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SUMMARY

Aims: The purpose of this study is to investigate whether the NG27 cells, a class of oligoden-
drocyte progenitor cells, is involved in the pathophysiology of stroke in stroke-prone sponta-
neously hypertensive rat (SHR-SP). Methods: SHR-SP, SHR, Wistar-Kyoto rats (WKY), and
C57BJ/6 mice were used. Immunohistochemistry was conducted to evaluate the number of
NG27* cells in frozen brain sections. Demyelination was evaluated by Sudan black stain-
ing and serum level of myelin basic protein. Middle cerebral artery occlusion (MCAO) was
performed to prepare experimental stroke model. Results: The number of NG2* cells was
significantly decreased in infarct core and increased in penumbra in WKY rats after MCAO.
In brain sections of 6-month-old SHR-SP, the number of NG2* cells was significantly (P <
0.01) less than that in age-matched SHR and WKY rats. However, this phenomenon was
not observed in 3-month-old rats. Demyelination was found in 6-month-old SHR-SP but
not in 3-month-old SHR-SP. Pharmacological treatment of cuprizone in mice induced de-
myelination and enlargement of cerebral infarction after MCAO. Conclusion: The decline
of NG2% cells may cause demyelination and contribute to the susceptibility of SHR-SP to
ischemic brain injury.
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Introduction

Stroke is a leading cause of morbidity and mortality worldwide
[1], including China [2-4]. Many efforts for developing effective
therapeutic strategies have been made for a long time, whereas
the perspective of stoke treatment remains a critical challenge.
NG2* cells, which are defined by their expression of the chon-
droitin sulfate proteoglycan NG2, were only deemed as potential
oligodendrocyte progenitor cells previously [5,6]. In recent years,
NG27* cells have been proposed to be multipotent neural stem cells
[7]. It has been reported that NG2* cells can convert to Schwann
cells and possibly astrocytes to repair damage postischemic stroke
[7]. NG2T cells were reported to be increased in the penumbra
area during stroke and play important roles in neurogenesis after
cerebral ischemia [8]. Some researchers found that the majority of
newly anagenetic neuronal cells in cortical, penumbra, and con-
tralateral regions were identified as NG2* polydendrocytes [9].
Moreover, the neuroprotective characteristic of NG2% cells has
been revealed recently [10]. However, all the abovementioned
work focused on the roles of NG2* cells after cerebral ischemia.
Whether NG27T cells can affect occurrence of stroke remains an
unknown issue.

Spontaneously hypertensive rat (SHR) is a well-known inbred
strain of genetic hypertension [11], whereas stroke-prone sponta-
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neously hypertensive rat (SHR-SP) is a substrain of SHR and has
been generally accepted as the best animal model for cerebrovas-
cular disease resembling human stroke [12]. Wistar-Kyoto rats
represent normal control of SHR and SHR-SP. In SHR-SP, stroke
occurs in the course of the development of severe hypertension
[12]. In contrast, in SHR, although the hypertension also exists,
the stroke is infrequent [12]. Therefore, although the severe hy-
pertension was thought to be one of the most important causes of
stroke in SHR-SP, the other causes of stroke in SHR-SP are largely
unknown.

We hypothesized that the NG2* cells play a role in the occur-
rence of stroke and tested this hypothesis in the SHR-SP. More-
over, we explored the involvement of demyelination in the asso-
ciation between NG2* cells and ischemic stroke.

Methods
Animals

Male SHR-SP, SHR, WKY rats, and C57BJ/6 mice were provided
by the Animal Center of our university. All experiments in animals
were conducted according to the protocols approved by the Insti-
tutional Animal Care and Use Committee at the Second Military
Medical University of China.
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Figure 1 Changes of NG2™ cell number in infarct core (A), penumbra (B), and unaffected contralateral area (C) in WKY rats undergoing MCAO operation.

n =6 per group. **P < 0.01 versus sham operation.

Determination of Brain NG2* Cells

NG2* cells were detected with immunohistochemistry as de-
scribed previously [13,14]. In brief, frozen 20-um-thick brain sec-
tions were fixed in 4% paraformaldehyde, blocked by 8% nor-
mal goat serum and incubated in specific primary antibody (NG2T;
1:200; Chemicon, CA, USA) and Cy3-conjugated secondary anti-
body in sequence. Images were obtained by fluorescence micro-
scope (IX-71; Olympus, Tokyo, Japan) and analyzed using Image-
Pro Plus software [Media Cybernetics, Silver Spring, MD, USA;
Ref.15]. The number of NG2% cells in hippocampus and cortex
was evaluated. For each animal, at least five brain sections and at
least five different areas in one section were evaluated.

Sudan Black Staining

The Sudan black staining technique was used to detect the de-
myelination lesion. Frozen sections were left at room temperature,
rinsed with 0.01M Phosphate Buffered Saline (PBS), and stained
with Sudan black in 70% ethanol solution for 30 min [16]. The
specimens were differentiated in 50% ethanol, rinsed with dis-
tilled water, and mounted in a mixture of glycerol/PBS.

Enzyme-linked Inmunosorbent Assay (ELISA)

Demyelination was also evaluated by detecting serum level of
myelin basic protein (MBP) with a commercial ELISA kit (Usc-
nlife, Missouri, TX, USA). In brief, the blood of mice was ob-
tained from tail [17]. Serum was incubated at room tempera-
ture with sample buffer in 96-well plates for 90 min and then
with biotin-labeled anti-MBP detection antibody for 60 min. Fi-
nally, a streptavidin-horseradish peroxidase conjugate was added
at room temperature for 30 min. Bound MBP was detected by
adding tetramethylbenzidine substrate solution for 15 min and the
plates were read at 450 nm as described previously [18].
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Middle Cerebral Artery Occlusion (MCAO)

MCAO was performed to prepare an experimental stroke model
according to standard protocol [13]. The core temperature (rec-
tum) was maintained at 36.5-37.5°C by a homeothermic heating
pad. Cerebral focal ischemia was produced by intraluminal occlu-
sion of the left middle cerebral artery, using a silicone rubber-
coated nylon monofilament [19]. Cortical blood flow was mea-
sured with a laser Doppler flowmeter (Moor Instruments, Axmin-
ster, UK) to ensure cerebral blood flow was reduced by more than
85% [20]. Two hours after MCAO, the occluding filament was
withdrawn to allow reperfusion.

Statistical Analysis

Data are expressed as mean £+ SEM. Differences were evaluated
by two-tailed Student’s f-test (two groups) or one-way analysis
of variance followed by SNK post hoc test (three or more groups).
Statistical significance was set at P < 0.05.

Results

The Number of NG2* Cells Changes After
Ischemic Stroke in Normal Control Rats

We first determined the change of brain NG27 cells after ischemic
stroke in WKY rats, which are normal control rats of SHR-SP. As
shown in Figure 1(A), in the infarct core of MCAO rats, the num-
ber of NG2T cells in both hippocampus and cortex was reduced
significantly compared with that in sham-operated rats (P < 0.01),
whereas in the penumbra area of MCAO rats, the number of NG2*
cells was increased significantly (Figure 1B; P < 0.01). The num-
ber of NG2* cells in unaffected contralateral region of MCAO rats
was not altered (Figure 1C).
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Figure 2 Decline of brain NG2* cells in 6-month-old SHR-SP but not in 3-month-old SHR-SP. (A) Survival curve of SHR-SP. (B,C) Representative image of NG2*
cells in hippocampus and cortex and quantitative analysis of NG2* cells in 6-month-old SHR-SP, SHR, and WKY rats. n = 6 per group. **P < 0.01 versus WKY.
(D,E) Representative image of NG27 cells and quantitative analysis of NG27 cells in 3-month-old SHR-SP. n = 6 per group. NS, no significance.

number of NG2* cells at 6 months old in SHR-SP is tightly associ-
ated with the occurrence of stroke.

The Number of NG2* Cells Decreases in
6-Month-Old SHR-SP but Not in 3-Month-Old
SHR-SP

In this study, we observed that the SHR-SP began to die at about
6 months after birth (Figure 2A). All dead rats were examined

Demyelination Lesion in 6-Month-Old SHR-SP

for the stroke lesion. This result suggests that the susceptibility
to stroke in the SHR-SP emerges at around 6 months old. In 6-
month-old SHR-SP, the number of NG2% cells in hippocampus
and cortex was significantly less than that in WKY rats (Figure 2B
and C). However, the SHR, another hypertensive rat strain with-
out stroke susceptibility, did not display the similar feature (Figure
2B and C). In contrast, in 3-month-old SHR-SP, the number of
NG2V cells was comparable to that in age-matched WKY rats (Fig-
ure 2D and E). These data strongly suggest that the decrease of

Because NG2* cells are oligodendrocyte progenitor cells and oligo-
dendrocyte is a major component of medullary sheath in central
nervous system, we next examined the demyelination in SHR-
SP without stroke. In 6-month-old SHR-SP, the ratio of optical
density in white matter (corpus callosum) was significantly lower
than that in WKY rats (Figure 3A and B; P < 0.001). Moreover,
serum level of MBP (a marker of demyelination) in 6-month-old
SHR-SP was accordingly higher than that in WKY rats (Figure 3C;
P < 0.01). These phenomena were not observed in 3-month-old
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Figure 3 Demyelination in white matter of 6-month-old SHR-SP. (A,B) Representative image (A) and quantitative analysis (B) of Sudan black staining showing

demyelination in 6-month-old SHR-SP. (C) Serum MBP level in 6-month-old SHR-SP is higher than that in age-matched WKY rats. n = 6-8 per group. **P < 0.01
versus WKY.
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Figure 4 The vulnerability to cerebral ischemic injury differs in WKY, SHR, and SHR-SP. (A) The difference of outcome after MCAQ in age-matched WKY, SHR,
and SHR-SP. n = 20 per group. (B) The representative image and quantitative data of the cerebral infarct area in alive rats after MCAO. **P < 0.01 versus WKY

or SHR.

SHR-SP and WKY rats (data not shown). These data indicate that
the progress of demyelination lesion in SHR-SP may result from
the decrease of NG2™ cells.

Vulnerability to Cerebral Ischemic Injury Differs
in WKY, SHR, and SHR-SP

We performed MCAO in 6-month-old WKY, SHR, and SHR-SP.
There were significant differences among the outcome at 24 h
after MCAO in three strains. The death rate was 15% in WKY
and 20% in SHR, whereas was 85% in SHR-SP (Figure 4A).
We examined the infarct area in live rats. The relative infarct
area SHR-SP was significantly higher than that in WKY and SHR
(Figure 4B).

Demyelination Aggravates the Outcome of
Ischemic Stroke

To evaluate whether demyelination can affect stroke injury, we
treated mice with cuprizone (CPZ) for 6 weeks to induce demyeli-
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nation. The ratio of optical density of corpus callosum in CPZ-
treated mice was lower than that in control mice (Figure 5A and
B; P < 0.01). The serum MBP levels in CPZ-treated mice were
also enhanced significantly (Figure 5C; P < 0.01). CPZ treatment
aggravated the cerebral infarction induced by MCAO (Figure 5D
and E).

Discussion

The main findings of this study are that we found the decline of
NG27 cell number in SHR-SP at 6 months after birth, when the fa-
tal stroke began to appear. The absence of this phenotype in SHR
may exclude the possibility that the decline of NG27 cells number
is because of the hypertension to some extent. The finding that the
NG2* cell number in 3-month-old SHR-SP is comparable to that
in control rats further excludes the decline of NG2T cell number
in SHR-SP is congenital. Therefore, these results straightforwardly
indicate that the decline of NG2* cells number in 6-month-old
SHR-SP is a unique feature in SHR-SP, and may be tightly associ-
ated with the fatal stroke occurrence in SHR-SP.
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Figure 5 Demyelination induced by cuprizone (CPZ) aggravates brain injury upon MCAO. Sudan black staining (A) and (B) and serum MBP levels (C) evidence
the demyelination in CPZ-treated mice. (D,E) Demyelination aggravates brain injury induced by MCAO. n = 6-8 per group. *P < 0.05; **P < 0.01 versus control.
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Ischemic stroke, the main kind of stroke, is an age-related
[20-22] and gene-related [23,24] disease and always followed
by long-term hypertension and other cardiovascular diseases
such as carotid plaque [25-27], intracranial atherosclerotic le-
sions, [28,29] and arterial fibrillation [30-32]. Moreover, hyper-
lipemia, diabetes, smoke, alcohol abuse, obesity, salt intake, and
many other factors also contribute to the pathogenesis of stroke
[1,3,4,20,23,33-38]. After the occlusion of blood supply, severe
hypoxia and activation of many toxic metabolites, such as reac-
tive oxygen species, excitatory amino acid and excessive calcium
ion, could trigger more deteriorative signal cascades and further
damage the brain tissue around the lesions. However, because the
effective treatments for stroke are limited yet, prevention of stroke
may be a promising way to curb the stroke pandemic [39,40],
yielding that detection of early signs of stroke in animal model
is very valuable for future clinical studies.

SHR-SP is the one of most suitable models for the stroke study.
Many factors, such as cerebral endothelial dysfunction [41,42],
blood-brain-barrier impairment [43], and oxidative stress [44],
have been previously revealed. It is widely believed that the causes
of stroke in SHR-SP are very complex. However, the difference
of neuronal cell between SHR-SP and control has never been re-
ported. Thus, when we found the deficiency of NG2% cells at the
malignant stage in SHR-SP, we proposed that the decline of the
number of NG2* cells might induce decline of oligodendrocyte
and then dysfunction of medullary sheath, which at last lead to
the susceptibility to stroke. As expected, in the following studies,
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marked demyelination was observed in 6-month-old SHR-SP but
not in 3-month-old SHR-SP, strongly supporting this assumption.
It has been recognized that the oligodendrocytes, myelin-forming
glial cells, are vulnerable to damage in cerebral ischemia [45], and
there is growing awareness that oligodendrocytes are also thera-
peutic targets of injury in acute ischemia. However, whether de-
myelination, which commonly happens in white matter, can ag-
gravate the neuronal injury during acute ischemia is unknown.
To test this hypothesis, we studied the effect of demyelination on
cerebral infarction, using CPZ feeding [46]. In CPZ-treated mice,
the marked enlarged cerebral infarction size by MCAO confirmed
our speculation.

In conclusion, our results suggest that the deficiency of NG2*
cells may susceptibility of SHR-SP to stroke, and implicate that the
patients with demyelination, even slight, may be more vulnerable
to cerebral ischemia injury.
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