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Proliferation of neuronal progenitor cells and neuronal
differentiation in the hypothalamus are enhanced

in heat-acclimated rats
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Abstract Male Wistar rats, initially maintained at an ambient
temperature (7,) of 24°C, were subjected to a constant high
T, of 32°C (HE) or were constantly kept at 24°C (controls,
CN). Bromodeoxyuridine (BrdU) was intraperitoneally
injected daily for five consecutive days after commencing
heat exposure. On the 6th, 13th, 23rd, 33rd, 43rd, and 53rd
day of heat exposure, rats’ brains were removed. Immuno-
histochemical analysis showed that the numbers of BrdU-
positive cells in the hypothalamus of HE were significantly
and consistently greater than those of CN. In HE, the number
of BrdU-positive cells double-stained by a mature neuron
marker increased abruptly after 33 days of heat exposure by
about seven times. This was not the case in CN. The results
suggest that heat exposure facilitates proliferation of neuro-
nal progenitor cells in the hypothalamus and promotes
differentiation to neurons, which might have certain relation
to establishing long-term heat acclimation in rats.

Keywords Thermoregulation - Hypothalamus -
Heat-exposure - Progenitor cells
Introduction

For animals, repeated exposure to moderate heat has been
well-known to result in the development of heat acclimation
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that improves heat tolerance [11, 42]. Such thermoregulatory
changes in heat-acclimated subjects are known to be
attributable to both the peripheral thermoeffector efficiency
at a given level of central thermoregulatory drive and to
changes in a gain of the thermoregulatory centers [18]. For
the peripheral mechanism, functional and morphological
changes of thermoeffectors have been well shown [16, 24,
31, 39, 48]. In rat vascular system, for instance, heat
acclimation enhanced arterial and venous distensibility [16,
24] and increased the density of arteriovenous anastomoses
in acral parts of the body [8]. This resulted in a high
capability for maintaining nonevaporative heat loss in the
heat environment. For the central mechanism of heat
acclimation, several investigations have been made in the
anterior hypothalamus from various points of views, regard-
ing gene expression profiles [23, 41] and morphological
changes in synaptic structures, e.g., number, thickness,
curvature, and complexity [2]. These studies reveal repetitive
heat exposure-induced neuronal plasticity in the thermoreg-
ulatory center and suggest a possible contribution of such
hypothalamic neuronal modifications to the establishment of
heat acclimation. However, the central mechanism of heat
acclimation has not been fully elucidated.

The heat acclimation process has two forms, namely
short-term and long-term heat acclimation, depending on
the length of the heat-exposed term [15, 17]. Briefly,
thermoregulatory changes of short-term heat acclimation
are lost rapidly after the end of heat exposure [40], while
those of long-term heat acclimation are stable and sustained
[15]. Thus, especially in long-term heat acclimation,
persisting functional and/or morphological changes may
be expected in the central thermoregulatory system. In adult
mammals, it has been well-recognized that neuronal
progenitor cells in the subventricular zone (SVZ) of the
lateral ventricles and the subgranular zone (SGZ) of the
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hippocampus formation [12, 28] proliferate and then
differentiate into neurons, with the newly generated neurons
having a significant role in acquisition and maintenance of
brain function [25]. In addition to these brain regions, recent
reports have clearly shown neurogenesis in the hypothalamus
[30, 37, 49]. In adult rat brain, neuronal progenitor cells exist
in the ependymal layer of the third ventricle and they migrate
into the hypothalamic parenchyma where they differentiate
into neurons [30, 49]. The new neurons could be functionally
integrated into neuronal networks by forming synapses and
producing neuropeptides [49]. The preoptic area of anterior
hypothalamus (POA/AH) is known to harbor neurons
involved in at least some afferent thermoregulatory pathways
[34], as well as thermosensitive first efferent neurons
involved in all autonomic thermoeffector pathways [33,
38]. Thus, neurogenesis and associated reconstructions of
neuronal networks in the hypothalamic area might have a
pivotal role in modulating thermoregulatory function even in
adult rats.

On the basis of the foregoing findings, we hypothesized
that long-lasting heat exposure might generate hypothalam-
ic neurons which would then be integrated in neuronal
networks in heat-acclimated animals. The present study
investigated how heat exposure affects proliferation of
hypothalamic neuronal progenitor cells using a proliferation
marker and how newborn cells differentiate into neurons
using neuronal and glial markers.

Materials and methods

All animal experiments were performed in accordance with
the Guidelines for Animal Experimentation of Shimane
University Faculty of Medicine, which were compiled from
the Guidelines for Animal Experimentation of the Japanese
Association for Laboratory Animal Science.

Animals

Male Wistar rats (5 weeks of age) were housed individually
in transparent plastic cages (width, 270 mm; length,
440 mm; height, 187 mm) with wood chippings and were
initially maintained at an ambient temperature (7}) of 24.0+
0.1°C and relative humidity of 54+5% under a 12:12-h light—
dark cycle (lights on at 1600 hours). Since the rats were kept
in plastic cages, air velocity inside the cages was negligible.
Rats were anesthetized with pentobarbital sodium (50 mg/
kg, i.p.) and implanted in the intraperitoneal cavity with a
temperature transmitter (TA10TA-F40; Data Sciences, St.
Paul, MN, USA). After a 2-week recovery period, rats for
heat acclimation (HE) were subjected to a constant T, of
32.0+0.2°C and relative humidity of 35+8%, while
control rats (CN) were continuously kept at 24.0+£0.1°C.

@ Springer

The T, for CN (also HE before heat exposure) was selected,
since freely moving Wistar rats have been reported to prefer
about 24-26°C [43]. During the experiment, cages were
cleaned and food and water were replaced every 2 or 3 days
at random times of the day.

Experimental protocol

In HE, bromodeoxyuridine (BrdU; Sigma, St Louis, MO,
USA), the most widely used marker to identify newly born
cells in adult brain, was injected into the rats’ abdominal
cavity daily (50 mg/kg/day) for five consecutive days after
starting heat exposure. Then, the rats were divided into six
subgroups (n=4 in each group). On the 6th (HE6), 13th
(HE13), 23rd (HE23), 33rd (HE33), 43rd (HE43), and 53rd
(HES3) day of the heat exposure period, the animals were
anesthetized with pentobarbital sodium (50 mg/kg, i.p.) and
were perfused transcardially with 4% formaldehyde. Brains
were removed, fixed overnight at 4°C in 4% formaldehyde,
and then immersed in 20% (w/v) sucrose solution. The
brain samples were used for immunohistochemical studies.
After the brain sampling, both adrenal glands were removed
from each rat and their wet weights were measured. The
same procedure was applied to CN without heat exposure,
i.e., the brains and adrenal glands were removed on the 6th
(CN6), 13th (CN13), 23rd (CN23), 33rd (CN33), 43rd
(CN43), and 53rd (CN53) days corresponding to the heat
exposure period in HE (=4 in each group).

In a different series of study, three groups of rats (n=4 in
each group) were used. They were exposed to heat as in the
main experiment. Between the 11th and 15th day, the 21st
and 25th day, and the 31st and 35th day of the heat
exposure schedule, BrdU (50 mg/kg/day, i.p.) was injected
daily into the rats. Four weeks after the end of BrdU
injection, the rats were anesthetized and the brains were
removed. The same samplings were made in CN (n=4 in
each group).

Furthermore, an additional study was conduced in eight
rats (SHES3). Rats were exposed to a constant 7, of 32°C
for only six consecutive days and then kept at 7, of 24°C.
BrdU was injected into the rats’ abdominal cavity (50 mg/
kg/day) daily for the first five consecutive days of heat
exposure. On the 53rd day after starting heat exposure, rats
were anesthetized and the brains were removed. Then, brain
samples were used for immunohistochemical analyses.

Measurements of intra-abdominal temperature

Intra-abdominal temperature (7;,) of the rats was measured
using a biotelemetry system for 1 day before the onset and
on the last day of heat exposure. All data were processed
every minute with a computer logging system (Data quest,
Data Sciences International, St Paul, MN, USA), and data
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were separately analyzed in the light and dark phases of
day.

Immunohistochemistry

Immunohistochemical analysis was carried out as described
previously [21]. Brain sections (40 um thickness) were
prepared using a cryostat and collected as free-floating
sections. For detection of BrdU incorporation, brain
sections were incubated in 50% formamide/2x standard
sodium citrate for 2 h at 65°C, incubated in 2 N HCI for
30 min at 37°C, rinsed in 100 mM boric acid (pH 8.5) for
10 min at 25°C, and then washed with 0.25% Triton X-100
in Tris-buffered saline (pH 7.4). For multiplex immunoas-
saying, coronal sections were incubated with several
primary antibodies for 12 h at 4°C. The primary antibodies
used in this study were monoclonal rat anti-BrdU IgG
(1:10; Oxford Biotechnology, Oxford, UK), polyclonal
mouse antineuronal nuclei (NeuN) IgG (1:500; Chemicon,
Newcastle, UK), polyclonal goat antidoublecortin (Dcx)
IgG (1:100; Santa Cruz Biotechnology, Santa Cruz, CA,
USA), polyclonal rabbit anti-adenomatosis polyposis coli
(APC) IgG (1:100; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), polyclonal rabbit antiglial fibrillary acidic
protein (GFAP) IgG (1:100; Sigma, St Louis, MO, USA),
and monoclonal antisynaptophysin (SYN) antibody (1:200;
Sigma, St Louis, MO, USA). To identify localization of
BrdU-immunopositive (BrdU+) cells colabeled with NeuN,
Dcx, APC, GFAP, and SYN, Alexa Fluor 633 antirat IgG
with Alexa Fluor 488 antimouse IgG, Alexa Fluor 488
antirabbit IgG, and Alexa Fluor 488 antigoat IgG (1:500,
Molecular Probes, Eugene, OR, USA) were used as the
secondary antibody. After staining, sections were mounted
on glass slides and covered with 80% glycerol. All of sections
were visualized under x20 or x40 magnifications using a
confocal microscope (Olympus FV-300, Tokyo, Japan) and
imaging software (Olympus Fluoview, Tokyo, Japan). BrdU+
cells were observed by a Cy5 filter, while other colabeled
cells were detected by a fluorescein isothiocyanate filter.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling staining

Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) staining was carried out with
an ApopTag Red In Situ Apoptosis Detection Kit (Chemicon,
Newcastle, UK) according to the manufacturer’s protocol.
First, the brain sections were washed in phosphate buffered
saline (PBS; Nissui, Tokyo, Japan). The sections were
partially digested with proteinase K (20 pg/ml; Merck, NJ,
USA) at room temperature for 15 min and washed twice in
PBS. Thereafter, the sections were incubated at room
temperature in an equilibration buffer. Moreover, the tissue

sections were incubated at 37°C for 1 h with TUNEL reaction
mixture (70% reaction buffer/30% terminal deoxynucleotidyl
transferase enzyme) in a humidified chamber in the dark. The
slides were agitated and incubated in stop/wash buffer for
10 min at room temperature. After incubation, the sections
were washed three times with PBS. Then rhodamine-
conjugated antidigoxigenin antibody diluted with blocking
solution (47:53 v/v; Chemicon, Newcastle, UK) was applied
to the sections, which were then incubated in a humidified
chamber for 30 min at room temperature. Then, sections
were mounted on glass slides and covered with 80%
glycerol. All of sections were visualized under 20 magni-
fications using a confocal microscope (Olympus FV-300,
Tokyo, Japan) and imaging software (Olympus Fluoview,
Tokyo, Japan), using standard rhodamine excitation and
emission filters.

Data quantification and statistical analysis

For the hypothalamic area, brain sections (between —0.26
and —4.80 mm from bregma) were obtained according to
the Paxinos and Watson atlas [36]. BrdU+ cells were counted
at 12 sections per animal. Because the BrdU-labeled nuclei
were counted at one sixth interval sections, the possibility of
counting split cells on different sections was minimized to
less than 10%, according to the equation of Abercrombie
[14]. Individual BrdU+ cells stained with NeuN, Dcx, GFAP,
or APC were also counted. TUNEL-labeled cells also were
observed under a confocal laser microscope. The cell counts
are shown as the total number of twelve sections.

The results are presented as means + standard errors of
the mean (SEMs). The parameters obtained were analyzed
by two-way (the lapse of day and heat exposure) analysis of
variance and the effects of heat exposure on parameters
were evaluated using Student’s ¢ test. A level of P<0.05
was considered significant.

Results

The mean T, in the light and dark phases of day in CN and
HE is summarized in Table 1. Before starting heat
exposure, Ty, levels in both phases of CN did not differ
from those of HE. Heat exposure significantly increased 7,
both in the light (F(;, 36=45.61, P<0.0001) and dark
phases (£, 36=39.92, P<0.0001) in all subgroups. Body
weights (F(s, 36=381.73, P<0.0001) and adrenal weights
(Fs, 36=36.12, P=0.0092) significantly increased with the
lapse of days in both CN and HE (Table 2). The adrenal
weights were measured as one of markers of stress level.
However, heat exposure had no significant effects on these
weights, although body weight of HE6 was slightly lower
than that of CN6.
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Table 1 Mean intra-abdominal temperature (7,,) on specific days in control and heat-acclimated rats

Day CN HE CN HE
Light phase Dark phase Light phase Dark phase Light phase Dark phase Light phase Dark phase
6 37.21+0.06 37.82+0.05 37.20+0.07 37.82+0.05 37.22+0.09 37.81+£0.07 37.76+0.10 38.62+0.12
13 37.19+0.07 37.79+0.09 37.21+0.06 37.80+0.08 37.23+0.06 37.79+0.06 37.82+0.12 38.69+0.09
23 37.21+£0.08 37.84+0.07 37.20+0.05 37.82+0.07 37.21+0.08 37.82+0.08 37.81+0.11 38.66+0.11
33 37.22+0.09 37.86+0.06 37.22+0.08 37.83+0.06 37.25+0.07 37.84+0.06 37.83+0.13 38.69+0.10
43 37.21+0.11 37.86+0.07 37.21+0.09 37.84+0.07 37.24+0.10 37.84+0.07 37.89+0.12 38.68+0.12
53 37.24+0.07 37.92+0.06 37.22+0.08 37.85+0.06 37.26+0.09 37.88+0.06 37.96+0.13 38.72+0.14

Values are the means + SEMs (n=4 in each day of the heat exposure period)

Before a day before starting the heat exposure period, During the last day of the heat exposure period, Day days after starting the heat exposure

period, CN control rats, HE heat-exposed rats

Proliferation of progenitor cells

In both CN and HE, BrdU+ cells were detectable in each
field of the hypothalamus on all days examined (Fig. 1a).
The total number of BrdU+ cells in HE was significantly
greater than that of CN (£, 36)=51.99, P<0.0001; Fig. 1b).
The number of BrdU+ cells decreased over time (£(s, 36)=
3.34, P=0.0139), as incorporated BrdU is known to be
gradually lost from the cells [22]. However, the number of
HE constantly maintained a higher level than CN. In HEG6, a
high density of BrdU+ cells was observed in the ependymal
layer of the third ventricle (Fig. 1a, middle). In the other HE
subgroups, in contrast, BrdU+ cells were broadly expressed
in the parenchyma of the hypothalamic area (Fig. la,
middle; photos of HE23, HE33, and HE43 not shown). The
number of BrdU+ cells in HE6, HE13, HE23, HE33, and
HEA43 was significantly greater than that of CN6 (P=0.02),
CN13 (P<0.01), CN23 (P<0.05), CN33 (P<0.05), CN43
(P<0.05), and CN53 (P<0.05), respectively.

In an additional study, when BrdU was injected into rats
between the 11th and 15th days and the 21st and 25th days
of heat exposure period, the numbers of BrdU+ cells of HE
in the hypothalamus were significantly greater than those of

Table 2 Body and adrenal glands weighs on specific days in control
and heat-acclimated rats

Day CN HE CN HE

6 250+8 230+13 41.6+£1.2 41.1+£0.8
13 276+8 266+12 42.0+4.2 43.4+1.5
23 31549 305£12 452432 44.8+3.1
33 349+13 345+12 47.8+3.1 47.2+42.5
43 384+10 374+14 S51.1+2.1 50.1+£3.2
53 411+13 408+14 52.9+2.1 50.9+4.0

Values are the means + SEMs (n=4 in each day of the heat exposure
period)

Day days after starting the heat exposure period, CN control rats, HE
heat-exposed rats

@ Springer

CN (in both periods, P<0.05; Fig. 2). However, in heat-
exposed rats injected with BrdU between the 31st and 35th
days of heat exposure period, the number of BrdU+ cells in
the hypothalamus did not differ from that of CN (P=0.09;
Fig. 2).

Because constitutive birth of new neurons has been
unambiguously demonstrated within the SVZ of the lateral
ventricles and the SGZ of the dentate gyrus, BrdU+ cells of
these areas were also inspected. However, heat exposure
did not increase the number of BrdU+ cells in the SVZ
(Fig. 3a, ¢) or the SGZ (Fig. 3b, d) on any days of heat
exposure (only HE6 and HES53 are shown).

Neuronal phenotypes of hypothalamic newborn cells

Brain sections were immunolabeled with an anti-BrdU
antibody together with an anti-NeuN antibody, which labels
mature neuronal nuclei with lighter staining in the cyto-
plasm. BrdU and NeuN double-labeled (BrdU+/NeuN+)
cells were detected in the hypothalamus in both CN and HE
(Fig. 4a). The number of BrdU+/NeuN+ cells and percentage
of BrdU+/NeuN+ cells to BrdU+ cells in the hypothalamic
area significantly increased with the lapse of days (number;
Fis, 36=30.43, P<0.0001, percentage; F(s 36=26.53, P<
0.0001; Fig. 4c). In addition, heat exposure significantly
elevated the number and percentages of BrdU+/NeuN+ cells
to BrdU+ cells (number; F{;, 36y=35.43, P<0.0001, percent-
age; F(1, 36=36.1, P<0.0001). In HE6, HE13, HE23, and
HE33, only a small number of BrdU+/NeuN+ cells were
observed in the hypothalamus, i.e., 0.2+£0.2%, 1.2+0.3%,
2.3+1.3%, and 3.4+1.8% of the number of BrdU+ cells,
respectively (Fig. 4c). HE43 and HES3, however, conspic-
uously exhibited increased numbers of BrdU+/NeuN+ cells
in the hypothalamic area, i.e., 26.6+11.8% and 34.2+£9.2%
of the number of BrdU+ cells, respectively. Then, the
percentage of BrdU+/NeuN+ cells to BrdU+ cells in HE43
and HE53 was significantly higher than that of CN43 (P<
0.03) and CN53 (P<0.001), respectively.
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Fig. 1 Progenitor cell prolifera-
tion and migration in the hypo-
thalamus. a Representative
BrdU-labeled (red) sections of
the hypothalamus inspected by
laser-scanning confocal micros-
copy in CN (top) and HE
(middle) rats; scale bar 100 pum.
Bottom, BrdU+ cells of area
boxed in HE6 (leff) and HES3
(right); scale bar 10 pm. CN6,
CN13, and CN53 show samples
on the 6th, 13th, and 53rd day of
the experiment, respectively.
HE6, HE13, and HES3 show
samples on the 6th, 13th, and
53rd day of heat exposure,
respectively. 3V third ventricle;
scale bar 100 um. b Total
number of BrdU+ cells in the
hypothalamus of CN (open
bars) and HE (gray bars).
Numbers in the abscissa
indicate days after starting heat
exposure (n=4 in each
subgroup). Values are the
means + SEMs. Heat exposure
significantly increased the
numbers of BrdU+ cells.
Asterisk indicates significant 250
difference between CN and HE

200
150

100

Number of BrdU+ cells

50

Figure 5 shows localization of BrdU+/NeuN+ cells in
the hypothalamus in HE. The numbers of BrdU+/NeuN+
cells in the POA/AH, ventromedial nuclei (VMH),
dorsomedial nuclei (DMH), and posterior hypothalamic
area (posterior hy) tended to increase with the lapse of
days. As in the total count of hypothalamic BrdU+/NeuN+
cells, however, the numbers abruptly increased in HE43 an
HES53. In the paraventricular nuclei (PVH) and lateral
hypothalamic area, such rises in the number of double-
stained cells were not seen. Among the six regions tested, the
number of BrdU+/NeuN+ cells appeared to be the largest in
the POA/AH, e.g., in HE53, 23.24+9.2% of BrdU+/NeuN+
cells to BrdU+ cells were located in the POA/AH, while
11.3£3.0%, 16.9+£7.8%, 4.7£2.9%, and 17.3+£6.9% were
detected in the VMH, DMH, PVH, and posterior hy,
respectively. The POA/AH includes several structures, most

6 13 23 33 43 53

Days of heat exposure

notably the medial preoptic area (MPO) and the median
preoptic nucleus (MnPO) [34]. Our estimation in HES53
showed that in 23.2% of BrdU+/NeuN+ cells to BrdU+ cells
of the POA/AH, 6.0% and 3.8% were found in MPO and
MnPO, respectively.

We additionally examined whether heat exposure-
induced newborn cells in the hypothalamus could differen-
tiate to mature neurons without heat exposure. The number
of BrdU+/NeuN+ cells in SHE53 was significantly larger
than that of CN53 (P<0.05), while the number was
significantly smaller than that of HES3 (P<0.05; Fig. 6a).
The percentage of BrdU+/NeuN+ cells to BrdU+ cells in
the hypothalamus was significantly depressed without heat
exposure (comparison between HE53 and SHES3, P<0.05;
Fig. 6b), and then, the percentage of SHES3 did not differ
from that of CNS53.
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Fig. 2 Total number of BrdU+ cells in the hypothalamus of CN (open
bars) and HE (gray bars). BrdU was injected between the 11th and
15th day, the 21st and 25th day, and the 31st and 35th day after
commencing heat exposure. Numbers in the abscissa indicate days
after starting heat exposure (n=4 in each subgroup). Values are the
means + SEMs. Asterisk indicates significant difference between CN
and HE

Dcx expression in hypothalamic newborn cells

Brain sections were double-stained with antibodies against
BrdU and the developmentally regulated marker Dcx. It
has been shown that Dcx is a microtubule-associated
protein found in the soma and processes of newborn and
migrating neurons [5]. The soma and projections in part of
the hypothalamic cells were immunohistochemically vi-
sualized in each sample (Fig. 7a, b). The total counts of
BrdU+ cells labeled with Dcx in the hypothalamic area in
HE were significantly larger than that of CN (F, 36)=
21.36, P<0.0001), since the number of BrdU+ cells of HE
was far greater than that of CN (Fig. 7¢). It seemed that
the number of BrdU+/Dcx+ cells deteriorated in HES3
when the number of BrdU+/NeuN+ cells increased. The
ratio of BrdU and Dcx double-positive cells to BrdU+
cells did not differ between CN and HE in the hypotha-
lamic area, e.g., 39.2+£9.8% in HES53 and 34.7+12.6% in
CN53.

Glial phenotypes of newborn hypothalamic cells

BrdU+ cells were double-labeled with glial markers,
APC, an oligodendrocyte marker, and GFAP, an astro-
cyte marker, in CN and HE. In both groups, BrdU+
cells stained with APC were detectable in the hypothal-
amus (Fig. 8a, b). Heat exposure led to a marked increase
in the total number of BrdU and APC double-labeled cells
over CN (P<0.05). However, the percentage of colabeled
cells to BrdU+ cells in the hypothalamus did not differ
between CN and HE, e.g., that of CN53 was 3.7+1.2%
and that of HE53 was 3.94+1.6%. In contrast, BrdU+ cells
expressing GFAP were rarely detected in both CN and HE
(Fig. 8c).

@ Springer

Synaptic formation of newly generated cells in HE

In the hypothalamus of HE, some of the BrdU+ cells
appeared to be double-labeled with SYN, i.e., the confocal
microscopic images clearly demonstrated synaptic vesicle
membrane proteins surrounding a part of BrdU+ cells
(Fig. 9). Because of the unique staining pattern of SYN
(Fig. 9, left), accurate quantitative analysis (counting BrdU
and SYN double-labeled cells) could not be made.

TUNEL-positive cells in the hypothalamus

It is well known that apoptotic signal enhances progenitor
cell proliferation in central nerves system [44]. To deter-
mine whether heat exposure induces apoptosis, the number
of TUNEL-positive cells in the hypothalamus was mea-
sured. TUNEL-positive cells in the hypothalamus were
detectable in CN and HE in all samples. The numbers of
TUNEL-positive cells were counted in CN (CN6, CN13,
and CN23) and HE (HE6, HE13, and HE23) during the
period when progenitor cell proliferation was facilitated in
HE (Fig. 10a). There were no significant differences in the
numbers of TUNEL-positive cells between two groups
during the heat exposure period (Fig. 10b).

Discussion

The present study showed that in HE6, the number of
BrdU-labeled cells in the hypothalamic area was signifi-
cantly greater than that in CN6 (Fig. 1). The results strongly
suggest that moderate heat exposure promoted proliferation
of the progenitor cells within 5 days after starting heat
exposure. A large number of the BrdU+ cells were detected
in the ependymal layer of the third ventricle, where progenitor
cells are shown to exist. In the other HE subgroups (HE13—
HES53), BrdU+ cells were broadly expressed in the parenchy-
ma of the hypothalamus. Similarly to the previous report in the
hypothalamus of rats stimulated with basic fibroblast growth
factor [49], heat exposure-induced newborn cells in the
ependymal layer of the third ventricle may have migrated
into the hypothalamic parenchyma. In addition, the enhance-
ment of progenitor cells proliferation in response to heat
exposure appears to last for until at least 25 days, since the
additional study showed that the number of BrdU+ cells in HE
was significantly increased compared with CN when BrdU
was injected into rats between 11 and 15 days or between 21
and 25 days after the onset of heat exposure (Fig. 2).
However, this is not the case after 31-day heat exposure.
To determine whether heat exposure affects the propor-
tion of newborn cells developing a cell type and a neuronal
phenotype, we also tested hypothalamic BrdU+ cells for the
expression of NeuN, Dcx, APC, and GFAP. In HE6, HE13,
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Fig. 3 Newborn cells in the SVZ and SGZ. Representative BrdU-
labeled sections of the SVZ of the lateral ventricles (a) and the SGZ of
the hippocampus formation (b) analyzed by laser-scanning confocal
microscopy in CN (/eft) and HE (right). CN6 and CN53 show samples
on the 6th and 53rd day of the experiment, respectively. HE6 and
HES53 show samples on the 6th and 53rd day of heat exposure,

HE22, and HE33, the percentages of BrdU+/NeuN+ cells
number to BrdU+ cells number in the hypothalamus were
below 4%. Interestingly, the percentage abruptly increased
to more than 26% in HE43 and HES3 (Fig. 4c). In CN, the
ratio of BrdU+/NeuN+ cells to BrdU+ cells gradually
increased with passage of days, but vigorous neurogenesis
was not seen even in CN43 and CN53. The observations
certified that the proliferated cells in the hypothalamus
following heat exposure differentiated to mature neurons

d 350

300

250 | { T
200 | [
150 | [
100 |
50 |

0

Number of BrdU+ cells

6 53
Days of heat exposure

respectively. LV lateral ventricle, DG dentate gyrus; scale bar 100 pm.
Bottom, BrdU+ cells of area boxed in HE6 (leff) and HES3 (right);
scale bar 10 um. ¢, d total numbers of BrdU+ cells in the SVZ and
SGZ of CN (open bars) and HE (gray bars). Values are the means +
SEMs. Heat exposure did not affect the numbers of BrdU+ cells

when the term of heat exposure was more than 43 days.
Furthermore, in HE, a large number of BrdU+ cells, e.g.,
nearly 30% in HES3, in the hypothalamus were expressing
Dcx, a marker of immature neurons. In contrast, a small
number of hypothalamic newborn cells were stained with
APC, a marker of oligodendrocyte, and BrdU+ cells rarely
expressed GFAP, a marker of astrocyte (Fig. 8). The results
clearly suggest that a majority of hypothalamic newborn
cells induced by 6-day heat exposure took on a neuronal
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Fig. 4 Time-dependent changes of NeuN expressions of hypothalam-
ic newborn cells. Colabeling of BrdU (red) with neuronal marker,
NeuN (green), by confocal optical sectioning. a BrdU/NeuN-labeled
sections of the hypothalamus in heat-exposed rats. HE6, HE13, and
HES3 show samples on 6th, 13th, and 53rd day of heat exposure,
respectively. Arrows denote double-labeled cells (yellow). 3V third
ventricle; scale bar 100 um. b Confocal reconstruction of area boxed
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Fig. 5 Localization of BrdU+/NeuN+ cells in the preoptic area of
anterior hypothalamus (POA/AH), ventromedial nuclei (VMH), dorso-
medial nuclei (DMH), paraventricular nuclei (PVH), posterior hypo-
thalamic area (posterior hy), and lateral hypothalamicarea (LH) of HE
(n=4 in each subgroup). HE6, HE13, HE23, HE33, HE43, and HES3
show samples on the 6th, 13th, 23rd, 33rd, 43rd, and 53rd day of heat
exposure, respectively. BrdU+/NeuN+ cell in HE6 were rarely
detected in all regions. Values are the means £ SEMs
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in a. Left, NeuN; middle, BrdU; right, merge. Scale bar 10 um. ¢ The
numbers of BrdU+/NeuN+ cells (leff) and percentages of BrdU+/
NeuN+ cells number to BrdU+ cells numbers (right) in CN (open
circles) and HE (closed triangle). Numbers in the abscissa indicate
days after starting heat exposure. Heat exposure significantly
increased the ratio. Values are the means + SEMs. Asterisk indicates
significant difference between CN and HE

fate. Since the progenitor cell proliferation was shown
between 11 and 15 days and between 21 and 25 days after
the onset of heat exposure (Fig. 2), it may also be interesting
to examine the fate of those newborn cells.

There might be a possibility that heat exposure-induced
newborn cells could be automatically differentiate to
neurons without any temperature stimuli. In the additional
study, therefore, rats were exposed to heat for only 6 days
to facilitate hypothalamic progenitor cell proliferation and
then kept at a control temperature. As shown in Fig. 6, both
the number of BrdU+/NeuN+ cells and the percentage of
BrdU+/NeuN+ cells to BrdU+ cells in SHES3 were
significantly smaller than those of HES3. Especially in the
percentage of BrdU+/NeuN+ cells to BrdU+ cells, the value
of SHES53 did not differ from that of CN53. Thus, constant
heat exposure is required for promoting differentiation of
newborn cells to mature neuron in the rat hypothalamus.
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Fig. 6 Differentiation of newly born cells to mature neurons on 53rd
day after starting heat exposure schedule. The number of BrdU+/
NeuN+ cells (leff) and percentage of BrdU+/NeuN+ cells number to
BrdU+ cells number (right). CN53 control rats constantly kept at 24°C,
HES53 rats constantly exposed to heat (32°C), SHES3 rats exposed to

It is noteworthy that the number of BrdU+/NeuN+ cells
in the hypothalamus of HE was drastically increased after
33 days of heat exposure (Fig. 4c). This suggests that
vigorous neuronal differentiation initiated between 33 and
43 days after commencing heat exposure in the hypothal-
amus. Recently, an arrest of cell proliferation has been
shown to stimulate neuronal differentiation [3, 27] by for
instance, inhibiting cycline-dependent kinases [7, 10]. Our

Fig. 7 Dcx expression of hypo- a
thalamic newborn cells. Colabel-

ing of BrdU (red) with immature

neuron maker, Dcx (green), by

confocal optical sectioning. a

BrdU- and Dcx-labeled sections

of the hypothalamus in control

(left) and heat-exposed (right)

rats. Arrows denote double-

labeled cells (yellow). CN53 and

HES3 show samples of control

and heat-exposed rats, respec-

tively, on the 53rd day of the heat

exposure period. Scale bar

100 um. b Confocal reconstruc- b
tion of area boxed in (a). Left,
Decx; middle, BrdU; right, merge.
Scale bar 10 um. ¢ The number
of BrdU+/Dex+ cells (leff) and
percentages of BrdU+/Dcx+ cells
number to BrdU+ cells number
(right) in CN (open circles) and
HE (closed triangle). Numbers in

Ratio of BrdU+/NeuN+ cells T
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heat for only 6 days and then transferred to control temperature. Values
are the means + SEMs (n=4 in each subgroup). Asterisk indicates
significant difference between CN and SHE; number sign denotes
significant difference between HE and SHE

additional study in HE showed that after 31-day heat
exposure, progenitor cell proliferation was depressed
(Fig. 2), whereas differentiation to neurons was markedly
facilitated after 33-day heat exposure (Fig. 4c). Thus, these
results may be consistent with those forgoing reports
regarding the relationship between neuronal proliferation
and differentiation. As described, the process of heat
acclimation can be short term and long term, depending

the abscissa indicate days after c
. o 80 * 60
starting heat exposure. Heat = i @
exposure significantly increased . s ! 3 & 50
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Fig. 8 Glial expressions of
hypothalamic newborn cells.
Colabeling of BrdU (red) with
each glial markers (green) by
confocal optical sectioning.
CN53 and HE53 show samples
of control and heat-exposed rats,
respectively, on the 53rd day of
the heat exposure period.

a BrdU- and APC-labeled sec-
tions of the hypothalamus.
Arrows denote double-labeled
cells (yellow). Scale bar

100 pum. b Reconstruction of
area boxed in (a). Left, APC;
middle, BrdU; right, merge.
Scale bar 10 pm. ¢ BrdU- and
GFAP-labeled sections in the
hypothalamus. 3V third
ventricle; scale bars 100 pm

483  on term of heat exposure [17]. It is thought that in rats, induced neurogenesis might have certain relationship to 490
484  conversion from short-term to long-term heat acclimation  acquisition of a new thermoregulatory function in long-term 491
485  occurs, at a rough estimate, after around 4 weeks of exposure ~ heat acclimation in rats. 492
486  to moderate heat [18]. The critical period appears to be There have been plenty of studies showing the anatom- 493
487  close to the period when differentiation of newborn cells to  ical localization of neurons involved in thermal afferent 494
488  mature neurons (not proliferation) in the hypothalamic area ~ pathway, thermal sensitivity, and/or thermoeffector efferent 495
489  is energetically promoted (Fig. 4c). Thus, heat exposure-  pathway in the hypothalamus [4, 33, 34, 50]. The POA/AH 496

Fig. 9 SYN expression of hypothalamic newborn cells. Colabeling of from a rat on the 53rd day of the heat exposure period. Lefi panel,
BrdU (red) with SYN (green) by laser-scanning confocal microscopy scale bar 100 um. Right panel, confocal reconstruction of area boxed
in the hypothalamus of heat-exposed rats. The sample was obtained in the lefi panel, scale bar 10 um
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Fig. 10 TUNEL-positive cells
in the hypothalamus. a Repre-
sentative TUNEL-labeled (red)
sections of the hypothalamus by
confocal optical sectioning in
CN (upper panels) and HE
(lower panels). CN6, CN13, and
CN23 show samples on the 6th,
13th, and 23rd day of the ex-
periment, respectively. HE6,
HE13, and HE23 show samples
on the 6th, 13th, and 23rd day of
the heat exposure period,
respectively. 3V third ventricle;
scale bar 100 um. b Total
number of TUNEL-positive
cells of CN (open bars) and HE
(gray bars) in the hypothalamus.
Numbers in the abscissa indicate
days after starting heat exposure
(n=4 in each subgroup). Values
are the means +SEMs. Heat
exposure did not affect the
numbers of TUNEL-positive
cells

is well known to be one of the most important regions
involved mainly in afferent thermoregulatory pathway [20,
33, 35, 38]. Interestingly, the percentage of newborn
neurons of the POA/AH in the hypothalamus appeared to
be the highest (Fig. 5) among regions examined especially
in HE43 and HES3, e.g., in HES3, 23.2% of BrdU+/NeuN+
cells were located in the POA/AH. Other areas, such as the
PVH, DMH, and VMH and posterior hy, are also known
to participate significantly in thermoregulation [6, 26, 45],
e.g., neurons in the DMH have a role in controlling
thermoregulatory cutaneous vasomotion [9]. In HE53, a large
number of BrdU+/NeuN+ cells were also located in the
VMH, DMH, and the posterior hy. Newborn neurons in
these regions may be involved in heat acclimation-induced
changes in autonomic thermoregulatory function. Different
from autonomic thermoregulation, it has been shown that the
POA/AH does not have a significant role in selecting
preferred ambient temperature, one of behavioral thermoreg-
ulations [1]. Since heat acclimation may alter preferred
temperature in rats [43], studies of progenitor cell prolifer-
ation and neurogenesis of brain regions related to behavior in
heat-acclimated rats may be needed.

Recent studies have suggested that newborn neurons
generated from the adult hypothalamic progenitor cells can
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be integrated into neural networks by forming synapses and
functionally working in, for instance, a feeding control system
[22, 30]. In association with this study, we attempted to
double-stain BrdU+ cells with a marker of synaptic vesicle
membrane proteins, synaptophysin [29] in HE. The confocal
microimages clearly demonstrated a part of BrdU+ cells
were surrounded by synaptophysin (Fig. 9). Thus, heat
exposure-generated newborn cells might have established
synaptic connections with existing neurons of the hypothal-
amus. In addition, a large number of heat exposure-induced
newborn cells were stained with Dcx. Since Dcx is a
microtubule-associated protein present in neuronal projec-
tions [5], antibody to Dcx could allow visualization of
dendritic arborization in immature neurons. In HE, some of
BrdU and Dcx double-labeled cells exhibited fusiform
shapes with a single process extending from their somata
(Fig. 7). Others displayed more complex morphologies with
many often-arborized projections. Thus, migrating and/or
differentiating immature neurons might have been in the
process of integrating into the hypothalamic circuitry.
Nevertheless, these morphological observations may provide
a good possibility that heat exposure-induced newborn cells
in the hypothalamus have a capability to contribute to
constructing a new neuronal network in rats.
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Heat exposure significantly elevated core body temper-
ature (Table 1). A high temperature physically facilitates
biological reactions due to Qo effect and then might
accelerate cell proliferation. There are some brain regions
which show a strong proliferative potency, e.g., the SVZ
and SGZ. The SVZ gives neuronal precursors that migrate
to the olfactory bulb through the rostral migratory stream,
and the SGZ supplies the granular layer of the DG with
new neurons [12]. We therefore examined BrdU+ cells in
the two regions in HE and CN. However, heat exposure and
an associated rise in core temperature had a minimum
influence on cell proliferations in both the SVZ and SGZ
(Fig. 3). The rise in cell temperature may not directly lead
to proliferation of progenitor cells. The influence of heat
exposure on vigorous proliferation of progenitor cells
appears to be limited in the hypothalamic area where the
thermoregulatory centers exist. Since heat exposure greatly
elevates skin temperature, thermal inputs from the cutane-
ous thermoreceptors to the thermoregulatory centers may be
one of key factors to promote progenitor cell proliferation
in the hypothalamic area.

In studies in vitro, intense heat stress was reported to
induce apoptotic cell death [46]. Neuronal cell death could
be subsequently apoptotic stimulation and then facilitates
neurogenesis in the central nervous system of rodents [44].
The present results, however, showed that the number of
TUNEL-positive cells was not increased by exposure to
moderate heat during the period when progenitor cell
proliferation was vigorously induced in the hypothalamus
(Fig. 10). Again, direct temperature effects on heat exposure-
induced neurogenesis may be ruled out. For neurogenesis, a
certain process of central adaptation has been known to be
attained by apoptosis of neurons [44]. Obviously, this is not
the case in the central mechanism of heat acclimation and
this adaptation may be attributable not to loss of neurons but
to neurogenesis.

Continuous exposure to heat could be a chronic stress on
rats. Indeed, body weight of HE6 tended to decrease.
Chronic stress has been known to activate hypothalamic—
pituitary—adrenal axis (HPA) which induces hypertrophy of
adrenal weights [47]. However, the adrenal wet weights of
HE did not differ from those in CN (Table 2). In addition,
activation of the HPA has been reported to interfere with
proliferation of progenitor cells in the central nervous
system [13, 19, 32]. The augmented cell proliferation and
neurogenesis in the hypothalamus of heat-acclimated rats
may not be caused by chronic stress.

In summary, constant exposure to moderate heat facili-
tated proliferation of progenitor cells in the ependymal
layer of the third ventricle in rats. The proliferation started
within the first 5 days of the heat exposure period and
appeared to persist at least for the following 20 days. The
newborn cells seemed to migrate into the hypothalamic

@ Springer

parenchyma and dominantly differentiated to mature and
immature neurons. Differentiation to mature neurons was
significantly augmented after 33 days of heat exposure.
Taken together, heat exposure promoted proliferation of
progenitor cells in the hypothalamus for the first 30 days of
heat exposure and then strongly facilitated neurogenesis
thereafter. Some newly generated neurons appeared to be
integrated in a neural network in the hypothalamus.
Changes of thermoregulatory function in long-term heat-
acclimated rats may possibly be at least in part attributable
to generations of neurons in the hypothalamus.
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