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SUMMARY

The developmental and heat-shock-induced expression of
two small heat-shock proteins (Hsp23 and Hsp27) was
investigated during spermatogenesis in  Drosophila
melanogaster. Both of these Hsps were expressed in
unstressed and stressed male gonads as shown by
immunoblotting. Immunostaining of whole-mount organs
and thin sections of testes showed that an anti-Hsp23
antibody specifically decorated cells of the somatic lineage,
such asthe cyst cellsand the epithelial cells of thetestisand
of the seminal vesicle. Hsp27 was expressed in some somatic
cells (cyst cells and epithelial cells of the accessory glands)
and, in addition, was also visible in the maturing sperma-
tocytes of the germline. The same cell-specific pattern of
expression was observed after heat shock, and cells which
did not express Hsp23 and Hsp27 in the absence of stress
were similarly unable to mount a heat shock response for
these ssHsps. However other Hsps such as Hsp70 and
Hsp22 were induced under heat-shock conditionsin testes.

Actinomycin D prevented the heat-induced accumulation
of these Hsps indicating that the induction of Hsps was
regulated at the transcriptional level. The heat shock tran-
scriptional factor of Drosophila (DmHSF), present in sig-
nificantly lower amount in testes when compared to other
tissues such as the head, was shown to be required for the
heat activation of Hsp22 and Hsp70. Immunostaining
revealed that HSF expression wasrestricted to specific cells
such as cyst cells, epithelial pigment cells, spermatogonia
and spermatids but not the primary spermatocytes. These
data show that the expression and induction of the different
small Hspsisregulated in a cell-specific manner under both
normal and heat shock conditions and suggest that factors
other than the DmHSF are involved in this regulation in
male gonads.
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INTRODUCTION

Exposure of cells to various environmental insults including
heat shock results in the induction of a small group of
conserved proteins known as the heat shock proteins (Hsps)
(reviewed by Morimoto et al., 1994). In addition, some of the
Hsps have been reported to be expressed in the absence of
stress during embryogenesis and development in the fruitfly
Drosophila melanogaster (Dm) (Sirotkin and Davidson, 1982).
In D. melanogaster, the low molecular mass Hsps (s-Hsps:
small heat shock proteins), Hsp27, Hsp26, Hsp23, and Hsp22,
are encoded by four of seven heat-inducible genes clustered at
chromosomal region 67B (Petersen et a., 1979; Ayme and
Tissieres, 1985). In addition to being stress-inducible, the
synthesis of s-Hsps can be regulated by the molting hormone
20-hydroxyecdysone as shown in developing imaginal discs
and in cultured cells (Ireland et a., 1982; Sirotkin and
Davidson, 1982; Cheney and Shearn, 1983; Beaulieu et al.,
1989).

While the synthesis of the four s-Hsps of D. melanogaster
is coordinated during heat shock in cultured cells, their
expression during fly development is not (reviewed by Arrigo

and Tanguay, 1991; Arrigo and Landry, 1994; Michaud et al.,
1997). For example, ovarian cells of D. melanogaster contain
MRNASs encoding Hsp27 and Hsp26 that are stored in oocytes
(Graziosi et al., 1980; Zimmerman et al., 1983; Mason et d.,
1984). P-dlement transformation studies have reveadled the
presence of multiple regulatory elements controlling the tran-
scription of these small Hsp genes (Cohen and Mesel son, 1985;
Glaser and Lis, 1990). Using a hsp26-lacZ fusion gene, Glaser
et al. (1986) showed that the hsp26 gene was expressed in the
absence of stressin different tissues including gonads and neu-
rocytes. The expression of Hsp27, Hsp26 and Hsp23 in the
central nervous system and in germ lines of D. melanogaster
has also been reported (Pauli et a., 1990; Haass et al; 1990;
Marin et a., 1993, 1996; Marin and Tanguay, 1996).

In addition, each s-Hsp appears to be expressed in specific
cells of some organs. In gonads of Drosophila, Hsp26 mRNA
has been detected in nurse cells of developing ovaries, in
primary spermatocytes as well as in some spermatogonia
(Glaser et a., 1986). Hsp27 and Hsp26 polypeptides have been
detected in specific cells of the germ line and in some somatic
parts of the male reproductive system (Pauli et al., 1990; Marin
et al., 1993). Hsp23 has also been reported to be expressed in
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specific regions of testes but this protein has not been previ-
ously associated with any distinct structure of thisorgan (Marin
et a., 1993), suggesting that each individual s-Hsp may have
cell-specific functions during gametogenesis.

The induction of heat shock genes by elevated temperatures
and other forms of physiological or chemical stressis mediated
by a heat shock transcription factor (HSF) (reviewed by Wu et
al. 1994). DmHSF is synthesized constitutively (Zimarino and
Wu, 1987) and stored in alatent monomeric form in the nuclei
of cells under normal conditions (Westwood et al., 1991;
Westwood and Wu, 1993). In response to stress, the inactive
monomeric form of HSF is converted to an active trimer and
binds with high affinity to conserved, upstream heat shock
elements (HSEs), activating or enhancing the transcription of
heat shock genes (Perisic et a., 1989; Westwood and Wu,
1993).

Herein we have examined the cellular pattern of expression
of Hsp23 and Hsp27 during spermatogenesisin unstressed and
heat-stressed adults of D. melanogaster. Each of these ssHsp
exhibits selective expression in specific cells during the
normal spermatogenic process. Heat shock does not appreci-
ably affect the expression of these small Hsps and the same
cell-specific pattern of expression is observed after heat shock.
Cells which do not express Hsp23 and Hsp27 in the absence
of stress are similarly unable to mount a heat shock response
for these s-Hsps. This contrasts with two other Hsps, Hsp22
and Hsp70, whose synthesis is rapidly induced by heat shock
in this organ. The only known heat shock transcriptional factor
in Drosophila (DMHSF) is shown to be necessary for the heat
activation of these proteins. Using confocal microscopy, we
also show that HSF is only expressed in a specific subset of
cells of the testes.

MATERIALS AND METHODS

Preparation of protein extracts

Testes and heads from cold-anaesthetised young male (3-5 days old)
Drosophila melanogaster (Oregon-R stock) raised at 23°C were
manually dissected in Ringer's solution (182 mM KCl, 46 mM
NaCl, 3 mM CaClz, 10 mM Tris-HCI, pH 7.2). Organs were trans-
ferred to Eppendorf tubes and homogenised in Ringer’s solution
with a micro tissue grinder. SDS lysis buffer was quickly added
(final 2.3% (w/v) SDS, 0.075 M Tris-HCI, pH 6.8, 5% (v/v) (3-mer-
captoethanol, 10% (w/v) glycerol and 0.005% (v/v) bromophenol
blue) after removing a sample of homogenate for protein content
determination. Samples were then heated at 95°C for 5 minutes.
Protein content was determined with the Micro BCA Protein Assay
Reagent Kit (Pierce). For heat shock treatments, flies were placed
for 1 hour at 35°C in 50 ml Falcon tubes submerged in a ther-
mostatted water bath.

Actinomycin D treatment

Thirty testes from unstressed males dissected in Ringer's solution
were transferred to Eppendorf tubes, and pre-incubated with 15 pg of
actinomycin D (Sigma) diluted in 50 pl of Ringer's solution for 15
minutes at room temperature prior to being exposed to a 35°C heat
shock for 1 hour. Non-heat-shocked organs were left for 75 minutes
at room temperature in the same actinomycin D-Ringer’s solution. To
assess the efficacy of the in vitro heat shock treatment, additional
testes in Ringer’'s solution were concomitantly incubated at either
room temperature or at 35°C for 1 hour in the absence of the inhibitor.
Untreated and actinomycin D-treated testes were transferred to

Eppendorf tubes containing 50 ul of SDS lysis buffer, homogenized
and heated at 95°C for 5 minutes.

Antibodies

Monoclonal antibodies specific to Drosophila melanogaster Hsp23
(7B12) and Hsp27 (2C8) (Marin et a., 1993) were used at a 1:100
dilution. Polyclonal antibodies to Hsp70 (antibody #799) (Tanguay et
al., 1993), DmHsp22 (Tanguay, unpublished) and DmHSF (antibody
#943) (Westwood et a., 1991) were used at dilutions of 1:5,000 in
immunoblotting experiments. The anti-DmHSF was diluted 1:500 for
the immunohistochemical assays.

Gel electrophoresis and immunoblotting

Proteins were separated on one-dimensional SDS gels as outlined by
Thomas and Kornberg (1975), with modifications in the pH of the
running buffer (8.5 instead of 8.8), and in the acrylamide:bis ratio
(30:0.8 instead of 30:0.15) as described elsewhere (Marin et a.,
1993). Equivalent amounts of proteins (20 pg) were loaded on gels
for all samples. Proteins were electrophoretically transferred to
Immobilon-P (Millipore, Bedford, MA) or nitrocellulose membranes
(Gelman), and immunoblotted as described earlier (Marin et a.,
1993). The membranes were incubated with the primary antibody for
two hours at room temperature and washed several timesin PBT (PBS
buffer: 135 mM NaCl, 5mM KCl, 8 mM NagHPO4, 15 mM KH2PO4,
pH 7.0) + 0.1% Tween-20). Primary antibodies were detected after
incubation for 1 hour at room temperature with anti-mouse 1gG or
anti-rabbit 1gG horseradish peroxidase-conjugated secondary anti-
bodies (ECL, Amersham, Little Chalfont, England or Chemilumi-
nescence Blotting Substrate, Boehringer Mannheim, Germany)
diluted 1:10,000 in nonfat dry milk. Detection was done according to
the manufacturer’s protocol.

Whole-mount staining

Testes from 3- to 5-day-old males were dissected in PBS and fixed
for 20 minutes in 4% paraformaldehyde (Polysciences, Inc., War-
rington, PA) diluted in PBX (PBS + 0.1% Triton X-100). The tissues
were washed three times for 10 minutes in PBX, and saturated for 90
minutesin PBXB (PBX + 1% bovine serum albumin; ICN Biochem-
icals, Montreal, Canada). Testes were incubated for 2 hours at room
temperature with primary anti-Hsps or anti-DmHSF antibodies in
PBXB at the dilutions indicated above, rinsed and washed three times
for 20 minutes in PBX. Tissues were then incubated with 1:100 flu-
orescein isothiocyanate-conjugated goat 1gG anti-mouse (FITC-
GAM), FITC-conjugated horse 1gG anti-rabhit (FITC-GAR) or 1:250
tetramethyl rhodamine isothiocyanate-conjugated horse 1gG anti-
rabbit (TRITC-GAR) secondary antibodies (Molecular Probes, Inc.,
Eugene, OR) in PBXB for 2 hours at room temperature. Before use,
all secondary antibodies were preadsorbed on 4% paraformal dehyde-
fixed Drosophila embryos overnight at 4°C. After washing threetimes
for 30 minutes with PBX, stained testes were mounted in PBS-
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Fig. 1. Immunoblot analysis of Hsp23 and Hsp27 expression in the
head and the testis of Drosophila melanogaster. Heads and testes
from non-heat-shocked (23°C) (C) and heat-shocked (35°C, 1 hour)
(HS) adult flies were dissected separately, and their proteins resolved
on SDS-PAGE for immunaoblotting (see Materials and Methods). The
membrane was blotted with the anti-Hsp27 (2C8) and the anti-Hsp23
(7B12) antisera. Protein samples of control and heat-shocked (35°C,
1 hour) Drosophila S2 cells were used as a control of antibody
specificity and efficiency of heat shock treatment.
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Fig. 2. Cell specific expression of Hsp23 and Hsp27 during
Drosophila spermatogenesis. Whole-mount staining of non-heat-
shocked (23°C) testes incubated with the anti-Hsp23 antibody
(A,C,E) or the anti-Hsp27 antibody (B,D,F). FITC-labeled goat anti-
mouse 1gG was used as the secondary antibody. Different regions of
the testis are represented: (A and B) apical, (C and D) elongated, and
(E and F) terminal regions. The distinct testis cells are indicated:
apical epithelial cells (filled arrowheads), spermatocytes (filled
arrows), terminal epithelia cells (open arrowhead), and cyst cells
(open arrows). Bar, 50 pm.

glycerol (10:1) with 1 mg/ml paraphenylenediamine (Sigma). Slides
were examined with a DAS Leitz Microscope equipped with epiflu-
orescence optics and photographed with Kodak Royal 100 ASA film
or with an LSM 310 laser scanning confocal microscope (Zeiss).
Nuclei visualisation by confocal microscopy was obtained by adding
1 pM Yo-Pro 1 (Molecular Probes, Inc., Eugene, OR) to the last
washing solution.

Staining of tissue sections

Testes were fixed and dehydrated as previously described (Marin et
al., 1993). Gonads embedded in TissuePrep (Fisher Scientific,
Montreal, Canada) were cut in 5 um thick sections and deposited on
microscope slides previously treated with 1% Bacto gelatin (Gibco,
Grand Idland, NY) in water. Tissue-sections were rehydrated through
a decreasing ethanol series and washed in PBS prior to incubation at
room temperature with the specific primary antibodies diluted 1:10 in
PBB (PBS + 5 mg/ml bovine serum albumin). After washing slides
three timesin PBS, visualization of the primary antibody was accom-
plished by incubating sections for 1 hour at room temperature with
the FITC-GAM antibody diluted 1:50. Slideswere washed in PBS and

Fig. 3. Expression of Hsp23 and Hsp27 in adjacent organs of non-
heat-shocked (23°C) testes. (A) Seminal vesicle stained with anti-
Hsp23. (B) Accessory gland stained with anti-Hsp27. Bar, 50 pm.

mounted in AquaPolyMount (Polysciences, Inc., Warrington, PA). No
appreciable labelling was obtained when the secondary FITC-labelled
antibody was incubated in the absence of primary antibodies.
Detection of Hsp27 in the ommatidial eye unit was done using a
biotin-labelled secondary antibody (Vectastain ABC Kit, Vector lab-
oratories, Mississauga, Ontario) and developed as previously
described (Marin et al., 1996).

RESULTS

Hsp23 and Hsp27 are expressed in the absence of
stress in testes of Drosophila melanogaster

The expression of Hsp23 and Hsp27 in testes of D.
melanogaster adults was first estimated by immunoblotting. In
Drosophila S2 tissue culture cells, these two Hsps are not
detectable in non-heat shocked cells and accumulate after a
heat shock (Fig. 1). Intestes, both of these s-Hsps are expressed
in unstressed flies (c: control). The expression of these small
heat shock proteins does not increase significantly after heat
shock, as indicated by the relative intensity of bands on the
immunoblot. For comparison, protein samples from the heads
of the same control and heat-shocked males were loaded on the
same gel. The level of Hp23 is lower in unstressed heads
(although overexposure also reveals a weak level of Hsp27 in
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control heads; data not shown) and both Hsp23 and Hsp27 are
clearly heat-inducible as shown in Fig. 1. The expression of s-
Hspsin the central nervous system in the absence of stress has
been reported previously (Haass et al., 1990; Pauli et al., 1990;
Marin et a., 1993).

Hsp23 and Hsp27 show cell-specific expression in
testes

To determineif Hsp23 and Hsp27 were present in different cell
types of the testis, their expression was examined by whole-
mount immunocytochemistry. As shown in Fig. 2, the staining
with the anti-Hsp23 antibody was associated with pigment
cells of the sheath (Fig. 2A, solid arrowhead), with the cyst
cells (Fig. 2C, open arrow, see also Fig. 4A and B) and with
the epithelia cells at the terminal end of the male gonad that
fuses with the seminal vesicle (Fig. 2E, open arrowhead). In
addition, aweak fluorescence with anti-Hsp23 was noticed on
a filamentous structure along the gonad likely related to
elongated spermatid bundles (see Figs 4B and 5A, open
arrowhead on white circle). In contrast, Hsp27 was mainly
expressed in germ line cells. Hsp27-positive cellsin the growth
phase region were typical maturing spermatocytes, with large
nuclei and prominent nucleoli (Fig. 2B and D, solid arrow).
Hsp27 was aso visible in somatic cyst cells (Fig. 2F, open
arrow).

These two small Hsps were also present in some adjacent
structures of the male gonad. Thus, Hsp23 was expressed in
the cells surrounding the seminal vesicle (Fig. 3A) whereas

Fig. 4. Immunolocalization of Hsp23 and Hsp27 in
the nucle of testis cells. 5 um thin sections from
non-heat-shocked adult males testes were stained
with the anti-Hsp23 (B and D) and the anti-Hsp27
(E and F) antisera. Nuclei of cyst cellsand
spermatocytes display reactions with the two
different antisera. A and C correspond to the phase
contrast photographs of B and D, respectively.
(B,D,F) Immunofluorescence photographs.
Arrowheads point to identical positions of cyst
nuclel in the phase-contrast and fluorescence
pictures. The open arrowhead on white circlein B
points to the spermatid bundles stained with the anti-
Hsp23 antibody. Bar, 50 pum.

Table 1. Summary of the different cell types expressing
Hsp23, Hsp27 and HSF in male gonads

Hsp23 Hsp27 HSF

Cell type C HS C HS C HS
Germ cells

Spermatogonia - - - - + ++

Primary spermatocytes - - + + -

Secondary spermatocytes - - - - -

Spermatids -+ - - + 0+
Somatic cells

Cyst cells + + + + + +

Pigment epithelia cells + + - - +- -

Terminal epithelial cells + + - - - -

Epithelia cells of the + + - - - -

seminal vesicle
Epithelia cells of the - + + + +

accessory glands

-, No expression detected; +/—, expression in only a subset of cells;
+, expression; ++, high level of expression; *, note that Hsp23 has been
observed in elongated tail of spermatid bundles.

Hsp27 was visible in epithelial cells of the accessory glands
(Fig. 3B). In the case of the seminal vesicle, the Hsp23-stained
cells were the secretory cells of the epithelium but not the
content of the organ (the latter being mature sperm). An
identical pattern of expression for both proteins was obtained
in other immunological experiments where a biotinylated




secondary antibody was used to detect the primary antibody
labelling (data not shown). The distinct patterns of expression
of these two small Hsps are summarized in Table 1.

The whole-mount experiments revealed the presence of both
Hsp23 and Hsp27 in the nuclei of the different cells of this
organ. To further confirm these observations, 5 um thin trans-
verse sections of fixed non-heat-shocked (23°C) testes were
also immunostained with the anti-Hsp23 and the anti-Hsp27
antibodies. Both proteins were detected at the nuclei of distinct
testis cell types. Hsp23 was associated with the nuclel of
somatic cyst cells (Fig. 4B and D, white arrowheads) and
epithelial pigment cells (not visible in this section). Hsp27
showed a typical nuclear staining in both primary spermato-
cytes and cyst cells (Fig. 4E and F).

Hsp23 and Hsp27 retain cell-specific expression
after heat shock

The experiments described above show that the constitutive
expression of these small Hsps is associated with specific
groups of cells, Hsp23 being expressed in somatic cells
whereas Hsp27 is mostly observed in germline cells. In
previous work on Drosophila male gonads (Bonner et al.,
1984), a cell-specific heat induction was observed for a hsp70-
ADH (alcohol dehydrogenase) fusion gene. Therefore, we
examined if the synthesis of Hsp23 and Hsp27 was aso
restricted to specific spermatogenic cells after a heat stress.
Thin-sections of testes from heat-shocked (35°C, 1 hour)
flies were analyzed by immunohistochemistry, using the anti-
Hsp23 and anti-Hsp27 antisera. Immunostaining showed that
the patterns of expression observed for both of these small
Hsps in unstressed conditions also persisted in testes from

Fig. 5. Cell-specific expression of Hsp23 and Hsp27
in eyes and testes of stressed Drosophila.

(A and B) 5 um thin sections from heat-shocked
(35°C, 1 hour) testesincubated with anti-Hsp23 (A)
and anti-Hsp27 (B) antisera. The arrowhead points
to cyst cells of the apical region and the arrow to
spermatocytes. Note also the staining in spermatid
bundles (open arrowhead on white circlein A). The
epithelial cells of the sheath are not visible at this
focal plane. (C and D) Longitudinal sections of non-
heat-shocked (23°C) (C) and heat-shocked (35°C,

1 hour) (D) eyes of the same animal incubated with
the anti-Hsp27 antiserum and stained with a
Vectastain biotinylated secondary antibody. Bars,

50 um.
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heat-stressed flies. Again, the only cells showing Hsp23
expression were cyst (Fig. 5A, white arrowhead) and epi-
thelial cells, and those expressing Hsp27 were immature sper-
matocytes (Fig. 5B, arrow) and cyst cells. The same immunos-
taining results were obtained when flies were submitted to
longer heat shock and recovery periods (1 hour, 35°C + 2
hours, 23°C; 2 hours, 35°C + 2 hours, 23°C) and no staining
was observed for Hsp27 in epithelial cells or for Hsp23 in
germ cells (data not shown).

To eliminate the possibility that these results might be due
to an ineffective heat shock treatment, longitudinal eye-
sections from the same heat-shocked males were simul-
taneously examined. In the eye, Hsp23 and Hsp27 are not
expressed constitutively but are induced by heat-shock in a
cell-specific manner (Marin et a., 1996). Hsp27 was expressed
in al the different ommatidial cells following heat shock, and
no expression of Hsp27 was observed in non-heat-shocked
eyes (Fig. 5C and D). This confirms that the absence of
induction of Hsp23 and Hsp27 is specific to testis cells.

Hsp70 and Hsp22 are heat-shock inducible in testes

As the immunoblot and staining data indicated an absence of
response of Hsp23 and Hsp27 to a heat shock, we looked if the
expression of other Hsps was heat-inducible in testes. As
shown in Fig. 7 (lanes 3 to 6), Hsp70 was congtitutively
expressed in testes and was induced by heat shock (lanes 3-4).
The low level of expression of this Hsp in control heads was
alsoincreased by the heat treatment (lanes 5-6). Hsp22, another
member of the small Hsp family, showed no detectable
expression in control testes but was clearly induced under
stress conditions. Thus, the heat-shock induction of these two
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Fig. 6. Effects of actinomycin D on Hsp synthesis. Dissected testes
incubated in vitro with actinomycin D (lanes 2 and 4) were either |eft
at room temperature for 1 hour (lane 2) or submitted to a 35°C, 1
hour heat shock (lane 4), and blotted with the anti-Hsp70 , anti-
Hsp27 and anti-Hsp22 antibodies. Two other protein samples from
non-heat-shocked (lane 1) and heat-shocked (lane 3) testes incubated
in the absence of actinomycin D were also run as a control of heat
shock treatments.

Hsps not only attests the efficiency of the heat shock treatment
at 35°C but also shows that testes can respond to a heat stress.
To see whether the heat-induced expression of Hsp70 and
Hsp22 in testes was regulated transcriptionaly by de novo
synthesis of Hsp mRNASs or through translational activation of
stored inactive heat shock mRNAS, we examined the effects of
atranscriptional inhibitor (actinomycin D) on theinduction and
synthesis of Hsps. As shown in Fig. 6, Hsp70 and Hsp22 were
induced by a heat shock in the absence of actinomycin D (lane
3). Pre-incubation with actinomycin D prevented their
induction as no increase in Hsp70 level could be observed and
no Hsp22 band was detected on the western blot (lane 4). The
expression of Hsp27 and Hsp23 was only lightly affected by
actinomycin D, a finding consistent with the fact that these
Hsps are expressed at a high level in this tissue prior to heat
shock. This suggests that the heat-induced expression of Hsp70
and Hsp22 in testes is regulated at the transcriptional level.

Drosophila melanogaster HSF (DmHSF) is required
for the heat induction of Hsp22 and Hsp70

In Drosophila melanogaster, induction of heat shock proteins
under stress conditions is believed to be transcriptionally
regulated by a single known heat shock transcription factor
(DMHSF) (Clos et al., 1990). Since Hsp23 and Hsp27 did not
respond to heat shock in testes, we examined the expression of
DmHSF in male gonads by probing with an antibody specifi-
cally directed against DmHSF (Westwood et a., 1991) (Fig.
7). DmHSF was clearly present in all samples of normal flies
(lanes 3-6) athough its level was significantly reduced in testes
as compared to heads. Semi-quantitative blotting indicates that
thereisapproximately 4 times more HSF in headsthan in testes
on an equa protein basis (data not shown). In al tissues, we
observed a light increase in the amount of HSF immunoreac-
tivity combined with a small decrease in the mobility of the
protein after heat shock, likely due to post-trandational modi-
fication.

In order to verify if this DmHSF was the factor directly
responsible for the heat activation of Hsp22 and Hsp70, a
mutant strain of D. melanogaster (HSF%) carrying a tempera-
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Fig. 7. Requirement of afunctional HSF for Hsp22 and Hsp70 heat
induction. Western blots of dissected head and testes proteins from
non-heat-shocked (c) and heat-shocked (hs) adult flies (Ore-R (lane
3-6) and Hsf4 (lane 7-10) strains) were, respectively, probed with (i)
anti-Hsp23 and anti-Hsp27, (ii) anti-Hsp22, and anti-Hsp70, (iii)
anti-Hsp70 and anti-HSF (#943). The data obtained are here
summarized for better visualization. Protein samples from
Drosophila S2 cells (control and heat shock/lane 1-2) serve as
immunoblotting control.

ture-sensitive form of the HSF was used (Jedlicka et al., 1997).
As shown in Fig. 7, no increase in Hsp22 or Hsp70 could be
seen in any samples after heat shock in this ts-mutant (lanes 7
to 10). The heat induced synthesis of Hsp23 and Hsp27 seen
in heads of wild-type Ore-R flies (lane 5 versus 6) was also
inhibited in HSF* head samples (lane 9 versus 10). However,
levels of Hsp23 and Hsp27 remain stable in al testes samples.
These results confirm that the activation of Hsp22 and Hsp70
in testes and heads necessitates the presence of a functiona
DmHSF.

DmHSF is expressed in specific cells of the testes

Thelocalization of HSF under control and heat shock condition
was next examined in order to see if the expression of this
factor was restricted to specific cells of the testes. Under
control condition, HSF was observed in spermatogonia cells
(pre-meiotic stage) (data not shown) and in some epithelia
pigment cells (Fig. 8A, open arrowhead). Cyst cells (Fig. 8A,
open arrow) and post-meiotic spermatids (Fig. 8B, filled arrow)
showed a higher expression of the HSF. After heat shock, an
increase in the signal of HSF was seen in spermatogonial cells
(Fig. 8C-E, filled arrowhead) and expression of the HSF is
maintained in cyst cells (Fig. 8C-E, open arrow) and sper-
matids (Fig. 8F, filled arrow). HSF was not observed in primary
spermatocytes. These data show that the relative amount of
HSF varies in the different cell types of the Drosophila testes.

DISCUSSION

The genes encoding D. melanogaster Hsp23 and Hsp27 have
been reported to be activated under stress conditions aswell as
at different developmental stages during metamorphosis
(Sirotkin and Davidson, 1982; Ireland et al., 1982). As shown
here, Hsp23 and Hsp27 are expressed in unstressed and
stressed male gonads of D. melanogaster. Hsp27 is found in
primary spermatocytes and somatic cyst cells whereas the
expression of Hgp23 is restricted to the somatic cell lineage.
The cellular distribution observed for Hsp27 in testesis similar



to that of Hsp26, with the latter reported to be present in the
cytoplasm of developing spermatocytes (Glaser et al., 1986;
Marin et a., 1993). Promoter analysis using a reporter gene
showed the presence of spermatocyte-specific promoter
regions for Hsp26 (Glaser et al., 1986; Glaser and Lis, 1990).
Pauli et al. (1990) also detected expression of Hsp27 in post-
meiotic spermatid bundles, suggesting that this expression was
likely of spermatocyte origin. In addition to cell specific
promoters, some regulatory factors may also be needed during
spermatogenesis to modul ate the expression of each individual
small Hsp gene as was shown for the hsp26 gene during
oogenesis (Frank et a., 1992).

The expression of Hsp23 and Hsp27 in distinct cell types
may indicate that these small Hsps perform different functions
during spermatogenesis. It is interesting to note that the
presence of Hsp27 in gametogenic cells is restricted to those
cells that have reached meiotic divisions (maturing spermato-
cytes). Hsp27 could be implicated in some intracellular
changes taking place in spermatocytes to differentiate in
mature gametes. Alternatively, the hsp27 gene product may
play a role in the control of the abundant RNA synthesis
occurring in these cells early during spermatogenesis (Gould-
Somero and Holland, 1974). Besides the germ line, the somatic
cyst cells also express Hsp23 and Hsp27 indicating that these
two proteins could be functioning coordinately in somatic cell
lines. Other possible roles played by these Hsps may relate to
cellular stability and protection, as suggested by the presence
of the two s-Hsps in other structures of the male reproductive
system: Hsp27 in epithelia cells of the accessory glands, and
Hsp23 in those of the seminal vesicle. In addition, Hsp23 has
been shown to be part of a filamentous structure in spermatid
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bundles (Marin et al., 1993, and this work), suggesting that this
protein could be associated with specific elements of the
cytoskeleton.

It has been traditionally accepted that the small Hsps of
Drosophila are coordinately induced at elevated temperatures,
resulting in the accumulation in the cell of all these polypep-
tides (Mirault et al., 1978). However, as shown here, when
adult testes are submitted to heat shock treatment only cells
that express Hsp23 and Hsp27 congtitutively (i.e. in the
absence of stress) conserve an active pattern of expression, and
no significant de novo synthesis of these two Hspsis observed.
The absence of response of Hsp23 and Hsp27 to heat shock is
not due to a delayed transcription of the genes in these cells,
as the same immunostaining results were obtained with longer
heat shock and/or recovery period treatments of this organ
(data not shown). In early embryonic cells and in pupae, heat
shock has aso been observed to have little effect on the
synthesis of s-Hsps (Graziosi et al., 1980; Arrigo, 1987).

One possible explanation for the absence of heat induction
isthat the presence of small hsps may inhibit heat induction of
the hsp23 and hsp27 genes. In human cells, heat activation of
the HSF is inhibited in cells overexpressing Hsp27 (Fuqua et
al., 1994). However, such an autoregulatory loop mechanism
appears unlikely here as it would not explain the lack of
induction of Hsp23 and Hsp27 in cells expressing HSF such
as spermatogonia and spermatids, nor the heat inducibility of
the other hsps like Hsp22 (see below). A second possibility is
that in cells constitutively expressing HSF and both Hsp23 and
Hsp27 (cyst cells), the expression is at or near maximal and
the activation of heat shock gene expression by stress does not
appreciably increase the synthesis of these two genes.

Heat Shock

v

Fig. 8. Localization of HSF in specific cells of the testes. Confocal images of whole-mount non-heat-shocked (A and B) and heat shocked (C-F)
testes immunostained with an anti-DmHSF antibody. In A’ and B’, the fluorochrome Yo-Pro 1 was used for nuclear localization.

(A,B,F) Images of the elongated region of the testes, (C to E) images of the apical region. The distinct cell types are indicated: epithelia cells
(open arrowhead), cyst cells (open arrows), spermatogonia (pre-meiotic cells) (filled arrowheads) and spermatid (post meiotic cells) (filled

arrows). Bars: 50 um (A to E); 25 um (F).
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However, thiswould not explain how specific cell lineagesonly
express a subset of Hsps nor the lack of heat shock induction
of Hsp23 and Hsp27 in spermatogonia and spermatids. An
attractive hypothesis would be that transcription factors other
than HSF are turned on in different cell lineages, modulating
the expression s-Hsps either by promoting or inhibiting it at
the transcriptional level.

The observation that actinomycin D inhibits the heat-shock
induction of Hsp70 and Hsp22 also shows that these genes are
regulated at the transcriptional level rather than by activation
of pre-existent inactive mRNAs by factors acting at the trans-
lational level. To verify if the single known HSF in D.
melanogaster was involved in the induction of Hsps in testes,
flies carrying a novel temperature-sensitive mutation (Hsf4)
which inactivates HSF activity at stress temperatures (Jedlicka
et al., 1997) were submitted to heat shock. In the ts-mutant,
induction of Hsp22 and Hsp70 was inhibited in heads and
testes demonstrating that the heat induction of these proteins
is dependent on the presence of a functional HSF (Fig. 7).

The induction of Hsp22 and Hsp70 in testes combined with
the immunolocalisation results for the HSF imply that it is not
the level of HSF but its cell-specific distribution that may be
the limiting factor in the heat shock induction process. Varying
HSF expression domains in different tissues might be a
mechanism by which the organism modulates the heat shock
response locally in different parts of the body to react and/or
cope to stress conditions differently. It is noteworthy to point
out that the expression of the HSF after heat shock (in every
cell type of the testes with the clear exception of primary sper-
matocytes) corresponds to the pattern of heat-induced Hsp70
MRNA expression previously determined by Bendena et al.
(1991). Although no clear immunostaining results could be
obtained for Hsp22 or Hsp70, the present results concerning
HSF localization supports previous observations suggesting
that primary spermatocytes are unable to mount a heat shock
response either during their maturation or during the meiotic
process (Bonner et al., 1984; Bendena et a., 1991). Further-
more, the heat induced increase in mRNA for Hsp70 and hsr-
W in spermatids (Bendena et al., 1991) and the absence of
Hsp23 or Hsp27 in the presence of HSF demonstrate that there
is a selective heat shock response in the post-meiotic stage of
spermatogenesis.

In summary, the present data suggest that factors, other than
DmHSF, may be involved in the cell-specific expression of
sHsps in testes. Future studies should bring further under-
standing of the mechanisms regulating the expression as well
as the heat-shock induction of the different Hsps, and of the
implications of these regulators in the functions of these
proteins during gametogenesis.

We thank Dr C. Wu and P. Jedlika (NIH) for the HSF ts-mutant and
DrsD. R. Joanisse and Y. Inaguma for reviewing the manuscript. This
work was supported by grants from the Medical Research Council of
Canada to RM.T. and T.JW. and a studentship from the FCAR
(Quebec) to R.M.

REFERENCES

Arrigo, A. P. (1987). Cellular localization of Hsp23 during Drosophila
development and following subsequent heat shock. Dev. Biol. 122, 39-48.
Arrigo, A. P. and Tanguay, R. M. (1991). Expression of heat shock proteins

during development in Drosophila. In Heat Shock and Development (ed. L.
Hightower and L. Nover), pp. 106-119. Springer-Verlag, Berlin.

Arrigo, A. P. and Landry, J. (1994). The small heat shock proteins. In The
Biology of Heat Shock Proteins and Molecular Chaperones (ed. R. I.
Morimoto, A. Tissiéres and C. Georgopoulos), pp. 335-373. Cold Spring
Harbor Laboratory Press, New York.

Ayme, A. and Tissiéres, A. (1985). Locus 67B of Drosophila melanogaster
contains seven, not four, closely related heat shock genes. EMBO J. 4, 2949-
2954,

Beaulieu, J. F, Arrigo, A. P. and Tanguay, R. M. (1989). Interaction of
Drosophila 27Kd heat shock protein with the nucleus of heat-shocked and
edysterone-stimulated cultured cells. J. Cell Sci. 92, 29-36.

Bendena, W. G., Ayme-Southgate, A., Garbe, J. C. and Pardue M. L.
(1991). Expression of heat-shock locus hsr-omegain nonstressed cellsduring
development in Drosophilamelanogaster. Dev. Biol. 144, 65-77.

Bonner, J. J., Parks, C., Parker-Thornburg, J., Mortin, M. A. and Pelham
H. R. B. (1984). The use of promoter fusions in Drosophila genetics:
isolation of mutations affecting the heat shock response. Cell 37, 979-991.

Cheney, C. M. and Shearn, A. (1983). Developmental regulation of
Drosophilaimaginal disc proteins: Synthesis of a heat shock protein under
non-heat-shock response conditions. Dev. Biol. 95, 325-330.

Clos, J., Westwood, J. T., Becker, P. B., Wilson, S., Lambert, K. and Wu, C.
(1990). Molecular cloning and expression of a hexameric Drosophila heat
shock factor subject to negative regulation. Cell 63, 1085-1097.

Cohen, R. F. and Meselson, M. (1985). Separate regulatory elements for the
heat-inducible and ovarian expression of the Drosophila HSP26 gene. Cell
43, 737-746.

Frank, L. H., Cheung, H. K. and Cohen, R. S. (1992). Identification and
characterization of Drosophila female germ line transcriptional control
elements. Development 114, 481-491.

Fuqua, S. A., Benedix, M. G., Krieg, S., Weng, C. N., Chamness, G. C. and
Oesterreich, S. (1994). Constitutive expression of the 27,000 dalton heat
shock protein in late passage human breast cancer cells. Breast Cancer Res.
Treat. 32, 177-186.

Glaser, R. L., Wolfner, M. F. and Lis, J. T. (1986). Spatial and temporal
pattern of Hsp26 expression during normal development. EMBO J. 5, 747-
754.

Glaser, R. L. and Lis, J. T. (1990). Multiple, compensatory regulatory
elements specify spermatocyte-specific expression of the Drosophila
melanogaster hsp26 gene. Mol. Cell. Biol. 10, 131-137.

Gould-Somero, M. and Holland, L. (1974). Thetiming of RNA synthesisfor
spermiogenesis in organ cultures of Drosophila testis. Wilhelm Roux Arch.
174, 133-148.

Grazios, G., Micali, F,, Marzari, R., De Cristini, F. and Savoini, A. (1980).
Variability of response of early Drosophila embryos to heat shock. J. Exp.
Zool. 214, 141-145.

Haass, C. H., Klein, U. and Kloetzel, P. M. (1990). Developmental expression
of Drosophila melanogaster small heat-shock proteins. J. Cell Sci. 96, 413-
418.

Ireland, R. C., Berger, E. M., Sirotkin, K., Yund, M. A., Osterburg, D. and
Fristom, J. (1982). Ecdysterone induces the transcription of four heat shock
genesin Drosophila S3 cellsand imaginal discs. Dev. Biol. 93, 498-507.

Jedlicka, P, Mortin, M. A. and Wu, C. (1997). Multiple functions of
Drosophila heat shock transcription factor in vivo. EMBO J. 16, 2452-2462.

Marin, R., Valet, J. P. and Tanguay, R. M. (1993). Hsp23 and Hsp26 exhibit
distinct spatial and temporal patternsof constitutive expression in Drosophila
adults. Dev. Genet. 14, 69-77.

Marin, R., Demers, M. and Tanguay, R. M. (1996). Cell-specific heat-shock
induction of Hsp23 in the eye of Drosophila melanogaster. Cell Stress &
Chaperones 1, 40-46.

Marin, R. and Tanguay, R. M. (1996). Stage-specific localization of the small
heat shock protein Hsp27 during oogenesis in Drosophila melanogaster.
Chromosoma 105, 142-149.

Mason, P. J., Hall, L. M. C. and Gausz, J. (1984). The expression of heat
shock genes during normal development of Drosophila melanogaster. Mol.
Gen. Genet. 194, 73-78.

Michaud, S, Marin, R. and Tanguay, R. M. (1997) Regulation of heat shock
induction and expression during Drosophiladevelopment. Cell. Mol. Life Sci.
53, 104-113.

Mirault, M. E., Goldschmidt-Clermont, M., Moran, L., Arrigo, A. P. and
Tissieres, A. (1978). The effect of heat shock on gene expression in
Drosophila melanogaster. Cold Spring Harbor Symp. Quant. Biol. 48, 819-
829.

Morimoto, R. |., Tissiéres, A. and Georgopoulos, C. (1994). The Biology of



Heat Shock Proteins and Molecular Chaperones. Cold Spring Harbor
Laboratory Press, New York.

Pauli, D., Arrigo, A. P,, Vasquez, J., Tonka, C. H. and Tissiéres, A. (1990).
Expression of the small heat shock genes during Drosophila development:
comparison of the accumulation of HSP23 and HSP27 mRNAs and
polypeptides. Genome 31, 671-676.

Perisic, O., Xiao, H. and Lis, J. T. (1989). Stable binding of Drosophila heat
shock factor to head-to-head and tail-to-tail repeats of a conserved 5 bp
recognition unit. Cell 59, 797-806.

Petersen, N. S., Moeller, G. and Mitchell, H. K. (1979). Genetic mapping of
the coding regionsfor three heat shock proteinsin Drosophilamelanogaster.
Genetics 92, 891-902.

Sirotkin, K. and Davidson, N. (1982). Developmentaly regulated
transcription from Drosophila melanogaster chromosomal site 67B. Dev.
Biol. 89, 196-210.

Tanguay, R. M., Wu, Y. and Khandjian, E. W. (1993). Tissue-specific
expression of heat shock proteins of the mouse in the absence of stress. Dev.
Genet. 14, 112-118.

Thomas, J. O. and Kornberg, R. D. (1975). An octamer of histones in
chromatin and freein solution. Proc. Nat. Acad. Sci. USA 72, 2626-2630.

Small Hsps expression in testes 1997

Westwood, J. T., Clos, J. and Wu, C. (1991). Stress-induced oligomerization
and chromosomal relocalization of heat-shock factor. Nature 353, 822-827.

Westwood, J. T. and Wu, C. (1993). Activation of Drosophila heat shock
factor: Conformational change associated with monomer to trimer transition.
Mol. Cell. Biol. 13, 3481-3486.

Wu, C,, Clos, J., Giorgi, G., Haroun, R. |, Kim, S. J., Rabindran, S. K.,
Westwood, J. T., Wisniewski, J. and Yim, G. (1994). Structure and
regulation of heat shock transcription factor. In The Biology of Heat Shock
Proteins and Molecular Chaperones (ed. R. Morimoto, A. Tissiéres and C.
Georgopoulos), pp. 395-415. Cold Spring Harbor Laboratory Press, New
York.

Zimarino, V. and Wu, C. (1987). Induction of sequence-specific binding of
Drosophilaheat shock activator. Nature 327, 727-730.

Zimmerman, J. L., Petri, W. and Meselson, M. (1983). Accumulation of a
small subset of D. melanogaster heat shock MRNAs in normal devel opment
without heat shock. Cell 32, 1161-1170.

(Received 3 March 1997 - Accepted 9 June 1997)



