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Hypothermia after Reperfusion
Suppresses Aggravation of Acute
Brain Edema following Transient
Forebrain Ischemia in Mice
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In our previous paper, we reported that spon-
taneous hypothermia (HT) during ischemia protects
against delayed neuronal death in the hippocampus
but not against acute brain edema following tran-
sient forebrain ischemia, which is induced by occlu-
sion of the bilateral common carotid arteries (BCCA)
in C57BL/6J mice. We here demonstrate that arti-
ficial HT after reperfusion (rHT) suppresses the ag-
gravation of acute brain edema in the BCCA occlu-
sion C57BL/6J mouse model. Our results suggest that
mechanisms regulated by rHT are involved in the at-
tenuation of acute brain edema after reperfusion in
this model of cerebral ischemia.
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INTRODUCTION

Transient forebrain ischemia, which is induced
by occlusion of the bilateral common carotid arter-
ies (BCCA) in mice, causes delayed neuronal death
in the hippocampus and is widely known as a model
of brain injury following transient cardiac arrest.1)

The BCCA occlusion C57BL/6J mouse model is a
valuable tool for investigating the molecular mech-
anism of delayed neuronal death following cerebral
ischemia.2–4) Recently, we have demonstrated that
acute brain edema, one of the most important disor-
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ders following cerebral ischemia, occurs in the fore-
brain of the C57BL/6J mouse model, which may be
useful for studying the molecular mechanism and
developing novel therapeutic agents for ischemic
brain edema.5)

Hypothermia (HT) is one of the most putative
neuroprotective therapies for brain injury caused by
cardiac arrest in humans,6) although there is as yet
no evidence of such an effect of HT on cerebrovas-
cular diseases from a large-scale clinical trial. Sev-
eral studies have shown that HT, which was mon-
itored by measuring rectal temperature, protects
against delayed neuronal death and infarction,7, 8)

but few studies have investigated the effects of HT
on brain edema in mouse models of cerebral is-
chemia. We have recently found that spontaneous
HT during ischemia protects against delayed neu-
ronal death but not against acute brain edema in the
BCCA occlusion C57BL/6J mouse model.5) How-
ever, we speculated that the ineffectiveness of HT
during ischemia against acute brain edema is due
to the immediate recovery of rectal temperature af-
ter reperfusion at room temperature in the BCCA
occlusion C57BL/6J mouse model. Therefore, we
investigated the effect of artificial HT after reperfu-
sion (rHT) on acute brain edema in the BCCA oc-
clusion C57BL/6J mouse model.

MATERIALS AND METHODS

Animals —— All the procedures were carried out
in strict accordance with the guidelines of the
Committee of Animal Care and Experiments of
Teikyo University. Male C57BL/6J mice were
purchased from Charles River Japan (Yokohama,
Japan). Eight- to ten-week-old mice weighing be-
tween 25 and 30 g were used in this study. The
mice were housed in plastic cages in the animal lab-
oratory of Teikyo University and fed a chow diet
(CRF-1, Oriental Yeast Co., Tokyo, Japan).
Induction of Transient Forebrain Ischemia ——
Forebrain ischemia was induced by BCCA occlu-
sion with clips (Mizuho Co., Ltd., Tokyo, Japan)
for 15 min under 1% halothane (Takeda Pharmaceu-
tical Co., Ltd., Osaka, Japan) anesthesia in air us-
ing a face mask. Rectal temperature was monitored
using a digital thermometer (TC-1, BrainScience
Idea Co., Ltd., Osaka, Japan) and maintained at
37± 0.5◦C with a heating blanket (normothermia,

C©2011 The Pharmaceutical Society of Japan



No. 1 83

NT). The control mice underwent a sham operation
without BCCA occlusion under halothane anesthe-
sia for 15 min.
Induction of Hypothermia —— The mice were di-
vided into two groups in terms of the control of
rectal temperature after reperfusion. HT during is-
chemia was spontaneously induced by removing the
heating blanket,5) and the mice were allowed to
recover from anesthesia at room temperature (23–
25◦C) until 1 hr after reperfusion. In contrast, rHT
was induced by placing the mice on a refrigerant,
which was maintained at 18–19◦C until 1 hr after
reperfusion in a styrofoam box.
Measurement of Water Content in Fore-
brain —— The water content in the forebrain was
determined by the weight differences between the
wet and dry samples, as described previously.5)

Statistical Analysis —— Analysis of variance
(ANOVA) of repeated measures was used for the
comparison of the changes in rectal temperature
between the HT and rHT groups. Two-way
ANOVA was used to analyze the effect of rectal
temperature after reperfusion on the water content
in the forebrain in experiments on ischemia 15 min
and 1 hr after reperfusion (I-R), and an unpaired
Student’s t-test for comparison between the control
and I-R groups, or the HT and rHT groups. A p-
value of less than 0.05 was considered statistically
significant in all tests.

RESULTS

In our previous study, both NT and HT mice
recovered from anesthesia at room temperature af-
ter reperfusion in the BCCA occlusion C57BL/6J
mouse model.5) Consequently, we first investigated
the changes in the rectal temperature of NT and HT
mice until 24 hr after BCCA occlusion and reperfu-
sion. As shown in Fig. 1, the rectal temperature of
the HT mice 1 hr after reperfusion was already the
same as that of the NT mice. The changes in the
rectal temperature of the control mice were similar
to those of the I-R mice (data not shown). This re-
sult indicates that the rectal temperature of the NT
mice decreases after reperfusion and that of the HT
mice recovers from HT during ischemia to NT mice
levels within 1 hr after reperfusion.

The water content in the forebrain 1 hr after
reperfusion reached a peak in the BCCA occlusion
C57BL/6J mouse model.5) This finding is the same
as that in the HT mice (data not shown). Con-

Fig. 1. Changes in Rectal Temperature after Reperfusion in the
BCCA Occlusion C57BL/6J Mouse Model

Forebrain ischemia was induced by BCCA occlusion for 15 min
under 1% halothane anesthesia. NT and HT were induced as described
in the Materials and Methods. The rectal temperature at 0, 1, 2, 4, or
24 hr after reperfusion was measured using a digital thermometer. Data
are expressed as mean ± S.E. (n = 6).

sequently, to evaluate the effect of rHT on acute
brain edema after reperfusion in the BCCA occlu-
sion C57BL/6J mouse model, we next compared
brain water content 1 hr after reperfusion between
the HT and rHT mice. The changes in rectal temper-
ature after reperfusion in the HT and rHT mice are
shown in Fig. 2A. The patterns of the change in rec-
tal temperature were significantly different between
the HT and rHT mice (control: F(2, 8) = 5.824,
p = 0.0275, I-R: F(2, 24) = 16.681, p < 0.0001), but
no differences were observed between the control
and I-R mice in both groups (HT: F(2, 16) = 0.848,
p = 0.4468, rHT: F(2, 16) = 1.572, p = 0.238). Un-
der these conditions for monitoring rectal tempera-
ture, we then compared the water content 1 hr after
reperfusion (Fig. 2B). The water content 1 hr after
reperfusion was significantly higher in both the HT
and rHT mice than in the control mice (p < 0.05).
However, the water content 1 hr after reperfusion
was significantly lower in the rHT mice than in
the HT mice. We also confirmed that water con-
tent 2 hr after reperfusion in rHT mice was equal to
that in the control mice (rHT: 78.71± 0.12%, con-
trol: 78.77± 0.07%), indicating that the progression
of brain edema formation in rHT mice was not de-
layed by rHT. Furthermore, we have shown an in-
crease in brain water content during BCCA occlu-
sion in a previous study.5) These results indicate that
rHT suppresses the additional increase in brain wa-
ter content after reperfusion, but not the increase in
brain water content during BCCA occlusion.
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Fig. 2. Effect of HT after Reperfusion on Occurrence of Brain
Edema in the BCCA Occlusion C57BL/6J Mouse
Model

Forebrain ischemia was induced by BCCA occlusion for 15 min
under 1% halothane anesthesia in both HT and rHT mice, as described
in the Materials and Methods. The control mice (Control) underwent
a sham operation without BCCA occlusion under halothane anesthesia
for 15 min. The rectal temperature was monitored 0, 30, and 60 min
after reperfusion (A). The water content in the forebrain treated with
BCCA occlusion for 15 min and I-R was measured (B). Data are ex-
pressed as mean ± S.E. (control: n = 3, I-R: n = 7). Statistical analysis
was performed by two-way ANOVA and the unpaired Student’s t-test
(∗p < 0.05 vs. HT).

DISCUSSION

NT during ischemia is essential for the induc-
tion of delayed neuronal death in the hippocampus
of the BCCA occlusion C57BL/6J mouse model.9)

In addition, because rectal temperature decreases
spontaneously under halothane anesthesia without
regard to the induction of ischemia in mice,5) con-
trolled NT during anesthesia is quite normal in ex-
periments on cerebral ischemia.10, 11) We found that
rectal temperature shows no difference between NT
and HT mice in the duration of occurrence of acute
brain edema (Fig. 1). The immediate recovery of
rectal temperature after reperfusion in HT mice was
consistent with our speculation on the ineffective-

ness of HT during ischemia to treat acute brain
edema. Therefore, it is necessary to precisely mon-
itor and distinguish rectal temperatures during is-
chemia and after reperfusion to investigate the ef-
fects of HT on acute brain edema in the BCCA oc-
clusion C57BL/6J mouse model.

In this study, we have clearly shown that rHT
suppresses the aggravation of acute brain edema fol-
lowing transient forebrain ischemia in C57BL/6J
mice (Fig. 2B). On the other hand, we previously
demonstrated that HT only during ischemia has no
effect on acute brain edema in the same model
of cerebral ischemia.5) These findings suggest that
the aggravation of brain edema after reperfusion is
caused by mechanisms of brain edema formation
that are different from those of the occurrence of
brain edema during BCCA occlusion. Although re-
active oxygen species and many inflammatory me-
diators such as cytokines and arachidonate metabo-
lites are believed to perhaps be involved in the
pathogenesis of ischemic brain injuries,12, 13) the
mechanisms of brain edema formation remain un-
clear. Therefore, elucidation of the mechanisms
regulated by rHT in the C57BL/6J mouse model
is valuable for understanding the pathogenesis of
acute brain edema following transient cerebral is-
chemia.

HT during ischemia protects against delayed
neuronal death in the hippocampus.2, 5) Here, we
demonstrated that rHT prevents the occurrence of
acute brain edema following transient forebrain is-
chemia. Therefore, these findings indicate that the
duration of HT differs depending on the pathology
following cerebral ischemia. Further experimental
studies should be performed to establish a standard
method for the clinical application of therapeutic
HT because there are still several controversial is-
sues in the development of cooling techniques and
in the determination of optimal duration and tem-
perature.14)
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