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Abstract

A reproducible transient global cerebral ischemia (tGCI) mouse model has not been fully established. Although
striatal neurons and white matter are recognized to be vulnerable to ischemia, their injury after tGCI in mice has
not been elucidated. The purpose of this study was to evaluate injuries to striatal neurons and white matter after
tGCI in C57BL/6 mice, and to develop a reproducible tGCI model. Male C57BL/6 mice were subjected to tGCI
by bilateral common carotid artery occlusion (BCCAO). Mice whose cortical cerebral blood flow after BCCAO
decreased to less than 13% of the pre-ischemic value were used. Histological analysis showed that at 3 days after
22 min of BCCAO, striatal neurons were injured more consistently than those in other brain regions. Quantitative
analysis of cytochrome c release into the cytosol and DNA fragmentation in the striatum showed consistent
injury to the striatum. Immunohistochemistry and Western blot analysis revealed that DARPP-32-positive
medium spiny neurons, the majority of striatal neurons, were the most vulnerable among the striatal neuronal
subpopulations. The striatum (especially medium spiny neurons) was susceptible to oxidative stress after tGCI,
which is probably one of the mechanisms of vulnerability. SMI-32 immunostaining showed that white matter in
the striatum was also consistently injured 3 days after 22 min of BCCAO. We thus suggest that this is a tGCI
model using C57BL/6 mice that consistently produces neuronal and white matter injury in the striatum by a
simple technique. This model can be highly applicable for elucidating molecular mechanisms in the brain after
global ischemia.
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Introduction

A brief period of transient global cerebral ischemia (tGCI;
i.e., 5–10 min) induces delayed neuronal cell death

mainly in the hippocampal CA1 subregion in rats and gerbils
(Kirino, 1982; Pulsinelli et al., 1982). Many trials have been
attempted in mice to establish a tGCI model that produces
consistent CA1 injury, with only modest success (Fujii et al.,
1997; Murakami et al., 1998; Olsson et al., 2003; Panahian
et al., 1996; Sheng et al., 1999; Wellons et al., 2000; Yang et al.,
1997; Yonekura et al., 2004).

Besides the CA1 subregion, the striatum is also recognized
to be vulnerable to ischemia. The striatum is the largest nu-
cleus of the basal ganglia, and dysfunction of the striatum has
been associated with neurodegenerative disorders such as
Huntington’s disease. Anatomically, striatal neurons fall into
two main classes: spiny projection neurons and aspiny inter-

neurons. Spiny projection neurons, also known as medium
spiny neurons (MSNs), make up approximately 95% of the
striatal neurons. Aspiny interneurons, the remaining 5%, can
be categorized into medium GABAergic interneurons and
large cholinergic interneurons (Kreitzer, 2009). Although
MSNs are reported to be the most vulnerable to tGCI of the
striatal neurons (Terashima et al., 1998; Yoshioka et al., 2010),
quantitative evaluation of their vulnerability has not been
studied.

In contrast, injury to white matter, which is composed of
myelinated axons and oligodendrocytes, has been the focus of
much attention in cerebral ischemia research in recent years.
White matter injury has also been observed in patients who
suffer from transient cardiac arrest, and the prognosis has
been reported to be worse in patients with severe white matter
injury (Wu et al., 2009). Understanding the mechanism of
white matter injury using an animal model is necessary for
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development of new treatments. However, white matter in-
jury after tGCI, which mimics conditions after cardiac arrest,
has not been elucidated.

Since C57BL/6 mice are commonly used in the production
of transgenic animals (Keskintepe et al., 2007), development
of a tGCI model in this strain is extremely important to clarify
the mechanisms of injury. The purpose of this study was to
evaluate injuries to the striatum and white matter after tGCI in
C57BL/6 mice, and to develop a reproducible tGCI model.
We found that striatal neurons, especially MSNs, were the
most consistently injured in the mouse brain after relatively
prolonged global ischemia. Furthermore, we observed that
striatal white matter, through which the fiber fascicles of the
internal capsule run in rodents, was consistently injured after
tGCI. Here we propose a striatal tGCI model, using C57BL/6
mice, that induces consistent injury to neurons and white
matter.

Methods

Global cerebral ischemia

All animals were treated in accordance with Stanford
University guidelines, and the animal protocols were ap-
proved by Stanford University’s Administrative Panel on
Laboratory Animal Care. Male C57BL/6J mice (8–12 weeks
old; The Jackson Laboratory, Bar Harbor, ME) were used.
Anesthesia was induced with inhalation of 4% isoflurane and
intraperitoneal injection of xylazine (4 mg/kg), and main-
tained with 1.5% isoflurane in 70% nitrous oxide and 30%
oxygen via facemask. Rectal temperatures were maintained at
37 – 0.5�C with a heating blanket (Harvard Apparatus, Hol-
liston, MA) and a heating lamp. An anterior midline incision
was made in the neck, and both common carotid arteries were
exposed and loosely encircled with 3-0 silk to enable later
occlusion. Regional cerebral blood flow (rCBF) was moni-
tored by laser Doppler flowmetry (LDF) (Laserflo BMP2; Va-
samedics, Eden Prairie, MN). The probe was fixed on the skull
4 mm lateral to the bregma. Changes in rCBF after bilateral
common carotid artery occlusion (BCCAO) were expressed as
a percentage of the pre-ischemic value. BCCAO was induced
by applying microaneurysm clips (Roboz, Gaithersburg, MD)
to both common carotid arteries for a period of 10, 15, 22, or
30 min. Immediately after occlusion, anesthesia was turned
off. To reperfuse, the animals were briefly re-anesthetized
with 1% isoflurane, and the clips were removed. After ob-
serving blood flow return, the skin incision was sutured and
the animals were wrapped with a heating blanket to maintain
rectal temperatures above 36.0�C for 24 h after surgery. Ace-
tated Ringer’s solution (0.5 mL) was administered subcuta-
neously to all animals 30 min and 24 h after ischemia.

In a separate group of mice subjected to 22 min of BCCAO,
blood pressure was measured through a PE-10 cannula in-
serted into the left femoral artery. Arterial blood samples were
analyzed with a blood gas analyzer (i-STAT; Abbott Labora-
tories, Abbott Park, IL).

Carbon black evaluation of patency of the posterior
communicating arteries

We evaluated the relationship between rCBF after 1 min of
BCCAO and patency of the posterior communicating artery
(PcomA) as a preliminary experiment (n = 10). Carbon black

ink was injected as described previously (Murakami et al.,
1998). Patency of the PcomA was assessed by comparing its
diameter on each side with the diameter of the basilar artery,
and grading it as 0 or 1 (grade 0, PcomA diameter < 1/3 of
basilar artery diameter; grade 1, PcomA diameter ‡ 1/3 of
basilar artery diameter). Thus the sum of the scores from both
sides was 0, 1, or 2 (Kitagawa et al., 1998).

Histological analysis of ischemic neuronal injury

For histological analysis, the mice were subjected to 10
(n = 15), 15 (n = 18), 22 (n = 25), or 30 (n = 27) min of BCCAO.
Three days after ischemia, the brains were removed and sec-
tioned at 30 lm with a vibratome. Brain sections 0.5 mm an-
terior (striatum) and 2.0 mm posterior (hippocampus, cerebral
cortex, and thalamus) to the bregma were stained with cresyl
violet. A blinded investigator assessed ischemic injury using a
grading scale (0 = no damage; 1 = 1–20%; 2 = 21–40%; 3 = 41–
60%; 4 = 61–80%; 5 = 81–100%), and each hemisphere was ex-
amined independently.

Immunohistochemistry

Anesthetized animals were perfused with 10 U/mL hepa-
rin saline and subsequently with 4% paraformaldehyde in
phosphate-buffered saline 6, 24, or 72 h or 7 days after 22 min
of BCCAO. The brains were removed, post-fixed for 24 h,
and cut on a vibratome into slices 30 lm thick. For dia-
minobenzidine immunohistochemistry, the avidin-biotin
technique was used. Nuclei were counterstained with hema-
toxylin solution.

Double-immunostaining was performed with immunoflu-
orescence. Brain sections were reacted with primary anti-
bodies, then incubated with appropriate Alexa Fluor 488- and
594-conjugated immunoglobulin G antibodies (Invitrogen,
Carlsbad, CA). Negative controls were treated with similar
procedures, except that the primary antibody was omitted.
The sections were covered with VECTASHIELD mounting
medium with 4¢,6-diamidino-2-phenylindole (DAPI; Vector
Laboratories, Burlingame, CA), and examined under an
LSM510 confocal laser scanning microscope or an Axioplan 2
microscope (Carl Zeiss, Thornwood, NY).

We used the following as primary antibodies: anti-
dopamine and cyclic AMP-regulated phosphoprotein of
relative molecular weight 32,000 (DARPP-32, as an MSN
marker; 1:400, #2306; Cell Signaling Technology, Beverly,
MA), anti-choline acetyltransferase (ChAT) (as a cholinergic
interneuron marker; 1:200, #AB143; Millipore, Billerica, MA),
anti-somatostatin (SST, as a GABAergic interneuron marker;
1:100, #AB5494; Millipore), anti-glial fibrillary acidic protein
(GFAP, as an astrocyte marker; 1:500, #AB5804; Millipore),
anti-ionized calcium-binding adaptor molecule 1 (Iba-1, as a
microglia marker; 1:500, #019-19741; Wako Pure Chemical
Industries, Osaka, Japan), anti-8-oxoguanine (8-oxoG, 1:100,
#MAB3560; Millipore), anti-RIP (1:250, #MAB1580; Millipore),
anti-myelin basic protein (MBP, 1:200, #ab40390; Abcam,
Cambridge, MA), and anti-non-phosphorylated neurofila-
ment (SMI-32, 1:1000, #SMI-32R; Covance, Emeryville, CA).
For mouse monoclonal antibodies, the protocol provided
in the M.O.M. immunodetection kit (#BMK-2202; Vector
Laboratories) was followed.

For counting immunopositive cells as striatal markers, five
subregions were assigned (central, dorsomedial, dorsolateral,
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ventromedial, and ventrolateral), each consisting of a rectan-
gle 430 · 341 lm in size. Immunopositive cells in each subre-
gion on both sides of the striatum were counted by a blinded
counter.

TUNEL staining

DNA fragmentation was detected by terminal deox-
ynucleotidyl transferase-mediated uridine 5¢-triphosphate-
biotin nick-end labeling (TUNEL) using a commercial kit
(#11684817910; Applied Science, Indianapolis, IN). Brain
sections were evaluated 6, 24, and 72 h, and 7 days after
22 min of BCCAO, according to the manufacturer’s protocol.
For quantification of TUNEL staining in the striatum, TUNEL-
positive cells in the five subregions on both sides of the
striatum were counted as described for immunohistochem-
istry.

Double-staining with a cellular marker was performed to
identify TUNEL-positive cells in the striatum. Brain samples
24 h after BCCAO were used. After TUNEL reaction, the
sections were immunostained with an anti-neuron-specific
nuclear protein (NeuN) antibody (as a neuronal marker,
1:200; Millipore), anti-GFAP, or anti-Iba-1 antibody, followed
by the appropriate Alexa Fluor 594-conjugated immuno-
globulin G antibodies.

Western blot analysis

Both sides of the striatum were removed 6, 24, or 72 h after
22 min of BCCAO. Protein extraction of the cytosolic fractions
was performed with a multiple centrifugation method as
previously described (Fujimura et al., 1998). Equal amounts of
cytosolic fraction samples were loaded per lane. Sodium do-
decyl sulfate-polyacrylamide gel electrophoresis was per-
formed on a 10% NuPAGE Bis-Tris gel (Invitrogen) and then
immunoblotted. Anti-cytochrome c (1:1000, #556433; BD
Biosciences, San Jose, CA), anti-DARPP-32 (1:400, #2306; Cell
Signaling Technology), anti-ChAT (1:200, #AB144P; Milli-
pore), or anti-SST (1:1000, #ab53165; Abcam) primary anti-
bodies were used. After incubation with an appropriate
horseradish peroxidase-conjugated secondary antibody (Cell
Signaling Technology), the bound antibodies were detected
by a chemiluminescence system (Pierce, Rockford, IL).
b-Actin (1:100,000; Sigma-Aldrich, St. Louis, MO) was used as
an internal control. Cytochrome oxidase subunit IV (1:5000;
Invitrogen) was used to ensure proper fractionation. Images
were scanned and the results were quantified using Multi-
Analyst software (Bio-Rad Laboratories, Hercules, CA).

Cell death assay

For quantitative analysis of apoptosis-related DNA frag-
mentation, we used a commercial enzyme immunoassay
(#11774425001; Applied Science). Both sides of the striatum
were removed 72 h after 22 min of BCCAO. Protein extraction
of the cytosolic fractions was prepared as described for the
Western blotting method. A cytosolic volume containing
20 lg of protein was used for the enzyme-linked immuno-
sorbent assay, according to the manufacturer’s protocol.

Detection of oxidative protein damage

Both sides of the striatum were removed 24 h after 22 min of
BCCAO. Tissues were homogenized and sonicated in ice-cold

lysis buffer (Cell Signaling Technology) with 1% protease
inhibitor mixture (Sigma-Aldrich). The homogenate was
centrifuged (900g for 10 min at 4�C), and the resulting su-
pernatant was used for quantification. With the use of a
commercial kit (#S7150; Millipore), we observed the carbonyl
groups as indicators of oxidative protein damage (Conlon
et al., 2003). The samples were incubated with 2,4-
dinitrophenylhydrazone (DNP), and the DNP-derivatized
carbonyl groups were specifically detected by Western blot-
ting with an anti-DNP antibody. The images were scanned
and quantified as described for the Western blot analysis.

Statistical analysis

Comparisons among multiple groups were performed with
analysis of variance (ANOVA), followed by a Scheffé post-hoc
analysis (SigmaStat; Systat Software Inc., Chicago, IL). Com-
parisons between two groups were achieved with a Student’s
unpaired t-test. Data are expressed as mean – standard devi-
ation (SD), and significance was set at p < 0.05.

Results

Relationship between patency of the PcomA and rCBF

In 8 of 10 mice, rCBF after 1 min of BCCAO was reduced to
less than 13% of the pre-ischemic value, and no patent PcomA
was identified in these mice. In contrast, patent PcomAs were
observed in two mice whose rCBF was not reduced to 13%.
According to these results, we used only animals whose rCBF
decreased to < 13% of the pre-ischemic value in further
studies, to exclude the variances in collateral flow through
the PcomA. With this criterion, the number of excluded
animals was 3/15 (20.0%), 4/18 (22.2%), 7/38 (18.4%), and
5/27 (18.5%) mice, in the 10-, 15-, 22-, and 30-min groups,
respectively.

Neurological findings and mortality rate

Seizures were not observed in the 10- and 15-min groups,
but were observed in 5.3% (2/38) and 18.5% (5/27) of the 22-
and 30-min groups, respectively. Severe akinesia was seen 3
days after BCCAO in 0%, 8.3% (1/12), 53.3% (8/15), and 50%
(4/8), of the 10-, 15-, 22-, and 30-min groups, respectively.
Hyperactivity was observed in 1 mouse in the 22-min group,
and hemiparesis was observed in 1 mouse in the 30-min
group. The mortality rate 3 days after BCCAO was 0% (0/15),
11.1% (2/18), 18.4% (7/38), and 51.9% (14/27), in the 10-, 15-,
22-, and 30-min groups, respectively.

Physiological parameters

Physiological parameters measured in the 22-min group
are listed in Table 1. Mean arterial blood pressure rose soon
after BCCAO and dropped suddenly after reperfusion. rCBF
was rapidly reduced after BCCAO, and remained constantly
low during the ischemic period. Rectal temperature was
strictly controlled during surgery, and 24 h after BCCAO it
was 36.5 – 0.4�C.

Histological analysis of ischemic injuries

Histological injury was assessed 3 days after BCCAO in the
striatum, the hippocampus, the cerebral cortex, and the thal-
amus. There were no apparent histological injuries in the
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10-min group (data not shown). In the 15-min group, many of
the injuries were mild, and only a few mice showed severe
injuries (Fig. 1A).

Injuries in the 22-min group were much more severe than
those in the 15-min group (Fig. 1B). Severe and consistent
injuries were observed in the striatum; the cells, especially
small and medium-sized cells, were diffusely shrunken (Fig.
2). The striatum was uniformly injured, and there were no
significant differences in severity among the five subregions
(central, dorsomedial, dorsolateral, ventromedial, and ven-
trolateral). Severe ischemic changes (scattered and shrunken
cells) were also observed in the CA1 subregion; however,
these injuries were not as consistent as those in the striatum. In
some mice the injuries were unilateral, and in some only the
CA2–3 or CA4 subregion was injured, although the CA1
subregion was nearly intact. Bilateral ischemic injuries to the
CA1 subregion were observed in 40% (6/15), and minimal to
no injuries were observed in 33.3% (5/15; Fig. 1D). On the
contrary, bilateral injuries to the striatum were observed in
80% (12/15), and only one mouse (6.7%) showed no injury.

Injuries were also observed in the CA2, CA3, and CA4 sub-
regions, the dentate gyrus, the cerebral cortex (mainly
the second to forth layers), and the ventrolateral part of
the thalamus, but these injuries were neither severe nor
consistent.

The severity of injury in the 30-min group was similar to
that in the 22-min group (Fig. 1C); however, we thought the
ischemic duration of 30 min was not appropriate because of
the high mortality rate. According to these results, we adop-
ted the 22-min BCCAO model for further studies.

Cytochrome c release into the cytosol
and cell death assay

To quantitatively confirm consistent injury to the striatum,
we evaluated cytochrome c release into the cytosol using
Western blot analysis, which indicates activation of the mi-
tochondrial apoptotic pathway. In the striatum, cytochrome c
in the cytosolic fraction was significantly increased 24 h after
BCCAO ( p < 0.05; Fig. 3A).

Table 1. Physiological Parameters

MABP (mm Hg) pH PaCO2 (mm Hg) PaO2 (mm Hg) rCBF (%)

Pre-ischemia 61.0 – 2.2 7.31 – 0.01 36.1 – 3.7 146.3 – 9.0 100
Ischemia (10 min) 80.5 – 24.6 7.32 – 0.01 36.1 – 0.9 149.0 – 9.2 6.8 – 3.4
Post-ischemia 63.0 – 14.8 7.28 – 0.02 42.7 – 5.6 163.3 – 13.0 97.8 – 25.1

MABP, mean arterial blood pressure; PaCO2, partial arterial carbon dioxide pressure; PaO2, partial arterial oxygen pressure; rCBF, regional
cerebral blood flow.

FIG. 1. (A–C) Neuropathological scores of the brain regions after bilateral common carotid artery occlusion (BCCAO). The
individual scores are plotted as dots and the mean values are presented as columns. Ischemic injuries in the 22-min group (B)
were much more severe compared with those in the 15-min group (A). Consistent injury was observed, especially in the
striatum. The severity of the injury in the 30-min group (C) was similar to that seen in the 22-min group. (D) Frequency of
ischemic injury in the brain regions. Bilateral injury to the striatum was observed in 80%, while injury to the CA1 subregion
was seen in 40% (DG, dentate gyrus; Ctx, cortex; Thal, thalamus; Str, striatum).
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FIG. 2. Representative photomicrographs of cresyl violet and TUNEL staining in the striatum, the hippocampal CA1
subregion, the dentate gyrus, and the cerebral cortex. Three days after bilateral common carotid artery occlusion (BCCAO),
the cells were diffusely shrunken in the striatum and were TUNEL-positive. Mild morphological ischemic changes in the
hippocampal CA1 subregion, the CA4 subregion, the dentate gyrus, and cerebral cortex (mainly in the second to forth layers)
were also observed (magnification · 100; scale bar = 200 lm; TUNEL, terminal deoxynucleotidyl transferase-mediated uridine
5¢-triphosphate-biotin nick-end labeling). Color image is available online at www.liebertpub.com/neu.

FIG. 3. (A) Western blot analysis shows that cytochrome c (Cyto c) in the cytosolic fraction was significantly increased in the
striatum 24 h after bilateral common carotid artery occlusion (BCCAO; n = 6, *p < 0.05). b-Actin is shown as an internal control
(S, sham control; OD, optical density). (B) DNA fragmentation 72 h after BCCAO in the striatum was significantly increased
compared with the sham animals (n = 5, *p < 0.05).
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We also performed an apoptotic DNA fragmentation assay
to quantitatively evaluate apoptosis after BCCAO. DNA
fragmentation was significantly increased in the striatum
compared with sham animals 72 h after BCCAO ( p < 0.05; Fig.
3B). These results confirm that the striatum was consistently
injured after 22 min of BCCAO.

TUNEL staining

TUNEL staining confirmed uniform injury to the striatum.
There were no significant differences in the number of TU-
NEL-positive cells among the five subregions of the striatum
(Fig. 4A). To identify the type of TUNEL-positive cells, we
performed double staining with cellular markers. Most of the
TUNEL-positive cells co-localized with NeuN; however, they
did not co-localize with GFAP or Iba-1 (Fig. 4B).

Time course of striatal neuronal markers

Immunohistochemistry of the striatal neuronal markers
showed the difference in ischemic vulnerability among the
neuronal subpopulations. A cell counting study showed that

the majority of the striatal neurons were DARPP-32-positive
MSNs. In the sham animals, the numbers of DARPP-32-,
ChAT-, and SST-positive cells were 1298.0 – 87.4/mm2,
26.2 – 10.0/mm2, and 28.2 – 5.9/mm2, respectively. The num-
ber of DARPP-32-positive cells significantly decreased 24–72 h
after BCCAO (Fig. 5A and B); however, the number of ChAT-
positive cells (cholinergic interneurons), and SST-positive cells
(GABAergic interneurons) did not change after BCCAO.

Next, we quantitatively confirmed the difference in ische-
mic vulnerability using Western blot analysis. DARPP-32
expression significantly decreased 24–72 h after BCCAO, al-
though there were no significant changes at any time point in
ChAT and SST expression (Fig. 6). These results showed that
DARPP-32-positive MSNs, the majority of striatal neurons,
are the most vulnerable to tGCI of the striatal neurons.

Oxidative injury

To evaluate oxidative injury after BCCAO, we detected the
carbonyl groups, which are introduced into proteins by oxi-
dative injury (Kamada et al., 2007). In the striatum, the level of

FIG. 4. (A) Comparison of the TUNEL-positive cells among the striatal subregions. There were no significant differences in
the numbers of TUNEL-positive cells among the five subregions in the striatum (n = 10; DL, dorsolateral; VL, ventrolateral;
VM, ventromedial; DM, dorsomedial; C, central). (B) Double staining showed that most of the TUNEL-positive cells (green)
co-localized with NeuN (neuronal marker, red); however, they did not co-localize with GFAP (astrocyte marker), or Iba-1
(microglia marker, red). Nuclei were counterstained with DAPI (blue; magnification · 400; scale bar = 20 lm; TUNEL, ter-
minal deoxynucleotidyl transferase-mediated uridine 5¢-triphosphate-biotin nick-end labeling; NeuN, anti-neuron-specific
nuclear protein; GFAP, anti-glial fibrillary acidic protein; DAPI, 4¢,6-diamidino-2-phenylindole; Iba-1, anti-ionized calcium-
binding adaptor molecule 1). Color image is available online at www.liebertpub.com/neu.
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carbonyl groups 24 h after BCCAO was increased signifi-
cantly compared with sham animals ( p < 0.05; Fig. 7A and B).

DNA oxidative injury was assessed by immunohisto-
chemical staining using an 8-oxoG antibody (Conlon et al.,
2003). Expression of 8-oxoG, an oxidative product of guanine,
increased in the striatum 24 h after BCCAO. 8-oxoG staining
co-localized with DARPP-32 staining; however, it did not co-
localize with ChAT (Fig. 7C and D) or SST staining (data not
shown). These results indicate that the striatum (especially
MSNs) is exceedingly susceptible to oxidative injury, which
might cause the ischemic vulnerability of the striatum.

White matter injury

We evaluated white matter ischemic injury after BCCAO
using immunohistochemistry. RIP immunostaining was used
to detect oligodendrocytes (Hwang et al., 2006). In the sham
animals, RIP immunoreactivity was observed in cell bodies
and processes, which were thin and smooth. Twenty-four
hours after BCCAO, the shapes of RIP-positive processes be-
gan to change, and they were tangled and intermittent 3 days
after BCCAO. Seven days after BCCAO RIP-positive pro-
cesses disappeared, though the staining of cell bodies was
observed (Fig. 8A).

Immunostaining for neurofilament protein (SMI-32) and
MBP was used to identify axonal and myelin injury, respec-
tively. Up to 24 h after BCCAO, no obvious changes in

staining were seen. At 72 h after BCCAO, there were many
neuronal fibers that intensely expressed SMI-32 in the fiber
fascicles of the internal capsule of the striatum. At the same
time point, MBP staining of the fiber fascicles became coarse,
and vacuolation of the fascicles was observed (Fig. 8B). There
was no difference in the sensitivity of detection of ischemic
fibers between SMI-32 and MBP staining. Using a confocal
microscope, fine neurofilaments and axons could be seen in
the spaces among the fiber fascicles of the striatum in the sham
animals; however, they disappeared 72 h after BCCAO (Fig.
8C). Intense SMI-32 staining was also observed in the cingu-
lum bundle, adjacent to the corpus callosum, after BCCAO
(Fig. 8B). There were mild changes in the external capsule and
the corpus callosum. Injury to the anterior commissure and
the optic tract was not evident.

Discussion

In this study, we present a tGCI model with striatal and
white matter injury in C57BL/6 mice. MSNs, the majority of
striatal neurons, were consistently injured after 22 min of
BCCAO. Furthermore, this model also showed consistent
white matter injury in the striatum and the cingulum bundle.

Our histological evaluation showed that the striatum was
injured most consistently in the brain after BCCAO. Bilateral
injuries to the striatum were in particular more frequent than
those to the hippocampal CA1 subregion, another vulnerable

FIG. 5. (A) Representative photomicrographs of striatal neuronal marker staining (green). Nuclei were counterstained with
DAPI (blue; magnification · 400; scale bar = 50 lm; DAPI, 4¢,6-diamidino-2-phenylindole). (B) The cell counting study shows
that the number of DARPP-32-positive cells significantly decreased 24–72 h after bilateral common carotid artery occlusion
(BCCAO) compared with sham animals (n = 4; *p < 0.01; DARPP-32, anti-dopamine and cyclic AMP-regulated phospho-
protein of relative molecular weight 32,000). However, the number of ChAT-positive cells and SST-positive cells did not
change after BCCAO (S, sham control; ChAT, anti-choline acetyltransferase; SST, anti-somatostatin). Color image is available
online at www.liebertpub.com/neu.
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brain region. Although striatal injury after tGCI has not re-
ceived much attention, some authors have also reported that
striatal neurons are the most vulnerable in C57BL/6 mouse
brains after tGCI (Gillingwater et al., 2004; Olsson et al., 2003;
Terashima et al., 1998; Yang et al., 1997; Yoshioka et al., 2010).

Therefore, a striatal injury model that uses C57BL/6 mice can
be appropriate for studying neuronal death after tGCI. Al-
though the dorsolateral striatum has been reported to be
particularly susceptible to tGCI in rats (Pulsinelli et al., 1982)
and gerbils (Crain et al., 1988), there were no significant dif-
ferences in ischemic vulnerability among the subregions of the
striatum in this study. Since Terashima and associates (1998)
reported a result similar to ours in C57BL/6 mice, this dis-
crepancy might be explained by the difference in species.

Our exclusion/inclusion criterion of the ischemic animals
was based on cortical blood flow measured by LDF. Cortical
blood flow during ischemia is well correlated with the pa-
tency of the PcomA during ischemic surgery (Kitagawa et al.,
1998; Olsson et al., 2003), which was also confirmed in this
study. In animals that lack the PcomA, collateral blood flow
from the posterior to the anterior circulation is absent, and the
forebrains would be ischemic after BCCAO. Ischemic neuro-
nal injury of the hippocampal CA1 subregion, which is not a
direct target of LDF measurement, was reported to be in-
duced in mice (Olsson et al., 2003; Yang et al., 1997), rats
(Dirnagl et al., 1993), and gerbils (Kuroiwa et al., 1990), when
cortical blood flow decreased below 5–15% of the control
level. Similarly to these results, we observed consistent in-
jury in deeply located areas such as the striatum and white
matter when cortical blood flow decreased. Therefore, even
though our exclusion/inclusion criterion was based on cor-
tical blood flow, which was not the focus of the study, we
believe that LDF would be very useful for excluding mice that
are not ischemic in the striatum and white matter after
BCCAO.

We distinguished the subpopulations of striatal neurons by
immunohistochemical markers, and showed that DARPP-32-
positive MSNs were the most vulnerable after tGCI, which
was quantitatively confirmed by Western blot analysis. Using
neurochemical methods with radioimmunoassay, Uemura
and colleagues (1990) reported that the concentration of sub-
stance P, which is contained in a subtype of MSNs, was de-
creased after tGCI, while that of SST was unchanged in the
gerbil striatum. In mice, however, differences in vulnerability
after tGCI among the striatal neuronal subpopulations have
not been studied in detail. In this study, we evaluated the
difference in ischemic vulnerability using immunohisto-
chemistry and Western blot analysis. We show that DARPP-
32-positive MSNs were more vulnerable than SST-positive
GABAergic interneurons and ChAT-positive cholinergic in-
terneurons, which is consistent with the results obtained by
Uemura and associates (1990) using gerbils. DARPP-32, a
bifunctional signaling molecule that controls serine/threo-
nine kinase and serine/threonine phosphatase activity, is a
critical element of dopaminergic neurotransduction, and is
highly enriched in the cytosol of MSNs (Bibb et al., 1999; Nishi
et al., 1997). Using this marker, we could distinctly detect
MSN injury after tGCI.

Oxidative stress has an important role in neuronal injury
during reperfusion following ischemia (Niizuma et al., 2010).
Our results suggest that susceptibility to oxidative stress
could be one of the mechanisms of ischemic vulnerability in
striatal neurons. We showed that oxidative protein injury in
the striatum was increased after ischemia. In addition, im-
munohistochemistry revealed that DNA oxidative injury after
ischemia was significant in MSNs. These results indicate the
susceptibility of the striatum, especially MSNs, to oxidative

FIG. 6. Western blot analysis of striatal neuronal markers after
bilateral common carotid artery occlusion (BCCAO). DARPP-32
expression significantly decreased 24–72 h after BCCAO com-
pared with sham animals (n = 4; *p < 0.01). There were no sig-
nificant changes at any time point in ChAT and SST expression.
b-Actin is shown as an internal control (S, sham control; OD,
optical density; DARPP-32, anti-dopamine and cyclic AMP-
regulated phosphoprotein of relative molecular weight 32,000;
ChAT, anti-choline acetyltransferase; SST, anti-somatostatin).
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injury; however, the mechanism of this susceptibility remains
unclear and further studies are needed for clarification.

Although established tGCI models induce consistent hip-
pocampal CA1 injury in rats and gerbils, some authors have
reported that consistent CA1 injury is difficult to induce in
C57BL/6 mice. First, longer ischemic duration is required in
these mice. In previous reports, the required duration of tGCI
for C57BL/6 mice has ranged from 10–60 min, and many re-
searchers in recent years have tended to adopt a relatively
prolonged ischemic duration such as 20–30 min (Bangsow
et al., 2008; Cho et al., 2007; Lee et al., 2008; Walker and Ro-
senberg, 2009; Zheng et al., 2007). Second, regional vulnera-
bility in the C57BL/6 mouse brain may not be identical to that
in rats and gerbils. Namely, some authors reported that the
CA2–3 or CA4 subregion was injured, although the CA1
subregion was nearly intact. Moreover, the infrequency of
bilateral CA1 injury (25–37.5%) is another problem (Panahian
et al., 1996; Yang et al., 1997). All these findings were also
observed in the current study. We needed a prolonged du-
ration of ischemia (22 min), and observed non-reproducible
injury in the hippocampus. The reason for the differences in
ischemic vulnerability of the hippocampus among the rodent
species remains unclear. Since the prolonged anoxic depo-
larization induced by cardiac arrest did not produce CA1
injury in C57BL/6 mice, severe metabolic insult may be re-
quired for CA1 injury in these mice (Kawahara et al., 2002;
Yonekura et al., 2004). In addition to the metabolic aspect, the
infrequency of bilateral CA1 injuries may suggest differences
in microcirculation in the hippocampus among rodent spe-
cies. We will examine blood flow and microcirculation in
several brain regions in a future study to clarify the mecha-
nisms involved in this phenomenon.

Protection of white matter is exceedingly important for
stroke treatment. About 50% of the adult human brain is

composed of cerebral white matter. In addition, white
matter is vulnerable to ischemia, since the myelin sheath
contains an abundance of lipids, which can be peroxidized
after ischemia, and since there are low levels of intrinsic
antioxidants in white matter (Ueno et al., 2009). Besides
stroke, white matter injury is also observed in patients who
suffer transient cardiac arrest. Some authors reported white
matter injury after tGCI in rodent models in the stratum
radiatum of the CA1 subregion, the cerebral subcortical
region, and the corpus callosum (Kubo et al., 2009; Pluta
et al., 2006; Walker and Rosenberg, 2010). In the current
study, we observed severe white matter injury in the
striatum and the cingulum bundle, and mild injury in the
external capsule and corpus callosum. The difference in
injured regions may be attributable to the differences in
ischemic models or evaluation methods. Since the striatum
was homogeneously under severe ischemia in the model
used in this study, it is reasonable to believe that white
matter was injured, as well as neurons. In contrast, we also
observed severe injury to the cingulum bundle, which is the
structure adjacent to the corpus callosum. The cingulum
bundle consists of three major fiber components originating
from the thalamus, the cingulum gyrus, and the cortical
association areas (Mufson and Pandya, 1984). Since the
neuronal injuries in these originating areas were neither
severe nor consistent in this study, we conclude that the
cingulum bundle is extremely vulnerable to ischemia, al-
though the mechanism remains unclear.

In this study, we detected axonal injury by SMI-32 immu-
nohistochemistry. The SMI-32 antibody reacts with depho-
sphorylated neurofilament H within the neuronal and axonal
cytoskeleton. Neurofilament proteins are highly phosphory-
lated under physiological conditions, and axonal injury cau-
ses a decrease in phosphorylated neurofilament and an

FIG. 7. (A and B) Quantitative evaluation of oxidative protein damage by detection of the carbonyl groups introduced into
proteins. The levels of the carbonyl groups in the striatum significantly increased 24 h after bilateral common carotid artery
occlusion (BCCAO) compared with sham animals (n = 6; *p < 0.05). (C and D) Representative photomicrographs of 8-oxoG
staining. Expression of 8-oxoG increased in the striatum 24 h after BCCAO. 8-oxoG staining co-localized with DARPP-32
staining; however, it did not co-localize with ChAT staining (magnification · 400; scale bar = 50 lm;. I and Isc, ischemia; 8-
oxoG, anti-8-oxoguanine; DARPP-32, anti-dopamine and cyclic AMP-regulated phosphoprotein of relative molecular weight
32,000; ChAT, anti-choline acetyltransferase). Color image is available online at www.liebertpub.com/neu.
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increase in dephosphorylated neurofilament (Trapp et al.,
1998). Therefore, the SMI-32 antibody can be used to detect
axonal injury under many conditions (Gresle et al., 2006).
Although many authors have detected axonal injury by am-
yloid precursor protein immunohistochemistry, assessment
of axonal injury with an amyloid precursor protein antibody
is limited, because the immunostaining is restricted mainly to
the margins of the ischemic lesion, and hence is largely absent
from the ischemic core (Gresle et al., 2006; Yam et al., 1997).
Therefore, we used SMI-32 immunohistochemistry, and
clearly detected axonal injury. To our knowledge, the current
study is the first to detect axonal injury after tGCI using SMI-
32 immunohistochemistry, and we propose that SMI-32 im-
munohistochemistry is very sensitive for detection of axonal
injury after tGCI.

One limitation of our study with regard to white matter
injury is the difficulty of quantitative evaluation. White matter
injury was evaluated only by immunostaining, which is dif-
ficult to quantify. Some authors have evaluated white matter
injury after focal ischemia using an amyloid precursor protein
immunoreactivity score (Imai et al., 2001; Yam et al., 1997);
however, such scoring systems are not quantitative. We need
to develop a quantitative evaluating method in a future study.

In conclusion, we suggest a tGCI model that consistently
produces neuronal and white matter injury in C57BL/6 mice
with the use of a simple technique. Since C57BL/6 mice are
commonly used in the production of transgenic and knockout
animals, this model can be highly useful for elucidating in vivo
molecular mechanisms of ischemic injury in neurons and
white matter.

FIG. 8. White matter injury after bilateral common carotid artery occlusion (BCCAO). (A) Representative photomicrographs
of RIP staining. RIP-positive processes were thin and smooth in the sham animals; however, 72 h after BCCAO they became
tangled and intermittent. Seven days after BCCAO, RIP-positive processes disappeared, though the staining of cell bodies
was observed. Nuclei were counterstained with hematoxylin (magnification · 400; scale bar = 50 lm). (B) Representative low-
magnification ( · 25) photomicrographs of SMI-32 (green) and MBP (red) staining. Seventy-two hours after BCCAO, intense
expression of SMI-32 was observed in the fiber fascicles of the internal capsule of the striatum (arrowhead). The cingulum
bundle, large fibers adjacent to the corpus callosum, was also immunopositive for SMI-32 after ischemia (arrow; scale
bar = 400 lm). (C) Representative high-magnification photomicrographs of SMI-32 (green) and MBP (red) staining of the
striatum. Using a confocal microscope, fine neurofilaments and axons among the fiber fascicles were detected in the sham
animals. They had disappeared at 72 h after BCCAO. With MBP staining, a coarse change and vacuolation of the fiber
fascicles were also observed (scale bar = 20 lm; MBP, anti-myelin basic protein; SMI-32, anti-non-phosphorylated neurofila-
ment; RIP, RNA binding protein immunoprecipitation). Color image is available online at www.liebertpub.com/neu.
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