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The effect of hyperthermia on the
induction of cell death in brain,
testis, and thymus of the adult and
developing rat
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This paper is dedicated to the memory of Professor David A. Walsh (1945-2000), of the University of New South
Wales, Australia, who pioneered research on the heat shock response during early mammalian development.

Abstract Stressful stimuli can elicit 2 distinct reactive cellular responses, the heat shock (stress) response and the
activation of cell death pathways. Most studies on the effects of hyperthermia on the mammalian nervous system have
focused on the heat shock response, characterized by the transient induction of Hsps, which play roles in repair and
protective mechanisms. This study examines the effect of hyperthermia on the induction of cell death via apoptosis,
assayed by terminal deoxynucleotidyl transferase—mediated deoxyuridine triphosphate nick-end labeling and active
caspase 3 cytochemistry, in the adult rat brain, testis, and thymus. Results show that a fever-like increase in temper-
ature triggered apoptosis in dividing cell populations of testis and thymus, but not in mature, postmitotic cells of the
adult cerebellum. These differential apoptotic responses did not correlate with whole-tissue levels of Hsp70 induction.
We further investigated whether dividing neural cells were more sensitive to heat-induced apoptosis by examining the
external granule cell layer of the cerebellum at postnatal day 7 and the neuroepithelial layers of the neocortex and
tectum at embryonic day 17. These proliferative neural regions were highly susceptible to hyperthermia-induced apo-
ptosis, suggesting that actively dividing cell populations are more prone to cell death induced by hyperthermia than
fully differentiated postmitotic neural cells.

INTRODUCTION 1993; Morimoto et al 1994). The accumulated Hsps also
play a role in protective mechanisms by increasing cel-
lular resistance to a subsequent stress, a phenomenon
known as thermotolerance (Lowenstein et al 1991; Mail-
hos et al 1993, 1994; Li et al 1995; De Maio 1999).

In the cell death program, cells induce signaling path-
ways involving the coordinate action of multiple kinases
and cysteine proteases, known as caspases, which cleave
various target substrates, bringing about the cell’s own
demise (Dorstyn et al 1998; Earnshaw et al 1999; Wolf
and Green 1999). This mode of programmed cell death is
termed apoptosis, a genetically controlled suicide mech-

Studies in tissue culture cells have established 2 types of
reactive cellular responses to stress, termed the heat
shock (stress) response and the cell death program (Sa-
mali and Orrenius 1998). In the heat shock response, a
range of stressful stimuli activate the transient induction
of a set of genes encoding Hsps, while ongoing gene ex-
pression is down-regulated (Lindquist and Craig 1988;
Pardue et al 1992). These induced proteins play a role in
cellular repair mechanisms by functioning as molecular
chaperones, mediating the refolding or degradation of
stress-damaged proteins, and thus promoting cell recov-

ery (Georgopoulos and Welch 1993; Parsell and Lindquist
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anism that does not produce an inflammatory response
and is therefore considered a tidy method of cell elimi-
nation. One of the characteristic morphological changes
associated with apoptosis is the cleavage of DNA, which
can be detected in situ by the terminal deoxynucleotidyl
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transferase-mediated deoxyuridine triphosphate (dUTP)
nick-end labeling (TUNEL) method (Gavrieli et al 1992).
Apoptosis is distinct from necrosis, which is a patholog-
ical form of cell death in response to extreme trauma or
environmental disruption. Morphological alterations that
are associated with necrosis include cell swelling, degen-
eration of organelles, membrane disruption, and cell lysis,
causing inflammation (Buja et al 1993).

Previous studies in this laboratory have established that
a physiologically relevant increase in body temperature
is sufficient to activate the cellular stress response in the
mammalian brain, such that populations of neural cells
induce the heat shock proteins Hsp70, 32, and 27, where-
as the levels of constitutive Hsps do not change (Brown
1994; Brown and Sharp 1999; Bechtold and Brown 2000).
Our recent work has found that these inducible Hsps as-
sociate with synaptic elements where they may facilitate
the repair of stress-induced damage and contribute to
neuroprotective events at the synapse (Bechtold and
Brown 2000; Bechtold et al 2000). Our collaborative stud-
ies demonstrate the protective effect of a prior heat shock
on synaptic transmission from subsequent stress, at the
Drosophila neuromuscular junction (Karunanithi et al
1999).

We now wish to investigate whether a physiologically
relevant increase in body temperature activates the cell
death program in neural cells of the adult rat brain. Cells
in the adult brain are postmitotic and fully differentiated,
whereas cells in other body tissues such as the testis and
the thymus undergo cell division and differentiation pro-
cesses throughout life (Westermann et al 1989; Russell et
al 1990; Alam et al 1997). In addition, we explore if the
effect of hyperthermia on cell death in the brain changes
during development. That is, whether dividing neural
cells are more prone to hyperthermia-induced cell death
than fully differentiated, postmitotic neural cells.

Very few studies have examined the effect of hyper-
thermia on the mammalian brain with respect to the in-
duction of cell death. Hyperthermia is a physiologically
relevant phenomenon as clinical studies have demonstrat-
ed the deleterious effects of fever in young children and
the teratogenic effects of hyperthermia during early em-
bryonic development (Graham et al 1998). Even slight
temperature elevations at crucial developmental stages
can cause neural defects resulting in brain malformations
(Edwards et al 1974, 1995; Walsh et al 1991; Mirkes et al
1997; Breen et al 1999). Adult, postnatal day 7 (P7), and
embryonic day 17 (E17) rat brains have been selected for
the present study, as representative stages of develop-
ment, to assess the impact of a fever-like temperature
shock on neural cell death in vivo.
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MATERIALS AND METHODS
Induction of hyperthermia

The body temperatures of 30-day male and pregnant Wis-
tar rats (E17) were elevated 3.5 = 0.8°C above normal
body temperature (~37.8 * 0.6°C and ~37.3 * 1.0°C, re-
spectively) by placement in a dry-air incubator at 42°C.
Body temperature was monitored using a rat rectal
thermistor probe. Once peak rectal temperature was
reached (usually 30 minutes after placement in the incu-
bator for 30-day rats, and 45 minutes for pregnant rats on
account of their increased size), the elevated temperature
was maintained for 1 hour. Rats were then removed from
the incubator, given water ad libitum, and allowed to re-
cover at room temperature (RT). Adult (30 days) rats were
sacrificed at 2.5 hours, 5 hours, 10 hours, 15 hours, and
24 hours from the onset of heating, whereas 17-day em-
bryos were removed from their mothers at 2.5 hours, 5
hours, and 10 hours postheat.

P7 rat pups were removed from their mothers, and
their body temperatures were elevated to 41.3 = 0.8°C
within 20 minutes of heating in a dry-air incubator at
42°C and maintained for 1 hour. Body temperature was
monitored with a needle thermistor probe placed under
the forelimb. Rat pups were removed from the incubator,
cooled to normal temperature, and returned to their
mothers. The pups were sacrificed at 5 hours, 10 hours,
15 hours, and 24 hours after the onset of heating.

Western blot analysis

Control and heated rats at 5 hours, 10 hours, 15 hours, and
24 hours were killed by decapitation. Tissue was dissected
from cerebellum, thymus, and testis, homogenized in 0.32
M sucrose, and protein concentrations were determined
using the BioRad protein assay. Homogenates were stored
at —20°C. Protein samples were solubilized by boiling for
5 minutes with an equal volume of dissociation buffer (8
M urea, 2% sodium dodecyl sulfate [SDS], 2% B-mercap-
toethanol, 20% glycerol). SDS—polyacrylamide gel electro-
phoresis was performed on 10% gels with a 5% stacking
gel, using the discontinuous buffer system of Laemmli
(1970). Aliquots of 50 wg of protein were loaded per lane.
Gels were stained with Coomassie Blue in order to test for
equal protein loading in each lane.

Proteins were electrophoretically transferred onto a ni-
trocellulose membrane for 16-18 hours in a solution of 50
mM boric acid, 4 mM B-mercaptoethanol, and 2 mM eth-
ylenediamine—tetraacetic acid at 400 mA. Blots were
stained briefly with Ponceau S to verify equal loading and
efficient transfer of protein, then washed 4 times for 5
minutes each in TBST buffer (10 mM Tris, 0.25 M NaCl,
0.5% Tween-20, pH 7.5). Blots were then blocked for 2
hours at RT in 5% Carnation milk powder in TBST buffer



and incubated in primary antibody overnight. The C92
mouse monoclonal anti-human Hsp70, specific to stress-
inducible Hsp70 proteins (StressGen, SPA810), was dilut-
ed 1:5000 in 1% purified bovine serum albumin (BSA) in
TBST with 0.02% sodium azide. Blots were then washed
4 times for 10 minutes each in 1% BSA (Sigma Grade) in
TBST, incubated with horseradish-peroxidase—conjugated
secondary antibody, anti-mouse IgG, diluted 1:5000 in 1%
BSA in TBST for 2 hours at RT, and washed 6 times for
5 minutes each in TBST. Immunoreactive bands were vi-
sualized using enhanced chemi-luminescence (ECL)
Western blotting detection reagents (Amersham RPN
2106). Data shown are representative of independent ex-
periments carried out on 3 sets of animals.

Tissue preparation for TUNEL and
immunocytochemistry

Adult Wistar rats (30 days) and rat pups at P7 were anaes-
thetized with sodium pentobarbital (50 mg/kg) and per-
fused intracardially with 4% paraformaldehyde in 0.1 M
phosphate-buffered saline (PBS), pH 7.4. Brain, thymus,
and testes were removed from the 30-day rats, whereas
only the brain was removed from the P7 pups. Tissues
were fixed in 4% paraformaldehyde overnight at 4°C. Preg-
nant rats were sacrificed by decapitation, and embryos
were removed, rinsed in 0.1 M PBS, and fixed in 4% para-
formaldehyde overnight at 4°C. For cryoprotection, tissue
was equilibrated through a sucrose gradient series (5%,
10%, and 20% sucrose in 0.1 M PBS), mounted in OCT
embedding compound (Somagen Diagnositics Inc., Ed-
monton, Alberta, Canada), and stored at —70°C until use.
Glass microscope slides coated with a solution of 1% gel-
atin and 0.05% chromium potassium sulphate were used
to collect 20 pm cryostat sections floating on water (for
adult thymus and brain, and for P7 brain). Cross-sections
of testis and embryo were collected directly on the slide.
Sections were air-dried for at least 2 hours before process-
ing for TUNEL, immunocytochemistry, and staining with
a 1% solution of cresyl violet.

Cell death detection by TUNEL

For in situ cell death detection, the TUNEL method, based
on Gavrieli et al (1992), was performed, with slight mod-
ifications, according to Sgonc et al (1994). The in situ cell
death detection kit (Roche Diagnostics, Laval, Quebec,
Canada) was used, and contents were diluted to half-
strength. Tissue sections were cut on a cryostat at 20 um,
fixed with 4% paraformaldehyde for 5 minutes and
washed with 1X PBS (0.1 M) for 30 minutes. Endogenous
peroxidase activity was blocked with 0.3% H,O, in meth-
anol for 30 minutes, followed by a 5-minute rinse with
PBS. For cell permeabilization, slides were immersed in
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solution (0.1% Triton X-100 in 0.1% sodium citrate) for 2
minutes on ice (4°C), and then rinsed 2 times for 5 min-
utes each in PBS. Slides were incubated for 1 hour at 37°C
in a humid chamber, in a TUNEL reaction mixture con-
taining a 1:10 ratio of terminal deoxynucleotidyl trans-
ferase and fluorescein-conjugated dUTP, and then rinsed
3 times for 5 minutes each in 1% BSA in PBS. Incorpo-
rated fluorescein was detected by incubation with a sheep
antifluorescein antibody conjugated with horse-radish
peroxidase for 30 minutes at 37°C. After rinsing the slides
3 times for 5 minutes each in 1% BSA in PBS, TUNEL
labeling was visualized with a 10-minute diaminobenzi-
dine (DAB) colorimetric reaction with nickel chloride
(DAB substrate kit; Vector Labs, Burlingame, CA) and
light microscopy. Images were captured using Northern
Eclipse Software (Empix Inc., Mississauga, Ontario, Can-
ada). Data shown are representative of independent ex-
periments carried out on 3 animals per time point. For
each set of animals, this experiment was performed in
triplicate.

Quantitative analysis

TUNEL-positive cells were quantified for each tissue ex-
amined, using 3 animals per time point. The number of
TUNEL-positive cells in the granule cell layer (gcl), mo-
lecular layer (ML), and deep white matter (dwm) of the
30-day cerebellum and in the external granule cell layer
(egl) of the P7 cerebellum were counted within 10 ran-
domly selected areas of 12 000 wm? for each animal. For
the thymus, counts were made of 10 randomly selected
areas of 6 000 pm? in the cortex and medulla to avoid
overlapping of regions. For the testis, the number of TU-
NEL-positive cells within 60 seminiferous tubules (ap-
proximately 170 pm in diameter) were counted for each
animal per time point, and the average number per tu-
bule cross-section was determined. The number of TU-
NEL-positive cells within the neuroepithelium of the neo-
cortex and tectum were counted within several regions,
each spanning 800 wm in length along the entire neuro-
epithelium. For each set of animals, this experiment was
performed in triplicate. The data plotted are representa-
tive of the mean number of TUNEL-positive cells within
the designated area for each time point after heat shock.
Analysis of variance (ANOVA) was performed, and data
were considered significant when P < 0.05.

Immunocytochemistry

Tissue sections were rehydrated for 20 minutes at RT in
PBS-G bulffer (0.1 M PBS, pH 7.4, 0.2% Triton-X 100, 0.1%
BSA), and then blocked in PBS-G buffer with 10% normal
goat serum for 1 hour for CM-1 immunocytochemistry
and with 5% horse serum for 2 hours for proliferating cell
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nuclear antigen (PCNA) immunocytochemistry. Sections
were incubated for 1 hour at RT in primary antisera CM-
1, rabbit polyclonal anti-human active caspase 3 (IDUN
Pharmaceuticals, La Jolla, CA), diluted 1:3000 in PBS-G
buffer with 0.02% sodium azide, or overnight in mouse
anti-human PCNA (Pharmingen, Mississauga, Ontario,
Canada, 32551A), diluted 1:600 in the same buffer. After
washing 2 times for 5 minutes each in PBS-G bulffer, the
sections were incubated in biotinylated goat—anti-rabbit
IgG, diluted 1:1000 for 45 minutes at RT, or for 1.5 hours
in biotinylated horse-anti-mouse IgG, diluted at 1:400.
After again washing 2 times for 5 minutes each in buffer,
endogenous peroxidase activity was blocked by immers-
ing sections in 0.3% H,O, in methanol for 30 minutes.
Tissue sections were washed for 20 minutes in PBS-G
buffer and processed with the Vectastain Elite ABC kit
(Vector Labs). DAB was used as the chromogen for active
caspase 3 cytochemistry, resulting in a brown immuno-
reactive product. For PCNA, DAB was used with nickel
chloride to give a black immunoreactive product. Data
shown are representative of independent experiments
carried out on 3 animals per time point. For each group,
immunocytochemical studies were performed in tripli-
cate.

RESULTS

The effect of hyperthermia on the induction of cell
death in the adult brain, testis, and thymus

We first examined the effect of a fever-like increase in tem-
perature on the induction of cell death in neural cells of
the adult brain, which are postmitotic and fully differen-
tiated. Secondly, in the same animals, hyperthermia-in-
duced cell death was investigated in the testis and thymus,
2 nonneural tissues, which, unlike the brain, contain di-
viding and differentiating cells at the adult stage. The TU-
NEL method was used throughout the study for cytochem-
ical detection of deoxyribonucleic acid (DNA) fragmenta-
tion, a hallmark of apoptosis (Gavrieli et al 1992).

The response of the adult brain to hyperthermia was
investigated in the cerebellum, a multilayered structure
with distinct neuronal and glial cell populations that are
easily identifiable. During the heat shock time course ex-
amined (0-24 hours postheat), whole-body hyperthermia
(3.5 = 0.8°C) did not induce cell death in any cellular
layer of the adult cerebellum. This was determined by the
lack of an increase in TUNEL labeling (black precipitate)
in the neuronal-enriched gcl (g) and in the glial-enriched
dwm as shown at 5 hours and 15 hours postheat (Fig 1,
panels B and C, respectively), compared with the controls
(Fig 1, panel A). Similarly, no increase in cell death was
observed in cells of the cerebellar ML (m). Higher mag-
nification of the Purkinje cellular layer (p) (Fig 1C, inset)
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revealed the same result, ie, no induction of cell death
after heat shock in large Purkinje neurons (Fig 1, arrow-
heads). Figure 1 (panel D) shows a cresyl violet-stained
sagittal section of the adult cerebellum, demonstrating the
morphology of the cellular layers discussed previously.

A quantitative analysis of the number of TUNEL-pos-
itive cells per designated area in each of the cerebellar
layers was performed at specific time points following
hyperthermia. Figure 2A shows no significant increase (P
> 0.05) in the number of TUNEL-positive cells in the gcl,
ML, or dwm. In addition, other regions of the adult brain,
namely the cerebral cortex and hippocampus, did not
show an increase in TUNEL-positive cells after hyper-
thermia (results not shown).

The effect of hyperthermia on cell death in the adult
testis was examined next. A time-course analysis of hy-
perthermia-induced cell death in the testis is shown at
the cellular level in Figure 3 and at the quantitative level
in Figure 2B. In a cross-section of the seminiferous tu-
bules in the control testis (Fig 3, panel A), a few TUNEL-
positive cells were detected that were localized at the pe-
riphery of the tubule (indicated by arrows), consistent
with the mitotic spermatogonia undergoing apoptosis
(Burkitt et al 1993). The incidence of cell death was most
prevalent at 15 hours postheat (Fig 3, panel E), and had
greatly subsided by 24 hours (Fig 3, panel F) after hy-
perthermia. It was evident, by the lack of TUNEL staining
in certain cross-sections, that not all testis tubules under-
go cell death to the same extent. These resistant tubules
are indicated by asterisks in Figure 3, panels C-E. These
tubules may be representative of specific spermatogenic
stages, which have been demonstrated to be relatively
protected from heat-induced apoptosis (Lue et al 1999).
The average number of TUNEL-positive cells per tubule
(~170 wm in diameter) was plotted against time in Figure
2B, confirming that a significant increase in cell death was
observed following hyperthermia (P < 0.001).

To identify the cell types in the testis that were sensitive
to heat, adjacent sections of a 15-hour tubule (the time of
maximal cell death) were processed for TUNEL (Fig 3,
panel G), and PCNA immunocytochemistry, to identify the
dividing cells (Fig 3, panel H) (Bravo et al 1987; latropou-
los and Williams 1996), or stained with cresyl violet, to
identify morphologically the cell types, as shown in Figure
3, panel I. The PCNA method identified the mitotically
active cells at the periphery of the tubule, which were type
A spermatogonia (Chandra et al 1997). A comparison be-
tween TUNEL-labeled tubules and PCNA-stained tubules
revealed that the mitotically active type A spermatogonia
were heat sensitive (Fig 3, arrows). The next layer of cells
proceeding toward the central lumen consists of primary
spermatocytes, characterized by their large size and abun-
dant cytoplasm. These cells, which are undergoing the first
stage of meiosis, were also heat sensitive as demonstrated
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Fig 1. The effect of hyperthermia on the induction of cell death in the adult rat cerebellum. Panels A-C: Sagittal sections of the adult
cerebellum from control, 5 hours, and 15 hours after hyperthermia were processed with the TUNEL method. There was no evidence of an
increase in TUNEL-positive cells in any layer of the cerebellum from control to 15 hours postheat. In the granule cell layer and deep white
matter of both control and hyperthermic brain, a few scattered TUNEL-positive cells were observed (indicated by arrows). At 15 hours (panel
C), the inset showed no cell death in large Purkinje neurons (arrowheads). Panel D: A cerebellar section stained with cresyl violet to show
the morphology of the cellular layers. dwm, deep white matter; g, granule cell layer; m, molecular layer; p, Purkinje cellular layer; TUNEL,
terminal deoxynucleotidyl transferase—mediated deoxyuridine triphosphate nick-end labeling. Bar = 55 pm in panels A-D. Bar = 13.8 pm in

panel C, inset.

by the TUNEL labeling (Fig 3, large arrows). The absence
of TUNEL staining in adluminal spermatids (sl and s2)
suggests that these testis cell types are not heat sensitive
(refer to the cresyl violet—stained section, Fig 3I, for the
location of the spermatids).

Another adult tissue undergoing cell division and dif-
ferentiation even in the adult is the thymus. Thymus tis-
sue was isolated at time points following hyperthermia
and examined for the presence of TUNEL-positive cells.
As shown in Figure 4A, scattered TUNEL-positive cells
were present in the cortex (c) and medulla (m) of control
thymus (Fig 4, arrows). However, a major transient in-
crease in TUNEL-positive cells was observed at 10 hours
postheat (Fig 4D). A quantitative time-course analysis

(Fig 2C) revealed that the number of TUNEL-positive
cells in the thymus that increased significantly (P < 0.001)
peaked 10 hours after hyperthermia and was greater in
the cortex of the thymus than in the medulla.

Does time course of heat shock—induced cell death
correlate to the time course of Hsp70 induction in the
adult cerebellum, testis, and thymus?

To correlate the sensitivity to heat of the adult cerebellum,
testis, and thymus to the whole-tissue levels of Hsp70
induction after hyperthermia, a Western blot analysis was
performed. Basal Hsp70 levels were highest in the thymus
(THY) (Fig 5) and not detectable in the cerebellum (CB)
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or testis (TE). After hyperthermia, these tissues induced
Hsp?70, but to different extents. A prominent induction of
Hsp70 in the thymus and cerebellum was evident by 5
hours, and the levels were maintained up to 15 hours
after hyperthermia, declining slightly at 24 hours in the
cerebellum. The testis displayed a less robust and delayed
induction of Hsp70, which did not peak until 15 hours
after hyperthermia. Whole-tissue levels of Hsp70 induc-
ibility correlated with resistance to hyperthermia-induced
cell death in the cerebellum, but not in the thymus, which
showed high levels of cell death, yet a robust induction
of Hsp70.

Is the early postnatally developing brain susceptible to
hyperthermia-induced apoptosis?

Dividing and differentiating cells in the adult testis and
thymus were demonstrated to induce cell death in re-
sponse to hyperthermia, as assayed by increased TUNEL
labeling. In contrast, cells of the adult cerebellum, which
are neither dividing nor differentiating but postmitotic,
were resistant to hyperthermia-induced cell death. We
next determined how dividing neural cells at earlier stag-
es of development respond to hyperthermia.

The egl of the cerebellum at P7 consists of actively pro-
liferating cells that migrate through the ML and Purkinje
cellular layer (pcl) to their final destination at the internal
granule cell layer (igl), where they achieve terminal dif-
ferentiation (Fig 6, panel E) (Altman 1997). The dividing
cells of the egl in P7 rats (Fig 6, arrowheads) were sus-
ceptible to heat-induced cell death, as evidenced by TU-
NEL-positive staining (compare Fig 6A [control] to C [10
hours postheat]). These results were confirmed by quan-
titative analysis in Figure 2D, which indicates a signifi-
cant increase in TUNEL-positive cells observed in the egl
10 hours after hyperthermia, with a subsequent decline
at 24 hours (P < 0.01). In addition to the egl, TUNEL-
positive cells were also detected in the dwm in both con-
trol (Fig 6A) and 10-hour (Fig 6B) cerebellar sections (Fig
6, arrows). This was not an effect of hyperthermia be-
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cause a previous study showed that in the unstressed P7
rat cerebellum, the dwm contains several TUNEL-posi-
tive cells, which were determined to be astrocytes natu-
rally undergoing cell death (Krueger et al 1995).

As previously mentioned, the TUNEL method was
used for in situ detection of DNA fragmentation, one of
the hallmarks of apoptosis. Recent data suggest, however,
that the TUNEL assay does not exclusively label apoptotic
cells, and it may label cells in the latter stages of necrosis,
which also undergo random breakdown of DNA (Gold et
al 1994). These limitations warranted the use of an ad-
ditional biochemical marker of apoptosis at the single-cell
level in order to confirm that the mode of hyperthermia-
induced cell death was indeed apoptosis. Caspase 3, one
of the effectors of apoptosis, which targets many cellular
substrates to bring about apoptotic cell death, is activated
by cleavage of its proenzyme (32 kDa) to yield 2 active
subunits p18 and p12, which together form the active en-
zyme (Raff 1998). Caspase 3 has been shown to be acti-
vated in heat-induced cell death in vitro (Chan et al 1998)
and is specific for apoptosis, not necrosis (Armstrong et
al 1997). Thus the activation of caspase 3 was used as an
improved index of apoptosis. The CM-1 antibody was
characterized by Srinivasan et al (1998) and demonstrated
to be useful for in situ detection of activated caspase 3.

Adjacent sections of the control and the 10-hour P7 cer-
ebellum, labeled with TUNEL (Fig 6, panels A and C),
were immunocytochemically stained with the CM-1 an-
tibody to detect the presence of activated caspase 3, and
shown at higher magnification (Fig 6, panels B and D). It
was evident by the presence of CM-1 immunoreactivity
in cells of the egl, that caspase 3 is activated following
hyperthermia (Fig 6, arrows). Thus the mode of cell death
induced by this level of hyperthermia was apoptosis. It
is important to note that caspase 3 immunocytochemistry
and TUNEL would not necessarily be expected to label
the same cell because activation of caspase 3 occurs up-
stream of DNA fragmentation, which is detected by TU-
NEL. To confirm that cells in the egl were mitotically ac-

-

Fig 2. Quantitative time-course analysis of the effect of hyperthermia on adult, postnatal day 7 (P7), and embryonic day 17 (E17) tissues.
The average number of the terminal deoxynucleotidyl transferase—mediated deoxyuridine triphosphate nick-end labeling (TUNEL)-positive
cells is shown for each tissue over the heat shock time course. Error bars indicate standard error of the mean (sem). Asterisks (*) indicate
the time point of maximal cell death. Statistical analysis was performed using analysis of variance, and data were considered significant
when P < 0.05. (A) Cerebellum. The mean number of TUNEL-positive cells per 12 000 um? area were plotted for 3 cerebellar layers, namely,
the granule cell layer, molecular layer, and deep white matter. No significant change (P > 0.05) in the number of TUNEL-positive cells was
observed in any cerebellar layer over the hyperthermic time course. TUNEL counts for the Purkinje cellular layer are not shown as none of
these cells were observed to be TUNEL positive under control or hyperthermic conditions. (B) Testis. A significant increase (P < 0.001) in
the number of TUNEL-positive cells per tubule (average diameter 170 pm) was observed, peaking at 15 hours after hyperthermia (asterisk)
and subsequently declining at 24 hours. (C) Thymus. An increase in TUNEL-positive cells per 6 000 um? area of cortex and medulla was
detected over the heat shock time course (P < 0.001), peaking at 10 hours postheat (asterisk) and declining almost to basal levels by 24
hours, with the greater incidence of cell death in the cortex. (D) The external granule layer (egl) of the cerebellum at P7 showed a significant
increase in the mean number of TUNEL-positive cells (P < 0.01), peaking at 10 hours postheat and declining thereafter toward basal levels.
(E) The developing cerebral cortex and tectal neuroepithelium at E17 were susceptible to heat-induced cell death, as demonstrated by the
significant increase in the number of TUNEL-positive cells (P < 0.001).

Cell Stress & Chaperones (2002) 7 (1), 73-90
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Fig 3. Hyperthermia induces cell death in the adult testis. Panels A—F: Time-course analysis of heat-induced cell death in cross-sections
of adult rat seminiferous tubules. Terminal deoxynucleotidyl transferase—mediated deoxyuridine triphosphate nick-end labeling (TUNEL) stain-
ing was detected in a few peripheral cells of the seminiferous tubules in the unstressed control rat (panel A, arrows). The number of TUNEL-
positive cells increased slightly at 2.5 hours (panel B, arrows), and a further increase, both in the number of tubules being affected and in
the number of TUNEL-positive cells per tubule, was observed at 5 hours postheat (panel C). Asterisks (*) indicate tubules that did not appear
to undergo heat-induced cell death. The number of TUNEL-positive cells continued to increase at 10 hours (panel D) and up to 15 hours
after hyperthermia (panel E), which was the time point of maximal cell death, followed by a decline at 24 hours (panel F). Bar = 55 pm.
Panels G-I: Adjacent sections of a 15-hour testis tubule at high magnification, processed with TUNEL (G), PCNA (proliferating cell nuclear
antigen) immunocytochemistry (H), and cresyl violet stain (I), respectively. TUNEL labeling (G) shows that certain cell types were more
sensitive to the heat than others. No cell death was observed in cells near the lumen. To aid in the identification of these cells, PCNA
immunocytochemistry was performed (panel H), which selectively labels the mitotically active spermatogonia. Comparative analysis shows
that type A spermatogonia (indicated by arrows) were susceptible to heat-induced cell death. The next layer of TUNEL-positive cells pro-
ceeding toward the lumen (large arrows) corresponded to primary spermatocytes, as was evident by cresyl violet staining (panel 1). It was
evident by the lack of TUNEL labeling in the lumen (panel G) that the round (s1) and elongating (s2) spermatids in panel |, located near the
lumen, did not undergo cell death. Bar = 13.8 pm.

tive at P7, PCNA immunocytochemistry was performed.
This antigen selectively labeled cells in the egl compared
with other cerebellar layers (Fig 6, panel F).

The effect of hyperthermia on dividing cells in the
cortical neuroepithelium and tectal neuroepithelium at
E1l7

At E17, the cells, which are destined to form the neocor-
tex, are in a dividing state, and their response to hyper-
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thermia was next examined. Under control conditions
(Fig 7, panel A), TUNEL-positive cells were not visible
in the neocortex at E17. Following hyperthermia, there
was a major increase in TUNEL reactivity at the cellular
level 10 hours after heat shock, particularly in the neu-
roepithelium (ne) (Fig 7C). This was confirmed by a
quantitative analysis in Figure 2E, demonstrating a sig-
nificant increasing trend of cell death following maternal
hyperthermia (P < 0.001). Activation of caspase 3 was
observed in cells of the same region, at 10 hours postheat
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Fig 4. Hyperthermia induces cell death in the adult rat thymus. Panels A—E: Terminal deoxynucleotidyl transferase—mediated deoxyuridine
triphosphate nick-end labeling (TUNEL) assay performed on sections of control (A), 2.5-hour (B), 5-hour (C), 10-hour (D), and 15-hour (E)
thymus, after hyperthermia. A few scattered TUNEL-positive cells were present in the control thymus (indicated by arrows). After hyperthermia,
there was a gradual increase to 5 hours postheat, peaking at 10 hours (panel D) and declining by 15 hours. TUNEL-positive cells (indicated
by arrows) were evident in both the cortex (c) and the medulla (m); however, the majority were present in the cortex. Panel F: A cresyl violet—
stained thymus section showing the morphology of the cortex and the medulla. Bar = 55 pm.
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Fig 5. Time-course analysis of Hsp70 induction in adult rat tissues
following hyperthermia. The induction of the Hsp70 proteins was an-
alyzed in control (C) animals and at 5 hours, 10 hours, 15 hours,
and 24 hours following hyperthermia. Western blot analysis of cer-
ebellum (CB), thymus (THY), and testis (TE) showed high basal lev-
els of Hsp70 in the control thymus, but not in the cerebellum or the
testis. Following hyperthermia, an accumulation of stress-inducible
Hsp70 proteins was observed in the cerebellum and thymus at 5
hours, and levels were maintained up to 15 hours, after which they
declined slightly in the cerebellum. A delayed and less robust induc-
tion of Hsp70 was seen in the testis, peaking at 15 hours postheat
and declining thereafter.

(compare Fig 7, panels C and D), which confirmed the
mode of cell death to be apoptosis.

A histologically stained section of the developing ce-
rebral cortex at E17 (Fig 7E) shows that the neuroepithe-
lium consists of a spatially segregated mitotic zone (mz),
where cells are predominantly in the mitotic phase, and
a synthetic zone (sz), where most cells are duplicating
their DNA. At this stage of cortical development (E17),
the neuroepithelium is maximal in thickness, and almost
all proliferating cells are confined to this region (Bayer
and Altman 1991). PCNA immunoreactivity, which iden-
tifies dividing cells (Fig 7F), was localized primarily to
cells within the neuroepithelium (ne), whereas the inter-
mediate zone (iz), white matter (wm), and cortical plate
(cp), which contains young postmitotic cells of future cor-
tical layers V and VI, were not immunoreactive.

Given the histology of the neocortex, it appeared that
cells in both the mitotic (mz) and synthetic zones (sz) of
the neuroepithelium were more susceptible to heat-in-
duced apoptosis than the nonproliferating cells of the cor-
tical plate and the intermediate zone at E17 (Fig 7 C,D).
In addition to the neuroepithelium, some scattered cells
in the subventricular zone also underwent apoptosis (Fig
7 C,D, arrows).

Examination of the E17 neocortex revealed another
neuroepithelial layer in the developing midbrain, which
labeled strongly with TUNEL. This region, identified as
the tectal neuroepithelium, later becomes the inferior and
superior colliculi of the brain. The cells in this neuroep-
ithelial region are also mitotically active at E17 and un-
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dergo DNA synthesis as indicated by PCNA immunore-
activity (Fig 8F), compared with cells in the differentiat-
ing field (df), which are not dividing, and yet some of
them are still susceptible to heat-induced cell death. A
significant increase (P < 0.001) was observed in the num-
ber of TUNEL-positive cells, parallel to that seen in the
cortical neuroepithelium (Fig 2E). Cellular observations
demonstrate this increase in TUNEL-positive (Fig 8 A,C)
and active caspase 3 immunoreactive cells (Fig 8 B,D)
within the same region of adjacent sections. Thus, the
tectal neuroepithelium provided another example of heat-
induced apoptosis in mitotically active neural cells.

DISCUSSION

Our previous in vivo studies have focused on the neural
expression of heat shock genes in mammals under nor-
mal and hyperthermic conditions (Brown 1994; Brown
and Sharp 1999). In this study, we investigate whether a
similar fever-like increase in temperature could induce
cell death in neural cells, which are fully differentiated
and postmitotic in the adult, compared with the non-
neural tissues, testis, and thymus, which contain popu-
lations of actively dividing and differentiating cells
throughout life. The differences in heat sensitivities be-
tween these tissues prompted an investigation into the
susceptibility of the embryonic and postnatally develop-
ing brain to hyperthermia-induced cell death.

TUNEL staining revealed that hyperthermia induced
cell death in the cortex and medulla of the thymus and
in dividing cells of the testis but not in any glial or neu-
ronal cell types in the adult cerebellum. Although, neu-
ronal cell death via apoptosis occurs developmentally,
and in response to environmental and pathological stress
(Pettmann and Henderson 1998), a fever-like temperature
shock did not activate apoptotic pathways in the adult rat
brain.

The few studies that have examined the effect of hy-
perthermia on cell death in the mammalian brain have
demonstrated negligible effects, unless very high temper-
atures are employed. Hyperthermia (42°C for 1 hour) did
not result in any neurological deficits to dogs, nor dam-
age to the brain or spinal cord as assessed histologically
1 week after heating (Takahashi et al 1999). Similarly, no
cell death was observed in the rat brain after a bacterial
endotoxin, lipopolysaccharide-induced fever (Mouihate
and Pittman 1998) or following a temperature shock of
41°C (McCabe and Simon 1993). In the mouse brain (body
temperature 37°C), an increased level of hyperthermic
stress (43.5°C for 30 minutes) was reported to induce
Hsp70 and apoptosis, detected by internucleosomal DNA
fragmentation analysis (Leoni et al 2000). The maximum
induction of Hsp70 coincided with maximal DNA dam-
age; however, no distinction is made between the re-
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Fig 6. Hyperthermia induces cell death in the egl of the postnatal day 7 (P7) cerebellum. Adjacent sections of control (A and B) and 10-
hour (C and D) P7 cerebellum are processed for TUNEL (A and C) and active caspase 3 immunocytochemistry (B and D). Panels A and C
reveal the increase in TUNEL-positive cells (arrowheads) in the egl at 10 hours after hyperthermia (C), compared with the control (A). Arrows
in panels A and C indicate that cells undergoing cell death in the dwm in both the control and the 10-hour cerebellum were likely astrocytes.
Panels B and D are higher magnifications of adjacent sections of the boxed areas in panels A and C, respectively. There was no evidence
of caspase 3 activation in the control egl (B). At 10 hours postheat, however, caspase 3 immunoreactive cells were observed in the egl (D),
indicated by large arrows. Panel E: P7 cerebellar section stained with cresyl violet, demonstrating the morphology of the cellular layers. Panel
F: Adjacent section processed with PCNA immunocytochemistry to label actively dividing cells revealed that cells of the egl are actively
dividing at P7. dwm, deep white matter; egl, external granule cell layer; igl, internal granule cell layer; ML, molecular layer; P7, postnatal day
7; pcl, Purkinje cellular layer; PCNA, proliferating cell nuclear antigen; TUNEL, terminal deoxynucleotidyl transferase—mediated deoxyuridine
triphosphate nick-end labeling. Bar = 27.5 um for panels A, C, E, and F. Bar = 13.8 um for panels B and D.
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Fig 7. The effect of hyperthermia on dividing cells in the neocortex at E17. Adjacent sections of control (A and B) and 10-hour (C and D)
cortical neuroepithelium at E17 were processed by the TUNEL method (A and C) and active caspase 3 immunocytochemistry (B and D). A
major increase in TUNEL-positive cells was detected in the neuroepithelium at 10 hours after hyperthermia (C) compared with the control
(A), indicated by arrowheads. Fewer TUNEL-positive cells were evident in the subventricular zone (panel C, arrows). Active caspase 3
immunoreactivity demonstrated a similar induction in the neuroepithelium at 10 hours postheat (panel D, arrowheads) with a negligible signal
in the control (B). Scattered CM-1—positive cells were seen in the subventricular zone (panel D, arrows). Panel E: A cresyl violet—stained
section of the developing cortex demonstrating the morphology of the cellular layers. Panel F: Adjacent section to (E) processed with PCNA
immunocytochemistry showing actively dividing cells (black precipitate) in the ne and sv regions. E17, embryonic day 17; cp, cortical plate;
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sponses of different regions or cell types (or both) to the
heat shock. Overall, it appears that temperatures greater
than 43°C can cause cell death in the mammalian brain,
which is normally maintained at 37-38°C. This is in con-
trast to the thermal exposure used in the present study
(3.5 = 0.8°C, 1 hour), which is not detrimental to adult
neural cells compared with the thymus and testis cells of
the same animals.

Hyperthermia is a classic inducer of the heat shock re-
sponse. The major Hsps induced after heat shock in the
mammalian brain are the Hsp70 proteins that belong to
a multigene family of highly conserved proteins, includ-
ing both constitutively expressed and stress-inducible
members (Kiang and Tsokos 1998). To correlate the effect
of hyperthermia on cell death with the induction of
Hsp?70 proteins in the 3 tissues, a time-course analysis of
the Hsp70 induction profile was performed. The robust
induction of Hsp70 observed in the cerebellum correlated
with the lack of heat-induced cell death observed in this
tissue. Likewise, the delayed, less robust induction in the
testis correlated with its sensitivity to hyperthermia-in-
duced cell death. Cells in the thymus, however, readily
underwent apoptosis despite the organ’s high basal levels
of Hsp70 and robust Hsp70 induction. Thus, the differ-
ences in heat sensitivities of these tissues could not sim-
ply be attributed to varied induction levels of the Hsp70
proteins. A better index of the correlation of Hsp70 in-
duction and apoptosis is immunocytochemistry, which
gives results at the cellular level.

In the seminiferous tubules of the adult testis, a few
TUNEL-positive spermatogonia were detected in the con-
trol rat. Spontaneous spermatogenic cell death by apo-
ptosis is common in mammals and is found most fre-
quently in spermatogonia (Allan et al 1987; Bartke 1995;
Mori et al 1997). The mouse testis, which is normally
maintained at 32°C (Rockett et al 2001), is very sensitive
to heat, and slight temperature elevation can inhibit sper-
matogenic cell function, causing infertility (Chowdhury
and Steinberger 1964; Mieusset et al 1987). Following hy-
perthermia, cell death was observed in primary sper-
matocytes (meiotic) and mitotic spermatogonia, but not
in postmeiotic spermatids. Early studies have shown that
heat induces cell death in the testis; however, only re-
cently has apoptosis been defined as the mode of cell
death (Yin et al 1997; Blanco-Rodriguez and Martinez-
Garcia 1998; Lue et al 1999). The most heat-sensitive cells
in these studies were spermatogonia, primary spermato-
cytes, and round spermatids, whereas advanced sper-
matids and Sertoli cells remained unaffected. Thus, the
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testis results indicate that cells actively undergoing mi-
tosis (spermatogonia) and meiosis (primary spermato-
cytes) are prone to heat-induced cell death.

The thymus is a tissue that exhibits naturally occurring
cell death during the process of negative selection, where-
by thymocytes with receptors that are capable of recog-
nizing self-antigens are selected and destroyed (von
Boehmer et al 1989). In addition to differentiation pro-
cesses, extensive cell proliferation also occurs in the adult
thymus, providing lymphocytes for export to the immune
system (Westermann et al 1989). These factors render the
thymus sensitive to heat-induced apoptosis, as demon-
strated in the mouse, where hyperthermia was shown to
accelerate the normal process of cellular differentiation,
causing a decrease in the number of immature thymo-
cytes (Sellins and Cohen 1991; Mansoor et al 1992; Mosser
et al 1993). Similarly, hyperthermia has been shown to
induce apoptosis in the rat thymus (Sakaguchi et al 1995).
It was suggested that cells, which are in a high-turnover
state, are programmed for apoptosis and thus easily ac-
tivate this mode of cell death in response to lethal stimuli.

Numerous studies on the effects of temperature on cul-
tured cells have demonstrated that rapidly proliferating
cells are more temperature sensitive than slowly prolif-
erating cells (Johnson and Pavelec 1972). Heat causes mi-
totic delay and cell cycle arrest (Edwards et al 1974; Mal-
donado-Codina et al 1993), damage to mitotic spindle ap-
paratus (Debec and Marcaillou 1997), plasma membrane
damage (Coss et al 1979), decay of topoisomerase II (re-
quired for DNA replication) (Goswami et al 1996), and
cell death (Edwards et al 1974; Breen et al 1999). More-
over, mitosis and the S-phase have been determined to
be the most heat-sensitive phases of the cell cycle (Westra
and Dewey 1971; Bhuyan et al 1977; Kiihl and Rensing
2000). As heat shock induces mitotic delay and cell death,
particularly in dividing cells, and heat-induced cell death
was observed in the testis and thymus, which undergo
cell division and differentiation processes in the adult, it
was logical to explore the effect of hyperthermia on cell
death in the developing brain where neural cells are di-
viding.

Previous studies on the effect of hyperthermia on the
developing brain have focused on embryonic develop-
ment (Edwards et al 1974, 1995; Walsh et al 1991). The
present study demonstrates that proliferating cells in the
egl of the cerebellum at P7 are also sensitive to hyper-
thermia-induced apoptosis. Naturally occurring pro-
grammed cell death is a feature of postnatal cerebellar
development (Lewis 1975; Krueger et al 1995; Tanaka and

-

iz, intermediate zone; lv, lateral ventricle; mz, mitotic zone; ne, neuroepithelium; PCNA, proliferating cell nuclear antigen; sv, subventricular
zone; sz, synthetic zone; TUNEL, terminal deoxynucleotidyl transferase—mediated deoxyuridine triphosphate nick-end labeling; wm, white

matter. Bar = 27.5 pm.
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Fig 8. Hyperthermia induces apoptosis in the tectal neuroepithelium at E17. Panels A-D: Adjacent sections of control (A and B) and 10-
hour (C and D) tectal neuroepithelium were processed for terminal TUNEL and active caspase 3 immunocytochemistry. Hyperthermia-induced
cell death in the neuroepithelium at 10 hours (C) compared with the control (A) as shown by the presence of TUNEL-positive cells (arrows).
Similarly, active caspase 3 immunoreactivity was strongly detected at 10 hours postheat (D) and was negligible in the control (B). The majority
of TUNEL-positive and active caspase 3 immunoreactive cells were present in the neuroepithelium, compared with the differentiating field.
Panel E: A cresyl violet—stained section of developing tectum showing the neuroepithelium (ne) and the differentiating field (df). Panel F:
Adjacent section to (E) processed for PCNA immunocytochemistry, demonstrating that actively dividing cells are present in the ne. aq,
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Marunouchi 1998); however, no studies to date have
shown the effect of heat on these dividing cells. The sus-
ceptibility of cells in the egl to other apoptotis-inducing
stimuli, such as exposure to irradiation and the cytotoxic
agent methylazoxymethanol, is known (Ferrer et al 1993;
Lafarga et al 1997). In contrast, the results in this study
revealed that neither the cells in the Purkinje cell layer
nor the igl underwent heat-induced apoptosis. On P7, the
cells in these regions are no longer mitotically active (Alt-
man 1997).

The activation of caspase 3 in the dividing cells of the
egl provides evidence that the mode of cell death is ap-
optosis. The exact pathway of heat shock-induced apo-
ptosis is as yet undefined; however, it is known that it
occurs via activation of the stress-activated protein ki-
nase—c-Jun N-terminal kinase pathway (Kyriakis and
Avruch 1996; Verheij et al 1996). This, in turn, triggers
activation of the caspase cascade, which targets several
proteins, to bring about apoptotic cell death. Heat has
also been reported to induce changes such as a drop in
mitochondrial membrane potential and release of cyto-
chrome ¢, which activates caspase 9 and, in turn, caspase
3 (Mirkes and Little 2000). Caspase 3 activation is in-
volved in apoptosis stimulated by traumatic brain injury
in rats (Yakovlev et al 1997), K*/serum deprivation
(Armstrong et al 1997), optic nerve transection (Kermer
et al 1999), cerebral ischemia (Namura et al 1998), and
heat shock (Chan et al 1998). Caspase 3 successfully iden-
tified dying cells in the egl and was thus an effective
marker of apoptosis.

The neuroepithelia of the embryonic neocortex and de-
veloping tectum were also susceptible to hyperthermia-
induced cell death. There was a significant increase in
TUNEL-positive cells, concomitant with active caspase 3
labeling in the same regions of the brain at E17, indicating
apoptosis. The lethal effects of maternal hyperthermia on
the developing embryo have been studied in guinea pigs
(Edwards et al 1974), embryonic rats at gestational day
10 (GD10), and mice (E9) (Walsh et al 1991; Mirkes et al
1997; Mirkes and Little 1998; Breen et al 1999). These
studies have shown that the embryo at the stage of neural
tube closure is very sensitive to heat stress. The induction
of cell death and mitotic delay in the neuroectoderm at
this stage (which consists of rapidly proliferating cells)
results in abnormal forebrain, optic cup, and somite de-
velopment. Our results indicate that even later stages of
embryonic development (E17) are sensitive to maternal
hyperthermia, particularly in the neuroepithelium where
cells are actively dividing and replicating DNA. These
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regions also undergo extensive, naturally occurring pro-
grammed cell death during the period of neurogenesis
(Blaschke et al 1996, Thomaidou et al 1997). Thus, their
increased susceptibility to heat-induced apoptosis may be
caused by an active cell cycle and a natural disposition
to cell death (Ross 1996). Evidence to support the theory
that developing neurons are more susceptible to apo-
ptotic-inducing stimuli exists in studies demonstrating in-
creased NMDA- or kainate-induced cell death in the neo-
natal vs adult rat brain (van Lookeren Campagne et al
1995). Embryonic proliferating cortical neurons also have
a high vulnerability to apoptotic stimuli because of their
expression of Fas/Apo-1 receptors (Cheema et al 1999),
which play a critical role in limiting cell proliferation by
apoptosis (Nagata and Goldstein 1995). It has been sug-
gested that such pathways are absent or down-regulated
in postmitotic neurons, in keeping with the need to pre-
serve cells that are irreplaceable (Marks and Berg 1999).
Furthermore, although Hsp70 induction could provide
protection and resistance to surviving cells against fur-
ther stressful insults, it may be more beneficial to induce
apoptosis in proliferating cells to prevent the perpetua-
tion of DNA that may have been mutated by the stress.

To sum up, the present report demonstrates hyperther-
mia-induced cell death in dividing cells of the adult rat
testis and thymus, but not in the adult cerebellum where
cell division and differentiation processes have ceased.
The differential apoptotic responses of these tissues to
hyperthermia did not correlate with the whole-tissue lev-
els of Hsp70 induction. Future studies will aim at deter-
mining, using immunocytochemistry, if a spatial corre-
lation of the stress-inducible Hsp70s to apoptosis exists.
Apoptosis was observed in the developing rat brain in
response to hyperthermia, specifically in neural regions
undergoing high proliferative activity. Adult neural cells
may be resistant to hyperthermia-induced cell death be-
cause they are irreplaceable and nondividing. These re-
sults suggest that the level of cell maturity (ie, dividing
vs postmitotic) contributes to the decision of whether or
not heat induces apoptosis in neural cells.
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