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1 ABSTRACT 

Janani Balasubramaniam, for the degree of Master of Science, Graduate Department of 
Zoology, University of Toronto, Toronto, Canada, jan.balasubramaniam@utoronto.~a 

IDENTIF'ICATION OF ANOXIA-INDUCED EXPRESSION OF HSP70 IN 

CRRYSEIicIpS PICTA BELLI HEPATOCYTES 

This study examines the expression of the 70 kDa heat shock protein (HSPiO) in 

hepatocytes from Chrysemys picta belli in respoase to various stresses, namely heat 

shock, anoxia, and exposure to heavy metals and peroxide. The effect of the Al receptor 

agonist, ~~-c~clo~entyladenosuie (CPA), and antagonist, 8-cyclopentyl-1,3-dipropyl- 

xanthine (DPCPX), on the expression of HSP70 during heat shock and anoxia were also 

investigated. HSP7O mRNA and protein were detected at temperatures ranging fkom 

28°C-48°C. Temperatures above 4S°C were injurious to the cells. Both heavy metd and 

peroxide exposure resulted in the expression of HSP7O mRNA and protein. hportantiy, 

1 to 6 h anoxia induced the expression of HSP7O mRNA and protein. DPCPX blocked 

the expression of both HSP70 mRNA and protein during aaoxia However, CPA failed to 

induce the expression of HSP7O during wrmoxia. DPCPX did not block the expression 

of HSP7O during heat shock. These data also suggest that the induction of HSP70 during 

anoxia may be AIR mediated, indicaîing that the expression of HSP70 cm be induced 

via different pathways. 
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CHAPTER 1 INTRODUCTION 

1 .  Turtles and rnoli. tolennce: 

Living without oxygen is a cornmon adaptation among invertebrate species; 

however, among vertebrates this adaptation is extremely rare. One of these vertebrates is 

the Western-painteâ turtle, Chrysemys picta belli, which can survive up to 6 months of 

oxygen deprivation and has even been refend to as a 'Yacuitative anaembe" (Storey and 

Storey, 1990). 

The unique adaptations of this turtle species to survive anoxia have been weli 

studied by various investigations when these ceUs were challenged with anoxia (Buck et 

al., 1993b; Land et al., 1993; Buck et al., 1993a). They also showed that ATP 

concentrations of normoxic and anoxic cells were not significantly different fiom each 

other. A decrease in ATP production implies that ATP utilization must also decrease. 

To m e r  demonstrate this acute anoxic reduction, a study using microdorimeter 

showed that turtle hepatocytes underwent a 65% decrease in heat flux in response to 

anoxia alone, and a 95% decrease when anoxia was cornbined with decreased 

temperature (Buck et al., 1993a). The large-scale reduction in ATP tumover rates and 

heat flux indicate that, under physiologically over-wintering conditions (anoxia at 4"C), 

turtle hepatocytes can undergo marked metabolic d o m  regdation. 

There are many important energy consunhg cellular processes that exist during 

the nomai physiology of cells. Several of these have been studied in the turtle 

hepatocytes, such as the Na'/lC+-~TPase activity which fûnctiom to maintain the ce11 

membrane ionic gradient, protein synthesis, and m a  synthesis. In order to understand 



the mechanism of anoxia tolemuce in turtle hepatocytes, it is instructive to consider how 

these energy-consuming processes are modified during anoxia. 

Under normoxic conditions, ~a+lK'-~TPase activity consumes 6040% of the total 

cellular energy budget in hepatocytes (Nobes et al., 1989). Using the ouabain inhibitable 

fiaction of '6Rb' transport, Buck and HochachLa (1993) demonstrated a 75% reduction 

in this pump's activity upon expasure to auoxia; an action which has been shown to be 

ATP sparing during stressfbl conditions. 

Biosynthesis of proteins requires the hydrolysis of four ATP equivalentdpeptide 

bonds and 1 additional A T '  for amino acid transport. Therefore, in animals such as 

tuxties, where ATP production is depressed during long-tem anoxia, sustainiag rates of 

protein synthesis would be an expensive process. To investigate this, Land et al (1993) 

examined the ability of hepatocytes to suppress protein synthesis and urea production 

during anoxia They showed that while protein and urea synthesis utilize between 15- 

30% of the total ATP turnover, these values decrease to 2.8% during anoxia (Land and 

Hochachka, 1994). This reduction in energy consumption may act as another important 

ATP sparing mechanism during anoxia 

Considering the high energy demand of protein synthesis, it is of interest to 

determine if selective gene expression occurs during stressful conditions, as they may 

play vital roles in promoting anoxia tolerance. Such an occurrence has in fact been found 

in anoxia- or heat shoçk-exposed turtle hepaîocytes where the expression of 5 types of 

protein has been shown to increase (Land and Hochachka, 1994; Hochachka et al., 1996). 

We suspect that these upregulated proteins are stress pmteins, commonly known as heat 

shock proteins (HSP), which have been shown to be evolutiody coaserved and present 



in al1 organisms studied (Moimoto, 1993). Thus far, many mammalian studies have 

focused on the mechanisms of induction of HSPs during anoxia, while littie has been 

investigated about their d e s  in anoxia tolerant models. 

1.2 Heat shock smteins 

Heat shock proteins are evolutiormily conserved cellular proteins that are 

expressed not only during heat shock, as the name implies, but also under a variety of 

stressors, such as, ischemia, anoxia, hypoxia, elevated Ca* levels, protein kinase C 

stimulators and intense exercise (Kiang and Tsokos, 1998). Several types of HSP 

families have k e n  identifid: HSPlO, HSP90, HSP70, HSP60, as well as the small 

HSPs. There are a number of common features across the different types of HSPs. For 

instance, al1 of these proteins have chaperoning activities, thus they recognize unfolded, 

misfolded and aggregated proteins and they require ATP for their chaperoning function 

(?Cu and Lindquist, 1993; Welch, 1992). HSP90, 70, and mal1 HSPs interact with 

cytoskeletai proteins and accumulate inside the nucleus upon heat shock. HSPlOO and 

HSP70 are involved in protein degradation pathways. Each group, however, has specific 

characteristics, which will be outlined below. 

(I) HSP100: Wiîh molecular weights ranging fiom 104 kDa to 110 kDa, these 

proteins are found in both prokaryotes and eukaryotes. Each member of the family 

possesses ATPase activity and contains at ieast two ATP-binding domains. These 

proteins are mody heat inducible, but a constitutive form also exists (Parsell et al., 

1994). Evidence of HSPlOOs providing cytoprotection is still unclear. At least some 

memben of the family are involved in promoting degradation of damaged proteins. 



(u) HSP90: These proteins have been shown to have a regdatory hinction associated 

with several protein kinaxs and oiher proteins such as steroid hormone receptors, 

transcription factors, actin, tubilin and cdmodulin (Welch, 1992). HSP90 is also known 

to decrease activity of several protein kinases, transcription factors and giuwcorticoid 

receptoa. HSP90 itself is a subsaate to protein kinases and seems to have ATPase 

activity (Legagneux et al., 1991). One of the major fiinctions of HSP9O is in regdation of 

the cytoskeieton, including ceii shape and motility. This protein aui bind to actin and 

tubulin, and is associated with the plasma membrane. in higher eukaryotes glucose 

regulated protein (GRP94) is also a member of the HSP90 family that is present in the 

endoplasrnic reticulum (ER) and aids in protein secretion. 

(fi) HSP60: In eukaryotes, this group of proteins is present in the matrix of the 

mitochondria HSP6O has a weak K+ dependent ATPase activity and exhibits chaperone 

properties. In mammals, HSP60, which is present both constitutively and induced upon 

stress, has been shown to be necessary for norrnal mitochondrial functioning (Agsteribbe 

et al., 1993). In prokaryotes, the bacterial homologue of HSP6O is known as the groEL. 

Along with other chaperones, Le., groES (HSP10) and DnaK (HSP70), groEL regulates 

protein folding and assembly (Gethg and Sambrmk, 1992; Georgopoulos and 

McFarland, 1993). 

1.3 HSP70 

HSP7O is known to be the major molecular chaperone in both eukaryotes and 

prokaryotes and has been shown to be present in almost dl cellular compartments and 

organelles (Gething and Sambrwk, 1992). HSP7O proteins are highly conserved with a 

60-78% identity among eukaryotic cells and 40-60% identity between eukaryotic and 



prokaryotic cells. In prokaryotes, the bacterial d o g u e s  of HSP70 are known as hiaK 

(Lindquist and Craig, 1988). 

The inducers of the HSP70 gene can be divided into 3 generai categones: 1) 

environmental stress, 2) pathophysiological stress, and 3) non-stressfidi coaditions (See 

Fig. 1) (Morimoto et al., 1992). The fhst report of HSPs appeared in 1962; after 

Drosophila larvae salivary gland cells were exposed to 3PC for 30 min and then retumed 

to their normal temperature at SOC, a chromosomal putnag was observeci in these celis 

(Ritossa et al., 1962). in 1974, Tissieres and CO-workers showed that this heat induced 

putfing was accompanied by an increase in expression of proteins with the molecular 

weight of 70 kDa (Tissieres et al., 1974). Now it is generally accepted that genes, which 

are expressed during stressfiil conditions such as heat shock, anoxia, exposure to heavy 

metals, and various other stressors encode special proteins possessing cytoprotective 

roles. These inducible proteins c m  be grouped in a family of so cailed "heat shock 

proteins" (HSPs) or "stress proteins" or "molecular chaperones". 

The HSP70 proteins have ubiquitous chaperonhg activity, with highly conserveci 

nucleotide binding N-termi.mil domain, and a relatively variable peptide binding C- 

terminal domain. This protein is the most widely snidied of the HSPs and belongs to a 

multigene family. in unstressxi cells, the constitutive form of this protein (HSC7O or 

cognate) is expressed. The major role of HSC70 in unstressed ceils is to facilitate the 

folding of nascent proteins, preventing their aggregaîion, and chaperon proteins to 

various sites. Following heat shock or other stressors, however, HSC7O and HSP70 are 

involved in refolding denaturd proteins (Geüiing and Sambrwk, 1992; Welch, 1992; 

DeLuca-Flaherty et al., 1990). 



Another HSP70 isoform, the 78 kDa protein GRP78 or BIP, is present in the ER 

and is expressed constitutively. Its synthesis can be enhanced by heat shwk, hypoxia, 

increased ca* levels and various other stressors (Lindquid and Craig, 1988; Gething and 

Sambrook, 1992; Welch, 1992). In mitochondria, the HSP7O family is representd by a 

75 kDa chaperonhg ATPase (GRP7S) which is made in the nucleus and transportai to 

the mitochondrial matrix where it plays an important role in processes of folding and 

assembly of proteins des t in4  for mitochondria (Bhattacharyya et d, 1995). 

Ji) HSP7O eene renuiation 

Under physiologicaily stressfiil conditions, such as heat shock, the inducible 

HSP70s are produced to repair damaged proteins. The steps involved in the induction of 

HSP70 are many. An element involved in the initial steps of HSP induction has been 

recognized to be a transcription factor known as heat shock factor (HSF). In unstressed 

cells, this HSF is present in the cytoplasm and the nucleus, where it is synthesized 

constitutively and stored in monomeric fonn (Perisic et ai., 1989). in such monomeric 

form, it is unable to bind to DNA. In response to stress, however, HSF trimerizes and 

migrates to in the nucleus (Westwood and Wu, 1993) (See Fig. 2). 

Three types of HSF are known: heat shock factor 1 (HSFI), heat shock factor 2 

(HSF2), and heat shock factor 3 (HSF3). Ali thme types have similar molecular 

organizations: a DNA binding domain at the N& terminal with hydrophobic amino acid 

repeats (leucine Ppper), followed by amino acid repeats at the carboxyl terminal. The 

induction of transcription requires formation of trimes, which are depended on 

hydrophobic repeats located at this terminal (Rabindran et al., 1991). 



HSFl is activateci upon exposure to increased temperatmes, heavy metals, amino 

acid analogues, or oxidative stress. HSF2 is activated during differentiation or 

development The f a o r s  leading to HSF3 activation, however, are still under 

investigation (Sarge and Cullen, 1997). As shown in Fig. 2, followuig multiple activation 

processes, HSF binds to a specialized region known as the Heat Shock Element (HSE) 

within the promoter region of the HSP70 gene and initiates the nanscription of HSP70 

mRNA- This mRNA then moves to the cytoplasm where it is translated to heat shock 

proteins (Larsen et al., 1995). 

How is the DNA binding aflkity of HSF regulated? Monomeric foms of HSF 

bind to DNA more poorly than the triment forms (Clos et ai., 1990). Therefore, 

induction of HSF-DNA binding involves the formation of trimers which are dependent on 

hydrophobic repeats located in the carboxy terminai of the HSF protein. Leucine zippers 

Iocated at the COOH terminal maintain the rnonomeric form of the protein under normal 

conditions (Rabindran et al., t 993). 

1.4 HSP70 and stress tolemnce (~reconditionina 

Once an unstressed ce11 or organism undergoes direct exposure to an extreme 

stress, cellular damage or necrosis may occur. However, if the ce11 or organism was 

previously exposed to the milder form of that stress, it can become more tolerant to a 

subsequent extreme exposure. This is a general phenornenon for induction of tolerance or 

preconditioning in response to any type of stress. Thermo-tolenuice was fim seen in 

Yeast (Saccharmyces cerevisiae), where the surYival of cells exposed directly to a high 

temperature (50°C) was compared to the survival of those that were first pretreated at a 

milder temperature (37OC) for 30 min before exposure to 50°C. It was observeci that 



pretreatment improved survival at 50°C more than 1000-fol& tnterestingly, pretreated 

groups also showed elevated levels of HSP7O (Sanchez and Lindquist, IWO). 

The same phenomenon is observed in ischernic/hypoxic preconditioning. This 

type of preconditioning can be defined as an adaptive change occurring early after a 

period of brïef, sublethal ischemia that confers a state of tolerance upon an organ or 

tissue. This can resdt in resistance to a subsequent more letbal ischemic injury. However, 

it has been difficdt to f o d a t e  a defimte mechanism for hypoxïd~schemic 

preconditioning due to the fact that the t h e  h m e  for preconditioning of different organs 

is different. 

The heart was the first organ where the participation of HSPs in protecting against 

ischemia was demonstrated by over-expressing HSP70 in transgenic animais. Mestri1 and 

colleagues (1995) used an embryonic heart derived ceU line (H9c2) that constitutively 

over expressed human inducible HSP70. Ischemic-like conditions were initiated by 

hypoxia and glucose deprivation. HSP70 over-expression did confer resistance to the 

simulated ischemia Furthemore, in the parentai ce11 line of H9c2 cells, previous heat 

shock resirlted in the accumulation of inducible USP70. They concluded that HSP7O 

played a major role in protecting cardiac cells against ischemic injury (Mesiril and 

Dil lmann, 1 99 5). 

In 1990, Kitagawa and CO-workers were the first to discover the preconditioning 

phenornena in brain. Gerbils subjected to global ischemia through occlusion of bilateral 

cornmon carotid artenes for 5 min showed marked neuronai death of CA1 slices (a 

defmed region of hippocampus) after 7 days of recovery. Pretreatment of the gerbils with 

2 min of ischemia 1-2 days pnor to the 5 min ischemic insult, protected the neurons fiorn 



ce11 death (10-fold increase in neuronal sumival). Kirino et al (1991) extendeci this study 

and showed accumulation of HSP70 in the gerbil CA1 region afkr 2 min of ischemia 

Kitagawa (1990) confirmed and fiuther studied this hypoxic/ischemic induction of 

HSP70. These studies concludeci that HSP70 is induced in the brain as a resuit of 

ischemialhypoxia, and its expression might be necessary for preconditioning (Kirin0 et 

al., 1 99 1 ; Kitagawa et al., 1 990; Aoki er al., 1 993). 

In the rat Liver, researchers observed that short term ischemia f 15 min) increased 

HSP7O expression d e r  48 h and afforded significant protection of hepatic function and 

survival following a longer ischemic insult (Kume et al., 1996). Furthemore, Saad and 

coworkers (1995) studied the effect of heat pretreatment on ischemic tolerance in rat 

liver, by first exposing rats to whole-body heat shock (42OC, 15 min) which induced 

transcription and translation of HSP7O. Two days later, in situ livers were subjected to 

warm ischemia for 30 min and subsequent repemision for 40 min and little damage was 

observed (Saad et al., 1995). This was similar to the results observed in the HSP70 over- 

expressing heart model. 

HSP7O has been shown to play a significant role in the mechanism of 

preconditioning in various organs. However, what triggers the production of HSP70 at 

the time of stress is under much debate. Recent studies have shown that the endogenous 

neuromodulator adenosine is an important mediator of preconditioning (Rudolphi er al., 

1 W2a; Sweeney, 1997). Thus, in understanding different mechanisrns of preconditioning 

and anoxia tolerance, it is important to investigate the relationship between the presence 

of adenosine and HSP70 production. 



Adenosine may be best characterized as a homeostatic ce11 signal, which tends to 

maintain the cellular resting state and to counteract hct ional  or metabolic activation. Its 

physiological and metabolic fhctions include vasodilaation, inaeased glycolysis, and 

decreased neurotransmitter release and neuronal excitability. It is well established thaî 

adenosine plays a protective role in the mammalian brain during the initial penod of 

energy deficit caused by hypoxia or ischemia (Rudolphi et al., 199% Sweeney, 1997)- 

This protection, however, is only temporary, as afler 2-3 min of anoxia the mammalian 

brain starts to fail. This is in contrast to the western painted turtle brain where more than 

24 h of anoxia can be tolerated at room temperature (Lutz and Kabler, 1997; Bickler and 

Buck, 1998). Adenosine which is nleased during anoxia has been recognized as an 

important candidate in providing such protection (Nilson et al., 1992; Lutz and Kabler, 

1 997). The exact mechanism involved, however, is d l  unclear. 

(i) Function of Adenosine Receptors: 

The Al and A2 receptors are both G-protein coupled. The Al receptor is coupled 

to a pertussis toxin sensitive Gi-protein and can act through effectors other than adenylate 

cyclase, including potassium channels, voltage sensitive ~a*-channels (decrease N- and 

Q-channels activities), phospholipw A2 or C, and guanylcyclase (Olsson et al., 1978; 

Fredholm, 1997). A2 receptors are associated with Gs-proteins and therefore ligand 

binding and activation of these receptors cause the activation of adenylate cyclase and 

perhaps also activation of some types of voltage sensitive ~a*-channels, especially the 

L-channel (Fredholm, 1997). Thus, Al and A2 receptors have partly opposing actions at 



the cellular level. This is of interest since these two types of receptor are co-expressed in 

cells such as hepatocytes. 

In different in vivo and in v i ~ o  models of ischemia, blockage of adenosine 

receptoa have been shown to increase ischemic damage, whereas the reinforcement of 

adenosine action by adenosine receptor agonists conferred neuroprotecton. For instance, 

in rat cerebral ischemic preconditioning, activation of the Al receptor was shown to 

provide extensive protection during subsequent lethal ischemia (Heurteaux et al., 1995). 

Similarly, in hippocampal slices, transient pemision with adenoshe analogues pnor to an 

anoxic insult signiticantiy impmved recovery of evoked potentials, this indicative of 

survival. This type of protection was blocked in the presence of an Al-receptor 

antagonist, DPCPX. Sllnilar results have been found in other systems. For instance, 

adenosine was shown to decrease myocardial oxygen demand by causing negative 

inotropy and chronotropy and by increasing oxygen supply h o u &  coronary 

vasodilation. This was shown by perfbsing the heart with an adenosine analogue, which 

produced a protection equivalent to that induced by ischemic preconditioning. This 

protection was abolished in response to a non-selective adenosine receptor antagonist, 

8SPT (8-p-sulfophenyl theophyiline) (Liu et al., 199 1 ). 

1.6 HSP7O and Adenosine 

The important mle of adenosine in ischemic preconditioning has been established. 

HSP70 has also been shown to have protective effects during stresshl conditions such as 

ischemia These hdings suggest that a relatiomhip may exist between the presence of 

adenosine and its possible mediation of HSP70 production. This forms the focus of this 

project. 



We hypothesize that: 

1)  There is an increase in heat shock protein levels in turtie hepatocytes during anoxia 

and it is an important contributor to long tenu anoxia toleratlce in this model. 

2) Adenosine receptor agonists and antagonists modulate the expression of HSP70. 

Speciîîc Aims: 

1)  To characterized the baseline HSP70 levels in Chrysemys picra belli hepatocytes. 

2) To detemine whether the coastitutively hi& levels of HSP7O contributes to 

protection against anoxia, or whether, HSP70 is induced during anoxia 

3) To understand the regdatory role of adenosine in the induction of HSP70. 



Fig. 1. Ceiiular stress respnse: Representation of  three classes of conditions that 

induce the expression of HSP70 including (i) environmental stresses, (ii) patho- 

physiological stresses, and (iii) non-stress full conditions such as p w t b  and 

development (Morimoto et ai., 1993). 
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Fig. 2. Proposed mecbanism of stress inducd increase in HSWO 

In the unstressed cell, the HSF is maintained in a non-DNA binding form. Upon heat 

shock or other foms of stress, HSFs assemble into trimers and bind to a specific 

sequence in the heat shock gene promoter. Transcriptionai activation of heat shock gene 

lead to increased levels of HSP70. Finally, the HSF dissociates fiom the DNA and is 

eventually converted to a non-DNA binding monomer. 
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HSP production 



Female turtles (Chrysemys picta bellii) weighing between 250-750 gram were 

obtained fiom WM.A. Lemberger Co., hc. Oshkosh, Wi and maintained in aquaria at 

15-20°C with a flow through dechloriaated water system. 

Animais were kiiled by an intraperitonial injection of sodium pente-ital (200 

mg. kge' body weight). Following a 20 min period the plastron was quickly removed 

with au electnc bone saw to expose two large abdominal veins. These vessels were 

quickly cannulated and the liver was perfused at a rate of 3 ml min-' at 20°C with a 

medium containing 1.4 mM Na2HP04, 2.2 m M  KCl, 78.5 mM NaCl, 10 mM Na HEPES 

and 34.5 mM NaHC03 at pH 7.5 (Solution A). The initial perhision continued for 25 

min. Following cannulation the b e r  was dissected fiom the animal and placed floating 

in a petri dish containing Solution A. The Liver was then pemised for 13 min with 

Solution B (Solution A with 2 ~nits.ml-l Sigma Protease Following perfusion 

the liver was minced with a razor blade in ice cold Solution C (Solution A with 2% 

bovine serum aibumin, BSA) and the resulting slurry was poured successively through 

two nylon filters, a 253 p filter and then a 73 p f'îiter. Ail centrifùgations and 

subsequent steps were cmrïed out at 4OC. The ce11 suspension was centrifbged for 4 min 

at 50 x g; the resulting pellet was resuspended in Solution C and centrifùged a second 

time for 2 min at 50 x g. The pellet was then suspended in Solution D (Solution A with 

0.1 mM MgSQ, 3.8 m M  MgC12, 5.8 mM CaC12 and 4% BSA) and centrifûged at 50 x g 

for 2 min. The resdting ceiis were suspended in Solution D, aiiowed to settle in a flat- 



bottomeci culture flask and stored at 40C for a maximum of 24 h. The composition of the 

liver pemision media was based on previously measured plasma ion concentrations in 

~ l e  (Jackson et al., 1984). AU experiments reporteci here represent independent 

hepatocyte preparations. 

2.2 Anoxic and nonnosic exmriments 

Two 50 ml aliquots of solution D (without BSA) were vigorously gassed, one 

with 95% airis% C a  (nonnoxic) and the other with 95% N2/5%CO2 (anoxic) for 1 h 

pnor to the experiments. Then 0.5 M sodium cyanide (physiological mimic of anoxic 

rnetabolisrn) was added to the anoxic solution. Hepatocytes were removed h m  storage 

and allowed to warm up to room temperature. Supematants were decanted and the cells 

were resuspended in either of the above two solutions. Aiiquots of ce11 suspension (20 ml 

each) were placed in 4 Erlenmeyer flasks and fitted with rubber caps. A short piece of 

tubing was inserted through the rubber cap and anoxic or nomioxic gas mixtures were 

perfused over the cells. A 25-gauge syringe needle was inserted through the rubber cap to 

allow the gas to escape. The flasks were placed on a shaker. Experiments were conducted 

over an 8 h time course (see Buck et al., 1993 b). 

Serial 0.5 mi samples of ce11 suspension were taken at O, 1,2,3,4,6 and 8 h t h e  

(at 23°C) from anoxic/nomoxic incubations to measure adenylate concentrations as 

described below. Serial samples (2 x 1 ml) were taken at O, 1, 2, 3, 4, 6 and 8 h (at 

23OC) for Northem blot and Western blot analyses. Furthemore, an anoxic expriment 

was perfonned at 4°C and samples (2 x 1 mi) were taken at O and 1 h for RNA and 

protein isolation. RNA and proteins were extracted nom these samples as described 

below. 



Hepatocyte sarnples were weighed (25 mg/ml) cells were used unless otherwise 

specified) and resuspended in solution D (without BSA) as described above and placed in 

Erlenmeyer flasks for one of the following experiments. Controls were maintained at 

23°C (room temperature) for 1 h. 

For heat shock experiments, a 40 ml hepatocyte sample was divided equdy 

among IO Erlenmeyer ff asks and then heated by immersion of flasks in a water bath for 1 

h. A circulating heating unit maintaineci a constant temperature, at 26,28,30, 33,37,40, 

44,48 or 50°C for 1 h. Samples (2 x 1 ml) were taken h m  each flask for Northem and 

Western anaiysis. Al1 samples were prepared in duplicates. 

2.4 Ex~osure to Hvdronen mroxidt and Cadmium Chloride 

A lOml sample of hepatocyte was divided among 5 Erlenmeyer flasks. Flask 1 

and 2 contained hydrogen peroxide at 0.5 M or 0.05 M respectively; flasks 3 and 4 

contained Cadmium Chioride at 0.2 M or 0.5 M and flask 5 contained nomoxic control. 

FIasks were placed on a shaker for two hours. Serial (2 x 1 ml) samples were taken h m  

each flask for Northem blot analysis. Al1 samples were prepared in duplicates. Cadmium 

Chlonde and hydrogen peroxide were obtained fiom Sigma, Scarborough, ON, Canada 

2.5.a. Anoxic and normoxic adenosint exnenmtnts 

To study the affect of the adenosine antagonidagonist on the expression of 

HSP7O during anoxia, hepatocytes were pretreated with either DPCPX or CPA. 

(i) CPA experimeats 

A 40 ml hepatocyte sample was divided among 4 flasks. Flasks land 2 contained 

100 nM CPA and flasks 3 and 4 contained 1u.M CPA. Flasks 1 and 3 were subjected to 



anoxic treatments and flasks 2 and 4 were subjected to normoxic treatments. Samples 

were (2 x 1 ml) taken at O and 1 h for RNA and protein analyses. 

(ii) DPCPX experïmcnb 

A 40 ml hepatocyte sample was divided among 4 flasks. Flasks 1 and 2 wntained 

100 n M  DPCPX and flasks 3 and 4 containeci luM DPCPX. Flasks 1 and 3 were 

subjected to anoxic tteatments and flasks 2 and 4 were subjected to normoxic treatments. 

Samples (2 x 1 ml) were taken at O and 1 h for RNA and protein analyses. 

2.5.b Effect of adenosine A l  receotor activation on HSP70 ~roduction durinn heat 

shock - 
To study the effect of DPCPX and CPA on the expression of HSP7O durhg heat 

shock, hepatocyte samples were prepared as described above and subjected to heat shock 

(40°C, 1 h). After I h, samples (2 x 1 ml) were subjected to Northem and Western blot 

analysis. ~~-c~clo~ent~ladenosine and 8-cyclopenty l- l,3-dipropylxanthine was obtained 

fiom Sigma, Scarborough, ON, Canada 

2.6 CeU viabilitv 

Ce11 viability was tested following each experimental treatment, Le., heat shock, 

fiee radical exposure, anoxic and adenosine agonist antagonist experiments. 

(i) Cell viability assessrnent ushg viability indicator dye 

To assess celi viability Trypan blue exclusion was used. Two volumes of 

hepatocyte suspension (during difEerent experimental treatments) were incubated for 5 

min with 1 volume of 0.6% Trypan blue and an aliquot counted for staining in a 

Neubauer Chamber. Red blood ceil and melanocyte contamioation was also determined 

at this tirne and was always less than 1%. Ce11 death was expressed as a percentage of 



total number of cells present. Nonviable ceils were also labeled using fluorescent nuclear 

indicator Propidium Iodide (PI). Celis were incubated in luglrnl PI solution for 5 min 

and an aliquot counted for staining using confocal micmscopy (BioRad, MRC 600 Laser 

Scanning microscope). 

In order to assess the functional suite of hepatocytes during each experimental 

treatment, 1 ml of cells was incubated for 2.5 h with 3 ugh l  of calcium indicator stain 

Flou-3 AM (#F2341, Molecular probes). Ca't indicator fluorescence was detected using 

confocal rnicroscopy. To eosuR that the fluorescence detected is ~a*-depended Flou-3 

loaded cells were incubated in (30 uM) ~ a *  ioaophore A23187 (#F2341, Molecular 

probes). 

(ü) Measurhg ATP levels ushg Eiigh Pressure Liquid Chromatography- m e n e  

phased (HPLC) 

Adenylate sarnples were obtained by injecting a 450 aliquot of cells into an 

eppendorf tube containhg 50 pL of 70% Perchloric acid maintained at -5°C in an ice- 

saltwater slurry and sonicated for 20 seconds. The resulting material was pelieted by 

centrifugation in a refkigerated micro-centrifige at 4°C for 10 min at 10,000 x g. The 

pellet was discarded and the supernatant h t i o n  neutraiized with 0.4 M Tris buffer, 3 M 

KOH and 0.3 M KCl. A 100 pi, sample was taken for adenylate determination by high 

performance liquid chromatography. To separate these nucleotides, a reverse phase 

column (150 x 4.6 mm) (Supelco Mode1 LC-18-T, Scarborough, ON, Canada) was used. 

For mobile phase, 2 b d e r  solutions were used: Buffer A (0.1M monophosphate 

monobasic ammonium phosphate (Sigma, ON, Canada) in deionhd water and BufTer B 

(70% Buffer A: 30% Methanol). Buffer solutions were degassed with Helium pnor to 



use. The gradient elution protocol coasisted of an initial perfusion with LW?% Buffer A, 

at Smin Buffer B gradient perfusion began, with the transition to 100% Buffet B 

occming at 13 min and lasting to 17 min. At this t h e  the perfusion was switched back 

to B a e r  A (100% at 18 min) and perbed  an additional 7 min. Adenylate peaks were 

eluted at 1.5 d m i n  and a variable wavelength ultraviolet-visual spectrophotometer 

operating at 254 nm was used for detection. The adenylaîe peak areas were quantified by 

cornparison to kwwn peak areas of ATP, ADP, AMI?, and adenosine standards. 

2.7 Isolation of to-1 RNA and Northera anahsis 

Total hepatocyte RNA was isolated using the Trkol method (Gibco BRL). 

Extracted RNA was routinely checked for quality and degradation. Total RNA was 

quantified using a spectrophotometer as shown in Table1 (Sarnbrook et al., 1989). For 

Northem blot analysis 10 pg of total RNA was separated on a 1.5% agarose gel for 2.5 h 

at 85 Volts, trsinferred to a NYTRAN plus membrane (SLS NYTRAN PLUS, Schleicher 

& Schuell New Hampshire, USA). Hybridization was performed overnight at 50°C with 

[d'pl dCTP-labeled complementary DNA probe specific for mouse HSWO (Gift nom 

Dr. M. Locke, University of Toronto, Canada). Afier hybridization filters were washed 4 

x 30 min with 2 x SSC plus 0.1% SDS at 5S°C, for 2 x 20 min with lx SSC plus 0.1% 

SDS at 5S°C and visualized by auto radiography (BioMax autoradiographic film; 

Kodak). Data were normalized to the signal for ahibulh (Sambrook et ai., 1989). 

2.8 Isolation of  rotei in and Western Mot anahsis 

Western blot analyses were done essentiaiIy according to Locke and T a o g ~ y  

(1996). For protein extraction, isolated hepatocytes were homogenized in 10 mM Tris- 

HCl @H 7.4) b a e r  centrifuged at 10,000 g for 10 seconds and supernatant was 



transferred to a k s h  tube. Protein concentrations were determined using BCA kit (BCA 

protein assay kit, product #23225, PIERCE, USA) using BSA and BGG as standards. 

Equal arnounts of protein were loaded onto each weii of the SDS-polyacrylamide (10%) 

gel and separated electrophoreticaily. Where appropriate pre stained molaular weight 

marken such as 133 kDA BSA (BioRad. USA) was electrophoresed. Proteins were 

electro-blotted on to nitroceilulose membrane (NitroBind, Westborough, MA USA), 

using a BioRad. mini trans-blot electrophoretic transfer unit (Towbin et ai., 1979). 

Proteins were blocked for 1.5 h in 5% non- fat dry skim milk in Tween 20-Tris-buffer 

( ' I T B S )  containing 20 mM Tris, pH 7.5, 500 mM, NaCl and 0.05% Pueen 20 (Johnson 

and Cohen, 1984). The blots were then incubated for 1 h with rabbit polyclonal 

antibodies against HSP72 (1 :10,000) or HSC73 (1:1,000) (Stress Gen, Canada) and 

washed 2 x 5 min with TTBS. Following the washes, the blot was reacted with Wty 

purified goat anti rabbit conjugated with alkaline phosphates GAM-AP (1:3000) 

(BioRad. USA) for 1 h, washed with TTBS and TBS and visualized using nitroblue 

tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate in 70% dimethylformamide. 

2.9 Statistical Anahses 

For viability assay and protein analyses results are expressed as means with their 

correspondhg standard errors of means. To examine the quantity of protein present under 

each experimental condition, al1 scanned images were recailed on the screen. An 

appropnate box size was selected to surround one section of the scanned blot lane and the 

intensity of the area was calculated using NIH image version 1.55 software (NTIS, USA). 

Using the same box, measurements for other lanes were subsequently taken. The average 

areas fÎom each was band then used in cornparisons within and between treatments. 



Student Minitab and SPSS were used for perfonning the student's t-test and ANOVA 

followed by a Tukey ' s post-hoc anal ysis (a=0.05). 



RESULTS 

3.1 Cellviabilitv. 

(i) ATP measurements: ATP concentrations (Fig. 3) were measured h m  

cells incubated for 8 h under normoxic or anoxic conditions. There was no significant 

decrease in the concentration of ATP during this time in either group. Moreover, pre- 

incubation of a separate anoxic group in DPCPX (luM) did not alter the ATP levels- 

Ce11 viability was fûrther confimied using the viability dyes Trypan blue, Propidium 

Iodide and the Ca* indicator Fluo-3 AM. 

(ü) Trypan blue staining: In order to measure ce11 death, hepatocytes were 

sampled after 1, 2, 3, 4, 5, 6 and 8 h of anoxic treatment and stained with Trypan blue. 

Under anoxic conditions labeled cells compnsed less than 12% of the total number of 

cells in each sample (Fig. 4). When cells were heat shocked at temperatures above 50°C, 

a significant increase in Trypan blue stainllig was observed @<O.OS) (Fig. 5). 

(üi) Propidium Iodide staining: as Trypan blue labelled cells were difficult to 

detect using phase contrast rnicroscopy, the fluorescent dye Propidium Iodide (PI), which 

labels cells with compromised membranes, was also used to label dead ceiis. Fig. 6a 

shows that the isolation of cells by itself did not cause extensive celi death, cells were 

sampled as  descnbed above and stained with PI. PI fabelhg of freshly prepared 

hepatocytes demonstrated more than 92% ce11 survival. 

Hepatocytes exposed to 1 h anoxia continued to maintain high cellular viability 

(see Fig. 6b). As seen in Fig. 4, there were low levels of PI labeling in such populations 

indicating hi& cell sunival. Cells exposed to heat shock (up to 50°C) showed high rates 



of survival (see Fig. 6c). Temperatures above 50°C, however, showed a marked increase 

in ce11 death as indicated by PI labeling (Fig. 64. Therefore, ail the heat shock 

experiments were perforrned at temperatures below 50°C. 

(iv) Flou-3 AM: Additionally, in order to c0nfi.m the functional state of 

hepatocytes under each ex-enta1 condition, the Ca* indicator Fluo-3 AM was used. 

Fluo-3 AM, which is non-fluorescent unless hydrolyzed by estenises inside the ceiis, was 

loaded into îkshly isolated hepatocytes (Fig. 7a and 7b). More than 95% of the cells 

showed fluorescent labeiiing. To ensure that the fluorescence detected was Ca* 

dependent, Fluo-3 loaded ceils were exposed to the calcium ionophore A23 187. This 

resulted in a marked increase in the fluorescence detected fiom the hepatocyies withh 50 

seconds of exposure to the ionophore (Fig. 8). 

3.2 Control ex~eriments 

(i) Liver Tissue vs. Isolateà hepatocytes 

To detennine if hepatocyte isolation by itself induced HSP70 production, Western 

d y s i s  was employed to test the expression of HSP7O in fkshly prepared cells. Using 

antibodies against mammalian HSP70 and HSC70 it was found that HSC70 was present 

in equal intensities in both Liver tissue and hepatocytes while HSP7O was not detectable 

in either sarnple (Fig. 9a). 

(ii) Incubation of bepatocytes at 4OC for 24 h 

Expression of HSP70 and HSC7O in hepatocytes was tested at 4OC (Fig. 9b). No 

accumulation of HSP70 was found. This provided the advantage that the same 

population of isolated hepatocytes could be used in various experiments over the period 

of s e v d  days. 



3 3  Positive Control Esncrimenb 

In mammals, the induction of stress proteins occurs upon exposure to a variety of 

stressors, inciuding heat shock, heavy metals and oxygen radicals. Thetefore, as a 

positive control, the effect of heat shock, Cadmium Chloride, and Hydrogen Peroxide on 

the induction of HSP7O were exaroined in isolated hirile hepatocytes. 

(i) Heat shock experiments 

In heat shock experiments, trrrtle hepaîocytes were exposeci to various 

temperatures, and in each experiment, HSP70 mRNA and protein levels were examined 

using Northern blot and Western blot analysis respectively. W l e  incubation of 

hepatocytes at 23°C did not result in detectable HSP70 mRNA, exposure to 30°C for 1 h 

resulted in an accumulation of HSP70 mRNA. When the cells were exposed to 33"C, 

37"C, 44°C and 48°C the intensity of HSP70 mRNA was similar to the induction seen at 

30°C (Fig. 10). At this point, it was important to determine the temperature where the 

induction of HSP70 started. Thus, using msmmalian HSP70 it was determhed that 

HSP70 expression began at 28OC. Furthermore, using Western analysis, the presence of 

HSP70 at 33OC, 37OC, 44°C was also confirmed (Fig. 11). 

(ii) Exposure to Cadmium Chloride and hydrogen proside 

Exposure to Cadmium Chloride and hydrogen peroxide also resulted in the 

induction of HSP7O. Upon exposure to 0.2 M or 0.5 M CdClz (Fig. 12a) and 0.05 M or 

0.5 M H202 induction of HSP70 at mRNA levels was detected (Fig. 12b). These r e d t s  

are in accordance with those h m  mammalian studies (Curtis et al., 1996). 



3 3  Effct  of a n o h  on the esmession of HSP70 

Using Northern blot analysis, the effect of anoxia at O, 1, 2, 4, 6, 8 h on the 

expression of HSP70 mRNA in turtle hepatoçytes was examined (Fig. 13). As in al1 

other Northem analyses the total extracted RNA was first quantifieci using its absorbante 

at 260m and then the purity was calculated using spectrophotometer according to 

Sambrook et al. (1989) (see Table 1). in addition, when the samples were separated on a 

1.5% agarose gel, 28s and 18s ribosomal RNA bands were clearly visible. These uidicate 

that equaf amounts of RNA were loaded in each lane and that the loaded RNA was of 

high quality, with no detectable degradation. Using a mammalian probe for HSP70, 

Northem hybridization was performed to determine the effect of anoxia on the expression 

of HSP70 rnRNA in turtie hepatocytes. Fig. 13 shows that in the control groups 

(norrnoxic, h, at 23°C) HSP70 mRNA expression was not detectable. Exposure to 1- 

6 h anoxia lead to the expression of HSP70 mRNA close to 2.4 kb (n=3). However, at 8 

h this expression decreased significantly (see Fig. 23). In order to confirm these resdts at 

the protein level, Western analysis was also performed (see Fig. 14). 

Thus far, al1 anoxic experiments were performed at 23°C. However, since turtles 

over-winter at colder temperatures it was important to determine the expression of HSP70 

at physiological over-wintering conditions, Le., anoxia at 4°C (Fig. 14). Anoxic 

treatment of hepatocytes at 4OC induced HSP70 and at the same temperature the 

expression of HSP70 was not detected in the control groups (4OC, normoxia). 



3.4 HSC70 and AnoUIi 

To investigate the presence of HSC70 during anoxia, Western blot analysis was 

performed on samples that were exposed to different periods of anoxia Using 

mammalian HSP7O antibody it was found that HSC7O was present in al1 the anoxic 

treatments and the intensity of the band was similar to the control groups (Fig. 1%). 

3.5 Effect o f  adenosine on HSP7O exnnssion 

To determine if the expression of HSWO is flécted by adenosine agonisis and 

antagonists, hepatocytes were incubated with 100 nM and 1 pM CPA and 100 nM and 1 

pM DPCPX and subjected to normoxic and anoxic treatrnents. 

(i) The effect of DPCPX and CPA during anoxia 

Under nonnoxic conditions, wither 1pM CPA nor 1pM DPCPX elicited an 

HSP70 response as detected by Northem blot analysis (Fig. 16). The band intensity was 

similar to control (1 h anoxia). Ceiis that were pretreated with 100 nM or I p M  DPCPX 

showed a significant decrease in the levels of expression of HSP70 mRNA (see Fig. 24). 

These results were confirmeci by Western blot analysis (Fig. 17). Ceiis pre-treated with 

I F !  CPA and subjected to anoxia showed no significant change in the expression of 

HSP70. This expression was similar to the one observed in anoxic 1 h treatment. This 

indicated that CPA had no effect on the expression of HSP70 during anoxia This was in 

contras to cells that were pretreated with 1 pM DPCPX, which showed a decrease in the 

expression of HSP70. 

(ii) The effect of DPCPX and CPA during heat sbock 

To investigate whether the observed effect of DPCPX on the expression of HSP70 

is repeated under other stress conditions, e.g., heat shock, hepatocytes were pretreated 



with 1   LM DPCPX and 1 p M CPA and exposed to heaî shock at 40°C. Proteins were 

subsequently aoalyzed using Western anaiysis. Neither DPCPX nor CPA affected the 

O bserved expression of HSP7O during heat shock (see Fig. 1 8). 



Fig. 3. Evaluating cell viabüity ushg ATP concentrations: ATP concentrations of 

normoxic, anoxic, DPCPX + anoxic treated hepatocytes. Data points represent means i 

S-E-M of 3 hepatocyte preparations. Hepaîocytes were stored for no longer than 24 h 

before experiment. 
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Fig. 4. Evaluating ceii nability using Trypan blue staining: Trypan blue exclusion of 

8 h nomoxic, anoxic, and DPCPX treated hepatocytes (2S°C). Values are means t 

S.E.M; Percentage values are given as total stained celldtotal cells (n =5). 
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Fig. 5. Assessrnent of ceil viability foliowing heat shock using Trypan blue striiniag. 

Values are means + SE; Number of independent preparation in parentheses. Percentage 

values are given as total stained ceiIdtotal cells (n = 5). Percent ceii survivd at 55°C was 

significantly different fkom the rest of the groups @<O.OS). Staîistical significance are 

indicated by an asterisk (*). 
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Fig. 6. Assessrnent of ceU viibüHy using Propidium Iodide (PI): (A); PI labeling of 

isolated hepatocytes (see text). (B); PI labeling of hepatocytes exposed to 1 h anoxia 

(C);  PI labeling of hepatocytes exposed to heat shock at 50°C. @); PI Iabeiing of 

hepatocytes exposed to kat  shock at 5S°C. 
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Fig. 7. Evaluation of celluïar fuactionality using the Ca* indiutor Fluo-3 AM. 

Flou-3 AM loading was examineci following isolation (A); double labelling with PI and 

Flou-3 AM were used to c o d h n  high ce11 viability (B). 
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Fig. 8. Evaluating Fluo-3 AM signal using the ci* ionopbore A23187. Hepatocytes 

loaded with Fluo-3 AM were incubated with the Ca" ionophore A23 187, and the 

increase in fluorescence was monitored over a 50 seconds intervd. 
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Fig. 9. Expression of HSP70 in tesponse to isohtion and incubation at 4T, 24 h. 

Representative Western blot analysis of HSP70 in turtle liver tissue, kshly  isolated 

hepatocytes, and ovemight incubation of cells at 4OC. Total protein was extracted fiom 

hepatocytes was separated by SDS-polyacrylamide gel electrophoresis, transferred to 

nitrocellulose and reacted with HSP7O-specific antibody (top) and HSC7O-specific 

antibody (bottom). Lane 1 : Liver tissue, Lane 2:fkshly isolated hepatocytes and lane 3: 

hepatocytes incubated at 4°C for 24 h. 





Fig. 10. Expression of HS70 mRNA followiag heat shock Representative Northem 

blot analysis of HSP7O mRNA in hirtle hepatocytes followiag heat shock. Hepatocytes 

were maintained at either control temperature (23OC) or heat shocked at 30°C, 33OC, 

37"C, 40°C, 44°C or 48OC for 1 h (n=2). Total RNA isolated h m  the hepatocytes was 

separated by 1.5% of agarose gel, transferred to a NYTRAN-plus membrane and probed 

with mammalian HSP7O cDNA. An q u a i  amount of RNA (10 ug) was loaded in each 

lane 





Fig. 11. Expression of HSP7O foïiowing beat shock. Representative Western blot 

analysis of HSP7O in hirile hepatocytes foliowing heat shock (2a°C, 33OC, 37°C and 

4S°C). Total protein was extracted fiom hepatocytes was separated by SDS- 

polyacrylarnide gel electrophoresis, transferred to nitrocellulose and reacted with HSPIO- 

specific antibody (n=2). An equal amount of protein (7 ug) was loaded in each lane. 





Fig. 12. Expression of HSWO following exposurc to Cadmium Chloride and 

Hydrogen Peroride. Representative Northem blot aoalysis of Cadmium Chloride on the 

expression of HSP70 mRNA (Top) (n=2). An equal amount of RNA (IO ug) was loaded 

in each Iane. Western blot analysis of Hydrogen Peroxide on the expression of  HSP70 

(n= 1 ) (botrom). An equal amount of protein (7 ug) was loaded in each lane. 





Fig. 13. Expression of HSWO mRNA foUowing anosia. Representative Northem blot 

analysis of HSP70 mRNA in turtie hepatocytes following anoxia Hepatocytes were 

exposed to anoxic conditions for 1,  2, 3, 4, 6, and 8 h anoxia (95% N2-5%CO2). Total 

RNA isolated fkom the hepatocytes was separated by 1.5% o f  agarose gel, transferred to a 

NYTRAN-plus membrane and probed with mamrnaiian HSP70 cDNA. Total RNA was 

quantified using spectrophotmetry and qua1 amount of RNA (10 ug) was Ioaded in each 

Iane. Blots were normalized to a-Tubulin (n=3). 
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Fig. 14. Expression of HSP70 foUowing anosia (at 4OC and W°C). Representative 

Western blot analysis of HSP7O in turtle hepatocytes following anoxia for 1 h at 4OC and 

for 1, 2, 3, 4, and 6 h at 23OC. Total protein was extracted from hepatocytes was 

separated by SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose and 

reacted with HSP70-specific antibody (n=2). An equal amount of protein (7 ug) was 

Ioaded in each lane. 





Fig. 15. Eumining co-expression of HSWO and HSC7O in hirtle hepitoqtes 

following anosia (95% Nr5%CO2). The expressions of HSP70 and HSC70 in 

hepatocytes following exposure to anoxia for 1, 2, 3, 4, and 6 h were examined by 

Western blot analyses (n S). Total protein was extnrcted fiom hepatocytes was separated 

by SDS-poIyacryIamide gel electrophoresis, tcansferred to nitrocellulose and reacted with 

HSP70-specific antibody (top) or HSC70-specific antibody (Bottom). An equal amount 

of protein (7 ug) was loaded in each lane. 
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Fig. 16. Effect of CPA and DPCPX on the expression of HSP7O mRNA foilowing 

anoxia. Hepatocytes were pretreated with either CPA or DPCPX and exposed to anoxic 

for 1 h (a) or nonnoxia for 1 h (b). Total RNA isolated fkom the hepatocytes was 

separated by 1.5% of agarose gel, transferred to a NYTR4N-plus membrane and probed 

with mamrnaiian HSP7O cDNA. An equal amount of RNA (10 ug) was loaded in each 

lane. 
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Fig. 17. Expression of HSP70 in response to CPA and DPCPX. Using Western blot 

analyses, the effect of CPA and DPCPX on the expression of HSP70 was examined 

following anoxia Hepatocytes were pretreated with either 1 pM CPA or 1 p M  DPCPX 

and exposed to anoxic 1 h. Total protein was extracteci fkom hepatocytes was separated 

by SDS-polyacryla.de gel electrophoresis, transferred to nitrocellulose and reacted with 

HSP70-specific antibody. Each lane was loaded with 7 ug of protein. 
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Fig. 18. Effect of CPA and DPCPX on the expression of HSP70 foiiowing heat shock 

Hepatocytes were pretreated with either 1 pM CPA or 1 p M  DPCPX and exposed to heat 

shock (40°C, 1 h). Total protein extnicted fiom hepatocytes was separated by SDS- 

poIyacrylamide gel electrophoresis, tramferreci to nitroceiiulose and reacted with HSP70- 

specific antibody. Each lane was loaded with 7 ug of protein. 
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Table 1: Typical spectrophotometric analyscs of total RNA: Caiculations were 

done according to Sambrook et al., 1989. 



same day 
next day 
N T=O 
A T=l hr 
N T=2 
A T=2hr 
N T=4hr 
N T=Ghr 
A T=4hr 
A T=Ghr 



Fig. 20. Quantification of anosia-induccd accumulation of HSP7O mRNA in turtle 

hepatocytes. Autoradiograms h m  several different experiments were scanned and the 

background values were subtracted from the values obtained for each lane. The values 

were then expressed as a percentage of the maximum mRNA accumulation (Y-axis). The 

asterisk indicates a significant ciifference (P<0.05) fiom anoxic 1 h. Al1 values are 

expressed as mean * S.E.M. 





Fig. 21. Quantifkation of HSWO mRNA transcription in turtle hepatocytes in the 

presence of Al-receptor agoaistlantagonist during rinoriri, 

Autoradiograms fiom several different experiments were scanned and the background 

values were subtracted fkom the values obtained for each lane. The values were then 

expressed as a percentage of the maximum mRNA accumulation (Y-axis). The asterisk 

indicates a significant merence (P<O.OS) nom anoxic 1 h. Ali values are expressed as 

mean * S.E.M. 
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CBAPTER 4 DISCUSSION 

Although the physiological responses to long-term anoxia have been well studied 

in the turtle species Chrysemyspicta belli (Buck et al., 1993b; Land et al., 1993; Buck et 

al., 1993a), the molecular components underlying this tolerance are still under 

investigation. A number of mechanisrns have been suggested based on fïndings fiom 

other models. Two candidates that have recently ken considered as potential role 

piayers in inducing such anoxia tolerance are the stress proteins and the endogenous 

cellular modulator adenosine. In various models, stress proteins have been shown to be 

produced during anoxia and other stressfbl conditions (Hamrnond et al., 1982; Sciandra 

et al., 1 984; Tuij 1 et al., 1 99 1 ; M m e 1  et al., 1994; Mestril et al., 1 994; Itoh et al., 1 995). 

Adenoshe has also ken  formd to increase extracellularly during anoxia, and to provide 

multidimensional centrai and penpherd protective effects (Barber and Butcher, 1988; 

Nilson et al., 1992; Rudolphi et al., 1992b; Aden et al., 1994; Lutz and Kabler, 1997; 

Sweeney, 1997; Buck and Bickler, 1998). Despite these hdings, the direct correlation 

betwee~i these two factors has not yet been conclusively investigated. 

The results presented in this study show that HSP70 is induced in turtle 

hepatocytes in response to anoxia and other environmental stresses. in addition, they 

demonstrate for the first tirne the modulatory role of the adenosine Al receptor in 

blocking the anoxia induced production of HSP7O. 

In these experirnents, it was found that anoxia alone did not affect ce11 viability, as 

examined by ATP concentrations, Trypan blue staining, propidium iodide labeling, and 

Flou-3 AM loading of hepatocytes (Fig. 3, 4, 5, 6, and 7). This was in accord with the 

study done by Buck et al (1993)s where turtle hepatocytes survived 10 h anoxia at 25OC 



(Buck et al., 1993b). NevertheIess, it was in contrast to reports from rat hepatocytes, 

which when exposed to anoxia at 37OC showed a 70% decrease in theu intniceilular 

adenylates in less than 10 min with more than 75% celi loss at 3 h (Jones et al., 1989). 

4.1 HSP7O induction durinn anoxia 

M i l e  expression of HSP7O was not detected in tude hepatocytes during 

normoxic incubation, exposure to 1,2,3,4, and 6 h anoxia induced its expression at both 

the mRNA and protein levels (Fig. 13, 14, and 15). This expression did not persist as the 

production of both HSP70 mRNA and protein declined markedly at 8 h (Fig. 13 and Fig. 

14), ce11 viability was not affecteci. The explanation for such decrease in HSP70 during 

long term anoxia in turtles is ~~lfesolved. Although the production of HSP70 rnay be 

cytoprotective, it is an energetically expensive pmcess (Hightower and McCready, 1994). 

Considering that remarkable suppression of energetically expensive cellular process is 

key to long term anoxic survival in the turtle, the selective production of HSP7O suggests 

that it may play a vital role in promoting anoxia tolerance in tudes. As such, once 

tolerance is reached/triggered (e.g., at 6 h), its production is suppressed. 

In this study, the presence of the constitutive form of HSP70-HSC70, was also 

investigated. HSC70 was present during both nonnoxic and anoxic conditions (Fig. 15). 

Previous studies have shown that under normoxic conditions HSC70 chaperones cellular 

proteins to facilitate their translocation through membrane pores or across the nuclear 

membrane, and that it interacts with clathrllis in vesicle recycling (Gething aod 

Sambrook, 1992; Welch, 1 992; DeLuca-Flaherty et al., 1990). Additionally, under 

stressful conditions such as anoxia, HSC70 is found to actively participate in protein 

maturation, proteolysis, protein transport etc. (Lindquist and Craig, 1988). Being the 



main cornpoaent of the chaperone mechanism in eukaryotes, the presence of HSC7O 

during anoxia indicates that it is vital for cellular activities under both n o d  conditions, 

as well as stressfbi conditions in turtle hepatocytes. 

4 2  Effect of Cadmium Chloride on HSP70 

In this project, the effects of Cadmium Chloride, Hydrogen Pemxide, and heat 

shock on the expression of HSP70 in turtie hepatocytes were examined as a positive 

control. Cadmium is widely known as an environmental poilutant and is a potent poison 

for cells and organisms (Seidman, 1986; Foulkes and McMullen, 1986; Morselt, 1991). 

This heavy metal c m  cause darnage to various organs and tissues, especially the liver 

where the Cadmium is stored (Goering et al., 1995). Several mammalian studies have 

shown that upon exposure to Cadmium, expression of HSP7O gene is triggered, resulting 

in an increase in the synthesis of HSWO protein (Goering et al., 1995; Wiegant et al., 

1994). Recently, Cadmium toxicity has been studied in Aedes albopictus c6/36 cells 

(Braeckman et al., 1999). At toxic concentrations of CdClr (>33 CrM) hepatocyte cultures 

have shown a surprishg resistance, which was not seen at low metal concentrations. This 

was postulated to be the result of activation of a defense mechanism (Braeckman et al., 

1999), which was coincident with an induction of HSP70. While the mechanism of 

Cadmium-induced HSP70 expression has not been snidied in turtles, in other models it 

has been shown that Cadmium reacts with vicinal thiol p u p s  and substitues Zinc in 

proteins and thus generates denatured proteins (Vallee and Ulmer, 1972; Jungmann et 

al., 1993). The occurrence of abnormal proteins is recognized as the signal for inducing 

HSP70, and likely the mechanism responsible for HSP70 induction in turtle hepatocytes. 



4 3  E f f i  of Hvdmen Pcroride on HSP70 

For many cells, exposure to oxygen radicals is a common occurrence. While anti- 

oxidant defenses are constiaitively expressed, adaptive responses are induced when the 

amount of envuonmentai oxidants exceeds a threshold level, thereby becomiog a threat to 

ce11 integrity (Minghetti and Gennis, 1988; Katoh et al., 1991). While the exact 

mechanism by which oxygen tadicals induce HSP70 is d l  unclear it has been found that 

H202 Interferes and disturbs the irïtegcity of structural proteins (Becker et al ., 1990). 

4.4 Av~erthermia and HSP70 

HSP7O can also be induced when cells are exposed to higher than their 

physiological temperatures. In these experirnents, exposure of turtle hepatocytes to 

temperatures between 28°C and 50°C lead to induction of HSP70 at both mRNA and 

protein levels (Fig. 10 and Fig. 11). This t y p  of molecular response to heat shock is also 

observed in other organisms. For instance, when the temperature of cultured rainbow 

trout (Oncorhynchus mykiss) hepatocyte were increased fiom 18°C to 26"C, a 

pronounced accumulation of HSP70 mRNA was observed (Airaksinen et al., 1998). In 

another study, DiDomenico and colleagues (1982) showed that when the tempera- of 

Drosophila cells shified fkom 25°C to 37OC, they rapidly re-directed protein syntheses 

fkom a complex pattem, characteristic of normal growth, to a simple pattem of heat shock 

proteins. On retum to 2S°C, however, syntheses of normal proteins were gradually 

reactivated and that of HSP70 repressed @iDomenico et al., 1982). Furthemore, sub- 

tidal seaweed (Plocammium cartiIagzgrneum) fiom Antat ic  waters exhibited a heat shock 

response similar to that of other organisms at 5-10°C above their physiological 

temperatures. In this study, expression of HSP70 in tude hepatocytes was detectable at 



temperatures higher than 28OC (Fig. 11). Such a scenario, where a specific temperature 

above which HSP7O is induced is also seen in other models. For example, in Xenopus 

heart, it has k e n  shown that the induction of HSP7O starts at 26OC, with the highest 

amount of HSP7O detected at 28OC (Ali et al., 1997). 

In these experiments, anoxia was s h o w  to induce the expression of HSP7O at 

roorn temperature (23OC). Nevertheless, it was critical to examine if this expression 

persisted under physiological over-wintering conditions, Le., anoxia at 4OC. Under such 

conditions, HSP7O was detected both at the mRNA and protein levels. Few mammalian 

studies have investigated the effect of cold temperatures on HSP7O expression (under 

normoxic conditions). A study by Matz and CO-workers (1995) showed that storing 

mouse brown adipose tissue at a cold temperature increased the production of HSP70 

(Mati! et al., 1995). Since blocking the adrenergic receptor antagonized such HSP70 

protein induction, they concluded that the nor-epinephriw, released in response to col& 

induced the production of HSP7O. in turtles, it has been shown that plasma levels of 

catecholarnines increase during anoxia at cold temperatures (Keiver et al., 1992; Wasser 

and Jackson, 1991), and retums to basal levels upon recovery. However, the direct 

involvement of catecholamùies in the production of HSP7O during such condition, Le.. 

anoxia and cold, bas not yet been found. 

4.5 How do Animais Survive Elevated Temneratures? 

An important benefit of a "stress response" is the protection induced agallist a 

later, more intense stressful insult (Parseu et al., 1993). This phenornenon is refemd to 

as "stress-induced tolerance" or "preconditioning". In many organisrns, a correlation has 



been shown between the tolerance induced by increasing temperatmes, Le., 

preconditioning, and the production of HSWO. Whmi and coiieagues (1998) showed 

that over expression of the gene for HSP7O by a non-toxic heat treatment was thermo- 

protective against a subsequent lethal heat treatment (Hashmi et al., 1998). Similady, in 

mammalian studies it has been shown that transgenic mice over expressing the HSP70 

gene were resistance to the adverse effect. of lethal heat or ischemia (Marber et al., 

1995). This type of heat induced tokance additionally helps the organism navive 

various other stresses. For instance, a non-lethal heat shock protects human gastric cells 

fiom sepsis-induced injury (Villar et al., 1994), and the rabbit heart fiom ischemic- 

reperfusion injury (Stojadinovic et al., 1 997). 

4.6 Second messeaners in the induction of HSP70 

The cascade of events leading to the induction of HSP70 are aot well understood; 

however, some studies have shown that CaCC, cyclic AMP (CAMP), hositol 1,4,5- 

trisphosphate (IP3), and protein kinase C (PKC) and adenosine may contribute to such 

induction. Since these components are al1 intermediates of receptor based signaling it is 

reasonable to speculate that induction of HSP70 can also be receptor mediated. 

Calcium has been shown to play an important role in the induction of HSP70. 

Studies have shown that increasing the intracellular Ca* by a ~ a *  ionophore induced 

HSP70 expression @hg et al., 19%), while addition of Ca* chelators such as EGTA 

grealy attenuated the production of HSP70. 

It has also been shown that heat shock increases intracellular CAMP in several 

models (Kampa and Frascella, 1977; Kiang et al., 199 1) which results in the induction of 

HSP70. Furthemore, inhibitors of protein kinase C, such as 1 -(5-isoqUinolinyisuIfonyl)- 



2-methylpiperazine have been shown to have an inhibitory effect on the expression of 

HSP70 (Yamamoto et al., 1994). 

Inositol 1,4,5-triphosphate (IP3) is also an important intermediate in the regdation 

of HSP70. Kiang and Tsokos (1988) showed that treatment of human epidermoid cells 

with pertussis toxin, cholera toxin, or forskolin, increased IP3 which lead to an increase in 

HSP70 mRNA and protein synthesis. Furthemore, U-73122 an IP3 inhibitor decreased 

the heat-induced expression of HSWO (Kiang and Tsokos, 1998). In studying cardiac 

adaptation to repeated stresses, Meemn and colleagues (1996) found that maximal 

activation of the IP3-DAG regdatory circuit was accompanied by an increase in HSP7O 

induction which coincided with the increased resistance to cardiac pst-ischemic 

reperfusion injuries (Meerson et al., 1996). 

These studies show that while the induction of HSP70 may involve several 

rnediators (e-g., CAMP, Ca*, IP3-DAG, and several protein kinases), whether these 

pathways are receptor mediated is d l  unclear. 

4.7 Adenosine and HSP70 

The induction of HSP70 has ken  shown to provide protection during anoxia/ 

ischemia Since the increase in adenosine release and its AI receptor mediated actions 

have also k e n  shown to be protective during anoxia, in these experiments it was 

examined whether adenosine Al  receptor agonist/antagonist modulate the induction of 

HSP7O durhg anoxia 

(i) Effect of DPCPX and CFA during anoxia 

Durhg 1 h of amxia, pre-incubation of hepatocytes with CPA showed HSP70 

rnRNA and protein expression was not significantly different than the anoxic control 



groups (Fig. 16 and Fig. 17). However, when hepatocytes were pre-incubated with the 

Al  receptor blocker, DPCPX, and exposed to anoxia, expression of HSP7O mRNA or 

protein was blocked. This observation suggests that the expression of HSP70 is mediated 

through A 1 receptors during anoxia 

(ii) E f f ~ t  of DPCPX and CPA d u ~ g  heat shock 

While heat shock, at 40°C, hduced the expression of HSP70 in hepatocytes (Fig. 

17), pre-incubation with DPCPX did not eEect this expression. This suggests that, unlike 

in anoxia, the triggering mechanism for the induction of HSP7O in response to heat shock 

may not to be mediated through adenosine Al receptors. Pre-incubation with CPA led to 

similar HSP70 induction as seen in the controls. 

A study by Heurteaux et al., (1995) showed that ischemic preconditioning codd 

be induced either by the activation of A l  receptors @y CPA) or by the presence of 

HSP70. They reporteci that CPA aione decreased the observed levels of HSP70 mRNA 

during ischemic preconditioning (Heurteaux et ai., 1995). This was contradictory to our 

results. Furthemore, they did not examine the effect of DPCPX on HSP70, and therefore 

it did not provide any conclusive evidence. 

4.8 Im~ortrince of HSP70 in anosia tolerant hirtles 

While HSP70 has been shown to play a significant role in the mechanism of 

preconditioniag in various mammalian models, the extent of such contribution in the 

anoxia tolerant turtles bas not ken fbily detennined. Our study showed that blocking the 

production of HSP70 during anoxia did not compromise ce11 survival, at least for the 

short period measured afler anoxia Nevertheless, it may be that a delayed ce11 death was 

triggered in the absence of HSP70, which could not be measured as our experiments did 



not allow for long term monitoring of ceil siavival. The fan that during stresshi 

conditions, e.g., anoxia, most protein syntheses are down regulated, the persisteme of 

HSWO production suggests a vital d e  for this protein in the obsemed tolemce. 

4.9 Prowsed mechanhm of HSP70 induction dorinn mosia and hut  sbock 

Thus fa., these resuits indicate that while bth anoxia and heat shock iead to the 

production of HSP70, each stimuius may trigger its induction Uerently. More 

specificdy, the observation that DPCPX blocked the induction of HSWO only during 

anoxia, and not during heat shock, demonstrates that the induction of HSP7O during 

anoxia is A 1 R mediated. 

Furthemore, these results suggest that heat induced expression of HSP70, which 

did not appear to be receptor mediated, may have an intracellular triggering system 

stimulating its production. This is supported by studies where celis presented with an 

intracellular stimuli, e-g., denatured proteins, showed increased induction of HSP70 

(Ananthan et al., 1988; M i f l h  and Cohen, 1994). 

While anoxia and heat shock may initiate the production of HSP7O differentiy, the 

question arises on whether the later steps of these inductions are mediated through one 

common pathway. For instance, AIR activation, during anoxia, has been reported to 

increase intracellular levels of IP3 (Collis and Hourani, 1993). This increase in iP3 is also 

observed in response to heat shock (Kiang and McClain, 1993). Interestingly, such 

elevation of IP3 has been correlated with the production of HSP70 (Kiang et al., 1994). 

Therefore, while anoxia and heat shock may work independently to increase the levels of 

intracellular IP3, the events downstrearn of this point may not be much diEerent (see 



Mode1 1). The confinnation of the Ifi as the begïnnïng of a common pathway, however, 

requires M e r  examination. 

In summary, this report shows that in turtle hepatocytes HSP70 is induced in 

response to anoxia. This study fùrther indicaîes that the levels of HSP70 decline a f k  the 

f k t  few hours of  anoxia Taken together these hdings suggest that the initial presence 

of HSP70 may be critical in promoting the long-tenn anoxia tolerance in turtles. 

The induction of HSP70 involves a complex cascade of events, In this report, it 

has k e n  demonseated that the production of HSP70 may be triggered by differeat 

stimdi. Nevertheless, whether these different routes of  HSP7O production wiil join later 

to fom a common pathway needs M e r  investigation. 



Fig. 22. Mode1 1: Proposed mechanism of stress induced increase in HSP70 in turtle 

hepatocytes. 
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