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Abstract Mammalian male germ cells undergo apoptosis at the
body's internal temperature of 37³C. Birds, however, are unique
among homeothermic animals in developing spermatogenesis at
the elevated avian internal body temperature of 40^41³C. To
shed light on the mechanisms that maintain an efficient avian
spermatogenesis at elevated temperatures we compared, in mouse
and chicken testicular cells, the expression of genes that are
essential for stress resistance: Hsp70 and ubiquitin. While the
expression of Hsp70 and ubiquitin did not change upon heat
shock in mouse testicular cells, both the amount and poly-
adenylation of Hsp70 and ubiquitin transcripts increased when
male germ cells from adult chicken testis were exposed to
elevated temperatures.
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1. Introduction

The homeostasis of a cell or an organism guarantees sur-
vival under stressful conditions. An essential feature of ho-
meostasis is the rapid expression of genes whose products
play a major role in protecting cells against stress. When cells
or whole organisms are exposed to elevated temperatures,
they respond by synthesizing a small number of highly con-
served proteins, the heat shock proteins (HSP). The heat
shock response was ¢rst reported as a dramatic change in
gene activity induced by a brief treatment of Drosophila hydei
larvae [1]. The heat shock proteins were also ¢rst discovered
in Drosophila [2]. Similar ¢ndings in other eukaryotes and
prokaryotes suggested that the heat shock response was an
evolutionarily conserved system essential for cell survival [3^
6].

Two heat shock proteins, HSP70 and ubiquitin, belong to
the most highly conserved proteins in the cell. When cells are
exposed to elevated temperatures the heat shock protein
HSP70 is the most prominently expressed. The chaperone
function of HSP70 plays a vital cytoprotective role by binding
to denatured proteins and refolding them back to the native
functional state [7]. Ubiquitin is also an essential component
of the stress response system, speci¢cally required for cell
survival under a broad range of physiological stresses [8].
The expression of ubiquitin is greatly increased by heat stress

[9,10]. Heat stress leads to a sudden increase in the level of
damaged proteins that can be toxic to the cell. Covalent con-
jugation of ubiquitin to damaged proteins can trigger their
degradation, restoring cell function.

While the heat shock response plays a major role in the
protection of mammalian somatic cells from thermal injury,
mammalian male germ cells undergo apoptosis at the body's
internal temperature of 37³C and even slight elevations of
scrotal temperature are associated with male infertility [11].
The underlying mechanisms of the inhibitory e¡ects of ele-
vated temperature on the process of mammalian spermato-
genesis have not been elucidated.

In contrast to mammals, birds develop spermatogenesis at
elevated temperature [12]. The mechanisms that maintain an
e¤cient avian spermatogenesis at the high core body temper-
ature of 40^41³C are unknown at present. Previously we re-
ported a high constitutive expression of the ubiquitin gene
family during avian spermatogenesis [13^16]. In addition, we
detected the presence of several testis-speci¢c transcripts of
the polyubiquitin genes UbI and UbII [14,16]. One of these
transcripts, from the heat-inducible chicken polyubiquitin
gene UbI (t-UbI), showed a testis-speci¢c transcription initia-
tion site placed closer to the heat shock promoter. This tran-
script also undergoes alternative splicing and possesses a lon-
ger 5P untranslated region than the somatic form [16].

To assess the di¡erences in the heat shock response between
avian and mammalian male germ cells, the main objectives of
the present study were: (1) to compare the expression upon
heat shock of Hsp70 and the heat-inducible polyubiquitin
genes in chicken and mouse testis cells in vitro, and (2) to
investigate the expression of Hsp70 and the ubiquitin gene
family in chicken testis cells exposed to heat shock. Our re-
sults show that both the amount and the polyadenylation of
Hsp70 and ubiquitin transcripts increased when avian male
germ cells from adult chicken testis were exposed to heat
shock, while no similar changes were observed in cells from
mammalian testis.

2. Materials and methods

2.1. Preparation of RNA, electrophoresis, Northern hybridization and
immunological detection

Total RNA was prepared with the TriPure Isolation Reagent from
Boehringer Mannheim, according to the speci¢cations of the manu-
facturer. Samples of total RNA (20^40 Wg), obtained from prepuberal
(6-week-old) and adult (25-week-old) chicken testis and adult mouse
testis (10-week-old), were electrophoresed through 2 M formaldehyde,
1.2^1.6% agarose gels, in 0.02 M MOPS, 5 mM sodium acetate (pH 7)
and 1 mM EDTA and transferred to positively charged nylon mem-
branes (Nytran Plus, Schleicher and Schuell) in 10USSC, then ¢xed
by UV crosslinking. Blots were hybridized using ExpressHyb hybrid-
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ization solution (Clontech), labeled with non-radioactive digoxigenin-
speci¢c probes as described below. Hybridization conditions and the
immunological chemiluminescence detection procedure were as de-
scribed in [17].

2.2. DNA probes
Probes were obtained from recombinant clones containing the

whole cDNA or speci¢c segments. Labeling was done by PCR ampli-
¢cation using Taq DNA polymerase and a dNTP mix containing
DIG-11-dUTP (Boehringer Mannheim). Primers were speci¢c for
the insert or the reverse and forward primers from the vector. Ampli-
¢cation conditions were as follow: 94³C 3 min; 30 cycles at 94³C
1 min; 52³C 1 min; 72³C 3 min; and ¢nal extension at 72³C, 7 min.
When using speci¢c primers the annealing temperature was changed
based on the melting temperature of the primers. When the speci¢c
sequence was too short for cloning, oligonucleotide probes labeled at
the 5P end with digoxigenin were obtained from MWG-BIOTECH
Synthesis Lab. Probes from recombinants having the four ubiquitin
coding sequences of UbI or the three ubiquitin coding sequences of
UbII hybridize unspeci¢cally to all members of the family. We will
refer to these probes as non-speci¢c UbI or UbII probes. Speci¢c
probes have the speci¢c exon of the testis UbI (t-UbI speci¢c probe),
the 3P UTR sequence of UbII (UbII-speci¢c probe), the coding se-
quence of the ribosomal protein T-52 (Ub-t52-speci¢c probe) and the
coding sequence of the ribosomal protein T-80 (Ub-t80-speci¢c
probe). The oligonucleotide ACTGGAAGCAGATTGACTTGCGT-
TGGGTACTGCGCTCAGG (labelled with digoxigenin at the 5P end)
is complementary to a sequence speci¢c for the somatic 5P UTR of the
UbI (s-UbI-speci¢c probe). To obtain the probe for Hsp70, the prim-
ers ATGTCTGGCAAAGGGCCGGC and TTGGGCTTGCCA-
CCCTCG, which amplify the ¢rst 308 bp of the coding region of
the gene, were used.

2.3. RNase H treatment
The method described in [18] was used: 20^30 Wg of RNA was

mixed with 2 Wg of oligo d(T) (Pharmacia Biotech, Uppsala), dena-
tured at 65³C for 2 min and annealed for 15 min on ice. Then, 2 units
of RNase H (Pharmacia Biotech, Uppsala) were added and incubated
at 37³C for 30 min. Samples were extracted with phenol-chloroform,
ethanol precipitated and analyzed in agarose-formaldehyde 1.2% gels
(as previously described) in parallel with control samples from the
same tissues.

2.4. Heat-shock conditions
Prepuberal (6-week-old) and adult (6^12-month-old) Hubbard

White Mountain chickens and adult mice (strain C57BL/6NHsd)
were used in the experiments. Testes were decapsulated and the semi-
niferous tubules, gently dispersed with forceps, were cultured in 10
volumes of minimum essential medium (Eagle) at the appropriate
temperatures. In other experiments cell suspensions were prepared
from the seminiferous tubules. The tissue was ¢nely minced with
scissors, suspended in 10 volumes of minimum essential medium (Ea-
gle) containing 0.1% trypsin, incubated at 31³C for 30 min in an
orbital air incubator, and ¢ltered through four layers of surgical
gauze. Then, fetal calf serum was added to 10%. Aliquots of 1^
6U109 cells (10 ml) were used as control and heat shock samples.
Heat shock was conducted at 46³C (chicken) or 42³C (mouse) for
2 h in a water bath orbital incubator. Controls were incubated at
39³C (chicken) or 31³C (mouse) for 2 h. Cells or tissue were centri-
fuged at 1000Ug for 5 min. The pellet was extracted with TriPure
(Boehringer). When actinomycin D (Sigma) was used, cells were in-
cubated in the presence of 1 Wg/ml of the inhibitor.

3. Results

3.1. Heat shock increases the amount of Hsp70 and
polyubiquitin UbI transcripts in adult chicken testis cells
but not in cells from adult mouse testis

An attractive possibility to explain the striking di¡erences
in thermotolerance of mammalian and avian spermatogenesis
could be the existence of a di¡erential expression of heat
shock genes, such as Hsp70 and polyubiquitin. We ¢rst exam-
ined this possibility. Cells from adult chicken testis were ex-

posed to 46³C for 2 h. Control cells were incubated at the
internal body temperature of 40³C for the same length of
time. Total RNA was prepared from heat-shocked cells and
control cells and analyzed by Northern blot hybridization
with probes from chicken Hsp70 and the coding sequence of
chicken polyubiquitin UbI. Both transcripts were more abun-
dant in heat-shocked cells than in control cells (Fig. 1). The
increase of the polyubiquitin transcript is much less than the
increase of Hsp70 induced under the same circumstances. The
length of transcripts of Hsp70 and polyubiquitin UbI also
increased upon heat shock, giving rise to broader bands in
the Northern blots (Fig. 1). The same results were obtained
using cell suspensions or seminiferous tubules.

To test whether a similar response was observed in heat-
shocked cells from adult mouse testis, seminiferous tubules
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Fig. 1. Northern blotting analysis of Hsp70 and polyubiquitin
mRNAs from mouse and chicken testicular cells incubated at phys-
iological temperatures (lanes 1, 3) or exposed to heat shock (lanes
2, 4). Cells from mouse and chicken adult testis were incubated at
the temperatures indicated in Section 2. Panels with ribosomal
RNAs show the equalization of RNA samples used for analysis.
The polyubiquitin UbI probe used recognizes the somatic and testic-
ular transcripts of UbI.

Fig. 2. E¡ect of heat shock on polyadenylation of Hsp70 and poly-
ubiquitin t-UbI transcripts. A: Northern blotting analysis of Hsp70
and polyubiquitin t-UbI mRNAs from chicken testicular cells incu-
bated at physiological temperatures (lanes 1, 3) or exposed to heat
shock (lanes 2, 4). Actinomycin D (1 Wg/ml) was used to inhibit
transcription (lanes 3, 4). B: Same as A, except that mRNAs were
treated with RNase H to remove poly(A) tails. Panels with riboso-
mal RNAs show the equalization of RNA samples used for analy-
sis. The UbI probe used recognizes the testis-speci¢c UbI transcript
(t-UbI).
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were exposed to 42³C for 2 h. Controls were incubated at
31³C, the physiological temperature of scrotal mouse testis.
Total RNA from heat-shocked and control tissues were ana-
lyzed by Northern blot hybridization with probes from chick-
en Hsp70 and the coding region of chicken polyubiquitin UbI.
The chicken Hsp70 probe hybridizes with a band of 2.7 kb
that is expressed in non-stressed mouse testicular cells [19].
The chicken polyubiquitin UbI probe hybridizes to two bands
that are the major mammalian ubiquitin transcripts induced
by heat shock in somatic cells [10]. When testis cells from
adult mouse testis were exposed to heat shock, no di¡erences
were observed in the amount and length of the Hsp70 and
polyubiquitin UbI transcripts in relation to control cells (Fig.
1). These results show a remarkable di¡erence in the response
to heat shock between avian and mammalian spermatogene-
sis.

3.2. Heat shock increases polyadenylation of Hsp70 and
polyubiquitin UbI transcripts in adult chicken testis

We next examined whether the increase in length of Hsp70
and polyubiquitin UbI transcripts upon heat shock was a
consequence of polyadenylation. To test this possibility we
treated Hsp70 and polyubiquitin UbI mRNAs with RNase
H, which removes poly(A) tails. After RNase treatment, the
broad bands induced by heat shock were replaced by narrow
bands with the same electrophoretic mobility as control sam-
ples (Fig. 2). This observation indicates that heat shock in-
duces polyadenylation of Hsp70 and polyubiquitin UbI tran-
scripts in cells from adult chicken testis. To see whether the
heat shock-induced expression of Hsp70 and polyubiquitin
UbI was regulated transcriptionally, we examined the e¡ects
of a transcriptional inhibitor (actinomycin D) on the induc-
tion of the transcripts. As shown in Fig. 2, actinomycin D
prevented almost completely the induction of Hsp70 and
showed no e¡ect on the expression of polyubiquitin UbI.
These results suggest that the heat-induced expression of
Hsp70 in adult testis is regulated at the transcriptional level,

while the changes in the polyubiquitin UbI transcript are in-
dependent of transcription.

We have used three di¡erent probes to analyze the expres-
sion induced by heat shock of the polyubiquitin UbI tran-
script. One of the probes, from the 5P untranslated region of
the transcript, recognizes a testis-speci¢c form, t-UbI (testis-
speci¢c UbI probe) (Fig. 2). This form has been previously
described in our laboratory [16]. The testis-speci¢c transcript
results from an alternative initiation placed closer to the heat
shock promoter of the gene, and an alternative splicing of the
5P intron. Polyubiquitin t-UbI is not expressed in unstressed
or stressed somatic tissues and it is constitutively expressed in
adult testis (Fig. 3). The testis speci¢c form was polyadeny-
lated upon heat shock (Fig. 2). A second probe of UbI, ob-
tained from the coding region (non-speci¢c UbI probe), rec-
ognizes both the somatic and the testis-speci¢c form and
showed also a widened band in Northern blots upon heat
shock (Figs. 1 and 4). Finally, a third probe speci¢c for the
somatic form (s-UbI-speci¢c probe) displayed a band in
Northern blots from adult chicken testis that underwent poly-
adenylation during heat shock (results not shown). Therefore,
all the forms of polyubiquitin UbI were polyadenylated in
adult chicken testis during heat shock.
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Fig. 4. Northern blotting analysis of ubiquitin transcripts from
chicken adult testis cells incubated at physiological temperatures
(lanes 1, 3, 5, 7) or exposed to heat shock (lanes 2, 4, 6, 8). Lane 3
shows the e¡ect of 4 h incubation, and lane 4 the result of 2 h of
heat shock followed by 2 h of recovery at 40³C. Lanes 5 and 6
show the e¡ect of actinomycin D (1W g/ml), an inhibitor of tran-
scription. Lanes 9 and 10 show the same samples as lanes 7 and 8,
but mRNAs were treated with RNase H to remove poly(A) tails.
Samples in lanes 11 and 12 contained the same samples as lanes 7
and 8, but cells were incubated in the presence of actynomycin D
and the RNAs were treated with RNase H to remove poly(A) tails.
The UbI probe used recognizes the somatic and the testis-speci¢c
UbI transcript. The rest of the probes are speci¢c for the di¡erent
transcripts. Panels with ribosomal RNAs show the equalization of
RNA samples used for analysis.

Fig. 3. Northern blotting analysis of Hsp70 and polyubiquitin t-UbI
transcripts in chick embryo heart and kidney at physiological tem-
peratures or after heat shock. Chick embryos (17-day-old) were in-
cubated at 38³C (control) or exposed to 44³C for 3 h. RNA from
adult testis was extracted from the tissue without previous exposure
to heat shock. The UbI probe used recognizes the testis-speci¢c UbI
transcript (t-UbI).
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3.3. Heat shock also increases polyadenylation of other
ubiquitin transcripts in adult chicken testis cells

Two polyubiquitin and two monoubiquitin genes are abun-
dantly expressed in adult chicken testis [13^15] giving rise to
high levels of ubiquitin in chicken testicular cells [20]. We
wanted to know whether all the ubiquitin transcripts were
modi¢ed by heat in a similar way as the heat-inducible poly-
ubiquitin UbI. Northern blot analyses of polyubiquitin UbI
(non-speci¢c probe), polyubiquitin UbII (speci¢c probe) and
monoubiquitin transcripts Ub-t52 and Ub-t80 (speci¢c
probes) showed that during heat shock the length of all tran-
scripts increases (Fig. 4). This pattern is independent of tran-
scription because it did not change when samples were incu-
bated with actinomycin D (Fig. 4). The pattern persists 2 h
after cell recovery at 40³C. After RNase treatment, the broad
bands generated by heat shock are replaced by narrow bands
of the same size as in control samples, as shown for the
monoubiquitin transcript Ub-t80 (Fig. 4). This result indicates
that the increase in size of the transcripts during heat shock
was due to polyadenylation.

3.4. Polyadenylation of ubiquitin transcripts upon heat shock is
characteristic of adult chicken testis but it is not apparent
in prepuberal testis

Finally we addressed the question of whether the heat
shock response characteristic of chicken adult testis, enriched
in meiotic and postmeiotic cells, was also present in prepub-
eral testis enriched in Sertoli cells and spermatogonia. Heat
shock did not induce polyadenylation of ubiquitin transcripts
when seminiferous tubules from chicken prepuberal testis

were incubated at 46³C for 2 h (Fig. 5). A band of lower
electrophoretic mobility than UbI appeared upon heat shock
in the Northern blots (Fig. 5). This extra band has been pre-
viously reported in heat-stressed chicken ¢broblasts [9].

4. Discussion

This study reveals substantial di¡erences in the expression
of Hsp70 and ubiquitin between mammalian and avian testic-
ular cells exposed to heat shock. Cells from adult chicken
testis respond to heat shock with a marked increase in tran-
scription of Hsp70 and polyadenylation of Hsp70 and ubiq-
uitin transcripts. In striking contrast to this observation, no
major changes in the amount and polyadenylation of Hsp70
and polyubiquitin transcripts were observed in heat-shocked
cells from adult mouse testis. Con£icting results have been
previously reported on the expression of HSP70 proteins in
mouse male germ cells exposed to heat shock [19,21^23]. Our
results demonstrate the constitutive expression of a unique-
sized Hsp70 mRNA of 2.7 kb in adult mouse testis, and the
lack of induction under heat shock of this transcript, in ac-
cordance with previous reports [19,24]. In addition, the two
heat-inducible polyubiquitin transcripts expressed upon heat
shock in somatic mammalian cells [10] are constitutively ex-
pressed in adult mouse testis and their expression did not
change during heat shock. The absence of induction and pol-
yadenylation of Hsp70 and polyubiquitin transcripts in heat-
shocked mouse testicular cells may contribute to the known
lack of thermotolerance of mammalian testicular cells, due to
the essential role that HSP70 proteins and ubiquitin play re-
storing damaged proteins.

In contrast to the lack of response of mammalian testis, the
expression and polyadenylation of Hsp70 and ubiquitin tran-
scripts induced by heat shock may contribute to the develop-
ment of thermotolerance during avian spermatogenesis. We
have reported previously the induction and polyadenylation
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
transcripts in adult chicken testis exposed to heat shock
[25]. GAPDH is a heat shock protein in several systems
[4,26] and it has been proposed that it may induce thermotol-
erance in Xenopus laevis embryos [27].

Our analysis has not yet approached the mechanism by
which the increased polyadenylation of Hsp70 and ubiquitin
transcripts may contribute to the thermotolerance of avian
spermatogenesis. One possibility is through stabilization of
the transcripts. It is known that heat-induced stress results
in the degradation of many mRNAs, while others such as
Hsp70 and ubiquitin may be protected. Polyadenylation plays
a key role in regulating Hsp70 expression [28] and could be
potentially important to control the expression of other tran-
scripts expressed during heat shock. One observation reports
an enhanced polyadenylation in response to thermal stress
after infection of human B cells with Epstein-Barr virus [29].
In addition to a possible increase in the stability of the tran-
scripts, polyadenylation enhances the e¤ciency of translation
and the e¤ciency of mRNA export from the nucleus [30,31].
These e¡ects may contribute to ensure the synthesis of essen-
tial proteins which achieve thermotolerance during avian sper-
matogenesis.
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Fig. 5. Northern blotting analysis of Hsp70 and ubiquitin tran-
scripts obtained from prepuberal chicken testis cells at physiological
temperatures (lane 1) or after heat shock (lane 2). The seminiferous
tubules prepared from prepuberal chicken testis were incubated at
the chicken body internal temperature of 40³C for 2 h or exposed
to 46³C for the same length of time. Panels with ribosomal RNAs
show the equalization of RNA samples used for analysis. The poly-
ubiquitin UbI probe used recognizes the somatic and testicular tran-
scripts of UbI.
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