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Abstract Both mild hypothermia (MH) and decompres-
sive craniectomy (CE) have been shown to have neuropro-
tective effects in brain ischemia. We investigated a possible
effect of MH and a combination of CE and MH (CE+MH)
on the changes of infarction size, DNA fragmentation, and
immunoreactivities for Bcl-2 and Bax after 24 h of per-
manent middle cerebral artery occlusion (MCAO) in rats.
For the estimation of ischemic brain injury, we calculated
the infarct size of the MCA region at 24 h after the MCAO.
Terminal deoxynucleotidyl transferase-mediated dUTP–
biotin in situ nick labeling (TUNEL) staining was
performed for the detection of DNA fragmentation. Immu-
noreactivities for Bcl-2 and Bax were stained. Infarction
size after permanent MCAO was significantly reduced by
CE+MH treatment (P<0.01). Infarction size did not change
significantly by application ofMH alone (P>0.05). TUNEL
staining was remarkably reduced both in MH-treated
animals and in CE+MH-treated animals. Immunoreactivity
for Bcl-2 was greatly induced both in MH-treated animals
and in CE+MH-treated animals. Induction of immunore-
activity for Bcl-2 was obviously inhibited both in MH-
treated animals and in CE+MH-treated animals. It suggests
that temporaryMH delays infarct evolution and ameliorates
neuron apoptosis but does not significantly reduce definite
infarction size. CE+MH not only ameliorates neuron
apoptosis but also remarkably reduces infarction size.
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Introduction

Massive unilateral hemispheric infarction occurs in 10–
15% of stroke patients and can lead to edema, increased
intracranial pressure (ICP), and death. Prognosis for such
patients is poor. In recent several years, the combined use of
aggressive therapies for ischemic stroke, such as throm-
bolysis, hypothermia or decompressive hemicraniectomy,
could potentially benefit such patients. The combined use
of mild (and moderate) hypothermia (MH) and hemicrani-
ectomy (CE) has been reported to improve outcome in both
experimental research and clinical work [13]. In such cases,
MHmay be able to increase the therapeutic benefit of CE or
expand the time window. Multiple mechanisms for decom-
pression and hypothermia-induced neuroprotection have
been identified [2, 8]. There are no data available in regard
to the combined treatment ofMH and decompressive CE on
the effect of apoptosis. The present study was designed to
evaluate the singular and combined effects of MH and CE
on infarction size, and potential roles of MH and CE for
attenuation of apoptosis were assessed by detection of DNA
fragmentation, and immunostaining of the proapoptotic
protein Bax and the antiapoptotic protein Bcl-2 in a rat
model of middle cerebral artery occlusion (MCAO).

Materials and methods

Animal preparation

Thirty-six male Wistar rats (weight, 280–320 g) were
allocated to three treatment groups: an MH )group, anMH+
CE group, and a normothermia (NT) group, of 12 animals
each (n=8, staining; n=4, histology). The study was
approved by the animal committee of the Suzhou
university. Animals were allowed free access to food and
water before the procedure and were anesthetized with
ketamine (4 mg/100 g) and xylazine (1.5 mg/100 g) by
intramuscular injection. Monitoring of pH, PO2, PCO2, and
blood pressure during anesthesia was performed with the
use of a femoral artery catheter. Focal cerebral ischemia was
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induced with 4–0 nylon suture in all animals by endo-
vascular occlusion of the MCA, as described by Koizumi et
al. [20]. MH was induced as follows. In the MH group and
the MH+CE group, 1 h after MCAO the whole-body was
induced with the use of ice packs until a target temperature
of 32°C in the temporalis muscle was reached and thereafter
was maintained at 32°C until 67 h after MCAO. Cooling
was performed at an average rate of 0.2°C/min; target
temperature was obtained in roughly 25 min. After 5 h of
hypothermia while under general anesthesia, rewarming to
37°C was performed gradually within 30 min Contralateral
temporalis muscle and rectal probes were used to monitor
temperature. Measurement of rectal temperature was per-
formed throughout the anesthetic condition (before and
during MCAO and hypothermia). Measurement of tem-
poralis muscle temperature was started immediately after
endovascular occlusion and monitored throughout the an-
esthetic condition. Contralateral temporalis muscle tem-
perature has been reported to approximate closelyto the
intraparenchymal brain temperature [24]. CE was per-
formed in the animals according to Doerfler et al. [9] by
creating a bone flap (10–5 mm) in the temporal and parietal
bone with the use of a dental drill; additional bone was
removed under microscopy. The dura was then opened in a
cruciate incision. The effects of MH and MH+CE on
infarction size, cell apoptosis and expression of the Bcl-2
and Bax proteins 24 h after MCAO were evaluated. MH
was performed 1 h after MCAO and maintained for 5 h, till
24 h of survival. In the MH+CE group, MH was performed
1 h after MCAO and maintained for 5 h, After that, CE was
performed till 24 h of survival. In the NH group, MCAO
was performed and the animals’ temperature kept at 37°C
till 24 h of survival.

Analysis of cerebral infarct volume

Rats were given an overdose of thiopental sodium and
decapitated, and then the brain was quickly removed and
frozen in liquid nitrogen. The brain was cut into a 2–mm
thick coronal block. The brain slices were immersed in a
2% solution of 2,3,5–triphenyltetrazolium chloride in
normal saline at 37°C for 30 min and then fixed in 10%
phosphate-buffered formalin at 4°C. The brain slices were
photographed using a charge-coupled device video camera,
and the infarct volume was calculated according to a
technique reported previously [4]. The infarct area of each
section was measured using NIH Image software, version
1.62, and the infarct areas on each slice were summed and
multiplied by slice thickness to give the infarct volume.
Statistical analyses were performed using Student’s t-test.

Detection of DNA fragmentation
and immunohistochemical study

For detection of DNA fragmentation and for histochemical
stainings of Bcl-2/Bax, the rat forebrains were removed and
quickly frozen at 24 h of occlusion. Coronal sections at the

caudate and dorsal hippocampal levels were cut on a
cryostat at −18°C to a 10-µm thickness and collected on
glass slides coated with poly–L–lysine. NT group control
sections were also obtained. Histochemical staining for
TUNEL was performed with a kit (TACS TdT in situ
apoptosis detection kit, no. 80–4625–00, Genzyme). After
a detection of double-strand breaks in genomic DNA with
2,39–diaminobenzidine tetrahydrochloride (0.5 mg/ml in
50 mmol/l Tris–HCl buffer, pH 7.4), the sections were
counterstained with methyl green according to the
manufacturer’s protocol. Immunostaining for Bcl-2 and
Bax were performed by the avidin–biotin peroxidase
method (ABC) using a kit (Sigma). The freshly frozen
sections were fixed for 10 min in ice-cold acetone and air-
dried. Then the sections were rinsed three times in PBS (pH
7.4). After blocking with 10% normal rabbit serum for 2 h,
the slides were incubated for 16 h at 4°C with the first
antibody: a goat polyclonal antibody against Bcl-2 or Bax
(Santa Cruz Biotechnology), diluted in PBS (1:200)
containing 10% normal rabbit serum and 0.3% Triton X–
100. Some sections were treated simultaneously without the
first antibody. Endogenous peroxidase was blocked for 20
min with PBS containing 0.3% H2O2 and 10% methanol.
The sections were then washed and incubated for 3 h with
the second antibody (1:200), biotinylated rabbit anti-goat
IgG, in the buffer, followed by incubation for 30 min with
avidin-biotin-horseradish peroxidase complex. Staining
was developed with 2,39-diaminobenzidine tetrahydro-
chloride (0.5 mg/ml in 50 mmol/l Tris–HCL buffer,
pH 7.4), and counterstained with methyl green. The
sections were examined by light microscope, and the
stained cells in 0.25 mm2 of three randomMCA areas were
counted, summed, and categorized into four grades in the
following manner: no staining, or a small (2–50), moderate
(50–200), or large (200–500 or more) number of stained
cells into –, +, 2+, and 3+, respectively.

Results

There was no significant difference in physiological
parameters among the NT, MH, and MH+CE groups
before MCAO (mean blood pressure: 89.4±12.6, 86.7±13.
1 and 87.8±9.8 mm Hg, respectively; PO2: 135.1±16.4,
133.6±24.0 and 138.0±21.0 mm Hg; PCO2: 43.21±2.7,
44.0±3.9 and 44.5±2.0 mm Hg; pH: 7.46±0.03, 7.44±0.05
and 7.45±0.02) or 12 h after MCAO (mean blood pressure:
97.4±14.0 mm Hg, 96.8±12.1 mm Hg and 97.8±11.7 mm
Hg; PO2: 141.3±32.7,141.3±21.8 and 142.8±18.4 mm Hg;
PCO2: 35.7±2.7, 34.5±3.1 and 36.7±2.4 mmHg; pH: 7.47±
0.02, 7.51±0.05 and 7.53±0.04).

Infarction volume

In all three groups, the ischemic zone was consistently
identified in the cortex and striatum of the left cerebral
hemisphere. In the MH group, the infarct area (472.9±
88.73 mm3) had a little reduction, but compared with that of
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the NT group (478.8±93.97 mm3) there was no statistical
difference(P>0.05). The infarct area of the CE+MH group
(316.1±53.06 mm3) was significantly reduced compared
with NT group (P<0.01), as well as with the MH group
(P<0.01). Figs. 1, 2 show a comparison of the NH group
with the MH group, as well as the CE+MH group, on the
hemispheric infarct area and volume. MH did not ameliorate
infarction volume compared with NT. CE+MH showed a
significant suppression of hemispheric infarct size after 24 h
of MCAO.

TUNEL staining and the expression of Bcl-2 and Bax
proteins

Heavy staining was seen in the brain sections at 24 h after
the permanent MCAO. TUNEL-positive cells were dis-
tributed mainly in the ischemic core of the cerebral cortex

and dorsal caudate of the occluded MCA area. Approxi-
mately 50–70% of cells were positive for TUNEL in the
above-mentioned area, and the staining was essentially
found in the nucleus of neuronal cells. However, TUNEL-
positive cells were not evident in the inner boundary zone
of the infarct. No TUNEL-positive cells were found in other
areas of the ipsilateral hemisphere or in the contralateral
side. The MH and CE+MH greatly reduced the number of
TUNEL-positive cells at 24 h after permanent MCAO.

In all three experimental groups, Bcl-2 immunoreactivity
in the ischemic core was absent or restricted to the nuclei of
shrunken degenerated cells. The whole overlying cortex
visibly exhibited obvious nuclear Bcl-2 immunoreactivity.
MH and CE+MH significantly upregulated the number of
Bcl-2–positive neurons in cortical areas in the proximity of
the ventral and dorsal border zone, where neurons were
morphologically intact. In three groups, Bax immunoreac-
tivity in the ischemic core was absent or restricted to nuclei
of shrunken degenerated cells. The adjacent border zone
exhibited shrunken neurons with strong Bax immunoreac-
tivity. MH and CE+MH significantly reduced the number
of Bax immunoreactively positive neurons in cortical areas
in close proximity to the ventral and dorsal border zone,
where neurons were morphologically intact. The grade of
TUNEL staining and immunoreactivities for Bcl-2 and Bax
in the brain sections are summarized in Table 1.

Discussion

We have studied the singular and combined effects of MH
and CE on permanent focal ischemia in rats. Our results
suggest that temporary postischemic MH upregulates the
expression of Bcl-2, reduces the expression of Bax and

Fig. 1 Comparison of infarction volume among the NT, MH, CE+
MH groups at 24 h after permanent MCAO. There was no
significant difference in infarction volume between NT and MH
group (P>0.05). CE+MH significantly reduced infarction volume
compared with the NT and MH groups (*P<0.01)
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Fig. 2 Comparison of infarction areas of six coronal sections
among the NT, MH, CE+MH groups at 24 h after permanent MCAO

Table 1 Changes of staining for TUNEL, Bcl-2 and Bax after
permanent MCAO. Staining was performed at 24 h after permanent
MCAO, and was categorized into the following four grades: no
staining, or a small (2–50), moderate (50–200), or large (200–500)
number of stained cells into –, +, 2+, and 3+, respectively. Each
group, n=4

Groups TUNEL Bcl-2 Bax

NT
1 3+ 2+ 3+
2 3+ 2+ 3+
3 2+ + 3+
4 2+ + 3+
MH
1 2+ 3+ 3+
2 2+ 3+ 3+
3 2+ 3+ 2+
4 + 2+ 2+
CE+MH
1 + 3+ +
2 + 3+ 2+
3 + 3+ 2+
4 + 2+ 2+
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reduces the cell apoptosis in the penumbra cortex. But MH
cannot reduce the infarction volume. Combination of CE
and temporary MH not only upregulates the expression of
Bcl-2, reduces the expression of Bax and reduces the cell
apoptosis in the penumbra cortex, but also ameliorates
infarction volume.

Recently, two clinical reports [6, 23] prospectively studied
71 and 52 patients, respectively; all revealed that early
decompressive hemicraniectomy could significantly reduce
mortality and morbidity. Two recently published experi-
mental studies in rats by the same research group, using
MCA occlusion, showed decompressive CE late at 4 and
12 h still resulted in significant improvement of neurological
score and reduction of infarction size. But early CE is not
beneficial in small thromboembolic MCA infarction [11,
12]. Our results confirm the experimental data available.
Compared with controls, early CE hours after MCAO
resulted in significantly reduced infarction size. But because
mortality of this hemispheric MCA infarction model within
the first 3 days is very high, we set our protocol to 24 h after
vessel occlusion and did not attempt longer survival periods.
Maybe it was not the final infarction volume. On the other
hand, several experimental studies in rats demonstrated that
infarction size in hypothermic and normothermic animals
did not change significantly when the animals were killed 24
or 72 h after MCAO [18].

Studies about the protective effect of hypothermia on
focal cerebral ischemia remain controversial. Permanent
hypothermia has been shown to be very potent in reducing
infarction size 6 h after MCAO. Zhang et al. [30] demon-
strated that hypothermia is protective when induced 1 h
after transient ischemia in a focal stroke model. In a model
of transient focal cerebral ischemia, infarction volume was
significantly reduced (32%) when MH was induced
immediately after reperfusion and maintained for a
prolonged period. However, a delay in hypothermia until
30 min after reperfusion failed to achieve statistical
significance [29]. Early in 1992, two studies were able
to demonstrate that moderate hypothermia permanently
reduces infarction size when administered before or as
early as 1 h after onset of ischemia [3, 18]. In contrast,
several reported that hypothermia failed to modify
permanent focal ischemia [26]. This is in accord with
our results. The phenomenon of delayed neurodegenera-
tion is well established in a focal ischemia model [10].
Thus, hypothermia may delay death in those neurons that
have been irreversibly damaged. It may be difficult in
small animals to maintain anesthesia and hypothermia for
a prolonged time without severe side effects, but in the
clinical setting MH can be administered over a long time.
The beneficial effect of prolonged MH in severe MCA
infarction in humans has been reported [29], but recent
clinical research also showed that in patients with severe
ischemic stroke, hypothermia seems to have no obvious
beneficial effect compared with craniectomy [13].

Many mechanisms have been documented about the
neuroprotective capability of MH and CE [14, 16, 19, 22,

28]. However, expression of pro and anti-apoptotic factors
and apoptotic cell death in focal ischemia following MH
and CE remains inadequately defined. Neuroprotection in
this study predominantly occurred in the cortex, since Bcl-
2 expression can be upregulated, as suggested previously
[1]. In stroke models in which the cortex represents large
parts of the penumbra, an attractive explanation for the
mechanism of action of the neuroprotective effect of MH
and CE could be the prevention of apoptotic cell death.
Our results show apoptotic cell death has been confined to
the penumbral border of the infarction, as determined by
TUNEL staining, where cells are not so rapidly and se-
verely damaged that they can undergo an apoptotic cell
death rather than necrosis [21]. The presence and anatomic
location of apoptotic cells, in particular after temporary
focal cerebral ischemia, suggest that apoptosis may
contribute to the final infarct size. As demonstrated in
this study, a combination of MH and CE reduced ex-
pression of the proapoptotic protein Bax and counter-
regulated the antiapoptotic protein Bcl-2 in neurons
located at the ischemic border zone. Neurons destined to
develop apoptosis have been reported to express upregula-
tion of the proapoptotic Bax protein and nuclear translo-
cation paralleled by Bcl-2 decrease in the same neurons
[15, 17]. On the other hand, Bcl-2 is expressed in cortical
neurons that survive focal cerebral ischemia [5], Bcl-2 can
be upregulated by MH only [1]. However, reseach has also
shown that MH did not alter Bcl-2 and Bax expression in a
relatively short period of time after ischemia [30].

Whether MH produces a permanent reduction in definite
infarction size is controversial. However, even if MH only
delays the onset of permanent neuronal damage, it may
well increase the window of opportunity for some other
form of therapy, such as pharmacological neuroprotection
or craniectomy.

In conclusion, our results suggest that a combination of CE
and MH upregulates the expression of Bcl-2, downregulates
the expression of Bax, reduces cell apoptosis and reduces the
infarction size after permanent focal cerebral ischemia in rats.
MH can upregulate the expression of Bcl-2, downregulate the
expression of Bax, reduce cell apoptosis, but not reduce the
infarction size. The neuroprotective role of CE and/or MH
might be associated with the inhibition of cell apoptosis.
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