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Abstract 

Mammalian embryos respond to a stressful externdl ,>tllnlllll~ Wllh el 

typical stress response. This response IS charactE'rl/C'd by tht, 11l( n'd~t'd 

synthesis of the stress proteins and the COlllolllltctnt tr\Hl~I{'nl dt'JH'('<,<,ion 

of overall protein synthesls. The heat shock proteins elre believrd 10 b~ 

involved in protecting the embryo fram the harmful effeels of pxlern,ll 

agents. However, the heat shock response that occurs fo IlowJrly ()xpo~ur't> 

of the developing embryo to heat or to other terdtoqen~ sUlh dS ld(l!nIUII1, 

may alter the established progrdrn of actIvatIon ,met irl<l(IIV,IIIOIl of 

genetic material essential for normal embryogenesi<;, whi(IJ Irl film IIl<ly 

lead to developmental abnorrndlities. Little 15 known dboul the IJ<lttlwdy 

leading from a stressful stimulus such as l1yperthermia or cddllllum 10 " 

malformation, and the possibllity of the heat shock response bClnq linkpd 

to thi3 phenomenon prompted the studies ln this thesls. In or<!PY 10 

determine the relationship between the abilily of hCdl or (ddmiulII 10 

induce a heat shock response and. the ability of thrse str(',,',(}Y,> lo Indue<: 

abnormal embryogenesis, rat embryos were cultured durHl~J onJ<ln0!jI'rw<,l" (HIU 

the steady-state mRNAs of two heat shock protelns were used d~ Indildlor~ 

of the stress response in these embryos. Hsp27 and hsp70 were lho~en 

based on the ability of hyperthermia and cadmium to specifilally induce 

these heat shock proteins in other systems. Malformation~ were dppdrenl 

in embryos exposed either to hyperthermia (5, 10, 15 or 20 minut.es dl 
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/l,Ile) or ta 2.5 /lM cadmium. \'Jhen embryos were heat c;hocked for 5,10, 15 

or 20 minutes at 43°(, hsp27 and hsp70 mRNA accumulated in a dose­

dependenl manner. The Ume course of hsp27 and hsp70 mRNA accumulation 1, 

2, 4 or 20 hours pos t heat shoc kwas di fferent for each heat shock 

prote Hl. In addition, the extent of mRNA accumulation for each heat shock 

protcin varied depending on the tissue examined. When embryos were 

cultured ln the presence of cadmium chloride. hsp27 and hsp70 mRNAs took 

much longer lo accumu 1 ate compared to those observed fo 11 owi ng heat shock. 

Thus, the time course of heat shock protein mRNA accumulation was Quite 

dlfferent ln embryos exposed to cadmium from those exposed to 

hyperthermld. In addition, the concentrations of hsp27 and hsp70 mRNA 

appedrs 10 be differentially regulated in both embryo and yolk sac tissues 

for embryos treated with heat or cadmium. In conclusion, mal11Tlalianembryos 

are ab 1 e to rnount a heat shock response through the accumu 1 at i on of hsp27 

dnd hsp70 rnRNAs ln response to hyperthermi a or cadmi um t reatments. The 

cxlent of this response appears to correlate with the teratogenicity 

effects of hyperthermi a but not wi th those of cadmi um . 
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Résum(i 

L'embryon mammifère réagit à un stimulus externe slresS(lllt pllr tI Il l' 

réaction de stress typique. Cette rédetion est car'ilClcrls(ic pllr 

l'augmentation de la synthèse des protéines de stress et Id dépl'(,~"'I()1l 

transitoire de la synthèse totale rle protéines. On O'Olt que Il''> 

protéi nes de stress sont , mp 1, quées dans 1 cl protee t i on de l' ('mllY'yon dl''> 

effets mal fa i sants des agents externes. Cependant, 1 cl réac t ion dp s! re''''" 

qui se produit à la suite de l'exposition de l'embryon cl Iii dldlcur 011 " 

d'autres teratogènes tels que cadnllum, peul a\té'rer \p prour'tlllllll(' 

d'activation et d'inactivation du matériel génétique qUI pst r~<,ent irl le 

au déve l oppement norma l e de l'embryon. Très peu e~ t (amld <;u r 1 cl VO 1(' 

menant d'un stimulus stressilnt, tel que hyperthermie ou c,Hhnium, clUX 

malformations des embryons. C'est la possibilité que Id réaclion de 

stresse soit reliée à ce phénomène qui a incitée le~ é!ud('~ dM''> ccll(' 

thèse. Afin de déterminer le lien entre J'hab,l It.é de Id ch(deur ou 1(, 

cadmium d'induire une réaction de stress el:. l'habileté de CP" fd(lc\ur') 

stressantes d'induire un développement anormale, les mC';Sd(Jer<, d'I\HN dp 

deux protéines de stress, hsp27 et hsp70, ont été éludiée.,. Cc') deux 

protéines ont été utilisées comme indlcateurs de ld réaction de 'ltre<,<, 

chez l'embryon du rat durant l a péri ode d' organogénèse. Hsp?7 et hsp70 

ont été choisi::; du fait que l'hyperthérmie et le cadmium sont Cdrhlhlw.J 

d'induire ces deux protéines de st.ress dans des systèmes similaires. Ics 
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md 1 format i ons dans l'embryon sont apparentes lorsqu' i 1 est exposé soi t à 

1 'hyperthermie (5,10,15 ou 20 minutes) ou au cadmium 2.5 pM. Quand les 

embryo'ls ont été stressés par la chaleur pendant 5, 10, 15, ou 20 minutes 

à 41°C, on a observé que les messagers d'ARN du hsp27 et du hsp70 ont 

accumulé par rapport au temps d'exposition. La courrue du temps de 

l'accumulation du messager d'ARN des protéines de stress, à 1,2,4 et 20 

heures après l'application de la chaleur, ont été différente parmi les 

deux protéi nes étud i ées. La CQurrue du temps de l' accumu 1 at i on des 

messagers d'ARN des protélnes de stress diffèrent de celle exposée à 

l' hyperthermi e lorsque 1 es embryons sont cu lt i vés dans 1 a présence du 

cadmium. De plus, les concentrations de messager d'ARN de ces protéines 

de stress sont apparemment réglés de façons différentes. En conclusion, 

les embryons mammifères sont capables de monter une réaction de stress par 

l'accumulation de messager d'ARN pour le hsp27 et le hsp70. L'étendue de 

cette réaction paraît reliée aux effets teratogéniques de 1 'hyperthermie 

et non aux celles du cadmium . 
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Claims ta Originality 

For the first time a differential heat shock response was 

demonstrated for embryo and yolk sac tissues in response lO l1yperthf'rmia 

or cadmium treatment. Rat embryos were shown ta acclJIllulatc both hsp?7 and 

hsp70 mRNAs at specifie times following heat shock or cadmium lredlment. 

Furthermore, the heat shock response was different ln embryos exposed lo 

hyperthermia when compared to those exposed ta cadmium. Thal is, the 

steady-state mRNA levels of hsp27 and hsp70 were already elevalpd 1 hout' 

post-heat treatment while those following cadmium treatment took as long 

as 6 hours ta accumulate. Thus, the hyperthermia-induced stress rp<'pollSC 

appears ta be related ta hyperthermia-induced teratogenicity, whilc lhe 

cadmium-induced stress response does not appear ta be relaled la cddmium­

induced teratogenicity. 

12 
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CUAPff:.R 1 

INTRODUCTION 

1.1. fhe Heat Shock or Stress Response 

The physical environment of many organisms constant1y changes due to 

natural physiological causes or to externa1 conditions which can be either 

favourable or unfavourable. Wh en an organism is confronted with a sudden 

change in its environmental circumstance, it will exhibit specifie 

homeos tat i c-1 i ke responses. Thus, the ab; l ity of an organi sm to adapt or 

acclimate tü its new environment may be an integral driving force for 

survival. Not surprising1y, many organisms have evolved a number of ways 

to adapt to the physiological impact of environmenta1 change. One such 

evolutlOnary adaptation is known as the "heat shock" or "stress" response 

(Morimoto, Tissieres and Georgopoulos, 1990). This response is 

characterized by the rapid and transient increase in the rate of 

expr~ssion of a small group of evo1utionarily eonserved genes (Lindquist, 

1986). The products of these genes (referred to as heat shock or stress 

proteins) are ordinarily present under physiological conditions (Welch, 

Mizzen and Arrigo, 1989). However, after exposure to a physiological 

stress the synthesis of these heat shock proteins may reach extremely high 

levels. Although the precise function of the heat shock proteins is not 

• 13 
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clear, many experiments have strongly implicated that they play a l'ole in 

maintaining processes essential to the lifestyle of the norlllell, IJrJstr{'ssl'd 

organism (German, 1984; Bond and Schleslnger. 1987). Conro~itclrJt to th(' 

elevated amounts of the heat shock proteins, the transct'ipllUIl of IIIUst 

other genes is reduced during heat shock (Ashburncr dnd Bonner, 1979; 

Schlesinger, Ashburner and Tissieres, 1982; Craig, 1985; Lindlllli~t, 19H6). 

Thus, heat shock or other stressful conditions result in th(' perturbation 

of normal gene expression, which, if it persists, rnay have dr'<l~tic 

consequences to the organism. For example, in cultured Drosop/Jd{/ cells 

(Arrigo, 1980) one of the specifie changes thôt occurs upon ,1 1?OC 

elevation in temperature is the sharp reduction in lhc r,lte of 

transcription of the ribosomal genes. In another expcrlrnenl, when the 

lntron-containing alcohol dehydrogenase gene of Drosophdu was pldceu 

under the control of the 70-kOa heat shock protein pl'omoter ,md sub.JIJrt t.o 

severe heat shock temperatures, the transcripts were not. spllecd, lhcreby 

resulting in the accumulation of intron-contalning preeursors (Yosl dnd 

Linquist, 1986 and 1988). The phenomenon that high temnerature\ dlsrupt 

the splicing of intetvenina sequences from mRNA precursors hdS becn 

demonstrated in many organisms, including Dictyostel iUIII (r1drlldk dnd 

Nellen, 1938), chickens (Bond and Schlesinger, 1986) and lII(lInrlldls (Kay cl 

al., 1987; Bond, 1988). Thus, heat shock eliclts a generdl block in the 

splicing of rnRNA precursors. Other ways in which genc expression is 

altered upon heat shock are effects on mRNA stabi1ity and translation 

14 
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(Li ndqu i st, 1980) and t ranscri pt i ona l termi nat i on (Ve l azquez and 

Lindquist, 1984). In addition, mitosis and DNA synthesis are arrested 

(Kramhoft and Zeuthen, 1971) and several morphological changes take place. 

In the nuclei, filaments containing actin are affected; the nucleoli, 

includlng the granular ribonucleoprotein components, are transient1y 

damaged and the assembly and export of ribosomes from these organelles are 

blocked (Pelham, 1984). The Golgi apparat us is disturbed and vimentin­

contai ni ng fi l aments around the nuc 1 eus co 11 apse and aggregate to form 

perichromatin granules (Welch and Suhan, 1985). Because heterogeneous 

nuclear RNA processing, and not transcription per se, appears to be 

compromised after a heat shock, it is likely that such granules represent 

accumulated aggregates of unprocessed mRNA (Mayrand and Pederson, 1983; 

Yost dnd Llndquist; 1986). Hyperthermia also results in significant 

changes in the i ntegri ty and morpho 1 ogy of the s He in the nuc l eo lus 

involved in ribosome biogenesis. Biochemical studies demonstrated an 

inhibition of proper ribosomal RNA processing and a corresponding 

cessation of ribosome biogenesis (Rubin and Hogness, 1975; Bouche et al., 

1979). 

It has been suggested that the occurrence of these disruptions and 

many more which were not mentioned, at critical times during gene 

expression, can lead to deleterious effects in the developing embryos. 

That is, the expression of essential genes which are necessary for normal 

15 
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embryogenesis processes may be inhibited, thus resulting in malformations . 

1.2. The Universal Nature of the Heat Shock or Stress Response 

The heat shock or stress response has been observed in almost all 

organ; sms exam; ned to date. Whether they be prokaryotes, yeas ts, plants, 

invertebrates, vertebrates or even humans, virtually every organism 

possesses a set of genes that allows the cells of thal organism tü be dble 

to tolerate the damages irnposed by environmental stress which would 

otherwise lead to irreversible injuries to the organism (Bond dnd 

Schlesinger, 1987). 

A lthough there are differences among the vari ous organi sms, the 

similarities between the species are remarkable. For example, whcn the 

sequences of the respective heat shock genes from fscherichia col i, 

yeasts, plants, Drosophila and man, to name only a few, were compared, the 

homologies were found to be amazingly high. Furthermore, when antibodlc~ 

were used to test for structural similarities between hcal shock proteins 

from a number of distant species, the heat shock protcins wcre di~covcred 

to be among the most highly conserved proteins in nature (Bardwell and 

Craig, 1984, 1987; Hunt and Morimoto, 1985) . 

16 
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1.3. The Families of Heat Shock or Stress Proteins 

The functions of the individual heat shock proteins in cells during 

normal cellular events, or in those subject to external stress, are still 

largely based on speculations and correlative studies. However, new 

information is rapidly accumulating about the roles of sorne of the heat 

shock protelns and their constitutively expressed relatives (known as heat 

shock cognate proteins) in normal cellular processes, which in turn may 

provide important insight into the possible functions of heat shock 

proteins during heat stress and thermotolerance. Below is a brief summary 

(Weber, 1992) of various families of heat shock proteins . 

1.3.1. Hsp 110 kDa Family 

Of all the major members of the stress protein family, the least is 

known about the properties of this family of protelns. The 110 kDa stress 

protein (hsp110) is constitutively expressed and increases approximately 

5-fold after stress. This protein appears to be localized within the 

region of the nucleolus, involved in rRNA transcription and/or processing 

(Subjeck et al., 1983). Due to the fact that rRNA transcription is 

inhibited after a heat shock insult, hspl10 is speculated to be involved 

in the resumption of normal nucleolar transcription processes during 

recovery from the heat shock • 
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1.3.2 . Hsp 90 kOa Family 

The mammalian 90 kOa stress protein (hsp90) is ver'y dbund,1Ilt in 

cells grown under normal conditions. Following a heat ~trcss, tlle 

synthesis of the 90 kDa stress protein increases approxillldkly 3- to 5-

fold. tJsp90 is heavily phosphorylated with at least 12 lsoforms, thllf of 

which appear to contain phosphate (Welch et al., 1983). This prolein 

exists as a dimer when it is purified from the cytosollC frclCllOn ot 

cells. In addition, it copurifie!> with a small amount of thl" 100 Kdd 

stress protein (Welch and Feramisco, 1982) and il lias been shown to 

interact with a number of other interestlng intraccllular proteins. ror 

example, hsp90 interacts transiently with a number of tyro~lne kinases 

(Brugge, 1986). In cells transformed with the Rous Sdrcornd viru~, newly 

synthesized pp60src rapidly assoclates with the 90 kOa slres~ protein and 

another cellular protein of 50 kOa (Sefton et al., 1978; Oppcrmdnn et al., 

1981). As long as the Src protein is present in this comp)px, lt WIll nol 

exhibit its normal tyrosine kinase activity nOl~ phosphoryldtcd tyrosine 

res i dues. As the comp 1 ex contai ni ng the pp60',rr reache!> t.he pl dSIllt1 

membrane, its final destination, it dissociates. Src 1s t.hen deposlled on 

the i nner si de of the plasma membrane and the prote i n now has bot h 

tyrosine kinase activity and autophosphorylated tyrosine. Sub!>equent. 

stu~ies by numerous groups have shown that many retrovirus-cncoded 

oncogene proteins, most of which appear ta be tyrosine-specifie protein 

18 
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kinases, interact with p50 and hsp90 proteins in similar ways (Brugge, 

1986). Analogously, hsp90 was discovered to associate with only the 8S/9S 

forms of cl number of steroid hormone receptor complexes (Catelli et al., 

]985; Sanchez et al., 1985). Each receptor complex consists of the 

steroid bindlng protein, hsp90 and hsp73 and is unable to bind DNA. 

Consequcntly, these complexes are incapable of activating gene expression. 

followiny blndiny of the steroid to its receptor, hsp90 and hsp73 

dissoclate from the complex and the receptor is converted to the 

biologically active form. As a result, it has been suggested that the 

presence of hsp90 and/or hsp73 wi thi n the 85/95 form of the steroi d 

receptor complex prevents the binding of the receptor to its gene target 

in the absence of hormone. Finally, recent data has linked hsp90 with yet 

another protein kinase, specifically, with the heme-regulated protein 

kinase that is responsible for phosphorylating the a subunit of eukaryotic 

initiation factor 2 (eif-2a) (Rose et al., 1988). This initiation factor 

is involved in the regulation of translational initiation and exhibits an 

increased level of phosphorylation in some cells upon heat shock (Duncan 

and Hershey, 1984). Interestingly, the incre:1sed phosphorylation of eif-

2a results in an inhibition of any new translational events. This may 

explain why overall translation is transiently arrested in sorne cells 

after a severe heat shock (DeBenedetti and Baglioni, 1986; Scorsone et 

al.. 19R7) • 
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1.3.3. Hsp 70 kDa Family 

Of all the stress proteins, the most is known about thlS faml1y. 

There appear to be two major forms of the hsp70 proteins. Ille Il''p73 

member i s present in abundance in the norma 1 uns t r{)s~{'d cc 11 and i ~ 

referred ta as the "constitutive" or "cogrhlte" hsp70 protein. In 

contrast, the second member, hsp72, is not obvious in most tells grown al 

physiological temperatures. The synthesis of hsp72, ln general, o(cur~ 

after an external stressful stimulus. However, the eXfPpllOIl ln th,s 

concept occurs in primate cells. To date, in all the prinhltl' (plI<. 

examined (15 human and 3 monkey ce 11 1 ines), both hsp7? (IIHI hc.,p73 were 

synthesized in cells grown under normal conditions (Welch et al., 1983) • 

Immunological, biochemica1 and DNA sequence analyses dcmonstr,lted 

that hsp72 and hsp73 are extremely homologous (Craig, 19B1; 1 indquht, 

1986). The hsp70 class of protelns bind ATP and arc believcd lü 

participate in energy-dependent processes such as the dlsd')<,embly of 

clathrin-coated vesicles (Chappell et al., 1986), AIP-ycver<,ible birHlirHj 

of various abnormal proteins (Pe1ham, 1986) and translocation of protelns 

across membranes (Chirico et al., 1988; Deshales ct al., 1998). 

Cytoplasmic members ~f the hsp70 family appear to bind direct1y ta nascent 

polypeptide chains associated with rlbosomes during the elongation prolc~s 

(Beckmann et al., 1990). Following a heat shock, members of the h~p70 
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class of proteins accumulate in the nucleus, primarily in the region 

associ ated with ri bosome assemb ly. It has been proposed that they 

interact reversibly with pre-existing proteins that are exposed as a 

result of thermal denaturation during heat stress and facilitate correct 

folding (Pelham, 1988). They may also help in the reassembly of 

multlprotein structures which were damaged by heat. Thus, the hsp70 class 

of proleins appears to protect cells from irreversible damage, as weIl as 

acting as a molecular chaperonin. 

1.3.4. Hsp 60 kDa Family 

Hsp 60 was first documented as a true heat shock protein in 

Tetrahymena (McMullin and Hallberg, 1987). The hsp60 class of heat shock 

proteins is homologous to the Escherichia coli GroEL gene product which is 

the major bacterial heat shock protein. The Escherichia coli homologue of 

hsp60 is rpquired for bacteriophage assembly and host DNA replication at 

normal temperatures (Georgopoulos et al., 1973). There is evidence that 

GroEL also associates transiently with newly synthesized unfolded 

polypeptldes (Bochkareva et al., 1988). Recently, a protein with a 

sequence similar to that of GroEL was discovered in the stroma of higher 

plant chloroplasts (Hemmingsen et al., 1988). The chloroplast homologue 

was termed RuBisCO subunit binding protein and it appears to facilitate 

the assembly of ribulose-1,5-biophosphate carboxylase-oxygenase and 
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probably other oligomeric proteins. Hsp60 is synthesized in high levels 

after a stress, however it is already abundant at normal ternperatlH'es. 

In mammalian cells, a protein with very high hOlllology to that of 

hsp60 in Tetrahyrnena was discovered after a stress (Mizzen et al., 1989). 

The mammalian Hsp60 also localizes wlthin the rnitochondria, like that of 

Tetrahymena. It is synthesized in the cytoplasm as a precursor proU'in of 

approximately 60 kOa and upon import into the mitochondrid lt undprgoes 

proteolytic cleavage to produce the mature protein. Due lo thC' hlQh 

homology between the mammalian hsp60 and the GroEL and RuBi\CO suhunil 

binding proteins, the proposed function for the mammalian hsp60 1'> ln 

facilitate the assembly of oligomeric proteins which are synlhcsllCd ln 

the cytoplasm and subsequently translocated into the milochondr1d. 

1.3.5. The Low Molecular Weight Heat Shock Protein family 

In lower organisms, the small heat shock prote1ns consisL of d 

family of multiple size and charge forms (L1ndquisl and Craig, 1(88). ln 

contrast, mammalian cells synthesize a single proteln, hsp27, whlch eXlsl~ 

as multiple isoelectric forms (Hickey and Weber, 1982; Wclch et rll., 1983; 

Arrigo and Welch, 1987; Chretien and Landry, 1988). The different 

isoelectric forms are probably due to varying degrees of phosphorylalion 

(Kim et al., 1984; Welch, 1985). Interestingly, within minutes aft.er 
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exposure of cells to growth factors, phorbol esters or to calcium 

ionophores, the phosphorylation of hsp27 increases considerably (Welch, 

1985). Thcse agents, unlike heat stress, do not result in the increased 

~ynthcsis of the hcat shock proteln. Mammalian hsp27 shares sequence 

hornology with the low molecular weight heat shock proteins from lower 

orqanhms and, surprlslngly, with the vertebrate lens protein a-crystallin 

(Ingolia and Craig, 1982; Hickey et al., 1986). Similar to the lens a­

crystallin, hsp?7 also exists as large protein aggregates with molecular 

mass ranginq from 200-400 daltons in non-stressed cells and forms even 

larger insoluble aggregates during hyperthermia (Arrigo and Welch, 1987). 

In all specles cxarnined, these aggregates are found in the cytoplasm at 

normùl lempL'ralures and rnigrate into or around the nucleus upon a heat 

shock (Lindquist and Craig, 1988). The small heat shoek proteins have 

been reported to associate with mRNA during stress in plant and insect 

cells (Kloetzel and Bautz, 1983; Nover et al., 1989). This fétmily of 

proteins shows tissue specifie developmental regulation in Drosophilo 

(Paul i rt al., 1990; Haass et al., 1990). In addition, recently hsp27 

expression was shown to be under estrogen regulation in certain mammary 

turnour cell lines (Fuqua et al., 1989). A member of the hsp27 gene family 

has been identlfied as an inhibitor of actin polymerization (Miron et al., 

1991). Despite li kely roles in both growth signal transduction and 

thermal resistance, the function of the small heat shock proteins still 

remains to be understood . 
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1.4. The Inducers of the Heat Shock or Stress Response 

After the discovery that the heat shock respol1se WdS l'Ilclted ,1,) .t 

result of heat shock, many investigators found t~dt tfll' IIH1I1CIIOI1 of tfll' 

stress response can be achieved by mdny other strt:'sses whicll w"re flot h(',ll 

shock. In this section of the thesis the different types of ,>tn'~s 

response inducers will be discussed. 

1.4.1. Developmental Inducers of the Heat Shock Response 

Si nce most of the studi es on the heat shod response hdV{' bl'en 

performed in Drosophila, it is not surprislng that the besl docunIf'T1I('d 

data on heat shock gene expression duri ng the course of deve 1 op1l1pn\ tir e 

found in these i nsects. In ovari an nurse ce 11 s, messages for h<.,p?6, hsp?B 

and hsp83 are induced to quite high amounts and these elevalcd Icvph M'(' 

passed on to the developing oocyte (Zimmerman, Petri and Mes~ph()n, )<JBn. 

On the other hand, hsp70, hsp68, hsp23 and hsp22 rnes~c1ge') are no! pr odlJ( ('cI 

and cannot even be i nduced wi th a heat shock. Hsp2?, h'>p? 1) h',p?() ,Ill!! 

hsp28 are also induced at the late third instar larvdjprqJllpd ',"HW of 

development (Sirotkin and Davidson, 1982; Cheney and Shern, 19B3). Ih(' 

trigger for this inductlOn during various stages of developrfl(ml Î', 

believed to be the mo1ting hormone ecdysone, which reactles a peak in Idlr 

third instar larvae. Furthermore, ecdysone has been shown ta inrJucc the 
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syntheslS of the same heat shock proteins in tissue culture cells (Ireland 

and Berger, 1982). 

Ecdysone-resistant cell lines do not express the heat shock proteins 

when exposed ta the molting hormone, but they are capable of producing all 

the heat shock proteins ln response to a heat shock (Berger, Vitek and 

Morgenclli J 1984). ThlS suggests that the two forms of indu,:tion are 

independently regulated. Recently, this has been demonstrated to be the 

case in both ovarian and prepupal inductions via analysis of genes which 

contained varying lengths of 5' sequence transfected into the Drosophila 

germ llne. Hsp26 sequences which were responsible for ovarian induction 

were located 522 to 352 base: upstream of the transcription start site, 

whcrcas the sequences responsible for heat shock induction were located 

341 to 14 bases upstream (Cohen and Meselson, 1985). In similar 

experiments, the sequences responsible for 80% of the heat-induced 

synthes i s of hsp28 mapped more than 1100 bases upstream of the start site. 

Meanwhile, the sequences responsible for prepupal induction were located 

wlthin 227 bases of the gene (Hoffman and Corces, 1986). 

In mouse embryos, certain heat shock proteins appear to be 

constitutively expressed. In an eight-day old mouse ectoderm and in 

embryonal carcinoma cells two prominent proteins of 70 and 89 kilodaltons 

are evident. Unfortunately, it 15 not clear whether these proteins are 
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identical to the heat-inducible proteins or other members of the Sdllle 

f amil i es (Bensaude and Marange, 1983). 

1.4.2. Other Inducers of the Heat Shock Response 

The earliest studies of heat-induced puffs in Drosophila 

demonstrated that they could be induced by a variety of other strcss 

treatments besides heat shock. The induction of the str('ss rcsponse l an 

be obtained by the release from anoxia, addition of sodium illide (Il pOl50n 

of cellular respiration) or addition of 2,4-dlnitrophenol (dfl unrollpll'r of 

oxidative phosphorylation) (Ritossa, 1962; Rltossa 1964). Since the 

stresses above disrupted oxidative phosphorylation or elcc.tron trdn'>port, 

Ritossa (1962, 1964) speculated that the induction of the stress rcsponsc 

served ta protect cells from respiratory stress. However, sevprdl 1 HlC5 

of evidence now indicate that this notion is probably nal corrcct. 1 irst 

of all, a large number of agents with no specificity foy' r1'5plrdtory 

processes were discovered which induced the stress response. )clondly, 

yeast mutants that are respiration-deficient neverlhelcs5 exprC5,) hedl 

shock proteins in response to high temperatures (Lindquisl et dL, 19B?). 

Many inducers are effective across a broad range of spec. ies. 

However the effectiveness often varies, depending on the species. Sorne of 

these inducer~ include sodium arsenite, ethanol, sulfhydryl reagents, 
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hydrqen peroxide, transition series metals, amine acid analogs and even 

viral infection (Nover, 1984; Craig, 1985; Lindquist and Craig, 1988). 

Ethanol elicits a stress response in mammalian cells (Li, 1983), yeast 

(Ple~set, Palm and McLaughlin, 1982) and E. coli (Neihardt, VanBogelen and 

Vaughn, 1984). Sodium arsenite induces the proteins in Drosophila 

(ranguily and Vincent, 1982). mammalian cells (Li, 1983), soybeans (Key et 

al., 1985) and trout (Kothary and Candi do, 1982). Cadmium induced the 

expression of the heat shock proteins in Drosophila (Courgeon, Maisonhaute 

and Bes t -Be 1 pomme, 1984), mamma li an ce 11 s (Li and Lasz l 0, 1985) and 

soybeans (Key et al., 1985). However, there are many species-specific 

differences. For example, ethanol, sodium arsenite and cadmium do not 

induce a heat shock response in Dictyostel ium (Rosen et al., 1985) • 

1 • 5 . The Phenomenon of Thermoto l erance 

When organisms are exposed to a severe enough heat shock or other 

stress, the majority will die. If, however, they undergo a mild, 

sublethal heat treatment prior to the fatal heat shock, a considerable 

fraction of them survive. The earliest studies on mammalian cells that 

documented that heat induces a transient state of heat resistance were 

those of Henle and Leeper (1976). They discovered that thermotolerance 

was inducible in Chinese hamster cells by a short heat treatment of 5 to 

15 minutes at 45°C followed by incubation at 37°C. Resistance to a second 
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lethal heat shod at 45°C was shown when the survival curves of rells 

which were pre-heated sublethally were compared to those that wc!'!' not 

heated. Cells which were first given a sublethal heat trel\tmcnt sllrvived 

far better than the unheated cells. Upon examining the ~illelic~ of 

induction and decay of thermotolerance, cells were maxllllally sf'nsllive 

immediately after heating. Thermotolerance was maxinhll if an Inlf'T'Vell of 

about 8 hours existed between the first sublethal hCGt treatmcnt and the 

second lethal heat shock. Resistance was shown to persist for at Ica~t 48 

hours. Another example of thermotolerance is demonstrated in IJro'lophtla. 

Most or all third-instar Drosophila larvae die following a 70 mInute lIedt 

shock period at 40°C. However, if the larvae are pretrcatcd at 33 Lo 35°( 

for 30 mi nutes and then exposed ta the 1 etha 1 heat 5 t l'CS S, <1<, IIl<lny il<, 50'~, 

of them survive and even develop normally (Mitchell et el 1., 1979). 

Furthermore, heat shock proteins were induced while overall rates of RNA 

and protein synthesis were only slightly affected after thc ~llhlethrtl 

pretreatment at 33 to 35°C. Interestingly, this pretrefltmpnt with IICd!. 

can be replaced by other inducers of heat shock protein synthcsls, ~ulh d~ 

ethanol or arsenite, with similar effects. Since the induction of 

thermotolerance appears to correlate closely with the expression of hedt 

shock proteins, particularly with hsp70 (Li and Laszlo, 1985), il is 

likely that at least one of the heat shock proteins probably plays d l'ole 

in the development of thermotolerance. Observations simililr to thosc 

mentioned have been reported in a wide variety of cells in culture and in 
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organisms, including mice, soybean seedlings, slime molds, yeast, 

bacterial cells and Drosophila at most of its stages of d€/elopment. 

1.6. Expression of Heat Shock or Stress Proteins During Human Disease 

The increased expression of stress proteins has been observed in 

cells and tissues in a broad distribution of human diseases including 

ischemia, cardiac hypertrophy, inflammation, fever, metabolic diseases and 

cell and tissue damage. The purpose of abnormal expression of stress 

proteins 10 human tissues is still unclear. It may represent an acute 

response to an altered physiological state or a chronic adaptation to a 

particular disease state. Although the primary function of the stress 

response is believed to be protective, the chronic abnormal expression of 

heat shock protei ns may have de l eteri ous effects. For examp le, the 

accumulation of stress proteins dlJring a chronic physiological stress 

could lead to an arre~t of biosynthetic activities or a reduced ability of 

the affected cells to respond ta subsequent exposures ta stressful 

conditions (Morimoto, Tissieres and Georgopoulos, 1990). 

Exposure ta transient ischemia has detrimental consequences on 

affected tissues. During postischemic reperfusion, there is a rapid 

activation of stress protein expression in the brain, kidney, heart and 

liver tissues (Currie and White, 1981; Currie, 1987; Mehta et ~1., 1988) • 
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The mechanism by which ischemia and reperfusion indllce stress gene 

expression and whether the induced synthesis of stress proteins is 

important during recovery from the disease state is unclcar. One possible 

mechanism for ischemic damage that occurs during reperfusion involves the 

generation of oxygen free radicals (Benjamin, Kroger and Wlllldms, 1990). 

Damage caused by free radicals can also occur following exposure to a wide 

variety of environmental agents including xenobiotlcs, aromatir 

hydrocarbons and photochemical air pol lutant (Micheals and lIunt, 1978; 

Jenkinson, Anderson and Gangolli, 1986). Free radicals are known to have 

a broad range of cellular targets including lipid oxidation, DNA damaq~ 

and effects on amine acid modification, cross-linking and general effecls 

on protei n conformat i on and act i v i ty (Lo~m, Jostwa and Chen, 1982; 

Nicotera et al., 1985). Prokaryotic cells also have an adaptive response 

to the toxic side effects of molecular oxygen. For example, II/ai induces 

a set of genes similar to those found in the family of heat shock protcin~ 

(Christman et al., 1985; Morgan et al., 1986). 

Among the earliest molecular events detected after aort ie 

constriction or work-overload-induced cardiac hypertrophy is the clcvaled 

expression of hsp70 (Dillman et al., 1986). Activation of lhe stress 

response could be due to the aberrant synthesis, accumulation or 

degradation of bath existing and newly synthesized proteins. 

Alternatively, the hsp70 gene may be responding to cellular signals in the 
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hypertrophie state . 

Inve:;tigation of antigens involved in the 

tubereulosis and leprosy bacilli, Mycobacterium 

immune response to 

tuberculosis and 

Mycobacterium lp,orae, respectively, led to the observation that stress 

proteins are among the major targets of the immune response (Shinnick, 

Vodkin and Williams, 1988; Young et al., 1988). The observations that 

stress proteins are important targets of the immune response to 

mycobacterial infection, and that the major stress proteins are eonserved 

and abundant in other organisms, suggest that stress proteins are likely 

to be immune targets in many nonviral infections. This is indeed the 

case. Antigens from a wide variety of infectious agents have been 

identified as members of stress protein families (Young and Elliott, 

1989). The majo'" stress protein antigen recognized by antibodies in 

baclerial infections is hsp60. "Common antigen ll
, an immunodominant 

protein antigen shown to be shared by most bacterial species, turns out to 

be hsp60 (Shinnick, Vodkin and Williams, 1988). It is not yet clear 

whether other stress proteins are general targets of the immune response 

to bacteria. Stress proteins have also been identified as immune targets 

in most major human parasite infections (Young et al., 1989). Antibodies 

to hsp70 have been identified in the sera of patients suffering from 

malaria (Bianco, 1986; Ardeshir et al., 1987; Yang et al., 1987; Petersan 

et al., 1988; Mattei, Ozaki and da Silva, 1988), trypanosamiasis (Engman, 
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Kirchoff and Donelson, 1989), leishrnani asis (Nacfarlane et al., 1989), 

schistosomiasis (Hedstrom et al., 1987; Hedstrom et al., 1988; Newport et 

al., 1988; Scallon, Bogitsh and Carter, 1987) and filariasi5 (Selkirk et 

a1., 1987; Selkirk et a1., 1989; Rothstein et al., 1989). Hsp90 is 11150 

a target of antibodies in trypanosomiasis (Dragon et al., 1987) and cl 

member of the small heat shock prote;n family ;s observed in saille pallcnls 

with schistosomiasis (Nene et al., 1986). 

Rheumatoid arthritis is characterized by a chronic inflillllluatory 

reaction in synovial membranes that is thought to involvc autoimlllune 

processes. Patients with rheumatoid arthritis were discovcred to have 

increased levels of antibodies to the 65 kilodalton and 70 kiJod,llton 

families of heat shock proteins, particu1arly to the bacterlal homologue 

of hsp65, Mycobacterium bovis (Bahr et al., 1990). It is not known 

whether these antibodies were originally induced as part of the 1I1lmunc 

response to a previous infection, or as a secondary consequence of the 

tissue breakdown and failure of the immune regulation occurring during 

autoimmune disease. 

1.7. The Heat Shock Response Ouring Normal Development 

The elevated expression of stress genes during early stages of 

embryonic development and differentiation, in the absence of heal shock or 
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other physiologieal stress, has been widely observed among diverse 

eukaryotic species (Craig, 1985; Heikkila et al., 1986; Lindquist and 

Craig, 1988). One of the first heat shock genes shown to be 

developmentally regulated was the small heat shock protein, hsp23, which 

was ecdysone-inducible in Drosophila tissue culture cells (Ireland and 

Berger, 1982) and in imaginal dises (Ireland et al., 1982). Hsp23 

expression was also detected in the absence of heat treatment in early 

ovarian development (Zimmerman, Petri and Messelson, i983). 

Hsp68 and hsp70 are among the first proteins to be detected at the 

two-cell stage of postfertilization development, early in mouse 

embryogenesis (Bensaude et al., 1983). High levels of hsp70 and hsp89 

were also discovered during the morula/blastocyst stages of preimplantion 

embryos (Wittig et al., 1983; Morange et al., 1984). Despite this, two to 

eight cell embryos cannot produce heat shock proteins after a temperature 

elevation and are thermosensitive (Wittig et al., 1983; Morange et al., 

1984). In contrast, blastocysts are able to elicit a heat shock response 

following a stress and develop thermotolerance (Muller, Li and Goldstein, 

1985). In 1987, Kothary et al. demonstrated that hsp68 mRNA was present 

in the trophectoderm and in the primitive endoderm at late fetal stages in 

mouse embryos. 

In the developing postnatal rat, in vivo hyperthermia results in the 
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synthesis of hsp71 in heart and adrenal tissues from an age of 1 day old 

ta 25 weeks old (Currie and White, 1983). Ouring this period, overal1 

protein synthesis decreased, but the amounts of hsp71 remained reldtively 

consistent in heart and lung tissues and increased approximately 50 fold 

in brains. The synthesis of hsp71 in 3 week old rats and in older rats 

coincides with the maturation of brain capillaries and the blood-brdin 

barrier (Currie and White, 19B3). High concentrations of hsp71 were 

discovered in fractions rich in cerebral microvessels. 

1.8. The Heat Shock Response During Abnonmal Development 

As previously discussed in this thesis, stress or heat shock 

proteins are synthesized by many organisms in response to adverse 

environmental conditions (Hahnel et al., 1986). In this section, the 

focus will be on the effects of hyperthermia and cadmium on the organism 

and on the stress response. 

1.8.1. Hyperthermia and Teratogenicity 

Over the last 25 years many investigators have linked hyperlhermia 

with the development of malformations in the embryo. When pregnant rats 

carry; ng embryos on days between 9 ta 14 of ges tat i Lon are expo5cd for 40 

to 60 minutes in an incubator that raised deep body temperature from 38.] 
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± O.51°C to 42.7 ± 0.62°C, increased fetal resorptions, retardation of 

growth and a number of other developmental defects are observed (Edwards, 

1968). In addition, embryos exposed on different gestational days 

developed specifie types of malformations. Grossly apparent fetal 

malformations included microphthalmia after exposure on day 9 of 

gestation, anencephaly after exposure on day 10 and defects of tails, 

limbs, toes, palate and body after exposure on dajs 12 to 14 of gestation. 

In a similar study, pregnant Sprague-Dawley rats were partia11y immersed 

in a water bath until their core body temperature reached 43.5°C and the 

procedure was repeated 6 hours later (Webster, Germain and Edwards, 1985). 

The two heatings were performed over a range of developmental stages from 

early gastrulation (8 days and 18 haurs) ta about the 12 somite stage (10 

days and 18 hours). The main teratogenic effects observed were head­

re 1 ated ma lformat ions. Mi crophtha lmi a was the most common defect with 

approximately 90% of surviving fetuses having sma11 eyes wh en heating 

occurred between 9 days and 6 hours and 10 days. Encepha l oce 1 es were 

induced in embryos exposed between gestational days 9 and 10, where 57% of 

surviving embryos were affected. Finally, maxillary hypoplasia resulted 

from heating between days 9.06 and 10.06 of gestation with 20% of 

surviving fetuses affected. The period most sensitive to hyperthermia was 

determined to span from days 9.06 to 10, which consists of a large 

proportion of the gastrulation stage of embryogenesis. A number of 

similar developmental abnormalities was also observed in in vitro heat 
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treated rat embryos (Walsh et al., 1987). Presomite rat embryos (day 9.5) 

were explanted and exposed to elevated temperatures of 42.0, 42.5, 43.0 or 

43.5°C for varying lengths of time (0.5 to 80 minutes). Four phenotypes 

were obtained following a brief exposure to an elevated tempcrdture of 

43°C for 7.5 minutes: gross retardation in the forebrain rcglon, 

microcephaly, microphthalmia and open neural tubes. The severity of thc 

ma lformat ions were dose-dependent. Embryos wh i ch were t rea tcd with il 

mild, nonteratogenic exposure to heat were protected against d subsequent 

exposure which would otherwise cause severe craniofacial defects (Wc\lsh el 

al., 1987). This induction of thermotolerance correlatcd weIl with the 

synthesis of heat shock proteins (Walsh et al., 1987). 

Exposure of postimplantation rat embryos on days 9, 10, 11 and 12 of 

gestation to an in vitro heat shock of 43°C for 30 minutes results in the 

induction of heat shock proteins in day 9 and 10 embryos, cl severe Iy 

attenuated response in day 11 embryos and no detectab le response ln dcly 12 

embryos (Mirkes, Grace and Little, 1991). The heat shock re'iponse is 

characterized by the synthesis of heat shock proteins wlth molcculdr 

weights of 28 to 78 kilodaltons as visualized by a two-dimen~ional gel 

electrophoresis. 
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1.8.2 . Cadmium and Teratogenicity 

Cadmium has been found to be extremely toxic in many systems. In 

one study, the effects of heavy metals on chick embryogenesis was examined 

(Gllani and Alibhai, 1990). Of all the metals studied, cadmium was 

discüvcred lü be the most embryotoxic with an LD~o value of 3 j1g/egg. Sorne 

of the malformations observed were micromelia, abnormal beaks, reduced 

body size and hemorrhage. 

Klein et al. (1990) cultured rat embryos for 48 hours in vitro with 

serum taken fram rats injected intraperitoneally with cadmium to evaluate 

the teratogemc activity of this heavy metal. Susceptible embryos were 

hemmürrhaglc dnd exencephalic and lacked forelimb buds. Theyalso 

possessed fewer somites than control embryos (14-15 compared to 21-26). 

Furthermore, the protein and DNA contents of these abnormal embryos were 

significantly reduced compared to those of control. 

The exposure of cu ltured CD-1 mouse embryos to 1. 75 j1M cadmium was 

lethal to 55~:J of the embryos and of the surviving embryos, 87% were 

malfarmed (Kapron-Bras and Hales, 1991). However, when the embryos were 

exposed te a sublethal heat sheck prier to the addition of cadmium, a 

significant reduction of dead and malformed embryos were observed. Some 

of the ma l format ions obtained from only the cadmium treatment incl uded 
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growth retardation and abnormalities of the eye and branchidl M'd,es . 

1.9. Rational for the Experiments in this Thesis 

Little is known about the pathway leading Froll! the ~ln)~~lul 

stimulus to a malformation and the possibi 1 ity of the he(lt SItOl k resp(ln~(' 

being linked ta thi5 phenomenon which therefore prompted the studies III 

this thesis. As previously described in thlS chapicr, the tn'dtrrrent 01 

embryos with hyperthermi a or cadm; um was found to he C'mbryo 1 et tl,ll . III 

addition, those embryos that survived were mal fonllcd. ln orcier lo 

determ)ne the ability of heat or cadmium to HlducE' <l he,lt ~ho('k r{'''\)()rJ''(;', 

the steady-state mRNAs of two heat shock proteins were lJ~cd clS Hld Ic,ltor':> 

of the stress response in the rat embryos durt ng organogcnes 1'>. Ibpfl ,HIll 

hsp70 were chosen based on the abil ity of hypertherml il dnel Cdlhn i UII! t 0 

specifically induce these heat shock proteins in ~ Imi Idr sy':>t('III" 

(mentioned previously). Therefore, to understand this respon,>c Hl the rdt 

embryo during the critical period of gestation, rat embryo,> on dcly 10 of 

gestation were exposed to two forms of environmenlal ~tre"s, cl !1fT 11h11 

shock for varying lengths of time and a 2.5 flM dose of cadmium dllor /(lv, 

and subsequently cultured for varying lengths of time. lhe re',ult" from 

these experiments were utilized ta see whether there was a relationship 

between the duratian of heat shock and the degree to which the mHNA level~l 

of hsp27 and hsp70 accumulated. In addition, collecting embryos dt 
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different time points after hyperthermia and cadmium treatment allowed the 

time c.ourse of the heat shock response to be examined through the 

accumulation of hsp27 and hsp70 mRNAs. Finally, the results obtained in 

this thesis will allow the formulation of a possible connection between 

the abi lit Y of hyperthermia or cadmium treatments to lead ta malformations 

and the abi 1 i ty of the embryos to mount a heat shock response • 
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CHAPTER 2 

MATERIAlS AND METHOOS 

2.1. Animals 

Timed pregnant Sprague-Oawley rats (200-250 g) were purchdsed tram 

Charles River Canada (St. Constant, Québec). The day on whicl1 ~penn(ll()/oc\ 

were found in the vaginal smear was considered day zero of prpCjr1t1l1(y. 

Rats were housed in the Mclntyre Animal Centre (MeC!!1 Univür~ily, 

Montreal, Québec) at 22-25°C with a 12-hou r !ight-dark schedult.'. R<tls 

were supplied with Purina rat chow and tap water ddlibitUIII . 

2.2. Embryo Culture 

Rat embryos were cultured using the method described hy New (197B). 

Explantation of embryas from the dam took place in Hank'~ fJdlar!ced )alt 

Solution (HBSS) (Gibco Laboratories, Burlington, OnlafJo). PreyTldnl rdt~) 

were given an overdose of ether to kill them. The ulcrl of ethcrilcd 

pregnant rats were explanted on the morning of day 10 of gc~tdtion. rhc 

embryos were then di ssected free of maternd 1 tissue and Re i cherl' s 

membrane while the visceral yolk sac and the ectoplacental cone were left 

intact. Embryos from each litter were split between control dnd 
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experimental groups. A minimum of three embryos were placed in each 

sterile 60 ml glass bottle eontaining 4.8 ml of filter-sterilized (0.45 ~M 

pore diameter filters) medium, made up of 90% heat-inactivated rat serum 

and 10% Tyrode's saline (Gibco Laboratories). Immediately before culture, 

10 U/ml penieillin G (Gibco Laboratories) and 10 pg/ml streptomycin (Gibco 

Laboratories) were added ta the medium. The contents of the bottles were 

gassed wlth a mixture of 20% oxygen, 5% carbon dioxide and 75% nitrogen 

(Medigas Inc., st. Laurent, Québec). The bottles were placed in a 37°C 

incubator and rotated at 30 rpm. 

2.3. Heat and Cadmium Treatments 

The contents of the bottles were equilibrated at 37°C for 2 hours. 

The bottles containing the heat-treated embryos were placed upright in a 

43°( waterbath for 5, 10, 15 or 20 minutes, while those containing the 

control embryos were left in the 37°C incubator. The medium in the heat­

tredled bottles reached the designated temperature within 2 minutes and 

remained within 0.2°C of that temperature for the duration of the 

treatment timp. After the different lengths of heat shock, embryos were 

returned to the 37°C incubator and cultured for an additional l, 2, 4 or 

20 hours. In vitro control and heat-treated embryos and yolk sacs were 

then collected separately for Northern blot analysis. In vivo control 

embryos and yo l k sacs were a 1 sa co 11 ected at the end of each heat 
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treatment experiment • 

In a separate experiment, cadmium was added to the medium 1 hour 

after the start of culture in the form of cadmium chloride (Aldrich 

Chemical Company Inc., Milwaukee, Wisconsin) in distilled water. The 

final concentration of cadmiHm was 2.5 pM; the metal remdined in the 

medium throughout culture periods of 2, 6 or 20 hours. Each cadmiuIII group 

had an in vitro control cultured simultaneously. Embryos and yolk sars 

were collected separately for Northern blot analysis. 

At least three replicates were done for each of the different heal 

and cadmium treatment groups • 

2.4. Northern 810t Analysis 

2.4.1. cONA Probes 

Hsp27 rat cOMA probe. The specifie rat cDNA probe for hsp27 was kindly 

provided by Or. M.J. Welsh (University of Michigan, Ann Arbor, Mlchigdn). 

The 0.85 kilobase hsp27 cDNA insert (GeneBank Accession number MB6389) WdS 

cloned into the EcoRI eut site of a Bluescript SK vector. JMIOl balteria 

was transformed with the plasmid containing the DNA insert by the calcium 

chloride procedure (Sambrook et aL, 1989). An overnight culture of JMIOI 

42 



• 

• 

• 

bacteria was prepared us;ng 50 ~l of glycerol bacteria stock in 5 ml LB 

(Luria-Bertani) broth. The bacteria were grown overnight at 37°C in a 

shaking water bath. In a 500 ml flask, 1 ml of overnight culture was 

added ta 50 ml of prewarmed LB broth. The cells weT~ grown at 37°C with 

vigorous shaking for 1-2 hours or until the optical density reached 0.5 at 

a wavelength of 550 nm. The bacteria were transferred to a 50 ml sterile 

centrifuge tube, spun at 3000 rpm for 10 minutes at room temperature and 

left on ice. The supernatant was discarded and the pellet was resuspended 

in 20 ml ice-cald 50 mM calcium chloride (filter-sterilized) and left on 

ice for 20 minutes. The cells were spun again at 3000 rpm for 10 minutes 

at room temperature. The pellet was resuspended in 2 ml 50 mM calcium 

chloride and left on ice for 1 hour. In prechilled 15 ml test tubes, the 

following transformation reactions were prepared: 2 sets each of 0.2 ml 

hast cells (negative cantrols) and 0.2 ml host cells with 2 ~1 of 50 ng/~l 

Bluescript vector containing the hsp27 insert. The t rans format i on 

react ions were pl aced on i ce for 40 mi nutes, heat shocked in a 42°( 

waterbath for 2 minutes and returned to the ice. LB broth, 0.4 ml, was 

added ta one set of control and cells containing the vector, while 0.8 ml 

LB broth was added to the other set. The tubes were incubated for 1 hour 

in a shaking 37°C waterbath. Cells in 150 and 300 ~l aliquots were taken 

from the tubes containing 0.4 ml LB broth and spread onto LB plates which 

contained 1 ml of 50 ~g/ml ampicillin. Cells, 150, 300 and 400 ~l 

aliquots, were also taken from the set of tubes containing 0.8 ml LB broth 
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and spread onta anather set of LB plates. LB broth on 1 y, 300 Jil, was 

spread on two plates as negative contro1s. The plates were a110wed ta dry 

for 15-20 minutes before incubating them overnight at 37°(. lhe next dcly 

5 ml of LB broth and 10 Jil of stock ampieillin were added to Pdch of 6 

sterile tubes. Individua1 colonies from the plates were pickcd and added 

to each tube. The tubes were placed in a 37°C shaking walerbalh 

overnight. 

A mini-preparation was performed on the plasmid DNA dccording ta the 

alka1ine lysis method (Sambrook et al., 1989). A 1.5 ml aliquot of the 

cu l ture was poured from each of 6 tubes i nto 6 [ppendori tubes dnd 

centrifuged for 1 minute at 10,000 g. The remainder of the overrllghl 

culture was stored at 4°C. The medium was removed by dspiration, lCdviny 

the bacterial pellet as dry as possible. The pellet was resu'lpcnded by 

vortexing in 100 Ji1 of an ice-cold solution of 50 mM glucose, 10 mM LDIA 

and 25 mM Tris-Cl (pH 8.0). An aliquot of 200 111 freshly preparcd 0.2 N 

NaOH/1% SDS was added. The contents of the tubes were mixcd by IrJvcrling 

the tubes rapidly 3 to 5 times and then stored on ice for 5 minule~. An 

aliquot of 150 Jil of an ice-cold solution of 5 M potassium dteldte WdS 

added to each tube. The contents were vortexed gently and stored on ice 

for 5 minutes. The tubes were spun at 10,000 9 for 10 minutes dt 4°C dnd 

the supernatants were transferred to 6 fresh tubes. An equal volume of 

pheno l : ch l oroform was added to each tube and the contents mi xed by 
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vortexing. After centrifuging for 5 minutes at 10,000 g, the supernatant 

of each samp1e was transferred to a fresh tube. The doub1e-stranded DNA 

was then precipitated with two volumes of 100% ethanol. The contents of 

the tubes were vortexed and a 11 owed to si t at room temperature for 2 

minutes. The samp1es were spun for 5 minutes at 4°C at 10,000 g. The 

supernatants were poured out and the tubes were inverted for 1 minute to 

air dry samples. The pellets were washed with 1 ml of 70% ethanol, the 

supernatants poured off and the pellets briefly vacuum dried. The DNA was 

then dissolved in 20 Jil tris-EDTA, 0.5 Jil RNAse A, DNAse free, and 

incubated at 37°C for 30 minutes. In order to cut out the hsp27 insert, 

a restriction digest of the 6 DNA samples were performed using EcoRI 

(Pharmacia LKB, Montreal, Québec). A mixture of 20 Jil of DNA, 2 Jll EcoRI 

and 3 Jil One-Phor-All Buffer PLUS (100 mM Tris-acetate, pH 7.5, 100 mM 

magnesium acetate, 500 mM potassium acetate) was incubated at 37°C for 1 

hour. The DNA fragments in the restriction digests were analyzed by gel 

electrophoresis. A 1 kilobase DNA ladder was run simultaneously with the 

samples in order ta confirm that the size of the insert was indeed 850 

base pairs. The samples were fractionated on a low-melting agarose gel 

and bands around the size of 850 base pairs were visualized on the gel 

under u1t~avio1et 1ight. The bands were cut out and the amount of DNA was 

estimated to be about 10 Jig. 

Geiase (Cedarlane Laboratories Ltd., Hornby, Ontario) was used to 
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digest the low-melting agarose containing the hsp27 CDNA probe. First, 

the tubes containing the low-melting agarose and the cDNA probe were 

incubated at 65 oC for 30 minutes. The tubes were subsequently lncubdted 

at 40°C for 40 mi nutes. GELase, 8 units was added to each tube. rhE' 

contents of the tubes were vortexed and incubated at 40°C for 1 hour. lhe 

DNA was stored at -20°C. 

Hsp70 mouse cONA probe. The speci fi c mouse cDNA probe for hsp70 WdS 

kindly provided by Dr. R.I. Morimoto (Northwestern University, [van~ton, 

Illinois). The 4.3 kilobase segment of hsp70 mouse DNA was selected from 

a lambda phage library and subcloned into plasmid PBR322 aL the HAMHI sitC' 

within a tetracycline-resistant gene. Therefore, the pJd~mid is 

tetracycline-sensitive and ampicillin-resistant. The protocol for 

preparing the hsp70 cDNA probe was similar ta that for hsp27 cDNA probe. 

The hsp70 cDNA was also transformed into JMIOI bacleria. Howcver, the 

restriction enzymes used were GamHI, EcoRI and Pst! (Phdrmauil 1 KB). 

Utilizing these restriction enzymes, an insert of 3.8 kiJobdscs Wd~ 

excised fram the PBR322 plasmid. This insert contained part of the murinc 

coding sequence for hsp70. 

2.4.2. 01igolabel1ing of both hsp27 and hsp70 cDNA Probes wilh I~p 

Bath hsp27 and hsp70 cDNA probes were labelled with j/p by rilndom 
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priming using an oligolabelling kit (Pharmacia LKB) . Following the 

protocol below, 50-100 ng of DNA (cDNA probe) was 1abe11ed to a specifie 

activity of 1-5 X 10R dpm/Ilg using [a- 32 P]dCTP at 3000 Ci/mmo1. The 

appropriate amount of DNA was suspended in sterile de;on;zed water up to 

a volume of 34 111. The DNA to be labelled was first denatured in a water 

bath at 95-100°C for 5 minutes. The DNA was placed immediately on ice for 

5 minutes. Then 10 111 of a reagent mix (buffered aqueous solution 

containing dATP, dGTP, dTTP and random hexadeoxyribonucleotides), 5111 of 

[a-I?P]dCTP (3000 Ci/mmo1) and 1 111 of Klenow fragment (buffered glycerol 

Solutlon, 5-10 unitsllll) were added ta the DNA. The reaction mixture was 

gently mixed, then incubated at 37°C for 1-2 hours. The random hexamers 

present in the reagent mix annea11ed to random sites on the DNA and served 

as primers for DNA synthes i s by the K1 enow fragment of E. coli DNA 

po1ymerase 1. The labelled nuc1eotide present during the synttiosis 

a110wed for the generation of high1y 1abelled DNA. The labelled fragments 

were separated from the free nucleotides by purifying the DNA on a 

Sephadex G-50 column. These fragments were denatured from the temp1ate 

cDNA probe in a water bath at 95-100°C for 5 minutes and then immediate1y 

coo 1 ed on 1 ce for 5 mi nutes. The l abe 11 ed probe was added to the 

hybridization solution along with the membrane at 106 cpm/ml • 
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2.4.3 . Isolation of RNA 

RNA was extracted from the collected embryos and yolk sacs of edch 

experimental group using the acid guanidinium-phenol-chloroform extrdction 

method (Chomczynski and Sacchi, 1987). The following protocol drscribrs 

isolation of RNA for 100 mg of tissue. First, 1.0 ml of solution A (4 M 

guanidium thiocyanate, 25 mM sodium citrate, pH 7.0, 0.1 M 2-

mercaptoethano 1) was added to frozen embryo and yo 1 k sac Sdlllp 1 cs. Samp 1 cs 

were vortexed until tissues were suspended in the solution A. Then 0.1 ml 

of 0.2 M sodium acetate pH 4.0, 1 ml of phenol (saturated with watrr), O.? 

ml of chloroform-isoamyl alcohol mixture (49:1) were added sequcntlùlly tü 

the samples and vortexed thoroughly after the additlon of cdch rCdgcnt . 

Samples were centrifuged at 4°C for 20 minutes at 10,000 9 dftcr having 

been placed on ice for 20 minutes. After centrifugation, thc upper 

aqueous phase was transferred to a sterile tube, mixed witt! 1 ml ot 

isopropanol and placed at -20°C for a minimum of 1 hour to allow the ImA 

to precipitate. Samples were centrifuged again for 20 minute ... dt 

10,000 g. The supernatant was discarded while the HNA pellet WrI') 

dissolved in 0.3 ml solution A and precipitated wilh 0.3 ml isopropdnol 

for a minimum of 1 hour at -20°C. After centrifuging the sample~ for 15 

minutes at 4°C, the pellets were washed with 0.5 ml of 75% ethanol. 

Samples wer-: centrifuged again for 15 minutes and vacuum dried for 15 

minutes. The RNA pe 11 ets were di sso 1 ved in 10-20 fil di ethy 1 

48 



• 

• 

• 

pyrocarbonate-treated water (ICN 8iomedicals Canada, Mississauga, Ontario) 

at 65 Q C for la minutes. The RNA preparations were stored at -IODe for 

further use. The concentration of total cellular RNA was measured by the 

absorbance at 260 nm using a Beckman OU-7 spectrophotometer. 

2.4.4. fractionation of RNA and transfer onto a nylon membrane 

Total RNA (la pg per sample) was denatured by adding formaldehyde, 

formamide and borate buffer (0.1 M sodium borate, 0.1 M borie acid, and 

0.001 M EDTA, pH 8.0) to a final concentration of 16%, 40% and 0.02 M, 

respectively, and heating the samples for 5 minutes at 65°C. The 

denatured RNA samples were separated in a 1% agarose gel containing 0.02 

M borate butfer and 16% formaldehyde (BOH lnc., St. Laurent, Québec). The 

gel was electrophoresed in recirculated 0.02 M borate buffer at 20 volts 

for 20 hours at 25°C (Pharmacia LKB). -he separated RNA was transferred 

onto a GeneScreen Plus nylon membrane (Du Pont Canada, Mississauga, 

Ontario~ by vacuum blotting for 2 hours using a Vacugene blotting system 

(Pharmacia LKB Biotechnology, Uppsala, Sweden). To facilitate the vacuum 

transfer, the agarose gel was pretreated with 50 mM NaOH/10 mM NaCl for 20 

minutes and then neutralized with 0.1 M Tris (pH 7.4) for 20 minutes. The 

final transfer buffer added was 20 X sse (1 X sse is 0.15 M NaCl/O.015 M 

sodium citrate, pH 7.0) for BD minutes. The membrane was rinsed in 

transfer buffer and baked in a vacuum oven at BODe for 2 hours before 
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hybridization • 

2.4.5. Hybridization of cDNA probes to RNA 

The membrane was prehybridized in 50% deionized formamide, 1~ sodium 

dodecyl sulfate (Mall inckrodt Canada lnc, Pointe-Claire, Québec), l M 

NaCl, 5 X Denhardt's solution (100 X Denhardt's solution COIlSlsts of 2':, 

bovine serum albumin, 2% Ficoll, 2% polyvinylpyrrol idone), 100 ~q/ml yed~l 

tRNA and 5 tJg/ml poly A RNA at 42°C for 2 hours. The labclled h,>p?? dnd 

hsp70 cONA probes were then added separately to the hybndi/dtion ~ollillon 

and allowed ta incubate overnight with the ~embrdne. Aller hybrldildtion, 

the membrane was washed with 2 X SSC at room temperdture lwicc for' 10 

minutes and with 2 X SSC and 1% SOS at 60°C twice for 30 minutes. The 

membrane was then exposed ta Kodak Scientific Imaging film X-OMAr AR 

(Eastman Kodak Company, Rochester, New York) at -BO°C using IntcnslfYlnq 

screens. The film was developed from 1 day to 1 week later'. Belwecn ed(h 

hybridization, the previous probe was removed by boi 1 ing the mClIllmHlc 

twice in 0.01 X S5C/0.1% SOS for 30 minutes each tllne. A 0.711 9.5 

kilobase RNA ladder purchased fram Bethesda Resedrch Ldhordlorie~ 

(Burlington, Ontario) was used to calibrate the gels . 
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2.4.6 . 18S ribosomal RNA Probe 

To normalize for the amount of RNA present in each lane, the 

membrane was hybridized ta a 37 P- end-labelled synthetic olig''lnucleotide 24-

mer probe (Sheldon Biotechnology Centre, Montreal, Québec) recognizing the 

18S rlbosomal RNA sequence (Szyf et al., 1990). Hybridization conditions 

were 6 X 55C, 5 X Denhardt's solution, 1% SOS, 100 pg/ml denatured salmon 

sperm DNA and 18S probe (106 cpm/ml) at 42°C for 20 hours. The membrane 

was subsequent ly washed twi ce with 6 X SSC at room temperature for 30 

minutes each wdsh and twice with 6 X 5SC/1% SOS at 55°C for 30 minutes 

each wash. The membrane was exposed to Kodak film X-OMAT AR at -BO°C 

using intensifying screens. The film was developed a few hours to 1 day 

after it was packed with the blot. 

2.5. Quantitation of mRNA 

Autoradiographs were scanned using an LKB laser densitometer 

(Pharmaci a LKB Biotechnology). The integrated areas obtained for heat 

shock protein mRNA signals were normalized to the areas obtained for the 

18S ribosomal RNA oligonucleotide probe and adjusted ta a reference point. 

At least three independent autoradiograghs for each treatment group were 

scanned; the values represent the means ± standard errors of the mean. 

The resolution of the Ultro5can XL laser densitameter is better than 55 pm 
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and the linear range IS from a to 4 00 units: all absorbances were within 

the linear range. 

2.6. Statistics 

Statistical analysis was carried out using the Complete SlatislicdJ 

System (CSS) computer program (Statsoft Inc., Tulsa, Oklahoma). The 

re 1 at ive absorbances of control groups and treatment groups werc cornparcd 

by analysis of variance (ANOVA) and by the Newman-Keuls te!>l (ldr, 1(74). 

In all cases value of P ~ 0.05 was considered significant . 
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• CHAPTER 3 

RESUlTS 

3.1. Heat Treatments 

3.1.1. Morpho l ogy of EMbryo Exposed to Heat Shock 

Exposure of embryos to a temperature of 43°C for 5 or 10 minutes was 

not embryo l etha l, whereas after exposure for 15 or 20 mi nutes 

dpproximately 50% and 90%, respectively, of the embryos died. The 

int idence of malformations increased in proportion to the duration of heat 

• shock; the greatest incidence of malformations was seen after a 20 minute 

exposure at 43°( and virtually no malformations were otserved in embryos 

exposed for only 5 minutes. Figure lB sh.:-'ws an embryo cultured for 20 

hours following a 20 minute heat shock, the most severe dose of heat used 

ln this experiment. An overall retardation in growth is observed when 

compared to the control embryo (Figure lA). The main teratogenic effects 

of hyperthermla are head-related defects, such as microphthalmia, smal1 

forebra i n and abnorma 1 branchi a 1 arches. In addition, the heart was 

affected and in sorne cases the 1 imbs were malformed. Turning of the 

embryos was also retarded. The yolk sac appeared relatively normal 

morphologically, howevcr blood clotting was observed in some heat treated 
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Flgure 1. Postlmplantatlon rat embryo explanted on day la of 
gestatlOn and cultured for 20 hours at 37°C in vitro (A). 
Postimplantatlon rdt embryo explanted on day 10 of gestatIon and 
heat shocked for 20 minutes at 43°( thcn returned t.o 3rC and 
cultured for an addltlOrldl 20 hours 1I1 vl/ro (8). Bar repre~cnts 
1 mm . 
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embryos (not shawn) . 

3.1.2. Size of Hsp27 and Hspl0 Transcripts 

Upon Northern blot analysis, the steady-state mRNA concentrations of 

HSP27 and HSP70 were analyzed in both embryos and their yolk sacs. The 

cDNA probe coding for the 27-kDa heat shock protein hybridized to an mRNA 

species of 0.9 kilobases in both embryos and yolk sacs under control and 

heat treatment conditions (Figures 2, 4, 6 and 8, top panels). However, 

the signal in control embryo tissue was very weak. In contrast, the 70-

kDa heat shod protein probe hybridized to three mRNA species; a 

constitutive mRNA species of 2.3 kilobases and two inducible mRNA species 

of 2.8 and 3.1 kilobases (Figures 2, 4, 6 and 8, middle panels). The 0.9 

kilobase HSP27 mRNA species and the two inducible transcripts of HSP70 

were quantitated by laser densitometry. Values from three independent 

Northern blots were standardized with the 18 S rRNA (Figures 2, 4, 6 and 

8, bottom panels) and the means are shown on the graphs in Figures 3, 5, 

7 and 9. 

3.1.3. Dose-dependent Response to Heat Shock 

To exami ne the dose-dependence of the response to heat shock, 

cultured embryos on day 10 of gestation were heated at 43°C for 5, 10, 15 
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or 20 mi nutes. Two control groups were used in aIl heat shock 

experiments; the in vivo cont ro l group cons i s ted of a set of ernbryos 

collected directly from the dams at the same time that the heat lrealed 

embryos were collected and the in vitro control group conslsted of ernbryos 

cultured alongside those that were heat-treated. 

Figure 2 shows the steady-state mRNA concentrations of bath hsp27 

and hsp70 seen in the embryos and thei r respect i ve yo lk sacs 1 hour dftcr 

the different durations of heat shock. The steady-state concentrdlions of 

hsp27 mRNA (Figure 2, top panel) and hsp70 mRNA (Figure 2, middle panel) 

present in embryos and their yolk sacs in vivo (Figure 2, lanes 1 and ?) 

did not appear to be significantly different from those in vitro (Figure 

2, lanes 3 and 4), thus the process of culturing the embryos did not 

affect the mRNA levels of either heat shock protein. The constitutive 

levels of hsp27 mRNA in yolk sac tissues were higher than those in embryo 

tissues. The mRNAs for hsp27 appeared to i ncrease in a rJose--dependent 

manner in both tissues, with maximum response occurring dfter 20 minutes 

of heat treatment. Similarly, the mRNA levels of hsp 70 lncrcased in a 

dose-dependent manner ",ith each i nctement of heat shock. 1 ri ,HJd 1 lion, 

there was a very pronounced increase of the inducible transcripts 

following aIl heat shock treatments compared to control. Afler 

quantifying the average of three independent Northern blots, the means 1 

standard errors of the mean were plotted on the graph shown ln Figure 3 • 
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Figure 2. Northern blot analysis of hsp27 mRNA (top panel), hsp70 mRNA 
(middle panel) and 18s rRNA (bottom panel) in embryos (em) and yolk sacs 
(ys) heat shocked at 43°C for 5, 10, 15 or 20 minutes and subsequently 
cu ltured for 1 hour. 
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Relative to control levels, the fold increases in the concentrations of 

hsp27 mRNA present in the embryos after heat treatment for 5, 10, 15 "nli 

20 minutes were 2-, 3-,6- and 6-fold, respectlVely (flglH'C 3, top pé\nel). 

The fold increases in yolk sac tissues were sllllllar to lho~e of embt'yos (II 

1.5-,2-,5- and 6-fold, respectively (Figure 3, top panel). ln LOntrc1~t, 

hsp70 mRNA concentrations were i nduced tü a Illuch greatcr ex t l'nl 1 n both 

embryos and yolk sacs (Figure 3, bottom panel). Comptlt'cd lo UI VLVO 

control levels, embryos demonstrated a 4-,12- and 14--fold lrldllLlion dftCt' 

a heat shock of 5, 10 and 15 minutes, respectlvely. Mecll1wtlllp, lhe 

increase in the yolk sac was 5.5-, 7.5- and Il-fold followlng 5,10 <lml 15 

minutes respectively, at 43°C. Compared ta the Hlducllon of h<,p?7 dftl'r 

exposure to 20 minutes of heat shock, hsp70 fold induction~ were dJ~O more 

dramatic at 14-fold in embryos and 15-fold in yolk sacs. 

The dose-dependent response observed 1 hour after heat trcdtnrent Wd') 

also observed 2 hours following hyperthermia. The mRNA levels for hsp?7 

increased to a greater extent in the embryos compared Lo the yolk Sdt~, dS 

seen in Figure 4. The steady-state mRNI\ levels of hsp?7 (1 IUUYP Il, top 

panel) and hsp70 (Figure 4, bottom panel) in both enrbryos dnd yolk ~dt\ 

increased in a dose-dependent manner as the durat ion of hcat ')hotk Wd~ 

lengthened. Again, ther~ was more of the hsp27 message present in yolk 

sac tissues when compared to that found in embryo tissue5. The indutible 

forms of hsp70 were clearly increased upon heat treatment. fhree 
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figure 4. Northern blot analysis of hsp27 mRNA (top panel), hsp70 rnRNA 
(middle panel) and 18s rRNA (bottorn panel) in embryos (ern) and yolk sacs 
(ys) heat shocked at 43°C for 5, 10, 15 or 20 minutes and subsequently 
cultured for 2 hours. 
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independent Northern b lots were scanned by 1 aser dens l tOIllt'l l'y dnd t tH' 

means ± standard errors of the mean were pl otted on the Ul'dph shawn 111 

Figure 5. As the dose of heat incrE'ased früm 5 tü ?O l1111ll1lt"-. ;'1 

increments of 5 minutes, the fold lncreases ln E'l11bryll,) of h..,~ '!7 mimA 

(Figure 5, top panel) over the control levels wenl fro/ll 4- to H- to 17- ta 

23-fo'd. In the yolk sacs the fold increases were le~~ dra/lldtlc dt 6 lü 

5- to 11- ta 12-fold (Figure 5, top panel). Thus after tO minutes of hpdl 

treatment the steady-state mRNA levels of hsp27 wcre incl'cdscd ?3 rüld in 

embryos and 12-fold in yolk sacs relative ta control levels. (n tOlltrd~l, 

the steady-state mRNA levels for hsp70 were induced to ,\ ~lInIIM' extl'nt trI 

bath embryos and yolk sacs with fold increases ran<J1I1CJ (H'tW('('n -~ ,11111 16 

(Figure 5, bottom panel). Therefore 2 houl's post heclt 1 rCcllmcnt, cl do'lc 

dependent response for both hsp27 and hsp70 i s ev i dent ù~ the dose 0 r hCd l 

is augmented. 

In Figure 6, the Northern blots of hsp27 and hsp70 mHNJ\ si(jn,tl~ " 

hours after heat treatment are shown. A dose-dependcnl l'r~pon'lc is v('l'y 

apparent for both heat shock proteins. In Flgure 7, Il IÇ, ('vident th,lt 

there is a marked difference for both hsp27 and hSl170 ln th(' re~p()n..,e of 

the embryos compared to the yolk sacs after 20 rninute~ of he,ll shock dt 

43°C. Relative ta control embryo levels, the steady slate IIIRN/\ 

concentrations of hsp27 were increased by 3-, 7-, ]2 and 20-fold at heat 

shock durations of 5, 10, 15 dnd 20 minutes (Figure 7, top pdnel). ln 
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Figure 6. Northern blot analysis of hsp27 rnRNA (top panel), hsp70 rnRNA 
(middle panel) and 18s rRNA (bottom panel) in embryos (em) and yolk sacs 
(ys) heat shocked at 43°C for 5, 10, 15 or 20 minutes and subsequently 
cultured for 4 hours. 
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contrast, the fold increases in hsp27 mRNA concentrations Hl yon sacs 

were not as elevated, at 2-, 2.5-, 3 and 3-fald relat iv(' to (ontrol 

following 5, 10, 15 and 20 minutes of heat shod, rc~pel t lVl'ly (ll~llJrP 7, 

top panel). Interestingly, the fald increase of the leveh of Ilsp70 WII~ 

greater for the yo 1 k sacs compared to that of the clllbryo~; ?6 f } 1 cl 1 n 1 tH' 

yolk sacs and 9-fold in the embryos after a 20 minute dos(' of lied!. lor 

the lower doses of heat, the fol d i nduct ions were 3, 2.5 and 5 Ifl the 

embryos and 5,9 and 21 in the yolk sacs (Figure 7, bottolll pcHleJ). 

The steady-state mRNA concentrations for h~p27 (f igure H, top 

panel) and hsp70 (Figure 8, bottom panel) following ?O hours of he,,! 

treatment did not appear to be differenl from those of control tl~~ue~ . 

Upon quantitation of the data, the amounts of hsp27 (Ilgure 9, top pdllel) 

and hsp70 mRNA (Figure 9, bottom panel) in control embryo~ dnd yolk ~d( 

were not significantly different From those cultured at <ln l'Iev<ltl'd 

temperature of 43°C. Thus, 20 hours following '>pec if le do,>e~, 01 hedt 

treatments, the dose-dependent re 1 at lOnsh 1 p observrd dt the prey 10U'> PO', t 

heat treatment time points is non-existent. 

3.1.4. lime Course of the Accumulation of Hsp27 mnNA 

Whole rat embryos were cultured for l, 2, 4 or 20 hours d'ter hCdt 

treatment to determine the tlme course of hsp27 accumuldtlOn ln both 
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1 igure B. Nurt.hern blot an31ysis of hsp27 mRNA (top panel), hsp70 mRNA 
(mi dd 1 e pane 1) and lBs rRNA (bottom panel) in embryos (em) and yo 1 k sacs 
(ys) heal shocked at 43°C for 5, 10, 15 or 20 minutes and subsequently 
cullured for 20 hours. 
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embryos and yolk sacs. In the diagranrnratic representation of tlJ(' t ime 

course of hsp27 accumulation (Figure 13, top panel), lhe fold inCrPdSl' 

representing each time point was that of the 20 minutes of hedt ~h()ck. 

The steady-state mRNA concentrd' ions of hsp27 in embryos were 

already elevated 1 hour after all durations of hedt shock (Figure 13, lop 

panel). Hsp27 messages in embryos peaked 2 hours post -hcat lrcalnœnt dn(! 

were already starting ta decline 4 hours following heat sho(k. By?O 

hours following heat treatment, the steady-state mRNA concenlrations of 

hsp27 had returned ta control levels. 

Hsp27 concentrations in yolk sac~ were alrc<ldy clev,llcd 

approximately 5-fold over those of control only 1 hour aller a ?O minute 

heat shock (Figure 13, top panel). The messages for hsp27 in the yolk 

sacs also peaked 2 hours post-heat treatment. However, the nrdgnllude of 

increase at this time point in the yolk ::;acs IS cOrl~Jderdbly le~)~ Ih.lll 3 

fold induction observed in embryos. The steddy stalp rllllOlHlt of h~p?7 

appear ta return ta basal levels by 4 hours post-heat t rhltmcnt. 

3.1.5. lime Course of the Accumulation of hsp70 rnRNA 

Similar ta the diagrammatic representation of the accumulation of 

hsp27, that of hsp70 also utilized the fold inductions for 20 minutes of 
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heat shock at each time point (Figure 13, bottom panel). The time course 

of the accumulatinYl Jf the steady-state mRNA levels of hsp70 was di ffercnt 

from that of hsp27 mRNA levels for both embryos and yolk sacs. 

The amounts of hsp70 mRNA in embryos were already drdllldtlcally 

i ncreased 1 hour after hyperthermi a for a 11 treatment groups (1 i gurc 13, 

bottom panel). Two hours after the vari ous Joses of 43°C hrat shon" t hl' 

levels of hsp70 mRNA in embryos were maximal at 15 fold Induction ovC'r' 

control amounts. By 4 hours post-heat treatment the conccnlrdl ion~ of 

hsp70 were attenuated. Finally, 20 hours following heal lrCdlment, Il'''pl0 

mRNA levels returned ta constitutive levels in the embryo~ . 

One hour post-heat shock, hsp70 mRNA levels in yolk sacs were 

already increased to 15-fold over control concentrat Ions (Figure 13, 

bottom panel). The fold increase of hsp70 mRNA in yolk sacs wa~ sllghtly 

elevated 2 hours subsequent to heat shock compared to the HIC rCdse 

observed 1 hour after heat treatment. However, 4 hours aflcr clIll>r'yo,> were 

heat shocked, the concentrations of hsp70 rnHNA ln yolk ',d( Wcl', 

dramatically elevated to a fold induction 01 26. By 20 hour'> po'>l hCdt 

shock, the lcvels of hsp70 returned ta those detecled ln cont.rol yolk 

sacs • 
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3.2. Cadmium Treatments 

3.2.1. Morphology of Embryo Exposed to Cadmium 

In the second part of the study, the presence of cadmium in the 

cu lture med i um a 1 ~o caused embryo deaths and ma lformat ions. When the 

embryos were cultured for a period of 1 day with 2.5 JiM cadmium chloride 

present in the medium, 90% of the embryos died, and of the remaining 

embryos 100:';; were malformed (Figure 10). Following cadmium treatment, 

ernbryos were severely retarded in growth. In addition, abnormalities of 

the eyes and branchial drches were observed. Yolk sacs were reduced in 

sile lompdred to the control yolk sacs . 

3.2.2. Size of Hsp27 and Hsp70 Transcripts 

Upon Northern blot analysis, the steady-state rnRNA concentrations of 

HSP27 dnd HSP70 were analyzed in both embryos and their respective yolk 

sacs. The 27-kDa heat shock protein cDNA probe hybridized to a si .:J le 

rnRNA species of 0.9 kilobases in both control tissues and cadmium-treated 

tissues (Figure Il, top panel). As for induction with heat, the 70-kDa 

heat shock protein cDNA probe hybridized to three mRNA species; a 

constitutive mRNA species of approximately 2.3 kilobases and two inducible 

mRNA species of 2.8 and 3.1 kilobases (Figure Il, middle panel). The 0.9 
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Figure 10. Po,>tllnplancltlon rat embryo cxplanlcd 011 clay 10 of 
gestation and cultured fa." 20 hours at ]7°C lfI vllro (A). 
Postimplantatlon rat embryo 0xpldntcd on clay 10 of fjP"ldtlOll dnd 
cultured for 20 hours ln the [HC'senc..e of ?5 pM c..dtlmlu.l chlorlde 
(8). Bar represents 1 mm. 
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kl loba~e HSP27 mRNA species and the twa inducible transcripts of HSP70 

Wf:re qUdnlllcJted by laser dens i tometry. Values fram three i ndependent 

Nort.hern blot~ were standardiled with the 18 S rRNA (Figure 11, bottom 

panel) and the means are shawn in the graph ln Figure 12. 

3.11.3. (he Hfects of Cadmium on the Steady-state rnRNA levels of 

Usp27 and Hsp70 

fi Northern b lot of embryos and yo l k sacs t reated with 2.5 JlM cadmi um 

15 shown in rlgure Il. Changes in the steady-state mRNA concentrations of 

eilher h~p27 or hsp70 ln cadmium-treated embryos were not as obvious as 

those ln hCdl lrcdted cmbryos. However, there was clearly an increase of 

hsp70 mRNA Icvels in the drug-treated yolk sac group compared to the 

control group. 

3.2.4. lime Course of the Accumulation of Hsp27 mRNA 

When the steady-state mRNA concentrations of hsp27 was examined 2 

hours after cadmium treatment (Flgure 12, top panel), the levels of mRNA 

Hl the trcdted embryos were similar to those in control embryos. Six 

hours drier drug-treatment, there appeared to be an increase in the hsp27 

mRNA concentrations in treated embryos; 1.7-fold increase over control. 

Twenty hours after the addition of cadmium, the fold increase of the drug-
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Figure 11. Northern blot analysis of hsp27 mRNA (top panel), h~p70 mRNA 
(middle panel) and 18s rRNA (bottom panel) in embryo (first fi lanes) ,1IlCl 

yolk sac (last 6 lanes) tissues from control (c) embryos or emhryos 
cultured in the presence of 2.5 ~M cadmium chloride (cd) for 2, 6 or 20 
hours. 
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trcdted embryos was significantly increased to 2-fold (P<O.05) . 

In tontrast, there were no slgnificant changes in the hsp27 mRNA 

levels when the control yolk sac levels were compared to the cadmium­

trcdled yolk sacs (rlgur~ 12, top panel). 

3.2.5. Time Course of the Accumulation of Hsp70 rnRNA 

Relative to control levels, the steady-state mRNA concentrations of 

hsp70 appeared to be increased by about 1.6-fold in the drug-treated 

embryos ? hours aftcr the addition of the drug (Figure 12, bottom panel). 

Ifowever, the concenlrations of hsp70 mRNA returned ta constitutive levels 

6 dnd ?O hours subsequent to the addltion of the drug. 

In contrast, hsp70 mRNA levels in yolk sacs peaked at 6 hours after 

tddrniurn addition, at a fold increase of 2.6. By 20 hours after drug 

lredlmenl the increase had decreased to 1.6-fold over control amounts • 
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CHAPTfR 4 

DISCUSSION 

4.1. Overview of Discussion 

The purpose of this thesis is to establish a rpldt lonship hptwPl'n 

teratogenicity and the heat shock response. f!owev(' Y' , flr'<,t tlll 

interpretation of the results obtained in this thesls will he dlscu,>',ed hy 

postulating various mechanisms for the dl Herent idl reljUldll0n of l1~pfl 

and hsp70 during organogenesis. This wlll be followed by li dhcu~"IOrt of 

the relationship between the two teratogens used ln thlS lhC~J'> ,Hld th" 

heat shock response. 

4.2. Size of Hsp27 and Hsp70 Transcripts 

Blake et al. (1990) studied the expression of lwo hPdl "hoc k prot('ltI 

families, in vivo. Upon heating whole rndle Wistdr Y'dt,> in d foru'd dlr 

incubator for varying times and temperdtures, the cxpre<~'>lon of holh h')p?l 

and hsp70 mRNA levels were examlned in braln, 1 iver, lung and ~)kln of Ihe 

rats. The sizes of the hsp27 transcripts obtained in lhe Norlhern IJlot 

analysis were 1.0 and/or 2.0 kilobases, dependinq on the ti<,suc IA~lder 

investigation. Appreciable levels of the 1.0 kilobd'>C tr,Hl:,cript wcrr: 
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present in l ung and skin of control animals. Similarly, the hsp27 

tran~cript observed in this thesis is a1so present under control 

conditions and is approximately the same size, O. 9 ki 1 obases. In heat 

~lre~sed rats, the 1.0 ki10base transcript in the experiments of Blake et 

al. (1990) WdS plevated. The hsp27 mRNA concentrations were a1so found ta 

accurnulate upon temperature elevation in this thesis. The 1.0 kilobase 

spccics corresponds to a similar species ldentified in human and rodent 

cells (lflckey et al., 1986). The presence of the 2.0 kilobase transcript 

was pU111Hlg and interesting, but did not corre1ate with the heat 

lrcdtment of the amma1. Blake et al. (1990) did not detect this species 

jn threc diffcrcnt ce11 lines in other experiments conducted in the same 

laboratory. Therefore, hsp27 being a member of a large multigene family 

and shdrinu consIderable homo1ogy with the lens a-crystallin gene, it is 

pos~lble lhat the ?O kllobase transcript represents hybridization to one 

of these hsp?7 reldted genes. For hsp70, the story is 1ess complexe That 

is, the sizes of the hsp70 transcripts obtained in both my experiments and 

those of Blake et cll. (1990) were identica1: a 2.3 kilobase constitutive 

transcrlpl dnd two heal-lnduclh1e transcripts of 2.8 and 3.1 kilobases. 

Hll~ Î':, consl<.,lenl with the results obtained from rodent cell lines 

(LHldqui'll dnd CI'<119, 1988), where three hsp70 transcripts were identified 

USlll9 il cDNA probe derived from a Chinese hamster ovary cell line; a 

constltutively expt'essed transcript of 2.3 kilobases and two induced 

tran~cripts of 2.8 and 3.3 kilobases. In contrast, Mirkes, Grace and 
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Little (1991), only obtained one hsp70 transcript of 3.0 ki lobasf's. Ihis 

inconsistency with the above data could not be explained by the lise ot 

different hsp70 probes since the hsp70 probe utllllE'd Hl CMIl exp<.'t'll11l'llt 

was obtained from the same laboratory, that of Dr. Morimoto. flH' only 

obvi ous difference was the temperature at will ch the fil ter Wd"> wd~hcd 

following hybridization of the mouse-specifie probe ta lhe filler. lhp 

temperature at whi ch the b lots in my experiments were washed WclS lower 

than the washing temperature used in Mirkes, Grdce (Hld 1 illle'~ 

experiments. This difference may result in a decreased str'ingency, which 

could explain why they only obtained one transeript. 

4.3. Possible Mechanisms for the DifferentiaI Regulation of IIsp27 dnd 

Hsp70 During Organogenesis 

A heat shock response element has been idcntificd HI the prornoter 

region of the heat shock protein genes which is responsible for the' 

transcriptional regulation in response lo Iwal (Pelhillll, 19B?; \tlu, KIIHj',tOl1 

and Morimotc, i986). This same element al~)u requldlc r
) ITHItH lion hy 

metabolic stressors such as rnetal lOns and dirlltroph(;rloTlc (t~or IlIIoto el 

al., 1989). In addition, faclors havI:; been idcntified lhdt blnel 10 the 

heat shock element sequence following heal shock or treatrncnt wllh 

specifie chemicals (Sorger, Lewis and Pelham, 1987; /lmdr'lnO ,}rHl V/u, 

1987). Initial evidence for a factor that interacts with the tJCdt shock 
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clément came trom studies of protein-DNA interactions in Drosophila cell 

nuclei (~Ju, 1984). The disc.overy of new eukaryotic heat shock factors was 

a major hrcakthrüugh. Hi ghtower (1991) descri bed the cl on; ng and 

chara(tcr i/JLlon of two murine heat shock factors, mHSFl and mHSF2, which 

rcspeltlvply dlspldyed lnducib~e and constitutive binding to DNA. The 

hUrTldn hedl ~hOlk factor, hHSFl, also displayed DNA-binding properties 

(MortIIIOlo, 1issleres and Georgopoulos, 1990). The isolation of a second 

humdn factor, hHSF2, was very exciting (Hightüwer, 1991). Whether hHSF2 

binds lonstitutively or inducibly tü DNA is not clear, but it appeared ta 

translocate from the cytoplasm to the nucleus upon heat shock. The 

presence of multlple heat shock elements (Morimoto, Tissieres and 

Geor~Jop()ulos, 1990) may explain the dlfferentlal response of hsp27 and 

hc.,p70 to hcal shod and cadmium which was übserved in myexperiments. In 

dddllion, the dlscovery of at least two heat shock factors may explain the 

dlSCol'dance in the accumulation of hsp27 and hsp70 mRNAs in rat embryos. 

rhe co"~lex transcriptional regulatlon of the human hsp70 gene is 

medldled lhrough tnllltlple protnoter elements. For example, activation by 

hedl shock and heavy metals utilizes distinct cis-acting sequences from 

ttlos0 rcquired for growth rcguldted expresslOn (Wu, Kingston and Morimoto, 

1986) . 1 he St\jL!PIlleS necessa ry for heat shock and meta 1 ion i nduct ion 

mapped between bdses -107 and -68 upstream of the start site (Wu, Kingston 

and Morimoto, 1986). Within these boundaries are two overlapping heat 
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shock elements and a sequpnce analogous to the meta) responSlve ell'l11cnts 

of the meta11othionein genes (Karin et a1., 1984; Stuart el al., 19B4). 

Using mutant promoters and reconstructing the hsp70 prolllol('r Ol1to tlH' HSV 

TK gene, studies from the laboratory of Morimoto et ill. (lqH9) rt'vCdlcd 

that the kinetics of hsp70 gene transcription dre diffcrcnt dcpcndul<J on 

whether ce 11 s were heat shocked or treated Wl t h heavy met III Ions. 

Transcription rates were measured in isoldted nue lei using III vitr'o 

transcri pt i on in the p:"esence of 17p-UTP. The na~cent rad 1 () 1 .\IH' JI ed HNI\':. 

were i sol ated and a 11 owed to hybri d i le to cl oned gcne pr olll''' /)Olllld tu 

nitrocellulose. The results were quantitatcd by scanninq !lpr!<,lloIIIPlry. 

During continuous heat shoek the rate of hsp70 çJcnc lrc\ll'>( rlJ)\ iOIl l'dPldly 

increased to maxlmal levels by ~f\ flnnuLcs and decllned lo fI(!rtr' bdckqroulld 

levels by 120 minutes. ln contrast, cadmium trecllrnent resulted in Il 

delayed response, requiring approx illlately 60 nllnules ocforc Lr,trI,>cripl ion 

rates increased. The kinetics of the accumulation of hsp27 ,\nt! h'>p70 mimA 

in response to hypertherrnia or cadmium trealment obt.alned in Un,> tll('''I'> 

were similar ta those of Morimoto el al. (1989). Hhen embryo', werl' 11('<11 

shocked for 5 ta 20 minutes, the C',KentratlOns of both h',p?7 clfld h',plO 

were already elevated 1 hour post hCdt shock. On t.he other' h,Hld, ('lIIhryo') 

treated with cadmium mounted a heat shock rcsponse 0 hours .lflcr druq 

addition. Thus, like the situatlon of Morlflloto ct dl. (198Y), Cdrllnlurn 

treatment results in a delayed heat shock response . 

81 



• 

• 

• 

In outbred male Wistar rats, the in vivo expression of two heat 

shotk prolelns, hsp27 and hsp70, were investigated (Blake et al., 1990). 

lhe mRNA expression was examlned in brain, liver, lung and skin of rats 

exposed lo elevdled amblent temperatures. The time course and relative 

mdqnllude of lhe hcat- induced expression for the 27 and 70 kDa heat shock 

prole 1 ns t! 1 f f cret! betw(~en ti 5sues of the same anima 1. Even withi n the 

SdniC tis')ue, hsp27 dnd hsp70 displayed differential kinetics of induction. 

In my experllnents a simi lar pattern was observed in the heat shock 

response of embryos and yolk sacs to elevated temperatures. That is, the 

k1nelics of hsp27 and hsp70 rnRNA accumulation were different in each 

embryonlc tissue. Unlike Ct 11 culture systems, the induction of different 

heat shock prolclns in VlVO 1S not coordinated. Similarly, the kinetics 

of the dccumulation of hsp27 and hsp70 mRNAs observed in the experiments 

of thlS lhesis were nol coordinated (Figure 13). 

Very little is known about the regulation of expression of the genes 

enroding the vertebrate small heat shock proteins (20 to 30 kilodaltonsl. 

Like aIl heat shock gcnes sludied to date, this gene has characteristic 

heat "hock prollloter elements ln its 5' regulatory region and, therefore, 

lS [H'esurnet! lo be lt'dnscriptionally activc:LeJ upon heat shock (Lindquist 

and Crdig, 1988). Transcription is a major site of regulation of 

expression of the small heat shock proteins of Caenorhabditis elegans, 

Sacc/lOrGmyces cereviswe and Drosopf7ila melanogaster; however additional 
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control mechanisms have not been ruled out, particularly for devclopmcntdl 

regulation (Jones et aL, 1989). Several observatlOns Sllgyl~St tlhlt ttlt' 

expression of small heat shock protelfls might be Y'I.'quldted tllflen'ntly 

from that of other heat shock proteins. Hr,li ShLllk sI irnul.l!(·cf 

transcription of hsp71 and hsp88 genes lS blocked by clthrr qlyterol or 

deuterium oxide, but hsp23 gene \ hlcken equlvdlent of hU111dll h~p?7 ~Ien(') 

transcription is unchanged (Edington, \~heLln dnd Hightower, 1989). ln 

general, small heat shock proteins dre reguldted diffcrpnt Iy dUrJrI(j norflldl 

deve l opment than the other maJ or heat shoc k proie lnS (Ros ~ 1 ün!! LI rHiqu 1'> t , 

1989), indicatiny that they possess dcldlliondl reguLlt(H'Y elf'ment~ 01' 

levels of metabolic regulation of exprcs51On. 10 furUwr '>ltppOt t Ihl'>, 

Ed i ngtoll and Hi ghtower (1990) repo rtcd p01 eni i ,I! 1 ('VP hot rcqu 1 d lIOn 01 

the induction of chicken hsp23 by heat. Two levcls of rcguldt ion wpre 

discovered. Induc~_ion of hsp23 by heat resulted from incre<lse~ Hl !tH' 

half-life of the hsp23 protein and from higher levels of cytopldsnll( mImi\. 

Whereas, transcriptional activation pldyed a major role ln the lJlLYP!l',f' III 

RNA transcripts encoding hsp71 and hsp88 in c.ulturerl dllCkl'1I ('lIIbryo (l'l h 

(Edington, Whelan and Hightower, 1(89), ITlCYPd'>CS ln HNI\ trdfl',( r Ipt~ 

encoding hsp23 resulted from posttrll.nsldlional nuclctlY' evcnl'). HII~ Lould 

also explain the difference ln the accumulation pattern of h~pn clnd h'>p70 

upon heat shock and cadmi Uni treatment 1rl nly experirnents . 
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4.4. Relationship between Hyperthermia and the Heat Shock Response 

Exposure of post implantation Sprague-Dawley rat embryos on dùys 9, 

10, 11 and 12 of gest.at lOn to an in vitro heat shock of 43°C for 15, 30 or 

60 mlnute~ rcsulted ln the accumulation of hsp70 mRNA (Mirkes, Grace and 

LIttle, 1991). [-rnbryos on day 9 of ges tat ion exhi bited the most 

pr'onourlled dllumulatlon of hsp70 RNA, while embryos on days 10 to 12 of 

gestdlion exhibited an increasingly attenuated accumulation of this heat 

shock protein, particularly after the more acute exposures to heat, such 

dS 43°C for 30 or 60 minutes. The difterent durations of heat used in my 

experimcnts (5, 10, 11 or 20 minutes) lead to a dose-dependent increase in 

the ,llcumuldt Ion of hsp70 mRNA concentrations as the dose of heat shock 

was inlrcosed from 5 to 20 mlnutes. In Mirkes, Grace and Little's work, 

as the duralions of heat shack increased fram 15 to 30 to 60 minutes, a 

di f f crent response was observed. Hsp70 mRNA was el evated wi th a 30 

mInutes heat treatment when compared to that at 15 minutes, however when 

the embryos were expased for 60 minutes ta 43°(, the accumulation of hsp70 

rnRNA derreùsed. A possible reason for this decrease ln hsp70 rnRNA is that 

the heat shock used in the pxperiment of Mirkes, Grace and Little is too 

embryo lt't hal. That 1 S, expo::,urc of the embryos tu 60 ml nutes of heat 

tr€dtl11Pllt Cduses damdye 50 severe to the embryos that they are unable to 

mount il heat shock response . 
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In the developing mammalian embryo, the induction of members of the 

smal1 heat shock protein family has been far less dOl'ul11cnted. Mirkcs 

(1987) analyzed the synthesis of any new proteins by ex,ll1lill1llq thl' ,llllOlll1t 

of [JH] l eue i ne i neorporat i on on the f l uorogy'aphs of t wn li i 11Il'11'> IOlld 1 

polyacrylamide gels. Followlng a 3D nnnute exposurt' dt 43"C, the 

synthesis of a set of eight protelns wlth molelulùr Illd~~eS rdngHl~l bctween 

28 and 82 kilodaltons was apparent. In order tü delermlrlC the kllWllCS of 

the induction :md decay of heat shock proteins synthesls, L'rnlJryos werp 

exposed to 43°( for 30 ml nutes and then retut'ncd Lo 37"C. OH' '>ynt tH''> 1 <, 

of all eight heat shock proteins was detected ln extrdcl<., from l'lIIhryo<., 

heat shocked for 3D ffilnutes at 43°( and immediately lultured fur 1 hOlH' IrI 

the presence of CH] leucine; thls 1S denolcd th" 0 :/lllr t 1111(' PO/fil. IIJ(' 

synthesis of the 28 kDa heat shock protein was turned off belween 1 dne! 1 

hours post heat shock. The synthesis of the 31.5, 39, 69, 78 dnd 81' kilo 

heat shock proteins was turned off belween 3 and 9 hour,> aller heLll shock. 

On the other hand, the synthesis of 33.5 and 34 kOd hral ShOlk pY'otCIII 

decayed ta the nan-heat shock 1 eve 1 between 3 and Y hou Y''> po~ t hca L ~)hock. 

4.5. Relationship between Cadmium and the Uedt Shock HesporJse 

Utilizing Drosophila embryonic culture, Bourrlla~-Vdrdidbtl~i') dnd 

Buzin (1986) lleveloped an in vitro assay for delectlng teratogenic rI<Jent~. 

They discavered that drugs which inhibit the differerrtiation of ('mhryonic 
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cel15 also lnduced the synthesis of three small proteins, identified as 

the low molecular weight Dro50phrla heat shock proteins, hsp22a, hsp22b 

and hsp23. Canversely, drugs that do nat inhibit differentiation ta a 

slqnltlcant extent also do not induce these heat shock protelns. When the 

effecls of leralogens, such as cadmium, on proteln synthesis was examined 

by two-dimenslonal gel electro)horesis, two of the sma~ 1 heat shock 

prolein~ (h~p22 anrl hsp23) were induced. The addition of cadmium to such 

d sy~tern WdS dho found to reduce the number of myotubes and gJngl ia when 

compared to control cells. 

Heal-induced cross-tolerance to cadmium was investigated in two 

inbred slr'ain", of miee, BALBle and SWV (Kapron-Bras and Hales, 1992) • 

lrnbryos were preLeoted 5 winutes at 43°C to induce thermotolerance, and 

subs0quently treùted with an embryotoxic concentration of cadmium, 1.75 

~M. [ach ~train responded differently to the heat pretreatrnent; cross­

tolerance was indueed in SWV but not in BALBlc mice. The variation in the 

developrnent of cross tolerance in bath strains did not correlate with the 

lncreased synthesis of a 68 kOa heat shock protein. That is, there was an 

lncrease 111 the immunoreactive hsp68 in embryo and yolk sac tissues 

fol Jowlng the 1II11d heat treatment as detected by Western blotting, but 

tht're was not an excess production of this protein in the ',train that 

developed cross-tolerance, SWV. In BALB/c and SWV mice, the cadmium 

trcatmcnt did nat result in the induction of hsp68 synthesis. Similarly, 
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embryo tissues in my studies did not mount a heat shock response. ln 

addition, the development of malformations did not correldte Wltl! the 

accumulation of hsp?7 and hsp70 mRNAs. 

An understandlng of the biochenllcal pathways by which the heat shock 

fàctor is activated in response to metal ions and heat shock will rcveaJ 

whether multiple pathways for slress gene dctlvation dre aVdllab]p. Ihe 

observation that the metal-responsive elemcnt ln severdl h(',ü shock ~JPrH' 

promoters corresponds to the heat shock element has irnplic(lllon~ for ht'<lvy 

metal transcriptional regulation (Stuart et a1., 1984). L1IIH'Y' tilt> Iw.lt 

shock element-binding prote1n factor 15 a hCdvy-mcldl rc~pon\Jve prOll'JIl 

distinct from metallothione1n regulatory proleJn~ lh(ll d( t on the hWIl<l1l 

metallothionein gene Of, perhaps, heat shock fdctor dcllvlly I~ Ind,rpLt Iy 

regulated by a metal-sensing factor (Morlmoto, Tissicres tlnd Gcorqopoulos, 

1990). Comparison of the upstream promoter reglOns of the h~p70 <111<1 lhe 

metallothionein l and II genes, which are transcr'lptlorldlly Induced 

following incubation with the metals cadmium, lopprr dnll IIIlC (levlll f '(H1, 

Oppermann and Jackson, 1980; Karln et al., 1981\; WdloWICIi ,lIHI MOlllIIoto, 

1988), does not suggest a cornillon medldni<,[fl of ...,hd/pd ty.HI"(YlpIIOf1 

factors. Yet, because transcnptlOn of all three qene~ rec,ponci'-, 1.0 Iht 

same metal ions, it is likely that common met.al Ion sensItive 

intermediates in the pathway of transcripllOn dcLivdtion lrdnsrnlt. thi', 

information to transcription factors such as heat shock fùclors. Hie 

presence of different transcriptional regulatory elements for heat- induced 
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dnd heavy-metal ion-induced stress response can explain the differential 

pdttern of hsp27 and hsp70 mRNA accumulation in response to hE::at or 

cadmium treatment in my experiments. There might be different regulatory 

elemenl~ acting at different levels depending on the nature of the stress. 

4.6. Relationship between Teratogenicity and the Heat Shock Response 

In 1984, German formulated the hypothesis that exposure of the 

embryo ta stress, such as a heat shock, during its development could 

dClount for many intrauterine developmental anoma1ies. Moreover, the 

precise period during gestatlOn when the stress is administered would 

dctermlne the ndture of the malformatlon. The magnitude and duration of 

the heat shock response depends, in sorne cases, on th2 magnitude and 

duralion of the stimulus. Thus, the induction of the heat shock response 

in the ma~nal idn embryo during the critical period of organogenesis can 

alter the established program of activation and inactivation of genetic 

materJal essential for normal intrauterine development. This in turn may 

lead to the development of anatomical malformations. 

Rcccntly, Mirkes and Doggett (1992) provided evidencc that the 72 

kiloddlton heat shock protein is a biomarker of heat-;nduced 

embryotox i c 1 ty. By expos i I1g rat embryos on day la of gestat i on to 

elevated temperatures (40°C to 43°C) for various lengths of time (2.5 
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minutes to 18 hours), hsp72 was observed ta be induced by dll hypertht'rllli( 

exposures that induced alterations in the normal pdttt'rn of ql'owth and 

development in rat embryos. Previously, Mirkes (1985) ,:>how('t! lh,IL T'dl 

embryos exposed in vitro to temperatures l'dnglllg from 41"C lo tl3"C 

resulted in malformed embryos. Moreover, as the tCllIpf'rdllH'l' ÎIltTCdSpd, 

the l ength of exposure requ i red tü produce dbnormd 1 embryüs W<l':> dec T'Pd':>cd. 

Recent studies indicated that expüsure of embryos tü hypertlH'n1l111 1(',\(ls to 

the rapid accumulation of hsp70 ",RNA (Walsh et al., 1989; Il,tYTI',, .JUI ... hllU 

and Mirkes, 1991; Mirkes, Grdce and Little, 1991) and tlw synthe'>1':> of Il 

set of heat shock prot21ns visualized by two d1111cn<,qlr\,11 qpl 

electrophoresis (Mnkes, 1987; \Jalsh et al., 1987). ItH'refon', Lhe 

hyperthermia-induced stress response is rclated ta hypcrthenllÎd Indu«'cl 

teratogenlcity. My heat shock experlmenLs support lhlS hyp()LhcS1~). 

However, the use of a stress other than heat shock, such ilS ccHlmlUlIl, dl!! 

not support thi s hypothes i s. In my experiments, even though lhe dose 0 r 

cadmium used was teratogenic, the stress response was not induccd untl j b 

hours after the addition of this heavy metal. 

Since the initial discovery of the inductlon of hCdt ~hotk protpin 

synthes i 5 by heat shock and other forms of stress, i t hd~ become dppilr(>nl 

that heat shock proteins play a role in the nurmal life-span of U,P (('II 

as well as in situations where the cell is under stress. lhe f.lLt lhdt 

proteins as highly conserved dS the heat shock protelns dre used by many 
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organ;sms for normal growth and developmenl processrs, d~ wcll dS for' 

surv;val from environmental insults, suggests al l(,dst lWCl dl ffl'rl'Ilt 

explanations for the function of these protell1s. lnr OOVlOlI" ml(' 1" thelt 

the organism needc; to protect ilsel f al specl hl stage~ of ltS 11 f(' fn)1I1 

potential damage by stressful agents and from clll the 11tE'I\l!urt' l'l!t'd in 

this thesis, heat shock protews fit this rolp. llll' dltt.'rllcltlvl' 

hypothesis i s that the heat shock proteins dre used for nOrllhl1 qr'owlh "lId 

metabolic activities and their role in stress is lo ellablp th(' ccII to 

return to a normal pattern of growth that has been tempordrlly b 1 ockp!l l\~ 

the result of stress. That is they are essentlal f>IPlllPllh fOl' thl' 

homeostasis of the cell. Many of the blOloqlCdl propC'rt lP'-, th,lt ,H'l~ 1l0W 

known for heat shock proteins and the varJely of biol()(Jl(dl dct ivit le~ 

associated with heat shock protein lnductlOn strongly <'lIr>p0Y'l thi~ 

hypothesis. But the ultimate resolution of the raIe of hCdl shock 

prote;ns in biology will come when we understand the truc funcl1lHl of 

these protei ns • 
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