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Abstract

Hyperthermia aggravates Neuronal Apoptosis

following Global Ischemia in Gerbils

Advised by professor Myung-bok Wie

Shinmi Park

Department of Veterinary Medicine

Graduate School, Cheju_National University, Cheju, Korea

Brain hyperthermia has been known to be implicate in the exacerbated
damage of neuronal cells during ischemic insult or recirculation. In this
study, we examined whether and how hyperthermia (39°C) affects the
neuronal apoptosis according to the difference of brain regions such as
hippocampus, thalamus, neocortex, piriform cortex at an early reperfusion
stage.

Bilateral common carotid arteries occlusion (CCAo) was induced in
gerbils for 5 min during which brain temperature was maintained at either
37°C (normothermia) or 39°C (hyperthermia) followed reperfusion for 48
h. Apoptotic cell death was evaluated by terminal deoxyribonucleotidyl

transferase-mediated dUTP-biotin nick end-labeling (TUNEL) and Bax,



pro-apoptosis member. In addition, we evaluated the state of astrocyte or
microglial cells including inducible nitric oxide synthase (iNOS),
endothelial nitric oxide synthase (eNOS) and neuronal nitric oxide synthase
(nNOS) within the same brain areas. The numbers of TUNEL-positive
neurons were increased within neocortex and hippocampus in hyperthermic
(HT) animals, but not in normothermic (NT) and sham-operated animals at
48 h after reperfusion. The numbers of Bax-positive neurons were
increased within the hippocampus, thalamus, ‘neoconex and piriform cortex
in  HT animals, but not within neocortex and piriform cortex in NT
animals. The glial fibrillary acidic protein (GFAP) immunoreactivity of HT
animals was increased in the hippocampal region compared with that of
NT animals. In contrast with NT animals, the intensive activation of
microglial cells by isolectin B4  histochemistry could be seen in the
hippocampus. thalamus and neocortex region in HT animals. The
nNOS-positive cells between the HT and NT animals were not changed in
these regions. However, the iNOS- and eNOS-positive cells (abundantly in
neuron) were highly increased within the hippocampal CAl region in HT
animals.

Therefore, our results suggest that hyperthermia may be one of the
crucial factors in acceleration of the neuronal apoptosis by the elevation of
iINOS expression through the activation of microglia and astrocyte after

ischemic injury.

Key words: global ischemia, hyperthermia, apoptosis, TUNEL, Bax, iNOS,

astrocyte, microglia
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1. Introduction

The brain has been known as an organ which is extremely sensitive to
ischemia and reperfusion injury. The vulnerability of brain cells differs
according to the neuronal populations. In the hippocampus of both humans
and rodents, pyramidal neurons in the CAl region are selectively
vulnerable to transient ischemia, and cell death of these neurons occurs
gradually days after reperfusion (Kirino and Sano, 1984). Transient global
ischemia in the four-vessel occlusion model in the rat, results in reduction
of the blood flow (Pulsinelli er al., 1982) and causes neuronal death in
the neocortex, in the striatum and hippocampus, which are the most
vulnerable areas to_ischemia (Pulsinelli and Brierley, 1979).

Two distinct processes of cell death, necrosis and apoptosis, can be
recognized. Necrosis is a passive form of cell death and results from
injury. Apoptosis, on the other hand, is an active form of cell death
initiated by the cell on the basis of information from its developmental
history, from the environment or from its genome. Apoptosis is important
in the pathogenesis of several nervous system diseases (Barr and Tomei,
1994, Thompson, 1995; Nijhawan et al., 2000).

It is established in well-characterized rodent models that hypothermia
during a period of transient global ischemia attenuates the neuronal injury,
while temperature elevation exacerbates damage (Busto er al, 1987; Welsh
et al, 1990. Minamisawa ef al, 1990). Brain hypothermia has been

reported to reduce cerebral metabolic rate (Lanier, 1995; Mori er al.,



1998), oxygen consumption (Mori er al, 1998), intracranial pressure
(Burger et al., 1998) and hydroxy! radical production (Kil er al., 1996).
On the other hand, hyperthermia during the transient ischemia exacerbates
ischemia-induced neuronal death in hippocampal CAl neurons (Dietrich er
al., 1990; Kil er al, 1996). Production of reactive oxygen species (Kil er
al., 1996), hydroxyl free radicals (Globus er al., 1995), calcium influx into
neurons (Choi, 1998) and vascular permeability (Dietrich er al.. 1991) has
been reported to be accelerating by hyperthermia. However, the expression
of apoptotic factors, Bax and P53 and apoptotic cell death in global
ischemia following hyperthermia remains inadequately defined.

In this study, we examined whether and how hyperthermia affects the
neuronal apoptosis according to the difference of brain regions such as
hippocampus, thalamus, neocortex and piriform cortex at 48 h after
reperfusion using an immunohistochemical method. Thus, we surveyed the
influence of hyperthermia on the expression of Bax, nNOS, iNOS, eNOS.

GFAP and Isolectin B4 during global ischemia in gerbils.



2. Materials and Methods

2.1 Animals
Female Mongolian gerbils (50-60g) were obtained from the Korea
Research Institute of Bioscience and Biotechnology, KIST (Taejeon,

Korea).

2.2. Induction of cerebral ischemia

The female Mongolian gerbils (Meriones unguiculatus) weighing 50-60g
were used in this study. Gerbils were anesthetized with chloral hydrate
(400mg/kg, i.p.). In the supine position, a middle ventral incision was
made in the neck. Both common carotid arteries (CCAs) were exposed,
separated carefully from the vagus nerve. Gerbils underwent 5min of
CCAs occlusion during which rectal temperature was maintained at either
37°C (normothermia, n=6) or 39°C  (hyperthermia, n=6). Blood flow
during the occlusion and reperfusion after removal of the clips was
confirmed visually and the incision was closed. Rectal temperature was
monitored for 3-4 h during reperfusion. The gerbils were sacrificed 48 h
after ischemia. They were deeply anesthetized with pentobarbital (65mg/kg,
i.p.) and transcardially perfused for fixation with ice-cold 4%
paraformaldehyde in 0.1M phosphate buffer solution, pH 7.4(PBS). The
brain were removed from the skull and fixed in the same fixative for
24-48 h. Thereafter, the brains were embedded in paraffin  and

representative  coronal sections(6um thick), which included the dorsal



hippocampus, mounted on slides and stained with 1% cresyl violet.

2.3. Immunohistochemistry

Immunohistochemical procedures were carried out using an avidin-biotin
complex kit (Vector Laboratories, Burlingame, CA) by following the
instruction from the manufacturer. Briefly, 6um sections of the brain were
deparaffinized, and treated with 0.3% hydrogen peroxide in deionized
water for 30min to block endogenous peroxidase. After three washes in
phosphate buffer, the sections were exposed to normal goat serum.
Adjacent sections were then incubated with primary antibodies of rabbit
anti-Bax  (Upstate Biotechnology, Waltham, MA), mouse anti-nNOS
(Transduction Laboratories, Lexington, KY), mouse anti-eNOS
(Transduction Laboratories, Lexington, KY), mouse anti-iNOS (Transduction
Laboratories, Lexington, KY), mouse anti-GFAP (DAKO. High Wycombe.
UK) diluted in PBS for lh at room temperature. After washing, the
sections were sequentially treated with biotinylated secondary antibody and
avidin-biotin complex (Vector) for 45min each. Immunolabeling was
visualized wusing 3, 3'-diaminobenzidine (DAB, Vector), and finally

counterstained with hematoxylin.

2.4. Lectin histochemistry

Microglia cells were histochemically stained with peroxidase-labeled
isolectin-B4 from  Griffonia simplicifolia (Sigma, St. Louis, MO). The
isolectin is a marker discriminating microglia from other glia cells. Briefly,

the sections were incubated with the isolectin (100xg/ml) in PBS for 1 h



at room temperature. Then. the sections were reacted with 3,

3'-diaminobenzidine (Vector) and counterstained with hematoxylin.

2.5. Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP

nick end-labeling (TUNEL)

DNA fragmentation was detected by in situ nick end-labeling, as
described in the manufacturer's instructions (Calbiochem, Lajolla, CA). In
brief, the paraffin sections were deparaffinized, rehydrated, and washed in
Tris-buffered saline (TBS). The sections were treated with 0.05% pronase
for 30 min at room temperature, and blocked with 0.3% hydrogen
peroxide in methyl alcohol for 10 min and washed with TBS. Tissue were
incubated with equilibration buffer for 20min and reacted with TdT
enzyme for 1.5 h at 37°C. and then reaction was stopped in stop buffer
for 5 min. Finally, sections were reacted with peroxidase-labeled
anti-digoxigenine antibody for 30 min. Positive cells were visualized using

a diaminobenzidine substrate kit and counterstained with hematoxylin.



3. Results

The overall results of immunohistochemistry and TUNEL staining are
summarized in Table 1.

The sham-operated animals showed no evidence of neuronal death and
had an average neuronal density (Fig. 1A, 1B). The gerbils in the
normothermic (NT) animals and hyperthermic (HT) animals showed
neuronal damage in the CAl sector. In the cell bodies and nuclei of
pyramidal neurons within the CA1l hippocampus of NT animals there
appeared a massive necrotic swelling morphology (Fig. IC, 1D). However,
in HT animals, the neuronal damage was not restricted to the CAl region
but also involved the CA2-CA4 regions including dentate granule neurons
(Fig. 1E, 1F). Moreover, almost the whole cytosolic membrane of neurons
were already ruptured and irreversibly damaged (Fig. IE. 1F). Increasing
brain temperature 2°C during the ischemic insult extensively increased the
extent and severity of hippocampal damage at 48 h after reperfusion.
Thus, we detected DNA fragmentation to clarify the extent of damage.

The TUNEL staining was highly expressed within the cell nuclei in all
areas of the hippocampus, dentate gyrus and neocortex in HT animals
(Fig. 2B, 2D). However, in NT animals, the TUNEL-positive neurons were
not detected (Fig. 2A, 2C). The TUNEL staining was evident in the
hippocampus and neocortex where many neurons were already dead.

In sham-operated animals, we could not observe the immunostaining of

Bax protein. In the hippocampal CA1-CA3 region and thalamus of NT



animals, the number of Bax-positive neurons were a few. (Fig. 3A, 3C),
not in piriform cortex (Fig. 3E) at 48hr after reperfusion. In HT animals,
the Bax expression was increased in the CA2, 3 (Fig. 3B), thalamus (Fig.
3D) and piriform cortex (Fig. 3F).

Astrocytes that defined by GFAP immunoreactivity in sham-operated
animals appeared to be completely normal (Fig. 4A). On the other hand,
the GFAP immunoreactivity remarkably increased in the hippocampal
region that underwent hyperthermic injury (Fig. 4C). The increased staining
may be due to an enlargement of the GFAP-positive cell bodies and
processes, as well as to an increase in the actual number of
GFAP-positive cells when compared to astrocytes in sham-operated
animals. However, in NT animals, the extent of GFAP immunoreactivity
increased less than that of HT animals (Fig. 4B). After 48h reperfusion,
strong microglial activation could be seen in the hippocampal region,
thalamus (Fig. 5) and neocortex in HT animals. In NT animals, the
microglia were only rarely and weakly stained with isolectin B4 (Fig. 5).
However, activated microglia were not observed in sham-operated animals.

In case of the nNOS, the staining was restricted to the neocortex in all
animals. The eNOS was normally expressed in all regions of brain. The
extent of eNOS expression especially in hippocampal neuron and neocortex
was higher than that of other regions in sham-operated animals. However,
in  NT animals, the extent of eNOS expression was increased in
hippocampal areas compared with that of sham operated animals. Between
NT and HT animals, eNOS immunoreactivity of HT animals more

increased than that of NT animals. (Fig. 6A, 6B). In sham-operated



animals, we could not observe the iNOS-positive cells in all brain regions.
Similarly, the iNOS expression in NT animals was only found in
neocortex region. Interestingly, we found massive expressed neurons of
INOS, restricted within the hippocampal CA1 region in HT animals (Fig.
6C, 6D).



Table 1.  The expression of nNOS, eNOS, iNOS, Bax, GFAP,

Isolectin B4 and DNA fragmentation after Smin CCAs occlusion.

aNOS eNOS iNOS GFap 'Solectin g, .DNA
B4 fragmentation

Sham
Hippocampus CAl - + - + - -
Hippocampus CA2.3 - + - ++ - - + -
Thalamus - + - + - - _
Neocortéx + ++ - + - + -
Piriform Cortex - + - + - - -
Normothermia
Hippocampus CAl - ++ - ++ + + -
Hippocampus CA2.3 - ++ - ++ + + -
Thalamus - + - + - + -
Neocortex + +++ + +++ L + _
Piriform Cortex - + - ++ - - _
Hyperthermia
Hippocampus CAl - +++ ++ +++ + + +++
Hippocampus CA23 - +++ - +++ ++ +++ +++
Thalamus ~ + - ++ +++ +++ +
Neocortex + +++ + +++ +++ + +++
Piriform Cortex - + - ++ +++ +++ -

The results of immunohistochemistry and staining reactivity of DNA

fragmentation are summarized. Symbols indicate that immunoreactivity is :

““ »

“-" not seen; “t” seldom; “+” sparse; “++” frequent; +++

abundant



Fig. 1. Microphotographs of the ischemic hippocampal CAl region in

the gerbils. at 48 h after global ischemia (cresyl-violet staining). (A. B)
Sham-operated gerbil hippocampus. (C. D) Gerbil hippocampus following
intraischemic  normothermia. (E, F) Gerbil hippocampus  following
intraischemic hyperthermia. Scale bar = 500um (A, C, E) and 25/m (B. D.
F).

_10_



ig. 2. Representative microphotographs of DNA fragmentation detected

by TUNEL staining in the hippocampus (A. B). Cortex (C, D) at 48 h
following transient forebrain in gerbils. A, C: Normothermia in gerbil at
48 h after reperfusion. B, D: Hyperthermia at 48h after repertusion.
Positive TUNEL staining is observed in the whole part of the

hippocampus. dentate granule cells and cortex. Scale bar = 500um (A. B)

and 25/m (C. D).

- 11 -



Fig. 3. Immunohistochemistry to Bax in the ischemic hippocampal CA3
region (A. B). thalamus (C. D). piriform cortex (E, F). A, C. L

Normothermic gerbil. B, D. F : Hyperthermic gerbil. Scale bar = 100;m.

_12_



Fig. 4. Immunohistochemistry to GFAP in the ischemic hippocampal
region in the gerbils at 48 h after reperfusion. (A) Sham-operated gerbil
hippocampus. (B) Gerbil hippocampus following normothermia. (C) Gerbil
hippocampus  following  hyperthermia. ~ Note obvious increase  of

immunostaining of astrocytes. Scale bar = 500um.

- 13 -



Fig. 5. Immunohistochemistry to isolectin B4 in the ischemic thalamus

of normothermic and hyperthermic gerbils. at 48 h after reperfusion. A:
normothermia. B: hyperthermia. Microglial activation was observed in the

thalamic region in intraischemic hyperthermia. Scale bar = 25/m.

_.14-



Fig. 6. Endothelial nitric oxide synthasc (eNOS) (A. B) and inducible

nitric oxide synthase (iNOS) (C. D) immunoreactivity in hippocampal CAl

region. A. C: normothermia. B, D: hyperthermia. Scale bar = 25m.

_15_



4. Discussion

These results are generally consistent with the previous study which
concluded that intraischemic hyperthermia was contributed to exacerbate on
neuronal damage following ischemic injury (Dietrich er al., 1990). In this
study, we observed that the typical swelling of neuronal cells in the
hippocampal CA1 region at 48 h after occlusion of the bilateral common
carotid arteries. However, almost neuronal cells in this region were dead at
48 h in HT animals.

Many researchers have reported that TUNEL-positive cells and Bax
expression are elevate in many areas during the cascade process of
ischemia (Hara et al, 1995; Gillardon ef a/, 1996). In this study, we
could not find TUNEL-positive cells in- NT animals at 48 h after
occlusion of the bilateral common carotid arteries as reported by Iwai ef
al. (1995). However, TUNEL-positive cells were broadly expressed in
some other areas, such as the hippocampus, dentate gyrus, thalamus and
neocortex in HT animals. Bax-positive cells, most in neurons were
increased in hippocampus, thalamus and piriform cortex in HT animals,
but only a few neurons were found in NT animals. It has been suggested
that almost dying neurons exhibit a high expression of Bax (Krajewski er
al., 1995). These results suggest that the elevation of cerebral temperature,
such as inflammatory diseases may contribute as one of the acceleration
factor on the exacerbation of ischemic injury state (Allan, 2000).

The elevation of nNOS-positive neurons has been known at an early

stage of ischemic injury, 6 h, but decreased to normal range at 72 h after

_16_



MCA occlusion (Niwa et al, 2001). In this result. we observed a few
nNOS-positive neurons in the neocortex at 48 h. However, there was no
difference among all animals. This may be ascribed to the overpass of the
observation window. eNOS was not found in the endothelium of
microvessels in sham operated animals as reported by others (Niwa er ul.
2001). However, eNOS immunoreactivity increased more in both NT and
HT animals than that of sham operated animals in neurons and
endothelium cells. Between NT and HT animals, eNOS immunoreactivity
of HT d4nimals increased more than that of NT animals. As shown in
previous reports. these results suggest that increased eNOS may improve
the cerebral blood flow and reduce ischemia-induced cerebral infarction as
a neuroprotective mechanism (Zhang er «l, 1994). iNOS induction in
astrocyte has been known to be a consequence of ischemia-induced
neuronal damage (McElhaney er al. 1994). The most striking result in
three NOS immunoreactivity was the detection of iNOS in neurons of the
hippocampal CAl region in HT animals. iINOS expression in neocortex
was slightly increased in NT and HT animals, but there was no difference
between them. This data supports that the elevation of iNOS
immunoreactivity in neurons may be considered as one of the stress
reactions occurring at an early stage of cerebral ischemia (Calabrese er al.,
2000). Moreover, iINOS is known to be concerned with the cell death in
hippocampal CAl region (Nomura, 1998).

Microglial and astroglial cells are known to activate by hyperthermia
during ischemic injury. The microglial activation remarkably increased,

especially in the hippocampus, thalamus, neocortex and piriform cortex in

—17_



HT animals. Activated microglia are known to capable of releasing
numerous cytotoxic agents including proteolytic enzymes, cytokines,
complement proteins, reactive oxygen intermediates, NMDA-like toxins and
nitric oxide (Lees, 1993).

This study demonstrates that hyperthermia during the global ischemia
exacerbates the neuronal death according to the difference of brain regions.
The hippocampus and neocortex were detected very sensitive regions to
the hyperthermia during ischemic injury through the iNOS production by
the concurrent activation of microglia and astrocytes. Therefore, we suggest
that the adequate regulation of brain temperature contributes the survival of

neuronal cells in ischemic insults.
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