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Summary

The Antarctic fishes, isolated over evolutionary history patterns, in hepatocytes fromT. bernacchii Hsp70 mRNA
in the sub-zero waters of the Southern Ocean, are an ideal was detected, as was heat shock factor 1 (HSF1) with
group for studying the processes of cold adaptation. One DNA-binding activity. However, exposure to elevated
species of Antarctic notothenioid fish, Trematomus temperature and to chemical inducers of the heat shock
bernacchii has lost the ability to induce heat shock response failed to increase Hsp70 mRNA levels, HSF1
proteins (Hsps) in response to exposure to acute thermal activity or the concentration of any size class of Hsps.
stress or to the toxic heavy metal cadmium, an important These results suggest that Hsps, inducible in nearly every
part of the cellular defense response to such stressors. To other species, are expressed constitutively in the cold-
elucidate the mechanism responsible for the lack of Hsp adaptedT. bernacchii
induction, we examined several stages of thlsp gene
expression pathway, including transcription factor Key words: heat shock protein, Hsp70, hepatocyte, constitutive
activity, Hsp70 mRNA production and protein synthesis expressionTrematomus bernacchiNotothenioid, Antarctica.

Introduction

The endemic Antarctic fishes, confined by the establishmemiggregations (Fink, 1999). Those Hsps induced by acute stress
of the Antarctic Circumpolar Current, have evolved undeiare related to isoforms of Hsps that are constitutively expressed
near-freezing water temperatures for between 14 anand perform essential chaperoning functions in the routine
25 million years (Eastman, 1993). During this period, thesesynthesis of new polypeptides and the transport of proteins
fishes have acquired a truly cold-adapted physiology, markeatross membranes (Hartl, 1996; Hartl and Hayer-Hartl; 2002).
by pronounced stenothermality. Typical upper lethalOwing to the species-independent effects of elevated
temperatures for Antarctic fish species are 8-12°C (Sometemperatures on protein structure, these genes have been
and DeVries, 1967). Therefore, these fishes provide an idealaintained, at high levels of sequence conservation, in the
system in which to study the biochemical and moleculagenomes of every eukaryotic organism examined to date
mechanisms of adaptation to low temperature, including th@~eder and Hofmann, 1999). As testament to the ecological
regulation of thermally sensitive genes. Our research focus@sportance of the HSR, the rapid induction of Hsps at
on a well-characterized example of environmentally controlledemperatures between 5 and 10°C above a given organism’s
gene expression, the heat shock response (HSR), in ohedy temperature is nearly ubiquitous among all taxa
common notothenioid specieeiematomus bernacchii (reviewed in Feder and Hofmann, 1999).

This species may represent a rare exception to the taxonomicGiven a habitat temperature that is constantly subzero
conservation of the HSR. This response is an important part ¢éstimated at —1.86°C; except see Hunt et al., 2003), an
the cellular defense against proteo-toxic stress and is definedluction of Hsps in the tissues @f bernacchiiwould be
by the coordinated upregulation of several, functionally relatedxpected in response to exposure to 3—-8°C. However, in a
genes following exposure of the protein pool to denaturingrevious study (Hofmann et al., 2000), we observed no
stressors such as elevated temperature or heavy metalduction of Hsps in any of five tissues that were exposed to
(Lindquist, 1986; Parsell and Lindquist, 1993). Theup to 12°C, a lethal temperature for this species (Somero and
upregulated genes encode heat shock proteins (Hsps), whibleVries, 1967). The constitutive isoforms of Hsps (such as
act as molecular chaperones, stabilizing heat-denaturddlsc71) are present ih. bernacchiilCarpenter and Hofmann,
polypeptides and disassociating unfolded proteins that ha@000; Hofmann et al., 2000), consistent with the important
begun to interact with one another in potentially cytotoxicrole that constitutive Hsps play in normal cellular protein
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chaperoning. Interestingly, the exposure of isolat
hepatocytes to cadmium chloride, a chemical inducer of
HSR (Lai et al., 1993; Ovelgonne et al., 1995; Liao al 75 Colloction Site
Freedman, 1998), also failed to stimulate the production
Hsps (Hofmann et al., 2000). This result suggests that
anomaly exists in the expressionhspgenes in this species,
rather than insensitivity to temperatyrer se

Such an anomaly could be due to numerous mechanis
including irregularities in the transcriptional machiner
controlling Hsp expression. All inducible size classes of Hs
are under the transcriptional control of heat shock factol
(HSF1), a latent cytoplasmic transcription factor that becon
activated through trimerization in response to stress (V
1995; Morimoto, 1998; Pirkkala et al., 2001). HSF1 bint
specifically to the heat shock element (HSE), an inveri
heptad repeat (51GAAN-3) in the promoters of induciblesp
genes (Pelham, 1982; Xiao and Lis, 1988). The temperal
and kinetics of HSF1 activation in poikilotherms can
dependent upon recent thermal history (Buckley and Hofma
2002, in press). Likewise, the Hsp induction temperature is
fixed for a given species but varies with acclimation
acclimatization (e.g. Buckley et al.,, 2001; Tomanek a
Somero, 2002; Buckley and Hofmann, 2002).

Here, we test the following hypotheses concerning t
underlying mechanism responsible for the absence of t
induction inT. bernacchii First, the lack of protein synthesis
may be due to an inability to produce stable mRNA fro
hsp genes. Second, a functional HSF1 with HSE-bindii
competency may be absent. Thindpgenes may be expresse Fig. 1. McMurdo Sound, Antarctica. McMurdo Station (United States
at a constant level and are non-responsive to either heat Antarctic Program) and Cape Evans are marked with red dots; the
chemical stressors. To test these hypotheses, we chose to stcollection site forTrematomus bernacchis marked with a green
isolated hepatocytes, as this approach allowed us to examisquare. Inset, Antarctica. The white box represents the area depicted
multiple stages ofispgene expression in cells from the sameon the larger map.
individual, exposed independently to a range of heat an
chemical stresses. We investigated protein synthesis patterns, Hepatocyte preparation
Hsp70 mRNA production and the presence, specificity and The preparation of hepatocytes was conducted at —1.8°C in
DNA-binding activity of HSF1. Consistent with the findings a temperature-controlled room (protocol after Hofmann et al.,
of a related study from our laboratory (Place et al., 2004), th2000). Four individuals were anesthetiagd immersion in
results support the constitutive expressiohsggenes in this MS-222 (at a concentration ofgli-1in seawater). The hepatic
cold-adapted species. portal vein was cannulated and the livers perfused with a buffer
containing 29anmolI-1 NaCl, 2mmoll-1 KCI, 10 mmol|-1
_ Hepes, 0.5nmol "1 EGTA and 25mmol -1 Tricine (pH 7.8),

Materials and methods to remove red blood cells. Livers were then removed and
Animal collection incubated in a cell suspension buffer (SB) (29@rBoll-1

Specimens ofTrematomus bernacchi{Boulenger) were NaCl, 5mmoll~1KClI, 2.5mmoll~1MgClz, 3 mmoll-1CaCk,
caught by hook and line in November 2002 in the nearshormmoll-? NaHCQ, 2mmoll~1 NaHPQ4, 5mmoll-1
water of Cape Evans in McMurdo Sound, Antarctica (77°53glucose and 5@hmoll-1 Hepes, pH 7.8) that contained
S, 166°40 W; Fig.1). Fish were collected from a depth of 5 unitsml~1 collagenase (Sigma, St Louis, MO, USA) fon,1
approximately 10n. T. bernacchiis one of the most common to separate cells from one another. This concentration of
species in the region (Gon and Heemstra, 1990), where tlcellagenase was determined empirically, to dissociate cells
water temperature is consistently near —1.86°C with rarevhile avoiding cytolysis. Cells were sieved through 60 and
fluctuations to near 0°C (Hunt et al., 2003). Fish wer&200pum mesh screens and were then pellgiadentrifugation
transported to McMurdo Station in coolers and maintained imt 100g for 10min. Cells were counted on a hemocytometer
running seawater aquaria. Survivorship during transport waand resuspended in SB at a concentration<df(8 cells mi-L
100%. Fish were allowed to adjust to the tank conditions foHepatocyte viability was determinedia bromophenol
48 h before use in the following experiments. exclusion and was always >95%.
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Three 1ml aliquots of hepatocytes from each individual blotter (BioRad) under gentle vacuum. The wells were washed
were exposed for h to 0, 2, 4, 8 or 12°C or to 196nol -1 twice with 300ul of 10 mmoll-1 NaPQ buffer (pH 7.0). The
CdChk (Sigma) or 10Qumol -1 MG132 (Sigma). The Cdel membranes were UV cross-linked once at @@CuJcnr?
and MG132 solutions were prepared in dimethylsulfoxideusing a CL-1000 UV cross-linker (UVP, Upland, CA, USA)
(DMSO). Three Iml aliquots were also exposed to neatprior to hybridization with probes.

DMSO as a control. Following stress exposure, for each The probes were labeled with a-P2P]-dCTP
treatment, one aliquot from each individual was assayed for ({1x108Cing? DNA; specific activity 300@i mmot1)
de novosynthesis of Hsps, (2) the presence of Hsp70 mRNAising the Ready-to-Go labeling system (Amersham Pharmacia

or (3) the activity of HSF1, as described below. BioTech, Piscataway, NJ, USA). Glyoxal adducts were
_ _ _ removed from the membranes by incubation im&oll-1
In vivo metabolic labeling Tris-HCI (pH 8.0) at 65°C for ®in immediately prior to

Thede noveosynthesis of protein was detected by metaboligrehybridization. Membranes were prehybridized inm20
labeling with radiolabeled amino acids (after Hofmann etChurch’s buffer (0.3nol -1 NaPQ, 10mmoll-1EDTA, 7%
al., 2000). Hepatocytes were incubated with>3l®®Bgq  SDS) at 60°C for B, followed by hybridization with labeled
of 35S-labeled cysteine/methionine  (specific  activity probe at 60°C for 18. Following hybridization, membranes
3.7x101 mBgml-L NEN, Torrance, CA, USA) for B at  were washed twice at room temperature fonilis with a low-
—1.8°C. Homogenates were heated at 100°C famminrband  stringency wash buffer §SSC/0.1% SDS) and once at
centrifuged at 1P00g for 10min. Total counts of 60°C for 2Cmin with a high-stringency wash buffer
incorporated radiolabel in each extract were determined of®.25<SSC/0.1% SDS). Following washing, membranes were
a scintillation counter. Proteins were loaded onto 10%wrapped in plastic wrap and exposed to a phosphor storage
acrylamide gels and separated by sodium dodecyl sulfatesereen (Molecular Dynamics, Piscataway, NJ, USA) for
polyacrylamide gel electrophoresis (SDS—-PAGE), with arl2-18h. Phosphor storage screens were scanned using the
equal amount of radioactivity ({®0c.p.m.) loaded in each BioRad Personal FX imager, and densitometry was performed
lane. Dried gels were exposed overnight to X-ray film (Kodak)with Quantity One software (BioRad). Relative levels of

mMRNA were background corrected and standardized across
Northern blotting successive northern blots.

Northern blots were used to assay for the presence of mMRNA
from both the inducible Hsp70 and its constitutive cognate Electrophoretic mobility shift assays (EMSAs)
Hsc71. The probe for Hsc71 was generated ffoilmernacchii After the 1h exposure, hepatocytes were pelleted by
tissues using primers from trout Hsc71 (for completecentrifugation at 109 at —1.8°C. The supernatant was
description of construction of all probes, see Place et al., 2004jiscarded and the pellet was frozen in liquid nitrogen and
Probes for Hsp70 were constructed from heat-shocked livestored at —80°C. Frozen pellets were thawed in | 206f
tissue from two species of notothenioid fishEspernacchii  extract buffer containing 25% (v/v) glycerol, &tmoll-1
and a species endemic to New Zeald@alichtus variegatus Hepes (pH 7.9), 42moll-1 NaCl, 1.5mmoll-1 MgCla,
Primers were consensus sequences from multiple alignment @2 mmoll-1 EDTA, 0.5mmoll-1 PMSF and 0.3nmoll-1
several fish Hsp70 sequences. Probes were tested for crodghiothreitol. Homogenized extracts were centrifuged at
reactivity with heat shock and chemically stressed hepatocyt@2 000g at 4°C for 10min. Pellets were discarded and the
from T. bernacchiias well as with heat-shocked liver tissue supernatants frozen at —80°C, after an aliquot was taken for
from other species of teleost fishes known to display typicabtal protein content determination by Bradford assay (Pierce,
HSRs:B. variegatusthe New Zealand black cobldtothenia  Rockford, IL, USA). EMSAs were conducted according to
angustatd andGillichthys mirabilis a temperate, eurythermal Buckley and Hofmann (2002). Briefly, 28 of total protein
goby. The goal was to determine the specificity of the probefsom each sample was incubated, on ice, withprh®l of
and their ability to detect the inducible expression of Hsp782P-labeled oligonucleotide, containing the heat shock
MRNA in species possessing such a response, and thus provadement (HSE) — an inverted heptad repeat sequeriee (5
a context against which to contrast any lack of inducibilityGCCTCGAATGTTCGCGAAGTTT-3 Airaksinen et al.,
observed inl. bernacchii In all cases, probes detected single1998). After a 20nin incubation, HSF1-HSE complexes
bands on northern blots, with the Hsc71 band being clearlyere resolved on 5% acrylamide non-denaturing gels by
distinct from the Hsp70 band. electrophoresis for B at 250V. Gels were dried and exposed

Following exposure to heat or chemical stress, hepatocytés a phosphoscreen. Densitometry was conducted on a scanning
were pelleted at 109 and the supernatant discarded. Pelletphosphoimager (BioRad). All densitometry values were
were flash frozen in liquid nitrogen and stored at —80°C. Pelletsormalized to that of a control run on all blots. Competitor/non-
were thawed in Inl of Trizol® reagent (Invitrogen, Carlsbad, competitor assays were run to establish the specificity of the
CA, USA) and RNA extracted according to the manufacturers$iSE probe used in the EMSAs. In these assays, an200?!
protocol. For northern blotting, 10y total RNA was denatured excess of either unlabeled HSE (competitor) or radiolabeled
with glyoxal/DMSO and blotted onto Zeta Probe nitrocelluloseAP2 oligo (non-competitor) was added to reactions containing
membrane (BioRad, Hercules, CA, USA) using a BioDot sloextract and radiolabeled HSE probe.
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Statistics used in EMSAs had not been previously determined.
The effect of heat or chemical treatment on theCompetitor/non-competitor assays were run to determine
concentrations of Hsp70 and Hsc71 mRNA, or on the activitrobe specificity, and a single HSE-specific band was observed
of HSF1, was determinedia one-way analysis of variance (Fig.4). This band was visible in the presence of non-
(ANOVA) at a confidence level d?<0.05 (SysStat software, competitor DNA and was absent in the presence of
Point Richmond, CA, USA). a 20Cmoll-! excess of unlabeled competitor HSE
oligonucleotide probe.

Results HSF1 activity

Protein synthesis patterns EMSAs were used to determine whether the HSE-binding

To characterize the effects of exposure to elevatedctivity of HSF1 in these species was responsive to
temperature or to chemical inducers of the HSR in hepatocytésmperature or chemical stressors (Biy). While there was
from Trematomus bernacchiin vivo metabolic labeling was HSF1 present with DNA-binding activity in all samples, there
conducted on cells that had been exposed fotdl0, 2, 4, 8 was no significant effect of treatment on HSF1 activity
or 12°C or to CdCl or MG132 (Fig.2). Although protein  (Fig.5B; P=0.23; ANOVA).
synthesis was robust under all treatments, in none of the four
individuals examined did heat or chemical stress result in the

detectable induction of any molecular mass size class of Hsps. Discussion
_ The purpose of this study was to extend our investigation
Hsp70 and Hsc71 mRNA analysis into the regulation of the HSR in the Antarctic notothenioid

Northern blotting was used to detect mMRNA from Hsp70 andish Trematomus bernacchiia species that appears to lack
Hsc70 in treated hepatocytes. Both Hsp70 and Hsc71 mRNHKeat-inducible Hsp expression (Hofmann et al., 2000). The
was detected in all individuals (FigA). However, levels of fishes endemic to the Southern Ocean display a range of
neither Hsp70 nor Hsc71 mRNA varied significantly amongoiochemical and molecular processes that allow them to
treatments F=0.076 andP=0.575, respectively; ANOVA; tolerate their extreme environment and, in some cases, have
Fig.3B). This same Hsp70 probe successfully detected thest attributes common to other fish (Somero et al., 1998).
induction of Hsp70 in the tissues of the three other species drese changes include the production of anti-freeze proteins
which it was tested (Tably. The same result was obtained (DeVries, 1988), the loss of hemoglobin and/or myoglobin in
using the second Hsp70 probe, generated BBomariegatus some species (Cocca et al., 1997; Sidell et al., 1997; Somero
(Tablel). et al., 1998) and the storage of extra lipid reserves for energy

(Sidell et al., 1995), buoyancy (Eastman, 1988) and for aiding
HSE-binding specificity in oxygen delivery to tissues (Londraville and Sidell, 1990).
The HSE-binding activity of HSF1 was examinedTin  To address the possibility that such a cold-adapted species
bernacchij a species for which the specificity of the HSE probecould lose an otherwise highly conserved cellular response to
heat stress, we examined the expressitispf
A ' Bmm~ — . - genes inT. bemapchii at multiplg levels,
‘ including transcription factor activity, mRNA
90 kDa Production and the synthesis of protein
70 kDa products. Our results suggest that part of the
unique physiology that characterizes this
45 kDa species is the constitutive production of Hsps
at a constant level and a lack of inducibility
in these genes.
In almost all cells, an exposure to

Fig.2. Protein synthesis patterns in isolated
90 kDa hepatocytes froriirematomus bernacchiixposed
70 kDa to heat and chemical stress. (A-D) Patterns from
four individuals exposed for i to 0-12°C or
— 45kDa  100pmoll- CdCh or 10Cpumol -t MG132 are
depicted. Following exposure, newly synthesized
proteins were labeled with3°S-radiolabeled
cysteine/methionine for B Proteins were

o~ Ho~ po(~ QO ° o 5o~ N0 QO o resolved on 10% polyacrylamide gels. Dried gels
0°C 2°C 4°C 8°C 12°C 0°C 2°C 4°C8°C12 ) C
OO'O %\, O% COOO%\; 047@ were then exposed to X-ray film. No visible
é % O é % O induction of any size class of protein was observed.
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A 1 2 3 4 1 2 3
0°C memw st o e
2°C P o ey | s HSE-HSFLL S S
LT g - A - complexes ’
BOC e  wt o
12°C it e | o Fig.4. HSF1-HSE complexes in the hepatocytesTmmatomus
CdCh fmm Cwwis  gnim bernacchii, visualized via electrophoretic mobility shift assay
MG132 Ty’ sty smois S (EMSA). A competition assay was run to determine HSE probe
DMSO i, ek’ e .= oo specificity. 25ug of homogenized hepatocyte preparation was
incubated with 1Hmol of 32P-labeled HSE probe for 26in at 0°C
and then separated on a 5% non-denaturing polyacrylamide gel. Gels
E 40 B were dried and exposed to a phosphoscreen. HSF1-HSE complexes
£ 351 m— Hsc71 were visualized on a phosphoimager. Lane 1: hepatocyte sample and
E 30+ == Hsp70 radiolabeled HSE probe only. Lane 2: identical to lane 1 except for
Q 254 the addition of a 2Ctnol I- excess of an unlabeled non-competitor
2 204 DNA probe (AP2 from Promega). Lane 3: identical to lane 1 except
% 154 for addition of a 20@nol I-1 excess of unlabeled HSE probe.
T 104
§ 5 H ﬂ ﬂ sections of metabolically active brain, spleen, liver, heart and
= 0 : : : gill tissue (Hofmann et al., 2000). Furthermore, in time-course
0°C 2°C 4°C 8°C 12°@dCkMG132 DMSO experiments, no induction of Hsps was observed in response

Fig.3. Hsp70 and Hsc7l mRNA expression in hepatocytes of® Neat treatments of up to h2(S.P.P. and G.EH.,
Trematomus bernacchiexposed to heat and chemical stress. (A)UNPublished data); therefore, the lack of induction here is not
Northern slot blots of Hsp70 MRNA in hepatocytes from fourSimply a factor of the duration of exposure to elevated
individuals (lanes 1-4) exposed fchlo 0-12°C or to 1Camol -1~ temperature. It should be noted that two-dimensional gel
CdCh or 10Cumoll-1 MG132. Also depicted are samples of electrophoresis might reveal the expression of novel isoforms
hepatocytes exposed to DMSO controls (Gd&hd MG132 were  of Hsps in response to heat; however, if that is the case, the
delivered in DMSO solutions; see Materials and methods). Samplgaduction of such isoforms would be minimal, as the data
were probed with Hsp70 mRNA probes generated.ibernacchii  presented here in the one-dimensional gels demonstrate that no
(B) Levels of Hsp70 and Hsc71 mRNA in the hepatocytes from fougjnificant increase in any size class of protein was detectable.
|n_d|V|duaIs. No significant effect of treatment on the concentration of Two chemical inducers of the HSR (Cd@hd MG132) also
either message was observed. Values are meassvit . - . .

failed to increase production of Hsps (2. Cadmium causes

protein denaturation (Abe et al., 1994) and the creation of
temperatures 5-10°C above body temperature results in theactive oxygen species (Manca et al., 1991), while MG132
preferential expression of multiple classes of Hsps (Feder andhibits proteasome activity, resulting in the accretion of
Hofmann, 1999). In hepatocytes frof bernacchii we  misfolded or damaged proteins that would normally be
observed no preferential production of any polypeptide iegraded (Bush et al., 1997; Lee and Goldberg, 1998; Kim et
response to heat (Fig), although overall protein synthesis al., 1999). As the presence of abnormally unfolded proteins is
was observed even at temperatures (8—12°C) that would haadrigger of the HSR (Hightower, 1980; Ananthan et al., 1986),
been lethal to the intact organism. These results from isolatédG132 can be a potent chemical Hsp inducer. The inability of
liver cells are consistent with similar vivo experiments on these chemical insults to initiate Hsp induction supports the

Table 1.Target species in which Hsp70 mRNA was detected with probes generated iBa&itbbtus variegatusr
Trematomus bernacchii

Probe Target species Hybridizatfon Upregulatiof
B. variegatudHsp70 G. mirabilis + +

B. variegatus + +

N. angustata + +

T. bernacchii + -
T. bernacchiiHsp70 G. mirabilis + +

T. bernacchii + -

aProbes used in this study were developed in a related study (Place et al., 2004).
b+ indicates that probe detected a single band on northern blots when hybridized against listed species.
®Presence (+) or absence (-) of an induction in Hsp70 mRNA in response to heat shock.
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A 0°C  2°C  4°C 8C 12°C cdChb MmG132 factor that becomes activated in response to heat stress (Wu,
s . 1995). Inactive monomeric HSF1 acquires the ability to bind
H,_?gé_ F to the HSE inhsp promoters through trimerization and
compexes | phosphorylation, a requisite step in the transactivatiamspf

genes (Morimoto, 1998). It has been shown that cadmium

) stress displays a similar mechanism of action to thermal
5 B 1 = perturbation, inducing Hsp expression through the activation
0 1.0 ] of latent monomeric HSF1 (Hung et al., 1998; Gordon et al.,
9; 1997). Here, we detected an HSE-specific HSF1 @&ig.

s Therefore, the absence of an induction of Hsps in this species
g is not due to the lack of an HSF1 with HSE-hinding
N competency. However, the HSE-binding activity of this
2 0 molecule did not change in response to heat or chemical

0°C  2°C  4°C 8°C 12°CCdCh MG132 treatment (Fig5).

- The absence of induciblespgene expression is rare but not
Fig.5. HSF1 activity in Trematomus bernacchihepatocytes.  \nsrecedented. For instance, another Antarctic organism, the
.(A) Representative electrophoreyc mobility shift assay.(E.MSA)i:iliate Euplotes focardiji also lacks the ability to appreciably
image of HSF1-HSE complexes in hepatocytes from one mdlwdualhcrease the expression lEp70in response to thermal stress,

exposed for h to 0-12°C or to 1¢Amol I-1 CdCk or 10Cumol I-1 ) .. . . .
MG132. Each sample was run in duplicate in two lanes. (B) AVeraggesplte the fact that the gene is intact in this species (LaTerza

(mean +sEM.) HSF1 activity for four individuals exposed to heat €t @l 200_4)- As InT. bernacchii hsp70is constitutively

and chemical stressors outlined above. While HSF1 activity wagXpressed ik. focardii(LaTerza et al., 2001). Taken together,
always detected in these cells, no significant effect of treatment wdBese findings suggest that adaptation to stable low
observed. temperatures may at times involve the production of molecular

chaperones at a constant level, coupled with the loss of thermal

existence of an irregularity in thspgene expression pathway sensitivity in the genes that encode them.
rather than the loss of temperature sensitivity in this cellular An additional species lacking a typical HSR is the
defense mechanism. freshwater hydradydra oligactis which does not induce any

Preliminary sequencing of regions of thgp70gene in this  size class of Hsp in response to elevated temperature and is
species demonstrates that this gene is present in its genodwficient in acquired stress tolerance (Bosch et al., 1988;
(Maresca et al., 1988; S. Lund and A. Whitmer, personaGellner et al., 1992). The more thermotoletdpdira attenuata
communication), and, in the current study, Hsp70 mRNA waand Hydra magnipapilateexhibit robust stress responses and
detected in isolated hepatocytes (&84). However, we persist during periods of warming sufficient to eliminate
observed no treatment-related increase in the concentration a@lfgactis from certain environments. The lack of an inducible
Hsp70 mRNA (Fig3B), consistent with the lack of induced HSR inH. oligactiswas determined to be due not to an inactive
protein synthesis in thie vivometabolic labeling experiments HSF1 or other upstream transcriptional dysfunction but rather
(Fig. 2). It should be noted that levels of Hsp70 mRNA inhas been linked to the instability of Hsp mRNA in this species
treated hepatocytes were equivalent to levels in field-cauglBrennecke et al., 1998). We cannot rule out that a similar
specimens sacrificed immediately upon capture, precludingechanism is working synergistically with the constitutive
handling stress as the cause of the observed Hsp70 mRNpression of Hsp70 mRNA ih. bernacchii as we do not
expression (Place et al.,, 2004). Furthermore, it has beémow to what extent the message we detect is translated.
demonstrated that handling stress does not affect hepaticlt is unknown whether other Antarctic notothenioids also
Hsp70 expression in other teleost species (Vijayan et alack inducible Hsp expression. In a study using differential
1997). The results from the hepatocyte preparations wemisplay, Hsp70 mRNA was induced in the livers of another
obtained with two Hsp70 mRNA probes, one generated froomember of the suborder, the icefiSshionodraco hamatysn
T. bernacchiitissue and one from the related New Zealandesponse to whole-animal injections of cadmium (Carginale et
notothenioidB. variegatus While both of these probes cross- al., 2002). The source of the disparity between the effect of
reacted with Hsp70 mRNA frofh. bernacchiiin neither case cadmium on Hsp70 induction if. bernacchiiand that inC.
did they detect inducible expression of this transcript, althoughamatusis unclear but may be due to the different methods
these same probes successfully detected typical heat inductioh cadmium exposure employed. In tie hamats study,
of Hsp70 mRNA in other species of fishes (TableThis cadmium was injected intramuscularly every other day for
suggests that, despite sequence similarity in the coding regiofglays. It is possible that this longer-term exposure to the toxic
of this gene, transcriptional regulation d&fsp70 in T. heavy metal may have a different effect than the direct
bernacchiidiffers from that of these non-polar species. exposure of liver cells conducted here Tn bernacchii

To characterize the regulationfidpgenes inT. bernacchii  However, it has been shown that exposure to concentrations of
we examined the DNA-binding activity of HSF1. All inducible cadmium as low as gmol I-1 are sufficient to induce Hsp70
hspgenes are regulated by HSF1, a cytoplasmic transcriptiogxpression in fish cells (Heikkila et al., 1982). The
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concentrations used here were an order of magnitude greatBickley, B. A. and Hofmann, G. E.(in press). Magnitude and duration of

yet failed to cause Hsp induction. Another technical difference ‘h‘lflmr‘]aL stress t:jlme”;:i”e Iki”etif of HSF]’? gene regulation in the goby,
. . . . . . Gillichthys mirabilis Physiol. Biochem. ZooV7.
between the two studies lies in the preparation of liver tissu@ysp k. T., Goldberg, A. L. and Nigam, S. K.(1997). Proteasomic

We first perfused the liver to remove red blood cells, which are inhibition leads to a heat-shock response, induction of endoplasmic
nucleated in fishes, to obtain unadulterated hepatocytereticulum chaperones, and thermotoleradc®&iol. Chem272 9086-9092.

. . .~ Carginale, V., Capasso, C., Scudiero, R. and Parisi, 2002). Identification
suspensions. The. hamatU$tUdy examined gene expression o cagmium-sensitive genes in the Antarctic f&ionodraco hamatuby
in livers that had not been perfused, possibly resulting in the messenger RNA differential displagene299, 117-124.

inclusion of erythrocytes. Carpenter, C. M. and Hofmann, G. E.(2000). Expression of 7&kDa heat
our findi t that t il b hii shock proteins in Antarctic and New Zealand notothenioid f&mp.
ur findings suggest that thepgenes inl. bernacchiiare Biochem. Physiol. A25, 229-238,

constitutively expressed and that their transcription is regulatetbcca, E., Ratnayakelecamwasam, M., Parker, S. K., Camardella, L.,
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