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The heat shock factor 1 (HSF1) is the central actor of
he response to hyperthermia in eukaryotic cells. In
ammals, male germ cells are an exception among all

ellular populations for their HSF1 activation occurs
t low temperature. This feature was believed to be
pecific of homeotherms whose testicular compart-
ent is located outside the main body cavity, where

emperature is lower. In the present study, we show
hat in the poikilotherm rainbow trout, the maximal
eat shock response of male germ cells, that are lo-
ated in the same body compartment than the other
rgans, occurs also at a significantly lower tempera-
ure (22°C) than for somatic cells (28°C), regardless of
ulture conditions before heat shock. In addition, the
cquisition of the HSE-binding activity of HSF1 upon
eat shock is not associated with the classical hsp70
RNA accumulation. Taken together, these results

trongly suggest the existence of a particular mode of
eat shock response that could be specific of male
erm cells but not restricted to homeotherms. © 1999

cademic Press

Key Words: heat shock factor; male, germ cell; tem-
erature; trout.

All cellular activities critically depend on the unique
hree-dimensional structure of proteins. The acquisi-
ion of the correct protein folding is determined in part
y the amino-acid sequence of the proteins, but often
equires the assistance of protein chaperones (1). Un-
er protein-damaging conditions, these protein chap-
rones are also necessary for preventing protein aggre-
ation, refolding misfolded proteins in ATP-dependent
echanisms, and driving irreversibly denatured pro-

eins to degradation machineries (2). The originally
iscovered and one of the most potent protein-

1 Corresponding author. CNRS UPRES-A 6026, Bat.13, Campus
e Beaulieu, 35042 Rennes Cedex, France. Fax: 33 2 99 28 67 94.
-mail: pascale.le-goff@univ-rennes1.fr.
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rotein aggregation by exposing normally buried hy-
rophobic protein domains.
In this respect, many protein chaperones capable of

reventing heat-denaturation of proteins and called
eat shock proteins (HSP), strongly accumulate after
eat shock, due to an increased transcription rate of
heir genes, mediated by the ubiquitous transcription
actor heat shock factor 1 (HSF1). Several related HSF
ave been identified but HSF1 has the unique ability to
ind to the heat shock DNA elements (HSE) (3) in a
eat shock-dependent manner (4, 5). The temperature
t which HSF1 is activated is finely tuned to the heat
ensitivity of the cellular protein machineries and gen-
rally fixed several degrees above the normal living
emperature. In plants and poikilotherm animals, this
et point strikingly depends on the environmental tem-
erature, and may be for example as low as 5°C for an
lga from antarctic (6). For homeotherm animals who
ave acquired a relative independence of the external
emperature, it was admitted that the threshold tem-
erature for HSF1 activation is unique for all cellular
opulations. However, it has thereafter been shown in
ammals that a particular cell type, namely male

erm cells, are an exception to this rule, since their
emperature of HSF1 activation is only 37°C, that is to
ay more than 4°C below that observed in somatic cells.
his finding is likely to explain why mammalian testes
re generally located outside the main body cavity (7).
owever, this altered heat shock response is not a
ere consequence of the presence of germ cells at lower

emperature in the scrotal compartment, since the
eat shock set point for somatic testicular cells re-
ains the same as for somatic cell of the organism

41°C) (8).
To determine whether the lower HSF1 set point ob-

erved in male germ cells is specific of mammals or a
eneral feature in the animal kingdom, we have com-
ared the temperature of HSF1 activation in somatic
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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ells are all present at the same temperature. For this
urpose, we studied the rainbow trout (Onchorhynchus
ykiss) as a model system in which the testis compart-
ent sits at the same temperature than the other

issue of the body. Moreover, this species can live only
n a limited temperature range, from 4°C to about 18°C
stenotherm). We show that in this animal, the HSF1
ctivation temperature is also clearly different be-
ween male germ cells and somatic cells. Moreover, the
ale germ cell specific HSF1 activation at very low

emperature is not associated with an increased tran-
cription of the hsp70 gene. This first observation ob-
ained with a poikilotherm species, allows to propose
hat the lower set point of HSF1 activation in germ
ells is a unique property of this cell type, that is not
estricted to homeotherm species.

ATERIALS AND METHODS

Experimental animals. Male rainbow trouts, weighing 800 g in
verage, were supplied by an experimental fish farm (Sizun, Finis-
ère, France) and kept in circulating fresh water tanks between
2-14°C. Trout were anaesthetised with 3% 2-phenoxyethanol and
illed by a blow to the head before liver perfusion or testis removal.

Cell culture and heat shocks. The trout embryonic fibroblastic
ell line STE (Steelhead Trout Embryo) was grown at 18°C in 75 cm2

asks in Dulbecco’s modified Eagle’s and Ham’s F-12 nutrient mix-
ure with L-glutamine (1:1), 15 mM Hepes, 15 mM N-tris (hydroxy-
ethyl) methyl-2-aminoethanesulfonic acid, 12 mM NaHCO3, 1%

v/v) antibiotics (penicillin, streptomycin and amphotericin B, Sigma,
t Quentin Fallavier, France) and supplemented with 10% foetal
ovine serum. Hepatocytes were obtained after dissociation with
ollagenase A (Bœhringer) as previously described (9). 1-2 3 107

epatocytes were seeded in 5 ml of the medium described above but
upplemented with 2% Ultroser SF (Biosepra) and cultured under
yratory shaking at 55 rpm at 18°C (Novotron, INFORS AG, Swit-
erland) to form aggregates. Hepatocyte functions are perfectly pre-
erved under these culture conditions (9). Male germ cells were
btained by mechanical dissociation, exactly as previously described
10), of testes at mid spermatogenesis, with spermatogonia to sper-
atozoa i.e. stage IV-V according to a classification adapted from
illard and Escaffre (11). At all stages of the dissociation process,

estes or cells were maintained around 12°C. For the heat shock
xperiments, flasks for STE cells or tubes containing hepatocyte
ggregates or germ cells were submerged for one hour in a water
ath at the indicated temperatures. When a recovery period was
ecessary, cells were put back into the incubator for half an hour at
8°C for STE cells and 12°C for germ cells. STE cells were harvested
y scraping and centrifugation at 2000 rpm at 4°C for 5 min or by
entrifugation of hepatocytes or germ cells. Cell pellets were imme-
iately frozen and kept at 280°C.

Protein extracts and gel mobility shift assays. Whole cell extracts
ere prepared as described in (12), from frozen pellet by adding 5
olumes of extraction solution, 10 mM Hepes pH 7.9, 0.4 M NaCl,
.1 mM EGTA, 0.5 mM dithiothreithol (DTT), 5% glycerol, 0.5 mM
MSF, vortexing and repetitive pipetting until the suspension
ppeared homogeneous. The use of a Teflon glass homogeniser
as necessary to complete germ cell disruption. Homogenates
ere spun at 25000 g at 4°C for 5 min. Supernatants were col-

ected, protein concentrations were measured, adjusted with ex-
raction buffer at 1 mg/ml for STE cells and hepatocytes or at 0.5
16
l of whole cell extract were incubated 30 min at 4°C in the
resence of 12.5 mM Tris-HCl pH 7.8, 62.5 mM NaCl, 1.25 mM
DTA, 0.625 mM DTT, 6.25% glycerol, 1 mg of poly dI/dC, 10 mg of
SA and about 5 ng of 32P labeled HSE (60000 cpm) in a final
olume of 20 ml. The binding reactions were performed at 4°C for
0 min and loaded on a 4% polyacrylamide gel in 8.9 mM Tris
ase, 8.9 mM boric acid, 0.2 mM EDTA, pH:8. Complex were
eparated during 2 hours at 220 volts. Gels were dried, exposed
vernight to a X-ray film (Kodak X-omat). For supershift or com-
etition experiments 1 ml of anti-mouse HSF1 monoclonal anti-
ody (kindly provided by Dr. Richard I. Morimoto, Northwestern
niversity, Evanston, Illinois) or the indicated amount of unla-
eled wild type or mutated HSE was mixed prior to adding the
abeled HSE. The wild type HSE was the double stranded DNA
ragment 59-tcgagcGAAtgTTCtaGAAac-39 with XhoI hanging ex-
remities to allow the labeling with the Klenow fragment of
he DNA polymerase I. Mutated HSE was the double stranded
ragment, 59-cGAAtgGGAtaGAAa, devoid of the central TTC
rinucleotide.

Reverse transcriptase (RT)-PCR analyses. RNAs were extracted
rom control or heat shock cells after a recovery period using the
RIZOL reagent (Gibco BRL). RNAs were reverse transcribed into
DNA using random primers as primers. hsp70 and bactin cDNAs were
easured by RT-PCR using the following oligonucleotides as primers:

9-ggACATCAgCCAgAACAAgC-39; 59-gTgTAgAAgTCgATgCCCTC-39
132 bp amplified fragment) for hsp70 and 59-TTgCTgATCCACATCT-
CTg-39; 59-gACAggATgCAgAAggAgAT-39 (around 150 bp amplified
ragment) for bactin, in the presence of deoxynucleotides at 50 mm final
oncentration. The amplification reactions were carried out using 25
ycles: 95°C 30s; 61°C 30s; 72°C 40s, the PCR products were analysed
n 3% agarose gel in the presence of ethidium bromide. The absence of
ontaminating DNA was verified by PCR on non reverse transcribed
NAs.

ESULTS

Heat-induction of the HSE binding activity in trout
ells. Previous heat shock experiments using trout
ells have only measured the accumulation of hsp tran-
cripts, and have defined that the maximal response is
btained after 28°C heat shock (13). We wanted to
tudy the heat shock response at an upstream level, by
etermining the heat shock temperature leading to
aximal HSE binding activity in trout cells. For this

urpose, nuclear extracts from two different trout so-
atic cell types: an embryonic cell line (STE) and

epatocytes, were tested for their HSE binding activity
n electrophoretic mobility analyses, using a labeled
ligonucleotide probe containing the consensus HSE
inding site. Extracts were prepared from cells grown
t 18°C or after 1 hour incubation period at different
emperatures. In the two cell types, a weak HSE bind-
ng activity was observed in control extracts, which
as strongly enhanced after heat shock (Figures 1A
nd 2A). In hepatocytes as well as in STE cells, the
aximal HSE-binding activity was observed after a

8°C heat shock. Since the retarded complex observed
n STE cells and hepatocytes were identical, we used
nly the STE cells as a source of somatic cells in the
ollowing experiments.
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Different thresholds for the activation of STE and
erm cell HSE binding activities. HSE gel shift
nalyses using nuclear extracts from either STE
ells or freshly dissociated germ cells obtained from
ature males, were conducted in parallel. Cells were

FIG. 1. Heat induction of a HSF1 binding activity in STE cells,
epatocytes and male germ cells. (A) Gel mobility shift analysis of
xtract prepared from STE cells and hepatocytes grown at 18°C or
fter a one hour heat shock at the indicated temperatures. (B) Gel
obility shift analysis of extract prepared from STE cells or male

erm cells after a one hour heat shock at 28°C. Extracts were incu-
ated with the labeled oligonucleotide probe in absence (control), or
resence of a 30- 50- or 70-fold excess of unlabeled competitors
orresponding to wild type (WT) or mutated (MUT) HSE. For super-
hift experiments (right panels), a monoclonal antibody directed
gainst mouse HSF1 was added (1) or not (2), to the HSE-HSF
inding reaction.
17
eratures prior to extracts preparation and gel shift
nalyses. As shown in Figure 2, HSE-binding activ-
ty was barely detectable at 18°C in STE cells, in-
reased progressively to peak at 28°C and then de-
reased. In contrast, the maximal HSE-binding
ctivity was observed at a significantly lower tem-
erature in germ cells. A low level of binding was
bserved from 12°C to 18°C, a maximum level at
2°C and decreasing levels from 25°C to 33°C (Figure
C). It is worth noticing that the mechanical disso-
iation process of the cells did not modify the HSE
inding activity, since the same band shift pattern
as observed when using extracts prepared from the
hole testis from trouts living at 12°C or freshly

FIG. 2. HSF1 activation temperature profile in STE and male
erm cells. Gel mobility shift analysis of extracts prepared from STE
ells grown at 18°C (A) or 12°C (B) and from freshly dissociated male
erm cells (C) after one hour incubation period at the indicated
emperature. The temperature of maximal HSE binding activity is
btained at approximately 6°C lower temperature in germ cells as
ompared with STE cells.
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anes 1 and 2).

Molecular composition of the HSE complex. The
triking difference of HSE binding temperature activa-
ion observed between somatic and germ cells, might
eflect either different thresholds for the activation of
he same transcription factor, or the use of different
SE-binding factors in the different cell types. Hence,
e wanted then to verify the identity of the protein

omponents from somatic and germ cells, responsible
or the HSE complex formation. We have first exam-
ned the effects of oligonucleotide competitors added in
he binding reactions with nuclear extracts from STE
ells and freshly dissociated male germ cells. As shown
n Figure 1B, the retarded complex was specific to the
SE oligonucleotide, since it disappeared in the pres-

nce of an excess of wild type competitor but not of
utated HSE where the successive nGAAn blocks are
ot arranged in opposite orientations (see Materials
nd Methods). This specificity for the canonical HSE
ndicates that the HSE complex does contain a typical
SF. Furthermore, co-incubation of the band shift re-
ctions with an anti-mouse HSF1 antibody resulted in
he formation of a slower migrating ternary complex,
hen starting from germ cell as well as STE cell ex-

racts, indicating that the factor involved in HSE com-
lexes is likely to be the same in both cell types. Since
nti-HSF antibodies are currently used in mammals to
iscriminate the different HSFs (8), the cross reactivity
f the anti HSF1 antibody with the trout HSF is a
trong indication that it is closely related to mamma-
ian HSF1. In addition, considering that HSF1 is the
nly HSF whose DNA binding activity is strictly de-
endent on heat shock, the possibility that the trout
SF visualised in this study may correspond to an

mmunologically related HSF other than HSF1 is im-
robable. Finally, the absence of residual normally mi-
rating complex in supershift lanes, strongly suggests
hat the HSF DNA binding activity present in the two
rout cell types is mainly, if not exclusively, composed
f trout HSF1.

Acclimation to a lower temperature does not affect the
hreshold temperature for HSF1 DNA binding activity.
ince the fishes used for the preparation of germ cells
ere kept at 12°C, one may hypothesise that the dif-

erent thresholds observed for the two cell types are a
onsequence of the different starting temperature:
2°C for germ cells versus 18°C for STE cells. To test
his possibility, HSF1 binding activity was examined
n STE cells grown at 12°C. Figure 2 (panels A and B)
eveals that maximal HSF1 binding activity was not
ffected by lowering the previous incubation tempera-
ure. If STE cells are acclimated to a lower tempera-
ure, one may observe HSE complex formation at 24°C,
ut the maximal heat shock response still occurs at
18
8°C. In addition, at the temperature responsible for
he maximum HSF1 DNA binding in germ cells (22°C),
he DNA binding activity observed was as low whether
he STE cells were cultured at 12°C or 18°C. These
esults clearly show that in our conditions, the temper-
ture set point for maximal HSF1 activation is an
ntrinsic property of each cell type which does not
epend on culture conditions.

Accumulation of hsp70 mRNA in STE and germ cells
fter heat shock. In mammalian cells, heat activation
f HSF1 generally mediates the increased expression of
sp70 gene (4). To examine this point in trout cells,
NA was prepared from STE and germ cells, heat
hocked for one hour at 28°C or 22°C respectively and
hen shifted back to 18°C or 12°C for 30 min. RNA were
hen reverse transcribed using random primers, hsp70,
nd bactin cDNAs were measured by PCR. As shown in
igure 3, hsp70 mRNA level increased after heat shock

n STE cells, but remained constant in germ cells in
espite of HSF1 activation.

ISCUSSION

The results presented here reveal surprising dif-
erences between cell populations from a poikilo-
herm animal upon heat shock. The HSF1 activity
hat we measured in trout somatic cells are in agree-
ent with previous reports. The heat shock temper-

ture inducing maximal HSF1 binding activity in
rimary cultured hepatocytes as well as in STE cells
s 28°C. In these cells, the activation of HSF1 was
ccompanied by a classical increase of hsp70 mRNA.
ccordingly, Mosser et al. (13) have shown that syn-

hesis of heat shock proteins in trout fibroblasts was
aximal at 28°C. In addition, we found that the

emperature activation profile of HSF1 remained un-
hanged when the growth temperature of STE cells
as reduced from 18°C to 12°C, in agreement with

wo previous studies on other poikilotherms. Hepa-

FIG. 3. Accumulation of hsp70 mRNAs in response to heat
hock. Male germ cells and STE cells were heat shocked for one
our at the temperature leading to maximal HSE binding activity:
2°C or 28°C respectively and hsp70 and b-actin mRNA were
etected by RT-PCR 30 min after temperature shift down. RT-
CR products were analyzed on a 3% agarose gel in presence of
thidium bromide.



tocytes prepared from channel catfish Ictalurus
p
m
w
c
p
s
l
i
p
p
a
t
t

i
i
t
T
a
v
t
m
i
a
p
i
o
a
m
t
h
p
p
b
g

l
a
s
t
d
g
e
v
o
a
t
o
s
a
p
a
b
r
t

mouse testicular cells (19). Conversely, HSP are ex-
p
H
m
b
H
(

t
c
t
r
u
a
p
r
p
s
t
t
t
m
r
r
m
d

A

N
A
f
c
m
c

R

1

1

Vol. 259, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
unctatus acclimatised to 7°C or 25°C, exhibited a
aximum HSP synthesis around 40°C (14). Like-
ise, varying the growth temperature of Drosophila

ells between 19°C and 26°C had little effect on the
attern of HSP synthesis (15). On the contrary, a
tudy from Abravaya et al (16) indicates that the
evel of activated HSF1 was dramatically increased
n Hela cells, when grown at 35°C instead of 37°C
rior to a 42°C heat shock. It is thus tempting to
ropose that in poikilotherm organisms whose cells
re commonly exposed to temperature fluctuations,
he heat shock response is not as tightly linked to
heir growth temperature as seen in homeotherms.

More surprisingly, we found that the temperature
nducing maximal HSF1 DNA binding activity is 22°C
n freshly isolated male germ cells, that is 6°C below
he activation temperature of HSF1 in somatic cells.
his is the second report indicating a reduced HSF1
ctivation temperature in male germ cells. HSF1 acti-
ation was previously shown to occur at low tempera-
ure in mouse male germ cells, when compared to so-
atic cells (7). Indeed, HSF1 activation occurs at 37°C

n mouse germ cells, instead of 42°C for non testicular
s well as testicular mouse somatic cells (8). The
resent data clearly indicates that male germ cells
solated in the testis at a lower temperature than the
ne observed for somatic cells in other tissues, possess
high heat sensitivity which is not restricted to mam-
alian species as shown here in the trout. Therefore,

he observation of a lower threshold temperature of
eat shock activation in mammalian male germ cells is
robably not a consequence of the lower growth tem-
erature of these cells within the scrotal compartment,
ut probably more a general property of animal male
erm cells.
The biological signification of the HSF1 activation at

ow temperature in germ cells is puzzling. Since dam-
ged proteins have been suggested to be the triggering
ignal of HSF1 activation (4, 17), one may hypothesise
hat this lower set point for HSF1 activation may be
ue to a particular thermosensitivity of certain male
erm cell specific protein components. However, this
xplanation is not in agreement with the other obser-
ation presented in this report, that the transcription
f the protein chaperone hsp70 gene does not increase
fter HSF1 activation in trout germ cells. On the con-
rary, a classical hsp70 induction upon heat shock, is
bserved in trout somatic cells. Such a lack of corre-
pondence between DNA binding induction of HSF1
nd hsp70 expression in germ cells may appear sur-
rising since these two molecular events are classically
ssociated (18). In fact, several cases of uncoupling
etween HSF1 activation and HSP expression have
ecently been reported. For example, a lack of induc-
ion of hsp70 after heat shock has also been observed in
19
ressed at high level in 293 cells in absence of any
SE-HSF binding activity (20). Interestingly, beside
ale germ cells, a disconnection between the HSE

inding activity and the transcriptional activity of
SF1 has also been demonstrated in Xenopus oocytes

21).
From a physiological point of view, these observa-

ions are of particular interest in the reproduction
ontext. Indeed, male fertility is known for a long
ime to decline after a rise in temperature. In this
espect, an increase of the scrotal temperature was
sed as a method of human male contraception by
ncient romans. A particular sentitivity of male re-
roductive functions has also been established in
ainbow trout (22, 23). It has been proposed that this
henomenon could be linked to a particular heat
ensitivity of male germ cells. This assumption was
hen strongly strengthened at the molecular level by
he recent observation that in mouse, HSF1 activa-
ion occurs in male germ cells at a temperature dra-
atically lower than in somatic cells (8). The present

eport tends to support the idea that the heat shock
esponse at lower temperature is a general feature of
ale germ cells whose origin remains to be eluci-

ated.
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