INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 49: 55, 2022

Hyperthermia accelerates neuronal loss differently between
the hippocampal CA1 and CA2/3 through different
HIF-1a expression after transient ischemia in gerbils
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Abstract. The hippocampus has a different vulnerability to
ischemia according to the subfields CAl to CA3 (initials of
cornu ammonis). It has been reported that body temperature
changes during ischemia affect the degree of neuronal death
following transient ischemia. Hypoxia-inducible factor la
(HIF-1o) plays a key role in regulating cellular adaptation to
low oxygen conditions. In the present study, we investigated the
pattern of neuronal death (loss) in CAl and CA2/3 following
5 min transient forebrain ischemia (TFI) under hyperthermia
(39.5+0.2°C) and the relationship between neuronal death
and changes in HIF-1a expression using western blot analysis
and immunohistochemistry in gerbils. Normothermia or
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hyperthermia was induced for 30 min before and during
the TFI, and neuronal death and HIF-1la expression were
observed at 0, 3, 6 and 12 h, 1, 2 and 5 days after TFI. Under
normothermia, TFI-induced neuronal death of CA1 pyramidal
neurons occurred on day 5 after TFI, but CA2/3 pyramidal
neurons did not die. In contrast, under hyperthermia, the
death of CAl and CA2/3 pyramidal neurons was observed
on day 2 after TFI. Under normothermia, HIF-1o expression
was significantly elevated in both CA1 and CA2/3 pyra-
midal neurons at 12 h and 1 day after TFI, and the increased
HIF-1la immunoreactivity in CA1 was dramatically reduced
from 2 days after TFI, but not in CA2/3 pyramidal neurons.
Under hyperthermia, the basal expression of HIF-1a in the
sham group was significantly higher in both CA1 and CA2/3
pyramidal neurons at O h after TFI than in the normothermia
group. HIF-1 expression was continuously higher, peaked
at 12 h after TFI, and then significantly decreased from 1 day
after TFI. Overall, the present results indicate that resistance
to ischemia in CA2/3 pyramidal neurons is closely associated
with the persistence of increased expression of HIF-1a after
ischemic insults and that hyperthermia-induced exacerbation
of death of pyramidal neurons is closely related to decreased
HIF-1a expression after ischemic insults.

Introduction

It is well known that cerebral neurons have different suscep-
tibilities to deleterious conditions, such as ischemic injury
and neurodegeneration, depending on brain area (1). The
hippocampus is one of the brain areas vulnerable to ischemic
insults, and hippocampal neurons respond differently to isch-
emic damage according to its subfields (CA1-3) and impact of
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ischemia. A short period (5 min) of transient forebrain ischemia
(TFI) in gerbils induces death of pyramidal neurons located
in hippocampal CAl at 4 or 5 days after TFI, but pyramidal
neurons of CA2/3 are resistant (2,3). Hippocampal neuronal
vulnerability to cerebral ischemia can be altered by body
temperature or ischemic duration (4,5). Higher temperatures
cause more severe ischemic damage. It was reported that in
gerbils, hyperthermia before and during a brief episode (5 min)
of TFI resulted in the accelerated death of hippocampal CAl
pyramidal neurons (6). Clinically, increased body temperature
during the first day after stroke is related to poor outcomes and
leads to devastating effects on mortality (7).

Hypoxia-inducible factor la (HIF-1a), a well-known
isoform of hypoxia-inducible factors, exerts hypoxia-inducible
transcriptional activity triggered by low oxygen condi-
tions, whereas HIF-1p is an oxygen-insensitive subunit (8).
HIF-1a expression is localized in the cytosol of pyramidal
neurons located in all hippocampal subfields (CA1-3) of rats
and gerbils (9-11). HIF-1a plays a key role in regulating cellular
adaptation to low oxygen conditions by modulating gene
expression, targeting cell survival, angiogenesis, and glucose
metabolism, which may contribute to alleviating ischemic
neuronal damage (12,13). Increased HIF-1a expression signifi-
cantly attenuates post-ischemic damage of hippocampal CA1
pyramidal neurons by increasing the expression of nuclear
factor-«B (NF-kB) and vascular endothelial growth factor
(VEGF) following ischemic preconditioning (9). In addition,
systemic administration of a HIF-1a activator (ML228) was
found to alleviate neuronal apoptosis in hippocampal CA1l
by attenuating the amplified expression of pro-inflammatory
cytokines and their receptors following cardiac arrest-induced
cerebral ischemia (14).

Although previous studies have reported the effects of
HIF-loa-mediated neuroprotection and its related signaling
pathways, few studies have been conducted on changes in
HIF-1a expression in hippocampal subfields induced by TFI
under hyperthermic conditions that cause more severe neuronal
damage. Therefore, the present study aimed to investigate the
pattern of neuronal death and expression of HIF-1a in hippo-
campal subfields (CA1-3) after 5 min TFI under hyperthermic
conditions in gerbils.

Materials and methods

Experimental animals and groups. In the present study, a total
of 240 male gerbils (age, 6 months; body weight, 70+5 g) were
used at the start of the experiment. The gerbils were bred and
kept in the Experimental Animal Center at Kangwon National
University located in Chuncheon (Korea). The animals
were housed in a conventional room (temperature, 22+2°C;
humidity, 57+5%; light/dark cycle, 12:12) with freely accessible
water and food. All experimental procedures were approved
(approval no. KW-200113-1) by the Institutional Animal Care
and Use Committee on January 13, 2020. The Animal care
and handling conformed to the NIH Guide for the Care and
Use of Laboratory Animals (The National Academies Press,
8th edition, 2011) (15). All efforts were taken at each stage
of the experiments to minimize the numbers of animals used
and to limit any discomfort to which the animals might be
exposed.

Experimental gerbils (total n=240) were divided into
four groups: i) sham-operated gerbils under normothermia
(NT/sham group; n=36), ii) TFI-operated gerbils under normo-
thermia (NT/ischemia group; n=84), iii) sham-operated gerbils
under hyperthermia (HT/sham group; n=36), iv) TFI-operated
gerbils under hyperthermia (HT/ischemia group; n=84).

In each group, 12 gerbils (n=5 for western blotting; n=7 for
histology) were sacrificed at 0 h (immediately after 5 min of
TFI operation), 3,6 and 12 h, 1,2 and 5 days after TFI (Fig. 1).

Induction of TFI under normothermia or hyperthermia. TFI
induction was performed according to previously described
methods (16,17) with minor modification. The gerbils
were anesthetized using inhalation anesthesia machine
(Harvard Apparatus) with isoflurane (2.5%; Baxtor) in
oxygen (33%) and nitrous oxide (67%). Under anesthesia, the
bilateral common carotid arteries, which are located in the
ventral neck, were ligated with aneurysm clips for 5 min.
Before and during the TFI surgery, body temperature was
controlled using a heating pad, which was connected to a rectal
thermistor (Harvard Apparatus) (Fig. 1). Rectal temperature
was controlled at 37.0+0.5°C for normothermia and elevated
up to 39.5+0.2°C for hyperthermia for 30 min. After the TFI
surgery, the gerbils were kept in thermal incubators (tempera-
ture, 22+2°C; humidity, 57+5%) to adjust body temperature on
a normothermic level. The gerbils in the sham groups with
normothermia or hyperthermia received the same TFI surgery
without ligation of the arteries.

Western blot analysis. To analyze HIF-la protein level
in CA1 and CA2/3, the gerbils of each group were sacri-
ficed under profound anesthesia by intraperitoneal (i.p.)
injection of pentobarbital sodium (200 mg/kg) (18) JW
Pharmaceutical Co., Ltd.) at the designated time (0, 3, 6
and 12 h, 1, 2 and 5 days after TFI). The death of animals
was confirmed according to vital signs including heart
beats, pupillary response, and respiratory pattern (lack of
cardiac activity for 5 min by cardiac palpation, unrespon-
siveness to light with dilated pupils using light into the eyes
of the animal, and lack of spontaneously breathing pattern
with shallow and irregular breathing pattern). CAl and
CA2/3 tissues were respectively collected from the hippo-
campi using brain matrix. Proteins of CAl and CA2/3 were
extracted according to a previously published method (9)
using rabbit anti-HIF-1a (cat. no. ab228649, diluted 1:5,000,
Abcam) and anti-f-actin (cat. no. ab8227, diluted 1:20,000,
Abcam) as primary antibodies.

For quantification of the bands, densitometry analysis was
performed using Scion Image software, Ver 4.0 (Scion Corp.).
The ratio, as relative density, of HIF-la protein was cali-
brated with the corresponding expression rate of [3-actin and
normalized to that in NT/sham group at O h.

Tissue processing for histology. For histology, the gerbils of
each group were profoundly anesthetized with 200 mg/kg (i.p.)
of pentobarbital sodium (18) (JW Pharmaceutical Co., Ltd.) at
the designated time (0, 3, 6 and 12 h, 1, 2 and 5 days after
TFI) and sacrificed after confirmation of death according to
the method described above. As previously described (16,17),
in short, the gerbils were perfused transcardially with
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Figure 1. Timeline of the experiment. Body temperature was controlled before TFI for 30 min and during TFI. The gerbils of the sham groups were sacrificed
for western blot and histological analyses at 0 and 3 h and 5 days, and those of the TFI groups were sacrificed at 0, 3, 6 and 12 h, 1, 2 and 5 days after TFI.

TFI, transient forebrain ischemia.

4% paraformaldehyde and their brains were extracted from
the skulls. The brains were post-fixed in the same fixative for
5 h. The fixed brain tissues were infiltrated with 30% sucrose
as cryoprotective agent when the brain tissues were cut. To
prepare brain sections containing the hippocampus, using a
cryostat, the frozen tissues were frontally cut into a 30-ym
thickness. Thereafter, the sections were stored in 6-well plates
containing PBS for histological staining.

Histochemistry using cresyl violet (CV). To examine the
morphology and distribution of hippocampal cells in all
groups, CV histochemical staining was conducted as previ-
ously described (9). In brief, the sections were stained with
1.0% CV acetate (Sigma-Aldrich; Merck KGaA) containing
0.28% glacial acetic acid. The stained sections were
dehydrated using ethanol series and mounted with Canada
balsam.

For analysis of hippocampal change following TFI,
CV-stained structures were observed using AxioM1 light
microscope at x4 and x20 magnifications (Carl Zeiss). In this
examination, six sections per gerbil were selected at 120-ym
intervals.

Histofluorescence using Fluoro-Jade B (FJB). To examine
TFI-induced neuronal death (loss) in CA1 and CA2/3, histo-
fluorescence using FIB, a representative marker of neuronal
degeneration/death, was conducted according to previously
published studies (16,17). In brief, the brain tissues were
soaked in 0.06% potassium permanganate and incubated in
0.0004% FIB (Histochem). Thereafter, the stained sections
were prepared for observation.

For analysis of FJB-positive cells, images of FIB-positive
cells were captured using a fluorescence microscope
(Carl Zeiss) with blue excitation fluorescence filter
(450-490 nm). The captured images (FIB-positive cells) were
analyzed using image analyzing software (NIH Image J 1.59).
Cell count was performed in 400 ym? at middle of the stratum
pyramidale of CA1 and CA2/3.

Immunohistochemistry. To examine changes in neurons and
HIF-1a expression, immunohistochemistry was performed
according to previously published methods (9,19,20). In short,
the brain sections were immersed in 0.3% hydrogen peroxide
(H,0,) and soaked in 5% normal goat serum. Thereafter, the
brain sections were incubated with each primary antibody,
rabbit anti-neuronal nuclei (cat. no. MAB377, NeuN; diluted
1:1,100, Chemicon International) and rabbit anti-HIF-1a
(cat. no. ab8366, diluted 1:500, Abcam) overnight at 4°C.
Subsequently, they were incubated in secondary antibodies,
biotinylated goat anti-rabbit IgG (cat. no. BA-1000-1.5, diluted
1:200, Vector Laboratories, Inc.) and streptavidin peroxidase
complex (diluted 1:200, Vector Laboratories, Inc.). Finally, the
sections were visualized using 0.05% 3,3'-diaminobenzidine
tetrahydrochloride.

Analyses of the numbers of NeuN immunoreac-
tive neurons and HIF-la immunoreactivity in CA1l and
CA2/3 were conducted according to previously published
methods (9,19-21). In short, images of NeuN immunoreac-
tive structures and HIF-1o immunoreactive structures were
captured using an AxioM1 light microscope at x20 magni-
fication. To quantitatively analyze the numbers of NeuN
immunoreactive neurons, the neurons were counted in
400 pm? at the middle of CA1 and CA2/3. To quantitatively
analyze HIF-lo immunoreactivity, the immunoreactive
structures were captured at the same area of interest and
calibrated into an array of 512x512 pixels. Finally, the
density of the HIF-1a immunoreactive structures was rela-
tively evaluated using Adobe Photoshop version 8.0 and
NIH Image J 1.59 software.

Statistical analysis. Data obtained in this study are expressed
as the mean + SEM. We statistically analyzed the differences
of the means between all groups by analysis of variance
(ANOVA) with a post hoc Bonferroni's multiple comparison
tests using SPSS program (version 18.0, IBM SPSS Statistics).
For all statistical analyses, P-values <0.05 were considered
statistically significant.
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Figure 2. (A-R) Cresyl violet (CV) staining in CA1 and CA2/3 of the NT/sham (A-C), NT/ischemia (D-I), HT/sham (J-L), and HT/ischemia (M-R) groups on
day 2 and 5 after TFI. CV-stained cells (asterisk in H) in the stratum pyramidale (SP) of CA1 of the NT/ischemia group were severely damaged on day 5 after
TFI. In the HT/ischemia group, decreased stainability in CV-stained cells (asterisks in N, O) is shown in the SP of both CA1 and CA2/3 on day 2 after TFI.
On day 5 after TFI, CV-stained cells (asterisks in Q, R) were apparently damaged in the SP of both CA1 and CA2/3. Scale bar, 200 ym (upper row) and 50 ym
(middle and lower rows). DG, dentate gyrus; SO, stratum oriens; SR, stratum radiatum; NT, normothermia; HT, hyperthermia.

Results

Differences in neuronal damage/death

Findings by CV histochemistry. CV-stained cells were
easily identified in all subfields of the gerbil hippocampus
of the NT/sham group. In particular, large pyramidal cells as
principal neurons consisted of the stratum pyramidale (SP)
(Fig. 2A-C). In the NT/ischemia group, the distribution of
CV-stained cells was not altered until 2 days after TFI in all
subfields (Fig. 2D-F). However, on day 5 after TFI, CV-stained
pyramidal cells of the SP were apparently damaged in CA1, but
those located in CA2/3 were similar to those in the NT/sham
group (Fig. 2G-I).

In the HT/sham group, the distribution of CV-stained cells
in all subfields was not different from that in the NT/sham
group (Fig. 2J-L). In the HT/ischemia group, on day 2 after TFI,
most of the pyramidal cells in CA1 were weakly stained by
CV (Fig. 2N), and CV-stained cells in CA2/3 were not signifi-
cantly different from those of the HT/sham group (Fig. 20).
On day 5 after TFI, most of the CV-stained pyramidal cells
in CA1 were severely damaged, and CA2/3 pyramidal cells
showed weak CV staining or were damaged (Fig. 2P-R).

Findings by FJB histofluorescence

CA1.FJB fluorescence staining revealed no FJB-stained degen-
erating (or dead) cells in the SP of CAl in the NT/sham group
(Fig. 3A-a). In the NT/ischemia group, FIB-stained cells were
not found in the SP on days 1 and 2 after TFI (Fig. 3A-c and e).
However, a significant increase in the number of FIB-stained
cells (36.2+2.7) was observed in the SP on day 5 after TFI
(Fig. 3A-g and q).

In the HT/sham group, similar to the NT/sham group,
FJB-stained cells were not found in the SP (Fig. 3A-i). In the
HT/ischemia group, a few FIB-stained cells were detected
in the SP on day 1 after TFI (Fig. 3A-k and q). In addition,
abundant FJB-stained cells were found in the SP on days 2
and 5 (30+1.5 and 33.9+2.1, respectively) after TFI (Fig. 3A-m,
o and q).

CA2/3. In the NT/sham group, FIB-stained cells were not
observed in the SP of CA2/3 (Fig. 3B-a). In the NT/ischemia
group, no FIB-stained cells were observed at any point in time
after TFI in CA2/3 (Fig. 3B-c, e, g and q).

In the HT/sham group, FIB-stained cells were not
detected in the SP of CA2/3 (Fig. 3B-i). In the HT/ischemia
group, FIB-stained cells were not found in the SP on day 1
after TFI (Fig. 3B-k and q). However, many FJB-stained
cells were found in the SP on day 2 after TFI (29.4+2.8)
(Fig. 3B-m and q). Furthermore, on day 5 after TFI, the
number of FJB-stained cells was significantly increased
(81.7+4.2) (Fig. 3B-o and q).

Findings by NeuN immunohistochemistry

CAl. In the NT/sham group, NeuN immunoreactivity was
observedinthe pyramidalcellsofthe SPin CA1 (Fig.3A-b).Inthe
NT/ischemia groups, the distribution of NeuN-immunostained
pyramidal cells in CA1 was not different from that of the
NT/sham group on days 1 and 2 after TFI (Fig. 3A-d and f).
However, on day 5 after TFI, NeuN-immunostained pyra-
midal cells were rarely observed in the SP. The percentage of
remaining NeuN-immunostained pyramidal cells was 22.2%
in the NT/sham group (Fig. 3A-h and r).

In the HT/sham group, the distribution of NeuN-
immunostained pyramidal cells was similar to that observed
in the NT/sham group (Fig. 3A-j). In the HT/ischemia group,
the NeuN immunoreactivity of NeuN-immunostained
pyramidal cells was weak on day 1 after TFI (Fig. 3A-1).
On days 2 and 6 after TFI, NeuN-immunostained pyra-
midal cells were significantly decreased (55.9 and 28.8% of
sham, respectively) (Fig. 3A-n, p and r), showing that
NeuN-immunostained pyramidal cells had significant
morphological alterations (pyknotic and tangle-like appear-
ance) on day 5 after TFI (Fig. 3A-p).

CA2/3. In the NT/sham group, NeuN-immunostained pyra-
midal cells were typically distributed in the SP of CA2/3
(Fig. 3B-b). In the N'T/ischemia group, the distribution and
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Figure 3. (A and B) Fluoro-Jade B (FJB) histofluorescence staining and anti-neuronal nuclei (NeuN) immunohistochemistry in CA1 (A) and CA2/3 (B) of
the NT/sham (a and b), NT/ischemia (c-h), HT/sham (i and j) and HT/ischemia (k-p) groups on day 1, 2 and 5 after TFI. In the NT/ischemia group, many
FJB-stained cells (white asterisk in A-g) were observed in the SP on day 5 after TFI in CAl, but not in CA2/3. However, in the HT/ischemia group, many
FJB-stained cells (white asterisks in m and o) were detected in both CA1 and CA2/3 from 2 days after TFI. The numbers of NeuN-immunostained pyramidal
cells of the NT/ischemia group were significantly reduced (black asterisk in A-h) only in CA1 on day 5 after TFI. In the HT/ischemia group, the numbers of
NeuN-immunostained pyramidal cells were decreased (black asterisks in n and p) in both CA1 and CA2/3 from 2 days after TFI. Scale bar, 50 gm. (q) Numbers
of FIB-stained cells in CA1 (A) and CA2/3 (B). (r) Numbers of NeuN-immunostained cells in CA1 (A) and CA2/3 (B). "P<0.05 vs. NT/sham group; "P<0.05

vs. pre-time point group; “P<0.05 vs. NT/ischemia group. The bars indicate the means = SEM (n=7, respectively). Note: the use of only small letters indicates
these panels in both A and B.

number of NeuN-immunostained pyramidal cells were similar In the HT/sham group, the distribution of
to those of the NT/sham group on days 1, 2 and 5 after TFI = NeuN-immunostained pyramidal cells was not different from
(Fig. 3B-d, f,h and 1). that of the NT/sham group (Fig. 3B-j). In the HT/ischemia
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Figure 4. (A and C) Western blot analysis of HIF-1a in CA1 (A) and CA2/3 (C) of the NT/sham, NT/ischemia, HT/sham, and HT/ischemia groups at 0, 3,
6and 12 h, 1,2 and 5 days after TFI. (B and D) Relative density of the immunoblot bands is represented. Protein levels of HIF-1a normalized to 3-actin in CA1
(B) and CA2/3 (D) "P<0.05 vs. NT/sham group at 0 h; "P<0.05 vs. pre-time point group; “P<0.05 vs. NT/ischemia group. The bars indicate the means + SEM
(n=5, respectively). HIF-1a, hypoxia-inducible factor la; NT, normothermia; HT, hyperthermia; TFI, transient forebrain ischemia.

group, the NeuN immunoreactivity of the SP was slightly
weak on day one after TFI (Fig. 3B-1). On days 2 and 5 after
TFI, the number of NeuN-immunostained pyramidal cells was
significantly reduced (78.7 and 49.9%, respectively) compared
to those in the HT/sham group (Fig. 3B-n, p and r).

Differences in HIF-1a protein level and immunoreactivity
HIF-1a protein level. The temporal pattern of HIF-1la
protein levels in CA1l and CA2/3 after TFI normothermia
or hyperthermia were observed to be different, as shown
in Fig. 4A and C. Small amounts of HIF-la protein were
detected in CA1 and CA2/3 of the NT/sham group; the levels
at 0 and 3 h, and 5 days after TFI were not altered. In the
NT/ischemia group, the level of HIF-la protein was signifi-
cantly increased from 12 h after TFI (Fig. 4B and D). In the
HT/sham group, at O h after TFI, HIF-1a protein levels in CA1
and CA2/3 were significantly higher (236 and 218% of the
NT/sham group, respectively) than that in the NT/sham group,
and the increased HIF-1a protein level was maintained until
6 h post-TFI, peaked at 12 h post-TFI, and after that decreased
(Fig. 4B and D).

HIF-1a immunoreactivity

CAl. In the NT/sham group, HIF-lo immunoreactivity was
hardly detected in CA1 pyramidal cells at 0 and 3 h, and 5 days
after TFI (Fig. 5A-a-c and C). In the NT/ischemia group,
HIF-1o immunoreactivity in the CA1 pyramidal cells was not
significantly altered at 3 and 6 h after TFI (Fig. 5Ba-c and C),
significantly increased at 12 h and 1 day after TFI (534.6
and 593.3% of the NT/sham group, respectively) (Fig. 5B-d,
e and C), returned to baseline level (113.5% of the NT/sham
group) at 2 days after TFI (Fig. 5B-f and C), and again
increased (208.7% of the NT/sham group) at 5 days after TFI
(Fig. 5B-g and C).

In the HT/sham group, HIF-1a immunoreactivity was
significantly increased (290.6% of the NT/sham group) in
the cytoplasm of the CA1 pyramidal cells at O h after sham
TFI (Fig. 5A-d and C) and returned to the baseline from 3 h
after TFI (Fig. 5A-e, f and C). In the HT/ischemia group,
increased HIF-lo immunoreactivity in the CA1l pyramidal
cells was shown at 0, 3, 6 and 12 h after TFI (365.6, 205.2,
471.3 and 719.9% of the NT/sham group, respectively)
(Fig. 5B-h-k and C). However, HIF-1a immunoreactivity was
dramatically decreased (15.4% of the NT/ischemia group)
at 1 day after TFI (Fig. 5B-1 and C), and, at 2 and 5 days after
TFI, HIF-1o. immunoreactivity was similar to that observed in
the NT/ischemia group (Fig. 5B-m, n and C).

CA2/3. In the NT/sham group, very weak HIF-1a immunore-
activity was observed in CA2/3 pyramidal cells, showing that
the immunoreactivity was not altered at O and 3 h, and 5 days
after TFI (Fig. 6Aa-c). In the NT/ischemia groups, HIF-1a
immunoreactivity in the CA2/3 pyramidal cells was slightly
increased at 3 and 6 h (Fig. 6B-b, ¢ and C), peaked (580.6%
of NT/sham group) at 12 h (Fig. 6B-d and C), and after that
gradually decreased (526.1% at 1 day, 411.8% at 2 days, and
412.6% at 5 days vs. the NT/sham group) until 5 days after TFI
(Fig. 6Be-g and C).

In the HT/sham group, HIF-1a immunoreactivity in the
CAZ2/3 pyramidal cells was significantly increased (250.3%
of the NT/sham group) only at O h after sham TFI when
compared with the NT/sham group (Fig. 6A-d and C). In the
HT/ischemia group, HIF-1ao immunoreactivity in the CA2/3
pyramidal cells was gradually increased (330.3% at O h,
401.1% at 3 h and 385.6% at 6 h vs. the NT/sham group)
(Fig. 6Bh-j and C), peaked (544.9% of the NT/sham group)
at 12 h (Fig. 6B-k and C), and after that significantly decreased
(253.3% at 1 day, 123.1% at 2 days, and 161.0% at 5 days vs.
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the NT/sham group) after TFI, showing that each immuno-
reactivity was significantly lower than that observed in the
NT/ischemia group (Fig. 6Bl-n and C).

Discussion

Using a gerbil model of 5 min transient forebrain ischemia
(TFI), we investigated the effect of TFI on neuronal death
(loss) in the hippocampal CA1 and CA?2/3 under hyperthermic
conditions and the relationship between neuronal death and
changes in hypoxia-inducible factor lo. (HIF-10) expression
following TFI under hyperthermia.

In the present study, TFI under normothermia induced
selective death of pyramidal cells, which are principal neurons,
in the CA1 on day 5 after TFI, but no loss of pyramidal cells
occurred in CA2/3 on day 5 after TFI. This finding is consis-
tent with the results of previous studies (2,3,22). These results
indicate that the pyramidal cells of CAl are susceptible to
brief transient ischemia, while the pyramidal cells of CA2/3
are resistant to brief transient ischemia, showing that there are
differences in neuronal sensitivity to ischemic stress according
to subfields in the hippocampus.

It has been reported that an elevation in body temperature
(observed in more than 25% of patients with stroke) during or

after ischemia induction is associated with more severe symp-
toms, poorer prognosis and mortality in patients with acute
stroke (23,24). It is known that an increase in core temperature
during or after ischemic insults induces an increase in meta-
bolic rate (25) and production of oxygen radicals (26), which
may aggravate ischemic neuronal damage. In our present study,
hyperthermia for 30 min before TFI (HT/ischemia group)
resulted in the earlier death of pyramidal cells in CA1 on day 2
after TFI and induced death in CA2/3 pyramidal cells on day 2
after TFI, which was not observed in the N'T/ischemia group.
These results are similar to the findings of previous studies
showing that, in rats and gerbils, ischemia-reperfusion under
hyperthermic conditions induces more accelerated neuronal cell
death in the hippocampal CA1 from approximately 1 day after
transient ischemia (4-6), and disruption of ischemic resistance
of pyramidal neurons in the hippocampal CA2/3 (4,6) and gran-
ular cells in the hippocampal dentate gyrus (19). Furthermore,
in a rat model of focal ischemic stroke, hyperthermia was
found to increase infarct size and worsen behavioral outcomes
when ischemic duration was maintained for more than 2 h (7).
Based on these results, it can be suggested that hyperthermic
conditions before and during transient ischemia augment and
accelerate ischemic damage of pyramidal cells in the hippo-
campus compared to that under normothermia.
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It has been demonstrated that HIF-1a is related to neuronal
damage/death or survival in the brain following ischemic
insults. Zhu et al reported that neuronal death in the hippo-
campal CA1l was observed, and HIF-1a immunoreactivity
was reduced following transient global ischemia in rats.
They showed that the neuroprotective effect induced by
hypoxia post-conditioning against ischemia was abolished by
2-methoxyestradiol (a specific HIF-1a inhibitor) (11). In addi-
tion, Kopach et al reported the role of HIF-1a in regulating
neuronal protection. The activation of HIF-la decreased
Ca**-dependent excitotoxicity in CA1 neurons in situ through
significant upregulation of endoplasmic reticulum Ca?*-ATPase
mRNA levels after oxygen-glucose deprivation (27).

In the present study, we found that, in the NT/ischemia
group, HIF-1a expression was significantly elevated in the
pyramidal cells of CA1 and CA2/3 at 12 h, and 1 day after TFI
the expression was differently decreased between CAl and
CAZ2/3. In CAl, the expression was significantly reduced on
day 2 and increased again on day 5 after TFI, but, in CA2/3,
the expression on days 2 and 5 after TFI was slightly decreased
(significantly higher than that in CA1). Based on this finding, in
the NT/ischemic group, survival of the CA2/3 pyramidal cells
from TFI may be due to the difference in HIF-1a expression on
day 2 after TFI. This result is supported by a previous report

showing that increased HIF-1o immunoreactivity in ischemic
CA1 was decreased before neuronal death in a gerbil model
of TFI (9). In addition, Lushnikova et al reported that HIF-1a.
mRNA levels were downregulated only in CAl neurons, but
not in CA3 neurons, along with the significant death of CAl
neurons in situ after oxygen-glucose deprivation (28), showing
that the degree of HIF-1a expression was different between
the CA1 and CA2/3 pyramidal cells. Taken together, it can be
speculated that a decrease in elevated HIF-1a expression in the
hippocampal CAl is closely related to ischemic neuronal cell
death and persistence of high HIF-1a expression in CA2/3 may
contribute to ischemic resistance of CA2/3 pyramidal neurons.

On the other hand, under hyperthermic conditions, the
basal level of HIF-1a expression at O h in the HT/sham and
HT/ischemia groups was significantly increased in both CAl
and CA2/3 pyramidal cells when compared to the NT/sham
and NT/ischemia groups. Similar to this early increase in
HIF-1a expression under hyperthermia in the present study, an
earlier increase in HIF-1a expression was reported in previous
studies using an animal model that caused relatively severe
damage compared to 5 min of TFI under normothermia.
Upregulated HIF-1o was observed immediately after 10 min
of TFI in the rat hippocampal CA1 region (11) and at 30 min
after hypoxia-ischemia injury in the mouse cortex (29). In the
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present study, HIF-1a expression peaked at 12 h in both CA1
and CA2/3 pyramidal cells of the HT/ischemia group and
then significantly decreased on day 1 after TFI (just before
neuronal cell death), showing earlier neuronal death despite
the initial high expression of HIF-1la as compared with the
NT/ischemia group. Although the exact reason for the early
increase in HIF-1a expression remains unclear, it may be due
to a protective mechanism against greater damage, or another
mechanism may be involved in hyperthermia-induced severe
neuronal damage. Therefore, based on our and previous studies,
it is likely that the reduction of increased HIF-1a. expression in
the hippocampus precedes ischemic neuronal cell death under
normothermic and hyperthermic conditions.

In summary, the present study showed that pyramidal cells
in CAl and CA2/3 had differences in ischemia sensitivity
under normothermia, and the relatively high resistance of
CA2/3 pyramidal cells may be closely related to the main-
tenance of high expression of HIF-1a after TFI. In addition,
hyperthermia accelerated ischemic neuronal death in both
CALl and CA2/3, showing that hyperthermia-induced neuronal
death is closely related to a reduction in increased HIF-1a
expression in both ischemic CA1 and CA2/3. Therefore, we
should consider the environment or conditions of the brain in
which ischemic insults occur because ischemic damage in the
brain is not the same in all patients with ischemic stroke.
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