1SY. The expression of brevinin-lSY was confirmed in all tissues tested, and the study 

went on to characterize the response of this AMP to freezing, anoxia, dehydration, and 

metamorphosis using RT-PCR. Although changes in expression were generally limited, 

each tissue showed a stress specific response by its AMP. Freezing was associated with a 

decrease in AMP expression in both dorsal skin and large intestine, perhaps to promote 

the winter growth of the ice nucleating bacteria found in these areas. Anoxia was 

associated with a decrease in AMP expression in the small and large intestine, and an 

elevation in AMP expression in the ventral skin. The blood is preferentially shunted 

away from the gut during anoxia, and a lowered level of AMPs may help mitigate a 

destructive immune response upon reperfusion. With lowered internal immune defenses, 

the external barrier becomes increasingly important, potentially accounting for the 

increased levels of skin AMPs during anoxia. Finally, dehydration was associated with 

increased AMP mRNA in dorsal and ventral skin and lung. This suggests the preferential 

protection of the respiratory tissues during dehydration. Interestingly, the AMP 

expression of the stomach did not change with respect to any of the stresses, reflecting 
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the fact that the stomach is not used during dormancy and thus would not be exposed to 

food borne pathogens. The tissue specific expression of brevinin-lSY in response to 

each stress suggests a shared defense function that protects the dormant animal either 

immunologically its presence or in other ways by its absence (for example, in the case of 

freezing, AMP down regulation may allow ice nucleating bacteria to grow). Although 

the regulation of AMPs during stress implicates their importance, the few tissue-specific 

selective elevations in AMPs dismiss the idea of a global protective response by AMPs. 

However, the regulation of brevinin-lSY in the skin as a response to freezing, anoxia, or 

dehydration preserves their importance in the protection of the skin from pathogens 

during environmental stress. Indeed, this is the most likely organ to face environmental 

pathogens while the animal is in a hypometabolic state. The selective enhancement of 

innate immune AMPs in certain tissues suggests that, in addition to regulating which 

parts of the immune system remain active during dormancy, where these immune 

effectors are active is also regulated. During metamorphosis, brevinin-lSY expression is 

strongly correlated with metamorphosis and the development of adult skin, suggesting the 

enhanced protection of metamorphs by AMPs. These results remain consistent with 

theoretical work that suggests that a partially effective immune system can achieve the 

greatest fitness when balancing the costs of the immunity and are reflective of the studies 

(above) that show selective regulation of aspects of the innate immune system (Behnke et 

al, 1992). 

In Chapter 3, the effect of dehydration (potentially leading to an estivating state) 

on the expression and regulation of another AMP, hepcidin, was analyzed in X. laevis 

liver. While studies have focused on the impacts of cold-induced dormancy on the 



immune system, seemingly few have looked at hot, dry conditions that induce dormancy. 

This is surprising considering that bacterial growth is temperature dependent and could 

be expected to be accelerated at high environmental temperatures. Hepcidin is an AMP 

synthesized in the liver that also plays a role as an iron regulatory hormone. The data 

provided in this thesis is the first report of multiple hepcidin forms inX laevis and the 

differential regulation of these peptides in response to dehydration. Transcript levels of 

hepcidin I increased significantly in liver in response to medium and high dehydration, 

whereas hepcidin II transcripts rose only under high dehydration. Protein levels of the 

transcription factor STAT 3, an inducer of hepcidin expression, rose during high 

dehydration and cMYC, an iron and cell-proliferation regulator, rose during medium and 

high dehydration suggesting their control over hepcidin expression. At the same time, 

members of TGF-P mediated SMAD pathway, which antagonizes hepcidin expression, 

were suppressed under high dehydration further allowing an environment conducive to 

hepcidin expression. Interestingly, active members of the BMP-mediated SMAD 

pathway that promotes hepcidin expression in response to iron loading, were also 

suppressed during dehydration (but with no change in active nuclear levels), suggesting 

that enhancement of hepcidin under dehydration stress is not due to its iron regulatory 

role but rather to its immune function. Accordingly, STAT 3 has been shown to be the 

pathway through which inflammation triggers hepcidin (Huang et ah, 2009). These data 

further supports a tissue selective role of AMPs in response to environmental stresses, 

and the limited data presented here in both the wood frog and African clawed frog 

suggests that desiccation resistance benefits most from the enhancement of these innate 

immune molecules. Therefore, these data suggests that while studies have shown that the 



adaptive immune system is severely impaired in frogs during dormancy, the elementary 

effectors of the innate immune system are still providing some protection of these 

animals against environmental pathogens. The tissue selective nature of their 

expressions, however, means researchers must be wary of making generalizations 

claiming the presence or absence of innate molecules for fear that important tissue-

specific information becomes overlooked. 

Estivation and Skeletal Muscle Mass 

Prolonged disuse or energy insufficiency typically leads to muscle atrophy in 

mammals. However, animals that undergo natural bouts of MRD, such as estivators, 

show limited muscle wasting despite being inactive for many months (sometimes even 

years). Frog skeletal muscle changes during estivation have been extensively 

characterized in the green-striped burrowing frog, Cyclorana albogultata. These have 

documented preserved muscle mass, muscle cross-sectional area, water content and 

myofibre number in the powerful jumping muscles (crurais & gastronemius) following 

nine months of estivation (Mantle et al., 2009). Following three months of estivation, 

these frogs have the immediate capability to resume muscle function as determined by 

the maintenance of in vitro force production and swimming performance (Hudson & 

Franklin, 2002a). The molecular changes underlining this capacity in muscle of 

estivating frogs have not yet been fully elucidated. 

With the fitness advantages of preserving muscle mass being clear, especially 

considering the limited time that many estivating species are actually active during the 

year, an important aspect of dehydration tolerance in X. laevis might involve the 



induction of muscle preserving pathways. In Chapter 4, the myostatin/SMAD signaling 

pathway was examined in heterogeneous hind leg skeletal muscle of X. laevis to examine 

its potential contribution to atrophy protection. Myostatin is a negative regulator of 

muscle mass that has been shown to be upregulated in atrophied muscles and 

downregulated in hypertrophied muscles. In order to preserve muscle mass, the 

myostatin pathway may need to be diminished. Indeed, a downregulation of both 

myostatin mRNA and protein were found in X. laevis skeletal muscle during dehydration. 

A similar study in the 13-lined ground squirrels showed that while myostatin levels were 

maintained during hibernation, the protein levels of its inhibitor were enhanced, 

suggesting the control of myostatin at the signaling level (Brooks et ah, 2011). 

Furthermore, cMYC, a proliferation enhancing transcription factor, was upregulated 

during dehydration. Thus, the signaling and expression of myostatin was seemingly 

decoupled from its signaling pathway since active SMADs 2/3 were upregulated in 

response to dehydration. Finally, levels of GLUT4 were enhanced under high 

dehydration conditions, with possible control by enhanced SMAD 5 and decreased 

myostatin levels as compared to medium dehydration. These studies suggest that instead 

of molecular signals inhibiting muscle growth, as would occur during normal bouts of 

inactivity, signals initiating muscle growth are put in place during estivation. 

SMAD Family of Transcription Factors 

SMAD transcription factors are a network of signaling molecules that propagate 

signals from the TGF-P superfamily of ligands. My thesis work adds this signaling 

pathway to a growing number of transcription factors that are differentially regulated 

during dehydration in the African clawed frog (Malik & Storey, 2009; Malik & Storey, 



2011). A comparison of the SMAD activation in the liver and muscle shows that these 

two organs are selectively regulated. In fact, the expression patterns of P-SMADs 2-4 

directly oppose each other in the two tissues. This is in alignment with the different 

functional outcomes for which SMADs signal in the muscle and liver and the inherent 

differences in the muscle and liver tissues themselves. In general, most of the P-SMADs 

showed no regulation during medium dehydration, the exceptions being P-SMAD 5 in 

liver and muscle, and SMAD 6 in muscle. Relative phosphorylation levels of the R-

SMADs were all suppressed in liver during high dehydration, suggesting that this 

transcription factor pathway does not play a significant role in gene upregulation during 

estivation in this tissue. Alternatively, the phosphorylated R-SMADs of the TGF-

p/activin mediated pathway and co-SMAD 4 were all selectively upregulated in muscle, 

suggesting that this pathway has a significant role to play in muscle viability during 

dehydration. Increases to the phosphorylation levels in R-SMADs were all reflected in 

the nuclear fractions. 

All studied targets showed evidence for transcriptional regulation. The regulatory 

patterns of P-SMADs observed in the liver during dehydration correlated well with the 

changes found in the assessed downstream targets: hepcidin 1, hepcidin 2, and cMYC. 

However, this was not true of the relationship between P-SMADs and the assessed target 

genes (myostatin, cMYC) in the muscle. cMYC was analyzed in both liver and muscle 

tissue, and was found to be upregulated in both tissues during medium and high 

dehydration at both the transcript and protein level. The products of these genes, as 

discussed in the individual chapters, could provide mechanisms that sustain the African 
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clawed frog under desiccating conditions in estivation by providing protection against 

pathogens and protective measures against muscle atrophy. 

Future Studies 

This thesis touched on a few of the processes and molecular mechanisms that 

facilitate the survival of frogs under environmental stress conditions, yet much remains to 

be explored. 

The data presented in Chapters 2 and 3 hinted at a tissue selective regulation and, 

in some cases, activation of antimicrobial peptides in response to imposed stress 

(freezing, anoxia, dehydration). However, further work is needed to validate that protein 

expression reflects the trends observed for these AMP transcripts. mRNA and protein 

expression are not always correlated, as is evidenced in this thesis by SMAD 5 in muscle, 

and since peptides hold the effector function, supplemental work needs to be conducted 

in order for conclusions to be drawn on their protective function. Furthermore, a number 

of other antimicrobials have been identified in the African clawed frog. In addition to 

high levels of expression in the skin, two of these AMPs, magainin and PGLa, are also 

known to be distributed throughout the stomach and gut (Moore et ah, 1991; Reilly et ah, 

1994a). Magainin has previously been found to be upregulated at both the transcript and 

protein level in the of skin X. laevis during dehydration, similar to the effects of 

dehydration on brevinin-lSY expression in the skin of R. sylvatica (HA Holden, 

unpublished data). Further characterization of magainin and PGLa in the stomach and 

gut, and potentially the lungs, during dehydration in X. laevis will provide a comparison 
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to the work completed in R. sylvatica and allow trends to be visualized and potential 

principles to be formulated. 

The activation of STAT 3 in liver, as observed in Chapter 3, suggests other 

immune targets that may be responsive during dehydration. STAT 3 is known to play a 

hepatoprotective role against persistent inflammatory stress (Wang et ah, 201 la). STAT 

3 is activated in liver resident macrophages called Kupffer cells by pro-inflammatory 

cytokines. Through the integration of these signals, STAT 3 either potentiates the 

proinflammatory response or inhibits it through the activation of the suppressor of 

cytokine signaling 3 (SOCS3) (for review: Wang et ah, 201 lb). Since inflammation is 

the trigger leading to an adaptive immune response, and evidence suggests that the 

adaptive response may be absent in hypometabolic states, an analysis of STAT 3 induced 

SOCS3 would provide an interesting assessment of whether crosstalk still occurs between 

the innate and adaptive immune system during dormancy. 

The data in Chapter 4 suggests that major biochemical reorganization occurs in 

the skeletal muscle of X. laevis. Here it was shown that myostatin levels were 

downregulated while cMYC and GLUT4 were upregulated in response to dehydration. 

The negative growth signals of the myostatin signaling pathway are typically balanced by 

the positive growth signals from the Akt/mTOR signaling pathway. The mTOR signaling 

pathway is a key component of the insulin receptor network and the primary cellular 

process responsible for regulating protein synthesis. To expand the picture of the 

processes that interplay in skeletal muscle to prevent muscular atrophy over prolonged 

dormancy, a study of the mTOR pathway would provide data complementary to that 

presented here. 



140 

The TGF-p/activin mediated P-SMADs (SMADs 2/3) and co-SMAD 4 inX. 

laevis were the only SMADs that were upregulated during dehydration in muscle and 

liver. Interestingly, their signaling capacity was not correlated with myostatin signaling, 

suggesting that an alternative signal crucial to muscles in dehydration is using the 

pathway to propagate its signal. Besides myostatin, TGF-P 1 is the other member of the 

TGF-P superfamily that is of particular importance in skeletal muscle (for review: Burks 

& Cohn, 2011). TGF-P 1 is an anti-inflammatory cytokine expressed during myogenesis 

and is physiologically upregulated in the regeneration of skeletal muscle following injury 

(Serrano & Munoz-Canoves, 2010; Gosselin & McCormick, 2004). TGF-P 1 signals 

through both the canonical TGF-P pathway (i.e. SMADs 2/3/4) and the non-canonical 

mitogen-activated protein kinase (MAPK) pathway (for review: Burks & Cohn, 2011). 

Evidence of the potential role of TGF-P 1 signaling is the activation of MAPK family 

members from both the extracellular signal-regulated kinases (ERK) pathway and the c-

Jun N-terminal kinase (INK) pathway inX. laevis skeletal muscle during dehydration 

(Malik & Storey, 2009; Malik, 2009). This prompts future work looking at the 

expression of myogenesis targets in the myocyte enhancer factor-2 (MEF2) family, for 

which SMADs are a co-modulator of transcription (Quinn et al., 2001). MEF2A and 

MEF2C protein and phosphorylation levels were previously shown to be upregulated in 

the muscle tissue of hibernating 13-lined ground squirrels, implicating their value in 

preserving muscle during dormancy (Tessier & Storey, 2010). Interestingly, GLUT4 is a 

downstream target of MEFs, and this protein was also found to be significantly 

upregulated during high dehydration inX. laevis. 
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Conclusions 

The data presented in this thesis concludes antimicrobial peptides, belonging to 

innate immunity, are an important component of the stress response in anurans. Brevinin-

1SY is subject to activation in response to environmental stresses in a tissue selective as 

well as a developmentally dependent manner in wood frogs. Comparably enhanced 

transcription of hepcidin occurs in liver of African clawed frogs. Dehydration also 

diminishes the negative growth regulator myostatin in skeletal muscle of X. laevis. 

Furthermore, SMAD transcription factors were subject to activation in the muscle of 

African clawed frogs, but not the liver, during high dehydration. These data reflect the 

importance of suppressing metabolic rate in the liver, with the selective activation of key 

functions that contribute to liver preservation. With the new knowledge presented, a 

plethora of exciting leads and questions are generated that will help to unravel the 

mysteries behind how wood frogs and African clawed frogs protect their tissues to endure 

long term environmental stress. 
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expression in the wood frog, Rana sylvatica. 
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Holden HA, Storey KB. Expression of SMAD transcription factors in the skeletal 
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Holden HA, Storey KB. Reversible phosphorylation regulation of NADPH-linked 
polyol dehydrogenase in the freeze-tolerant gall moth, Eurosta solidaginis. 

Holden HA, Storey KB. Regulation of NADP-Isocitrate Dehydrogenase by State-
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Turtles, Trachemys scripta elegans. 
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Frog, Rana sylvatica. Canadian Society of Zoology Annual Meeting. Ottawa, ON. 

May 16-20, 2011. (Selected Talk; Hoar Award Nominee) 

Holden HA, Tessier SM. Conquering Adversity. Celebration of Women in Science and 

Engineering. Ottawa, ON. April 5, 2011. (Selected Talk) 

Holden HA, Storey KB. Surviving Freezing: Impacts on the Immune System. Infection 

and Immunity Research Forum. London, ON. November 5, 2010. (Selected Talk, 
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Holden HA, Storey KB. Sub-Zero Survival: Animal Responses to Freezing 
Temperatures. Celebration of Women in Science and Engineering. Ottawa, ON. 
April 8, 2010. 
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Holden HA, Storey KB. Impact of Dehydration on the Immune System in the African 

Clawed Frog, Xenopus Laevis. Ottawa-Carleton Institute of Biology Symposium. 
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Holden HA, Storey KB. Immune responses to environmental stresses: roles of the 

antimicrobial peptide brevinin-lSY during hypometabolism. Canadian Society for 
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Tolerant Trachemys scripta elegans by State-Dependent Phosphorylation. 
Ottawa-Carleton Institute of Biology Symposium. Ottawa, ON. April 13, 2010. 

Holden HA, Storey KB. Regulation of NADP-Isocitrate Dehydrogenase in Anoxia 

Tolerant Trachemys scripta elegans by State-Dependent Phosphorylation. 

Chemistry and Biochemistry Graduate Research Conference. Montreal, QU. 

November 20-21, 2009. 
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