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1. Introduction

Alzheimer’s disease (AD) is a major cause for dementia and
has been considered to be a distinct entity from vascular
dementia. However, recent pieces of evidence indicate a
contribution of chronic cerebral hypoperfusion to the patho-
genesis of AD. Indeed, reduction of cerebral blood flow (CBF)
has been shown in temporal, parietal, and frontal cortices in
the patients with AD (Waldemar et al., 1994; Johnson et al.,
1998). This reduction of CBF has been attributed to reduced
cerebral metabolism previously and may represent neurovas-
cular coupling in response to an impaired synaptic activity.

However, several lines of evidence indicate dysregulation
of regional CBF in AD brains, independent from derangement
of synaptic activity. A decrease of CBF is documented even at
early stages, indicating a microcirculatory insufficiency before
the onset of AD pathology (Prohovnik et al., 1988). In addition,
vascular networks in the cerebral cortices of AD patients are
damaged and may contribute to the decrease of CBF (De Jong
et al., 1997, Farkas et al., 2000; Kitaguchi et al., 2007), although
it remains unclear whether these capillary damages are
secondary to amyloid 3 (Ap) deposition. Finally, in AD brains,
there are frequent white matter (WM) lesions and cortical
microinfarctions (Suter et al., 2002; Kovari et al., 2007), which
are attributed to chronic cerebral hypoperfusion. In concor-
dance with this microvascular derangement in AD, epidemi-
ological data have revealed that vascular factors including
mid-life hypertension and hyperlipidemia, diabetes mellitus,
apo E4 genotype, are common risks for both AD and vascular
dementia (Skoog et al., 1996; Launer et al., 2000; Kalaria, 2002;
Kivipelto et al.,, 2006). Taken together, one can hypothesize
that vascular factors and chronic cerebral hypoperfusion may
accelerate AD pathology and cognitive decline.

However, there have been no data on whether chronic
cerebral ischemia accelerates Ap deposition in vivo, because
the appropriate animal models have not been available. For
this purpose, we successfully established a mouse model of
chronic cerebral hypoperfusion, which exhibits mild cerebral
hypoperfusion for an extended period and subsequently
shows WM lesions and working memory deficits (Shibata et
al., 2004; Shibata et al., 2007; Nakaji et al., 2006). In the present
study, we applied chronic cerebral hypoperfusion to APP-Tg
mouse and tested a possible alteration of A metabolism.

2. Results
2.1, Histological stainings and immunohistochemistry

In the BCAS-treated mice at the age of 6 months and later, the
WM was rarefied in the corpus callosum, caudoputamen,
internal capsule and anterior commissure using Kliiver-Barrera
staining (Figs. 1A and B). However, there were no foci of
cerebral infarctions in the cerebral cortices and the hippo-
campus. Using immunohistochemistry for GFAP, astroglia
were much more numerous in the cerebral cortices, hippo-
campus, and WM such as the corpus callosum in the BCAS-
treated mice at ages of 6, 9, and 12 months, as compared to
those in the sham-operated mice (Figs. 1C and D).

Amyloid p,40 immunostaining was observed occasionally
in the vessel walls at 6 months and thereafter both in the mice
with and without chronic cerebral hypoperfusion (Fig. 2A and
B), whereas there were no obvious immunoreactivities in the
neuronal somata for Ap;_4». There was no specific staining for
AB1-40 and Apj-4o without the primary antibodies, and in the
sections from wild-type mice which were subjected to either
sham operation or BCAS. In the BCAS-treated mice at ages of 6,
9, and 12 months, there were neurons intensely immunore-
active for AB1-4» With perinuclear staining, which may suggest
accumulation of the antigen in the Golgi apparatus and
multivesicular bodies, as compared to the sham-operated
mice (Figs. 2C-H).

The numerical density of neurons with intensely immu-
noreactive for Ap;4, were estimated in the representative 10
fields of 0.18 mm? from the cerebral cortex either sham-
operated or BCAS-treated mice at ages of 12 months. Fig. 3A
indicates an increase of these neurons with intense immu-
noreactivities for AB;_4o. The mouse model of chronic cerebral
hypoperfusion does not exhibit focal necrosis or atrophy in the
gray matter (Shibata et al., 2007). Similarly, in the gray matter,
we did not observe any focal necrosis in the present study, but
apoptotic cells significantly increased in number in the
hippocampal CA1 and cerebral cortices even at ages of
12 months after BCAS (Figs. 3A and B). Therefore, one can
postulate that intracellular accumulation of Ap affects cellular
metabolism and may have some relationship to apoptotic cell
death, although it remains unclear whether these apoptotic
neurons lead to significant reduction of neuronal density.

In the W), including pencil fibers of the caudoputamen,
optic tract and internal capsules, there were varicose fibers
that were immunoreactive to antibodies against APi_4,
whereas those immunoreactive for Ap; 40 were rarely found
(Figs. 4A-D). Accumulation of Ap1_40 and ApB4_4; in the neuropil
appeared occasionally in mice at the age of 7 months and
constantly at 10 months, either with or without chronic
cerebral hypoperfusion. With the antibody against Api_as,
the immunoreactivity appeared as focal deposits surrounded
by fibrillary deposits, whereas those for AB-40 Were restricted
to the round focal deposits, although the significance of
differential pattern of amyloid deposits remained unclear
(Figs. 4E and F). There were no differences in the distribution of
APB1-40 and AP, between the short-period group at ages of
12 months and the long-period group.

2.2. Western blot and filter assay

BCAS-treated mice showed the tendency to have higher levels
of Ap (n=3, p=0.071) in the extracellular-enriched brain
fraction, as shown in the littermate pairs (a), (b), and (c) in
the upper row of Fig. 5A. However, it did not reach statistical
significance after correction by p-actin band density.

Next, we tested whether any structural changes in Ap can
be observed in chronic cerebral hypoperfusion with filter
assay using ¢200-nm nitrocellulose membrane, on which only
the protein structures larger than 200 nm in diameter can be
blotted. To validate the effectiveness of filter assay in
specifically detecting Ap fibrils, Ap fibrils were prepared
from synthetic Apq-4, in vitro and subjected to filter assay as
well as SDS-PAGE followed by the blotting, using anti-total Ap
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Fig. 1 - Photomicrographs of Kliiver-Barrera staining (A, B) and immunohistochemistry for GFAP (G, D) in the corpus callosum
(A, B) and the corpus callosum and hippocampal CA1 region (C, D) from the brains of sham-operated mice (A, C) and mice
after chronic cerebral hypoperfusion (B, D). All mice were 12 months of age. Note the increase of GFAP-immunoreactive astroglia
in both the corpus callosum and hippocampus. Scale bars indicate 50 pm.

(6E10) antibody (Fig. 5B). The Ap fibrils formed after in vitro
incubation were seen as high-molecular weight smear (Fig. 5B,
asterisk [*]), which cannot be seen in the Ap sample without
incubation, whereas Ap oligomers (Fig. 5B, asterisks [**]) and
monomer (Fig. 5B, asterisks [**]) were detected with or without
incubation. Conversely, in the filter assay, an Ap-immunore-
active spot was seen only in the sample after incubation
(Fig. SB, bottom), indicating that monomers and oligomers
had passed through the membrane.

Thus, we applied filter assay to the extracellular-enriched
brain samples from the sham-operated and BCAS-treated
mice. Interestingly, the Ap-immmunoreactive spot density
was increased invariably in the BCAS-treated mice, compared
to the sham-operated mice (Fig. 5C), indicating that Ap fibril
formation was enhanced in the extracellular fraction after
BCAS. Quantification of the spot density revealed that the
increase was almost by 80% (p=0.038, n=3, Fig. 5D).

3. Discussion

In previous studies, increase of astroglia has been shown in
the cerebral cortex and each part of the white matter in the
BCAS-treated mice, along with rarefaction of the white matter
(Shibata et al., 2004, 2007). The extent and distribution of glial
activation in the present study correspond to those in previous
reports and, therefore, indicate the same magnitude of
ischemic insults after BCAS.

The altered metabolism of APP and Ap has been indicated
during in vitro hypoxia, and at multiple steps which favor the

increase of APP and Ap. Indeed, in human neuroblastoma
cells, chronic hypoxia decreased the levels of a-secretase
activity, which may upregulate Ap production (Webster et al.,
2002). In primary culture of neurons from human APP-Tg mice
(Tg25769), hypoxia and glucose deprivation increased Ap with
a concomitant increase of y-secretase and a delayed decrease
of a-secretase, ADAM10 (Lee et al., 2006; Marshall et al., 2006).
Hypoxia enhances the activity of p-secretase, the rate-limiting
enzyme for Ap production, in the cells expressing human
APP695 (Zhang et al., 2007) and facilitates Ap deposition and
neuritic plaque formation in APP-Tg mice (Sun et al., 2006).
More recently, neprilysin, metalloproteinase which degrades
Ap, has been shown to decrease in AD (Fisk et al., 2007).

In chronic cerebral ischemia, APP is accumulated in the
neurites and soma of affected neurons (Wakita et al., 1992),
being enhanced subcellularly in the endopalsmic reticulum
and multivesicular bodies after transient global ischemia
(Tomimoto et al., 1995). The increased cleavage of Ap has
been shown in a rat model of chronic cerebral hypoperfusion,
but tissue deposition has not been demonstrated for Ap
(Bennet et al., 2000). In contrast, in focal cerebral ischemia,
dense plaque-like APP deposits appear in the peri-infarct
regions (van Groen et al., 2005).

These data collectively indicate that cerebral ischemia
induces the abnormal metabolism of Ap and may replicate the
deposition of Ap in AD. An altered metabolism in Ap was
shown in the present study after chronic cerebral hypoper-
fuion, but this mechanism remains unclear. 3 Secretase, j3-site
APP cleaving (BACE), is a membrane-bound aspartic protease,
and the rate-limiting step in Ap cleavage. Therefore, the Ap
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Fig. 2 - Photomicrographs of immunohistochemistry for AB14o (A, B) and AB; 4> (C-H) in the cerebral cortices. The mice
were sham operated (A, G, E) and BCAS treated (B, D, F-H), and sacrificed at 6 months of age (A-D, G, H) and 12 months (E, F). Note
that there are scattered intensely immunoreactive neurons, with enhanced immunostaining in the perinuclear regions.
These neurons (H) were admixed with the neurons without perinuclear staining (G) in the cerebral cortices of BCAS-treated

mice. Scale bars indicate 200 pm (A-F) and 10 pm (G, H).

load has been correlated with an increase in BACE activity in
AD (Yang et al, 2003; Li et al,, 2004; Chiocco et al., 2004,
Johnston et al., 2005; Leuba et al., 2005). In aged APP-Tg mice,
BACE was upregulated in the astroglia near amyloid plaques,
suggesting that there may be Ap production in the astroglia
(Rossner et al., 2001). More recently, dysregulation in the inter-
compartmental transport of soluble Ap has also been reported
in AD with an increase in the receptors for advanced glycation

end products (RAGE), thus transporting Ap into the brain, and
a decrease of low-density receptor-related protein (LRP)-1,
which transports Ap outside of the brain (Donahue et al,
2006). Chronic cerebral hypoperfusion may affect each of
these processes of Ap metabolism, and the exact mechanisms
should be indicated in the future study.

Finally, it remains to be addressed in the future whether
chronic cerebral hypoperfusion induces the abnormal
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Fig. 3 - (A) Bar graphs showing the numerical density of cells with perinuclear staining and apoptotic cells. (B)
Photomicrographs of TUNEL staining in the cerebral cortex and hippocampus in either sham-operated or BCAS-treated mice at

12 months of age.

phosphorylation of tau protein (lkeda et al., 1998) and
consequently accelerates synaptic dysfunction and cognitive
deficits, since the Ap load does not necessarily predict the
magnitude of cognitive impairment (Giannakopoulos et al,
2003).

4. Experimental procedures

4.1. Animals and treatments

We used human APP-Tg mice overexpressing the familial AD-
linked mutation carrying a mutant form of the human APP
bearing the both Swedish (K670N/M671L) and the Indiana
(V717F) mutations (APPSwInd) (Mucke et al., 2000), which has
been imported from the Jackson Laboratory (USA). Mice were
screened for transgene expression by PCR, and heterozygous
mice were mated with nontransgenic C57BL/6] mice. All male
heterozygous transgenic mice were given free access to food
and water ad libitum. All procedures were performed in
accordance with the guidelines for animal experimentation
from the ethical committee of Kyoto University.

These mice were anesthetized with sodium pentobarbital
intraperitoneally. Through a midline cervical incision, both
common carotid arteries (CCAs) were exposed and freed from
their sheaths. The microcoils, which were made of piano wire
with an inner diameter of 0.18 mm, were constructed in
Sawane Spring Co. (Japan). This microcoil was twined by
rotating around the right CCA. After 30 min, another microcoil
was twined around the left CCA. For the sham operation, the
CCAs of the animals were exposed, but the microcoils were
not twined.

Comparisons were then performed between APPSwind
transgenic mice and their littermates. At 5, 8, and 11 months
of age, littermates of APP-Tg mice were subjected to either
sham operation or bilateral carotid artery stenosis (BCAS)

using microcoils (short-period group). One month after the
sham operation or BCAS, these animals were examined. To
test the effects of duration of chronic cerebral hypoperfusion,
another batch of littermates of the APP-Tg mice were
subjected to either sham operation or BCAS at 3 months of
ages and were examined in the same manner after the
survival for 9 months (long-period group). The long-period
group was then compared to those operated at 11 months and
sacrificed at 12 months.
4.2. Histopathology and immunohistochemistry
All animals were euthanized at 1 month and perfused
transcardially with 0.01 mol/L phosphate-buffered saline
(PBS) followed by 4% paraformaldehyde and 0.2% picric acid
in 0.1 mol/L PBS (pH 7.4). The brains were removed and coronal
brain blocks were postfixed for 24 h in 4% paraformaldehyde
in 0.1 M PBS (pH 7.4) and then stored in 20% sucrose in 0.1 M PB
(pH 7.4). Paraffin-embedded tissue was sectioned at 6-um
thickness. These sections were stained with hematoxylin and
eosin (H & E) for examination of overall morphology and
Kliiver-Barrera staining for examination of the WM lesions.
For immunohistochemistry, the paraffin sections were
incubated overnight at 4 °C with anti-glial fibrillary acidic
protein (GFAP; Dakopatts, Denmark; diluted 1:1000). These
sections were incubated with biotinylated anti-mouse IgG
(Vector Laboratories, USA; diluted 1:200), and subsequently
with avidin-biotin complex solution (Vector Laboratories;
diluted 1:100). After each reaction, the sections were rinsed
for 15 min with 0.1 M PBS. Finally, the immunoreaction
products were visualized with a solution of 0.02% 3, 3'-
diaminobenzidine tetrahydrochloride (DAB) and 0.005% H,0,
in 0.05 M Tris buffer (pH 7.6). Immunohistochemistry for
APiao and ApPis, was performed using Ap staining kit
(Dakoppatts, Denmark) according to the manufacturer’s
recommendation.
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Fig. 4 - Photomicrographs of the immunohistochemistry for AB1_40 (A, D, G) and AB 142 (B, G, E, F, H, I) in the internal capsule and
optic tract (A-F) and the hippocampal GA3 region (G-I). Mice were sham treated (B, E, H) and BCAS treated (A, G, D, F, G, )
and sacrificed at 9 months of age (A-C) and 12 months (D-I). Scale bars indicate 500 pm (A-F) and 100 pm (G-I).

TUNEL staining was performed using the Apoptag in situ
kit obtained from Oncor (Gaithersberg, MD, USA). After

immersion in an equilibration buffer for 5 min, the sections -

were incubated with TdT and dUTP-digoxigenin in a humid-
ified chamber at 37 °C for 1 h, and then incubated in the stop/
wash buffer for 30 min. The sections were washed with 0.1 M
PBS and incubated with an anti digoxigenin-peroxidase
solution for 30 min. The sections were colorized with DAB-
H,0, solution as described above.

4.3, Protein extraction

The protein samples for Western blotting and the filter assay
were extracted according to the method proposed by Lesne et
al. (2006). Briefly, hemi-forebrains were harvested in 500 uL of
solution containing 50 mM Tris-HCl (pH 7.6), 1% NP-40,
150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1 mM phenylmethylsul-
fonyl fluoride (PMSF), and a protease inhibitor cocktail (Sigma,
USA). Soluble, extracellular-enriched proteins were collected
from mechanically homogenized lysates (1 mL syringe, gauge
20 needle [10 repeats]) following centrifugation for 5 min at
3000 rpm. The protein concentration of the samples was

measured according to the Bradford (1976) method and equal
amount of protein was subjected to Western blotting or filter
assay.

4.4,  Western blotting and filter assay

To examine the changes of APP metabolism in chronic
cerebral hypoperfusion, we extracted the extracellular-
enriched proteins from the brains of either sham-operated
or BCAS-treated mice according to the protocol by Lesne et al.,
(2006). These mice were operated at the age of 8 months and
sacrificed at the age of 9 months. Three pairs (pairs (), (b), and
(c)) of sham-operated or BCAS-treated mice were used for the
analysis. Samples containing equal amounts of protein were
diluted by Tricine SDS sample buffer (2x) (Invitrogen, USA) and
electrophoresed on a 10%-20% Tricine gel (Invitrogen) in
Tricine SDS Running Buffer (Invitrogen) according to the
manufacturers’ recommendation. Immunoblotting was per-
formed by transferring the proteins to a PVDF membrane,
blocking this membrane with 5% skimmed milk in Tris-HCl-
buffered saline containing 1% TritonX-100 (TBS-T), and
incubated with the primary antibody (6E10, Sigma; diluted
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Fig. 5 - (A) Western blot of AB in the extracellular-enriched fraction of mouse brains using the anti-total AR (6E10) antibody. The
lower panel indicates the bands of 8-actin, which was used as a loading control. The A8 fibrils were prepared in vitro from
synthetic AB;_4; and subjected to SDS-PAGE analysis (upper panel). (B) The A fibril was seen as a high-molecular weight
smear (*) after incubation. The AP oligomers (**) and monomer (***) bands were seen both before and after incubation. The filter
assay (bottom panel) demonstrated an AB immunopositive spot only after incubation, indicating that the A3 monomer and
oligomers passed through the membrane pore and failed to be blotted onto the membrane. (C) Extracellular-enriched protein
samples obtained from brains of either BCAS-treated mice or sham-operated littermates were subjected to the filter assay. The
AB-immunoreactive spot density was increased in the samples from BCAS-treated mice, as compared to their sham-operated
littermates. (D) Statistical analysis of AB-immunoreactive spot density. The spot density was significantly increased in the

samples obtained the BCAS-treated mice (p=0.038, n=3).

1:1000) in overnight at 4 °C. The membranes were then
incubated with a HRP-linked anti-mouse IgG secondary
antibody (GE Healthcare, UK; diluted 1:100) for 1 h at room
temperature. The specific reaction was visualized, using the
ECL method (GE Healthcare).

Protein samples from the brains of transgenic mice were
subjected to vacuum filtration through a 96-well dot blot
apparatus (Bio-Rad Laboratories, USA) containing ¢200-nm
nitrocellulose membranes. The resultant membranes were
then incubated with primary antibody (6E10; diluted 1:1000) at
4 °C overnight. The membranes were then blocked by TBS-T
containing 5% skim milk, and incubated with HRP-linked anti-
mouse 1gG secondary antibody (GE Healthcare; diluted 1:100)
for 1 h. The membranes were developed with the ECL Western
Blotting Analysis System (GE Healthcare).

Ap fibrils for the positive control of the filter assay were
prepared from synthetic Apy4, (Bachem AG, Switzerland).
AB1_4p was dissolved and brought to 100 pM in 0.1 M HCl and
incubated at 37 °C, 24 h, for preparation of fibrils. Control Ap
monomer was dissolved in DMSO (100 pM) and used imme-
diately after preparation. The samples were diluted by PBS
into 1 pM and subjected to filter assay.

4.5. Statistical analysis

Data were expressed as mean=SEM except when otherwise
noted. Statistical analyses were carried out by a one-way

ANOVA followed by post hoc Fisher protected least significant
differences test. A value of p<0.05 was considered statistically
significant. Spots density obtained by the filter assay was
quantified by the NIH image analyzer. All values are given in
meansxSD. Comparisons were performed using a paired
Student’s t-test. A p<0.05 was considered to indicate a
significant difference.
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ABSTRACT

Recent studies have shown that similar to cerebral gray matter (mainly composed of
neuronal perikarya), white matter (composed of axons and glias) is vulnerable to ischemia.
Edaravone, a free radical scavenger, has neuroprotective effects against focal cerebral
ischemia even in humans. In this study, we investigated the time course and the severity of
both gray and white matter damage following global cerebral ischemia by cardiac arrest, and
examined whether edaravone protected the gray and the white matter. Male Sprague-
Dawley rats were used. Global cerebral ischemia was induced by 5 min of cardiac arrest and
resuscitation (CAR). Edaravone, 3 mg/kg, was administered intravenously either
immediately or 60 min after CAR. The morphological damage was assessed by cresyl
violet staining. The microtubule-associated protein 2 (a maker of neuronal perikarya and
dendrites), the p amyloid precursor protein (the accumulation of which is a maker of axonal
damage), and the ionized calcium binding adaptor molecule 1 (a marker of microglia) were
stained for immunohistochemical analysis. Significant neuronal perikaryal damage and
marked microglial activation were observed in the hippocampal CA1l region with little
axonal damage one week after CAR. Two weeks after CAR, the perikaryal damage and
microglial activation were unchanged, but obvious axonal damage occurred. Administration
of edaravone 60 min after CAR significantly mitigated the perikaryal damage, the axonal
damage, and the microglial activation. Our results show that axonal damage develops
slower than perikaryal damage and that edaravone can protect both gray and white matter
after CAR in rats.
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1. Introduction

Transient global cerebral ischemia, the most common clinical
feature of which is circulatory arrest, leads to severe neuronal
damage in selectively vulnerable brain areas, such as the
hippocampal CA1 region, medium-sized neurons in the
striatum, and the neocortical neurons in layers 3, 5 and 6, in
both experimental animals and humans (Horn and Schlote,
1992; Kirino, 1982; Petito et al., 1987; Pulsinelli et al., 1982). A
number of promising neuroprotective drugs for cerebral
ischemia, especially for focal ischemia, have been proposed
for preclinical testing, but almost all of these drugs have been
found disappointing in clinical trials (Gladstone et al., 2002).
One of the reasons why these neuroprotective drugs do not
demonstrate obvious clinical benefits is the fact that pre-
clinical studies have concentrated exclusively on protection of
cerebral gray matter, i.e., neuronal perikarya. However,
damage of white matter, which is composed of myelinated
axons and glias, specifically oligodendrocytes, following acute
cerebral ischemia and the effects of neuroprotective drugs on
white matter have been largely neglected (Gladstone et al,,
2002). Protecting only neuronal perikarya from ischemic
insults is of little benefit to maintain neuronal function if
their axons are not being protected, and thus Dewar et al.
(1999) have emphasized that “total brain protection”, in which
not only gray matter but also white matter should be
protected, is important and necessary.

Cerebral white matter is as vulnerable to ischemic insults
as cerebral gray matter (Pantoni et al,, 1996), although the
pathophysiology and mechanisms of white matter damage
differ in certain ways from those of gray matter damage
(Dewar et al, 1999; Gladstone et al., 2002). For example,
glutamatergic NMDA receptors are not expressed in axons and
oligodendrocytes. As a consequence, blockade of Na* channels
and AMPA/kinate receptors is more important for white
matter to maintain Ca?* homeostasis during ischemia
(Dewar et al., 1999). Actually, MK-801, which markedly reduces
ischemic damage to neuronal perikarya, had no protective
effect on axonal damage following middle cerebral artery
occlusion (Yam et al., 2000).

There is increasing evidence that oxidative stress following
ischemia-reperfusion contributes to neuronal damage (Lia-
chenko et al.,, 2003). Edaravone (3-Methyl-1-phenyl-2-pyrazo-
lin-5-one) is a free radical scavenger and clinically available in
Japan (Yoneda et al.,, 2003). It has been demonstrated that
edaravone has a neuroprotective effect on focal cerebral
ischemia (Abe et al., 1988; Amemiya et al., 2005), while there
is no consensus about edaravone’s neuroprotective effect on
global cerebral ischemia (Jin et al., 2002; Otani et al., 2005). To
our knowledge, there is no report on edaravone’s effect on
cerebral white matter damage. We hypothesized that edar-
avone would be effective in protecting not only gray matter
but also white matter against cerebral ischemia, because
white matter is abundant in lipid which can be peroxidized
following ischemia-reperfusion insults.

| 1 week I | 2 weeks

Sham Operation //
Sham //
Salinei.v. | Sample
Ischemia i
s Collection
Isct //
/
Saline i.v. |
Ischemia
5 min
Isc2 /L
// i
Edaravone
Ischemia S Mgl
5min
Edvo //// Sample
Collection
Edaravone
Ischemia 3 mg/kg i.v.
5 min ) ‘L
Edv60 e 60 min ) /;/ _

Fig. 1 - Experimental groups and protocol. This figure shows the schematic diagram depicting the experimental protocol. In
Sham group, rats were subjected to the same surgical procedure but did not undergo cardiac arrest and resuscitation (CAR). In
Isc1 and Isc2 groups, rats were subjected to 5 min cardiac arrest and treated with saline immediately after CAR. Rats in Edv0 and
Edv60 groups were subjected to 5 min cardiac arrest and given 3 mg/kg edaravone intravenously immediately after CAR or
60 min after CAR, respectively. The rats in the Sham and the Isc1 groups were killed one week after CAR. Rats in the Isc2, EdvO,

and Edv60 groups were killed two weeks after CAR.
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The aim of this study was to investigate firstly, the time
course and the severity of both gray and white matter damage
following global cerebral ischemia after cardiac arrest and
secondly, the effect of edaravone on reducing gray and white
matter damage.

2; Results

2.1. Physiological variables

Fig. 1 shows the schematic diagram depicting the experi-
mental protocol. Fifty rats were randomly assigned to one of
5 groups (in each group, n=10): Sham group, Iscl group, Isc2
group, Edv0 group, and Edv60 group. Seven out of 50 rats
(three rats in Iscl, two in Isc2, and two in Edv60 group) were
excluded from the study because of massive bleeding during
operation.

Table 1 summarizes the physiological variables before
and after cardiac arrest and resuscitation (CAR). The pH, pOo,
pCO,, and blood glucose were all within the normal
physiological range before cardiac arrest and were not
statistically different among the groups. Cardiac arrest time
was not statistically different among the groups. After CAR,
rats in the Isc2 group showed a significantly lower PaO, than
the Sham group.

2.2. Neurologic deficit scores

Neurologic deficit scores (Jomura et al., 2007; Neumar et al,,
1995) did not change after CAR in any group and showed
almost full marks without paralysis (data is not shown).

2.3. Time course and severity of neuronal damage induced
by global cerebral ischemia :

Fig. 2 shows representative photomicrographs of the hippo-
campal CA1 region. In the Sham group, almost all neurons
appeared healthy and showed round nuclei with dark cell
bodies in cresyl violet staining (Fig. 2, Al). In contrast, there
were numerous damaged neurons with pyknotic nuclei (the
condensation of chromatin) and karyorhexis (the fragmenta-
tion of the nucleus) in the ischemic groups (Fig. 2, A2 and A3).

The CAR caused a significant decrease in the number of
surviving neurons in the hippocampal CA1 region (Fig. 3A).
There was not significant difference between the number of
surviving neurons in the Isc1 and Isc2 groups, which differed
only in the recovery time, indicating that the neuronal
perikaryal damage was fully established within a week after
the CAR. Moreover, the ischemia caused an extensive decrease
in microtubule-associated protein 2 (MAP2) expression in the
hippocampal CA1 region (Fig. 2, B2 and B3). Fig. 3B shows the
significant quantitative decrease in MAP2 expression in the
CA1 region. The p amyloid precursor protein (3BAPP) accumu-
lation in the hippocampal CA1 region was quite low in the
Sham and the Iscl groups (Fig. 2, D1 and D2), but the global
cerebral ischemia caused extensive RAPP accumulation
2 weeks after CAR (Fig. 2, D3 and Fig. 3C). Interestingly, pAPP
accumulation following the global ischemia in axon-rich brain
areas, such as the caudate putamen and the internal and
external capsules, were sparse and some accumulation of
BAPP was observed in the corpus callosum 2 weeks but not
1 week after CAR (Fig. 4, A2-3). Microglias were significantly
activated at 1-2 weeks after CAR (Fig. 2, E1-3).

2.4. Effects of edaravone on neuronal perikaryal damage
and axonal damage

Edaravone potently protected the brain against neuronal
damage in the hippocampal CA1l region following global
cerebral ischemia (Fig. 2, A4 and A5). The number of
surviving neurons in the Edv60 group was significantly
greater than in the Iscl and Isc2 groups (Fig. 3 A). The
number of surviving neurons in the Edv0O and Edv60 groups
was not significantly different from that in the Sham group,
indicating that edaravone restored the neuronal survivability
to the control level (Fig. 3A). Furthermore, MAP2 staining
confirmed that edaravone provided a significant neuropro-
tective effect against CAR (Fig. 2, B4 and BS). The bar graphs
in Fig. 3B show that edaravone protected hippocampus
against the MAP2 disruption nearly to the control level. In
addition, edaravone significantly reduced the pAPP accumu-
lation in the hippocampal CA1 region almost to the control
(the Sham) level (Fig. 2, D1, D4, DS, and Fig. 3C). The BAPP
accumulation in the corpus callosum was also attenuated by
edaravone (Fig. 4, A3 and A4). The activation of microglias

Table 1 - Physiological variables.

Weight (g) Duration of Before CAR After CAR
cardiac arrest
(min) pH ‘PaOZ PaCO, Glucose pH -PaOQ PaCO, Glucose
(Fi05 0.6) (mm Hg) (mg/dl) (Fi0, 0.6) (mm Hg) (mg/dl)
(mm Hg) (mm Heg)
Sham (n=10) 248+10 o 7.423+0.01 226+3 372 133+7 7.389+0.01 208+6 42+2 126 +5
Iscl (n=7) 235+6 5.26 £0.07 7.398+0.02 21717 44+3 139+14 7.324+0.03 188+13 47 +4 127 +6
Isc2 (n=8) 265+9 5.23+0.05 7.422+0.01 222+10 40+1 148+10 7.274+0.06 147+18" 55+9 131+9
EdvO0 (n=10) 245+6 5.20+0.04 7.420+£0.02 21921 40+1 171+11  7.335+0.04 157420 49+6 133+7
Edv60 (n=8) 248+3 5.09+0.07 7.452+0.01 256+15 371 156+11 7.359+£0.02 152+12 43+2 135+11

CAR = cardiac arrest and resuscitation.
2 P<0.05 compared with Sham group after CAR.
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BAPP

Iba-1

Fig. 2 - Histologic neuronal and axonal damages in the hippocampal CA1 region following global cerebral ischemia caused by
cardiac arrest and resuscitation (CAR). Representative sections of cresyl violet staining (A1-5) and immunostained sections of
MAP2 (B1-5 and C1-5), BAPP (D1-5), and Iba-1 (E1-5) in the CA1 in the Sham, Iscl, Isc2, Edv0, and Edv60 groups are depicted.
A1: Normal pyramidal neurons in the Sham group. A2 and A3: Typical appearance of neuronal damage 1 week (Isc1) and

2 weeks (Isc2) after CAR, respectively. A4 and A5: Reduction of neuronal damage by edaravone administered immediately
(Edv0) and 60 min (Edv60) after CAR, respectively. B1: Normal MAP2 expression in the Sham group. A white square shows the
region of predetermined area for the neuronal perikaryal and axonal damages evaluation. B2 and B3: Extensive decrease in
MAP2 expression after CAR in the Isc1 and Isc2 groups, respectively. B4 and B5: Mitigation of decrease in MAP2 expression by
edaravone in the Edv0 and Edv60 groups. C: MAP2 expression as in B at a higher magnification. D1 and D2: Normal detection
level of the BAPP accumulation in the Sham and Isc1 groups, respectively, one week after CAR. D3: Extensive granular

BAPP deposition 2 weeks after CAR in the Isc2 group. D4 and D5: Mitigation of BAPP accumulation in the edaravone-treated

groups. E1: Scattered ramified microglias are found in the Sham group. E2 and E3: Dense accumulation of ameboid
microglias 1 week and 2 weeks after CAR. E4: Microglial activation is slightly suppressed by edaravone administered
immediately after CAR. E5: Microglial activation is markedly suppressed by edaravone administered 60 min after CAR. Scale

Bar: 50 pm (A, G, D, and E); 1 mm (B).

was significantly suppressed by edaravone (Fig. 2, E4 and E5
and Fig. 3D).

3. Discussion

The novel findings of this study are that axonal (white
matter) damage develops slower than neuronal perikaryal
(gray matter) damage, and that edaravone exerts signifi-
cant protection against not only gray matter damage but
also white matter damage induced by global cerebral
ischemia.

It has been demonstrated that damage to hippocampal
pyramidal neurons is delayed and is generally not fully
developed until 5-7 days after reperfusion in animal models
of forebrain ischemia (Kirino, 1982; Pulsinelli et al., 1982). We
confirmed that neuronal perikaryal damage in the hippocam-
pal CA1 region was apparent and completed by 1 week after
CAR, whereas axonal damage was absent one week after CAR
and only becoming clearly evident 2 weeks after CAR. Based on

these results, we recommend that, in in vivo studies, the
observation period following cerebral ischemia should be
extended to a minimum of 2 weeks. Otherwise it is difficult
to assess the efficacy of a drug with a potential for so-called
“total brain protection (Dewar et al., 1999)" against cerebral
ischemia. In this study, we examined the neuronal perikaryal
damage using both the conventional cresyl violet staining and
the MAP2 immunohistochemistry. Neuronal perikarya and
dendrites express MAP2, which binds to and stabilizes
microtubules, and may help to regulate microtubule spacing
(Matus, 1988). A loss of MAP2 expression can be used as a
sensitive and reliable marker of neuronal damage (Arai et al.,
1994; Kitagawa et al., 1989). To evaluate axonal damage, the
accumulation of the BAPP was investigated. BAPP is usually
produced within neurons at a concentration lying below the
detection threshold (Beeson et al., 1994; Koo et al., 1990; Lin
et al., 1999), and it accumulates in the axon, less often within
the neuronal cell body, when the fast anterograde axonal
transport is disrupted following brain damage, such as
ischemia (Koo et al, 1990; Yam et al, 1998). It is generally
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Fig. 3 - Quantified analyses of neuronal and axonal damages
in the hippocampal CA1 region following global cerebral
ischemia caused by cardiac arrest and resuscitation. A: The
extent of neuronal perikaryal damage is quantified by
counting the number of surviving neurons in a predetermined
hippocampal CA1 region. *P<0.05 compared with the Sham
group; 1P<0.05 compared with the Edv60 group. B: Neuronal
perikaryal damage, quantified by the percentage of MAP2
immunoreactive areas in a predetermined hippocampal CA1
region. *P<0.05 compared with the Sham group; +P<0.05
compared with the Edv60 group. C: Axonal damage, quantified
by the percentage of the BAPP immunoreactive areas in a
predetermined CA1. *P<0.05 compared with the Isc2 group. D:
Microglial activation, quantified by the percentage of the Iba-1
immunoreactive areas in a predetermined hippocampal CA1
region. "P<0.05 compared with the Isc1 and Isc2 groups;
1P<0.05 compared with the Iscl and Isc2 groups.

accepted that BAPP accumulation is a good marker of axonal
damage (Lin et al., 1999; van Groen et al., 2005).

White matter is traditionally considered less vulnerable
than gray matter to ischemic insults (Marcoux et al., 1982).
However, recent studies have shown that white matter is also
vulnerable to ischemia (Dewar et al., 1999; Hirko et al., 2008;
Pantoni et al., 1996; Pantoni and Garcia, 1997). Characteristic
white matter lesions, sometimes in the absence of gray matter
damage, are observed following expose of cyanide, or carbon
monoxide (Pantoni et al, 1996). Such lesions also were
observed after chronic cerebral hypoperfusion in a rat model
(Miyamoto et al., 2001). In the present study, we cannot clarify
whether the axonal damage in the CA1 is due to a direct effect
of ischemia or a secondary damage of neuronal perikarya.
However, we assume that the axonal damage is due to the
direct effect of ischemia, because Wallerian degeneration in
the mammalian central nervous system usually occurs very
slowly, taking months to years to appear (Vargas and Barres,
2007). In addition, the evidence that there was a lot of pAPP
accumulation in the CA1 stratum radiatum, which contains
septal and commissural fibers from the contralateral hippo-
campus and Schaffer collateral fibers which are the projection
forward from hippocampal CA3 region to the CA1l region,
indicates that the axonal damage, at least partly, was induced
directly by CAR but not secondarily after neuronal perikaryal
damage because the CA3 neuronal perikarya were not
damaged. Similar to pPAPP accumulation in the CA1, pAPP
accumulation in the corpus callosum, which is a representa-
tive white matter, was apparent at 2 weeks after the CAR and
suppressed by edaravone.

Edaravone has been clinically used for the treatment of
acute cerebral infarction in Japan since June 2001. Numerous
animal studies have demonstrated the neuroprotective effects
of edaravone against focal cerebral ischemia (Abe et al., 1988;
Amemiya et al., 2005; Kawai et al., 1997), but there have been
only a few reports which demonstrate that edaravone has
neuroprotective effects against global (forebrain) cerebral
ischemia (Otani et al., 2005; Watanabe et al., 1994; Yamamoto
et al., 1997). We chose to use 3 mg/kg of edaravone, because
this dose has been effective neuroprotection in rodent
ischemic models (Abe et al., 1988; Amemiya et al., 2005;
Watanabe et al., 1994). While the timing of edaravone
administration was variable in previous studies (Abe et al,,
1988; Amemiya et al., 2005; Otani et al., 2005; Watanabe et al.,
1994), it was most often administered before or immediately
after cerebral ischemia and reperfusion. In the present study,
we demonstrated that edaravone, administered even 60 min
after CAR, significantly protected not only gray matter but also
white matter against ischemia.

Recent studies have shown that oxidative stress plays a
pivotal role on brain damage following ischemia-reperfusion
insult (Liachenko et al., 2003). Reactive oxygen species (ROS)
induce lipid peroxidation, which can modify various cell
membrane functions, such as neurotransmitter release and
uptake, those of ion-channels, ion-motive ATPases, and GTP-
binding proteins, leading to impaired mitochondrial function,
resulting in apoptosis (Mattson, 1998). Our result showing
greatly reduced axonal damage after edaravone treatment
seems quite reasonable because white matter is abundant in
lipid. The evidence that edaravone suppressed microglial
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Isc1

corpus callosum
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Fig. 4 - Axonal damage in the corpus callosum following global cerebral ischemia caused by cardiac arrest and resuscitation
(CAR). BAPP immunoreactivity in the corpus callosum . A1: Absence of BAPP accumulation in the Sham group. A2: Little
BAPP accumulation 1 week after CAR. A3: Positive staining of BAPP is seen in axons 2 weeks after CAR (arrow). A4: BAPP
accumulation is suppressed by edaravone administered 60 min after CAR. Scale Bar: 50 pm.

activation suggests that edaravone exerted neuroprotection as
a radical scavenger, because activated microglias produce
ROS, which can cause neuronal damage and amplify the
inflammatory response of microglias (Block et al., 2007).
Although some authors have previously reported that free
radical scavengers mitigate white matter damage in rodent
brain ischemia models (Imai et al., 2001; Irving et al., 1997; Lin
et al,, 2006), they used radical scavengers other than edar-
avone and their cerebral ischemia models were different from
ours. Moreover, as 60 min after CAR is a sufficiently long
therapeutic time window in the clinical setting, edaravone
seems to be a promising neuroprotective drug against global
cerebral ischemia.

In conclusion, using a cardiac arrest model in rats, we
demonstrated that white matter damage develops slower
than gray matter damage in the hippocampal CA1 region, and
edaravone, administered 60 min after CAR, significantly
protected not only gray matter but also white matter. Our
results indicate that the use of edaravone as a “total brain
protection (Dewar et al., 1999)” drug against global cerebral
ischemia in the clinical setting should be explored and
evaluated.

4. Experimental procedures

4.1. Animal model

The study was approved by the Animal Research Committee
at Kansai Medical University. Adult male Sprague-Dawley rats
(Shimizu Laboratory Supplies Co., Ltd, Kyoto, Japan) weighing
210 to 290 g were used. Fifty rats were randomly assigned to
one of five groups (Fig. 1). In the Sham group, rats were
subjected to the same surgical procedure except for CAR. The
Iscl and Isc2 group rats were subjected to 5 min cardiac arrest
and given physiologic saline intravenously immediately after
CAR. The Edv0 and Edv60 group rats were subjected to 5 min
cardiac arrest and treated with intravenous administration of
3 mg/kg edaravone immediately or 60 min after CAR,
respectively.

Transient global ischemia was induced by the CAR
technique as described previously (Jomura et al., 2007;
Liachenko et al.,, 1998; Liachenko et al, 2001) with slight
modifications. Under isoflurane anesthesia, rats were orotra-
cheally intubated and mechanically ventilated. Rats were
paralyzed by the intravenous administration of pancuronium

bromide (1.5 mg/kg). Anesthesia was maintained with 1 to 2%
isoflurane in 60% O, unless otherwise stated. The temporalis
muscle temperature was monitored and maintained at 36.5+
0.5 °C during the surgical procedure using a feedback
controlled heating blanket. Before the induction of cardiac
arrest, the arterial blood pH and gases were measured using an
i-STAT portable clinical analyzer 300F (FUSO pharmaceutical
industries, Ltd., Osaka, Japan). The arterial blood glucose was
measured using Medisafe Mini MS-GK03 V (Terumo Co.,
Tokyo, Japan).

Cardiac arrest was induced by an ultra-short-acting -
blocker, esmolol (7 mg), followed by the stoppage of mechan-
ical ventilation. At this point, a sharp decrease in the mean
arterial pressure to less than 10 mm Hg was considered as the
induction of cardiac arrest. Strictly 5 min after the induction of
cardiac arrest, resuscitation was performed by retrograde
infusion of oxygenated blood mixed with a resuscitation
mixture containing heparin (8 U/ml), sodium bicarbonate
(0.05 mEg/ml), and epinephrine (8.5 pg/ml), at the same time
ventilation was started with 100% O, for 10 min. The rats were
ventilated for at least 60 min and were extubated when
sustained spontaneous breathing was observed. Rats were
returned to the cages and followed up for one or two weeks.
4.2.  Neurologic deficit scores
Functional damage and recovery were evaluated using
neurologic deficit scores (NDS), which ranges from a score of
500 indicating a neurologically normal rat, to O for brain death
(Jomura et al., 2007; Neumar et al., 1995).

4.3. Histology analysis

Rats were observed for either 1 week (Sham and Isc1 groups) or
2 weeks (Isc2, Edv0, and Edv60 groups) after the surgery. Under
deep isoflurane anesthesia, rats were perfused with buffered
10% formalin phosphate and the brains were extracted. The
brain sections containing the dorsal hippocampal region were
embedded in paraffin and sliced into 5-pm-thick coronal
sections. The sections were stained with cresyl violet and the
hippocampal CA1 regions were photographed. For immuno-
histochemical staining, brain sections were deparaffinized
and incubated with mouse monoclonal antibodies against
MAP2 (Sigma-Aldrich, St. Louis, MO) or pAPP (Zymed, South
San Francisco, CA), or with a rabbit polyclonal antibody
against Iba-1 (Wako Pure Chemical, Osaka, Japan). The
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sections were subsequently incubated with biotinylated anti-
mouse IgG for monoclonal antibodies or biotinylated anti-
rabbit IgG for Iba-1 (Vector Laboratories, Burlingame, CA), and
then incubated with an avidin-biotin peroxidase complex
solution (Vector Laboratories). The immunoreactive products
were visualized with a solution of 0.02% 3, 3’-diaminobenzi-
dine tetrahydrochloride containing 0.005% H,0, in 0.05 M Tris
buffer (pH 7.6).

4.4, Morphometry and statistical analysis

The neuronal and axonal damages were determined in a
predetermined area of 0.0374 mm? in the hippocampal CA1
region in each hemisphere (square in Fig. 2, B1). To quantify
the histological damage, morphologically normal neurons
stained with cresyl violet were counted by two observers blind
to the treatment and showed as the number of surviving
neurons. The BAPP, MAP2, and Iba-1 expression positive areas
were calculated with the use of a computer-assisted image
analysis system (NIH Image J) attached to a light microscope
and a high-resolution color video camera (Miyamoto et al,
2001).

Statistical comparison of physiological variables, histolo-
gical data, NDS, and body weight on the same day among
groups was made by one-way analysis of variance (ANOVA)
followed by the Bonferroni post hoc test using Graph Pad Prizm
(GraphPad Software, Inc., San Diego, CA). All data were
expressed as mean=SEM. A P value <0.05 was considered
statistically significant.
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ARTICLEINFO ABSTRACT
Article history: Small-vessel pathology is believed to have a critical role in cerebrovascular white-matter (WM)
Accepted 29 January 2008 lesions. However, the cellular aspect of vascular pathology, including the phenotypic
Available online 19 February 2008 modulation of smooth-muscle cells (SMCs) and its role in the small-vessel disease, remains
undefined. The involvement or otherwise of the phenotypic modulation of SMCs in cerebral
Keywords: small-vessel pathology has been investigated, and the effect of cilostazol on both the small
Small-vessel disease vessels and the WM lesions has been determined in stroke-prone spontaneously hypertensive
White matter rats (SHRSP). Male SHRSP and Wistar Kyoto rats were used. SHRSP were divided into two
Stroke-prone spontaneously groups: the cilostazol-treated (20-week treatment) and vehicle-treated groups. Small-vessel
hypertensive rat pathology was analyzed using both histopathology and immunohistochemistry for smooth-
Vascular smooth-muscle cell muscle actin and nonmuscle myosin heavy chain (SMemb, a marker for the synthetic
Phenotypic modulation phenotype of SMC). The pathological changes in the WM were quantified in terms of the
Cilostazol numerical density of activated microglia and the degree of WM lesions. Vascular wall

thickening and perivascular fibrosis, determined by the wall area/lumen area ratio and the
collagen area/total vessel area ratio, respectively, showed an increase in the vehicle-treated
SHRSP, and this increase was significantly attenuated by cilostazol treatment. The percentage
of small vessels immunopositive for SMemb was also reduced by cilostazol treatment. In the
cilostazol-treated SHRSP, microglial activation and the degree of WM lesions were attenuated
compared with the vehicle-treated SHRSP. The results indicated that cilostazol attenuates the
phenotypic modulation of SMC associated with cerebral small-vessel pathology and WM
lesions without causing changes in the blood pressure.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction vascular dementia, is pathologically characterized by multiple

lacunae and widespread white-matter (WM) lesions (Roman
Cerebral small-vessel disease has a central role in the patho- etal,, 2002; Yanagihara, 2002). These lesions are attributed to the
genesis of subcortical vascular dementia (SVD), with hyperten- occlusion or stenosis of medullary or lenticulostriate arteries,
sion as the important risk factor (van Swieten et al., 1991; Pantoni which penetrate and distribute themselves in the subcortical

and Garcia, 1995; Kalaria et al., 2004). SVD, a major subtype of WM (Fisher, 1968; Lin et al., 2000).

* Corresponding author. Fax: +81 075 751 3766.
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Abbreviations: SVD, subcortical vascular dementia; WM, white matter; SMC, smooth-muscle cells; SHRSP, Stroke-prone spontaneously
hypertensive rats; WKY, Wistar Kyoto; TNF-a, tumor necrosis factor alpha
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Fig. 1 - Systolic blood pressure in the three groups of rats
during the treatment period. p<0.0001 vs WKY.

Structural change or vascular remodeling occurs primarily in
small resistance arteries and arterioles in chronic hypertension
(Baumbach and Heistad, 1989). The changes include luminal
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narrowing and wall thickening, processes in which the vascular
smooth-muscle cells (SMCs) and the extracellular matrix are
involved (Johansson and Fredriksson, 1985). Vascular remodel-
ing involves the phenotypic modulation of SMCs from physio-
logical contractile phenotype to pathophysiological synthetic
phenotype (Contard et al,, 1993; Pauletto et al, 1995). The
phenotype was defined originally on the basis of ultrastructural
features (Chamley-Campbell et al., 1979) and subsequently on
the basis of the changes in their phenotypic markers, including
nonmuscle myosin heavy chain-B (SMemb) (Aikawa et al., 1993).
The synthetic phenotype is characterized by a decrease in
contractile capacity combined with active proliferation (Kocher
et al, 1991) and motility (Griinwald and Haudenschild, 1984),
production of extracellular matrices such as collagen (Sjolund
et al., 1986). Phenotypic modulation of SMCs plays a pivotal role
in atherosclerosis and restenosis after angioplasty (Aikawa
et al,, 1997), and it also has been shown to involve the small
vessels of the heart and skeletal muscles in chronic hyperten-
sion (Contard et al., 1993; Puato et al., 2004). However, the role of
phenotypic modulation of SMCs remains undefined in SVD.
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Fig. 2 - Representative photomicrographs of cross-sections of cerebral small vessels from the WKY (A, D), vehicle-treated
SHRSP (B, E), and cilostazol-treated SHRSP groups (G, F). The sections were stained with elastica van Gieson’s stain (A, B and C)
and immunohistochemistry for hSMA (D, E and F). Collagen is stained red with elastica van Gieson’s stain (B). Increased
perivascular collagen deposition and wall thickening are apparent in vehicle-treated SHRSP (B, E). Bars indicate 30 pm. Bar
graphs indicate collagen area/total vessel area ratio (G) and wall area/lumen area ratio (H). "p<0.05; **p<0.01 vs the WKY.

1p<0.05 vs the cilostazol-treated SHRSP.
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Cilostazol has been known as an antithrombotic and vaso-
dilating drug (Dawson et al., 1998), which increases the intra-
cellular cAMP by inhibiting phosphodiesterase type IIl (Kimura
etal., 1985).Inarecent clinical trial, treatment with cilostazol has
been found to reduce the risk of recurrent stroke, especially in
patients with lacunar infarction, suggesting that cilostazol has a
specific effect against small-vessel disease (Gotoh et al., 2000).
Meanwhile, a recentin vitro study has shown that an increase in
the intracellular cAMP level induces the differentiation of SMCs
from the synthetic phenotype to the contractile phenotype (Fe-
talvero et al., 2006). These findings have led us to suggest that
cilostazol attenuates the phenotypic modulation associated
with small-vessel remodeling and WM lesions in vivo.

Stroke-prone spontaneously hypertensive rats (SHRSP)
provide an excellent model for SVD accompanied by small-
vessel pathology, because these rats show chronic hyperten-
sion, structural alterations of small cerebral arteries (Fredriks-
son et al., 1988), reduction in cerebral blood flow (Yamori and
Horie, 1977; Katayama et al., 1997), WM lesions (Hazama et al,,
1995; Lin et al., 2001), and cognitive impairment (Saito et al,,
1995). In the present study, the occurrence or otherwise of
phenotypic modulation of SMCs in the cerebral small vessels
has been investigated, and furthermore, the suppression of
both pathological vascular changes and WM lesions in SHRSP
by cilostazol has been determined.

2. Results
2.1.  Physiological parameter

The systolic blood pressure was significantly higher in SHRSP
than in Wistar Kyoto (WKY) rats (p <0.0001). However, there was
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no significant difference in the blood pressure between the
vehicle-treated SHRSP and cilostazol-treated SHRSP (Fig. 1).

2.2. Structural changes in the small vessels

Collagen area/total vessel area ratio was significantly higher in
the vehicle-treated SHRSP than in the WKY rats and cilostazol-
treated SHRSP (Fig. 2A-C and G). The medial cross-sectional area
in the sections immunostained for human smooth-muscle
actin (hSMA) was also larger in the vehicle-treated SHRSP than
in the WKY rats and cilostazol-treated SHRSP (Fig. 2D-F). As
shown in Fig. 2H, wall area/lumen area ratio was significantly
higher in the vehicle-treated SHRSP compared with the WKY
rats, and this pathological change was significantly attenuated
by cilostazol treatment, although it still remained higher than
the WKY rats.

2.3.  Expression of SMemb in the cerebral small vessels

The percentage of small vessels immunopositive for SMemb
showed a significant increase in the vehicle-treated SHRSP
than in the WKY rats, and cilostazol treatment suppressed the
expression of this protein, although the percentage still re-
mained increased compared with the WKY rats (Fig. 3A-D).

2.4. White-matter lesions

Grading scores for the WM lesions were significantly higher in
the vehicle-treated SHRSP than in the WKY rats. Cilostazol sig-
nificantly ameliorated WM lesions compared with the vehicle-
treated SHRSP (Fig. 4A-C and G). Major histocompatibility
complex (MHC) class II-immunopositive microglia showed an
increase in the WM of the vehicle-treated SHRSP, and this

SHRSP/cilostazol
C

] wky
B SHRSP/ vehicle
[ sHRSP/ cilostazol

Fig. 3 - Immunohistochemical staining for SMemb in the small vessel from WKY (A), vehicle-treated SHRSP (B), and
cilostazol-treated SHRSP (C) groups. Bars indicate 30 pm. Bar graph indicates the percentage of small vessels expressing
SMemb (D). *p<0.05 vs the WKY. 1p<0.05 vs the cilostazol-treated SHRSP.
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Fig. 4 - Photomicrographs of Kliiver-Barrera staining of the WM (A, B, and C) and immunohistochemical staining for MHC
class II (D, E, and F) in the WKY, vehicle-treated SHRSP, and cilostazol-treated SHRSP groups. Bar graphs indicate the grading
score for WM lesions and the number of MHC class II-positive cells in the WM (G and H, respectively). Bars indicate 30 pm
(A, B, and C) and 50 pm (D, E, and F). p<0.05 vs the WKY and {p<0.05 vs the cilostazol-treated SHRSP.

increase was significantly attenuated by cilostazol treatment
(Fig. 4D-F and H).

3. Discussion

The present study showed that cilostazol alleviated vascular
remodeling, including small-arterial thickening, perivascular
collagen deposition, and WM lesions in SHRSP, without
affecting the arterial blood pressure. In addition, small vessels
expressing SMemb showed a numeric decrease after cilostazol
treatment in SHRSP. These findings supported the hypothesis
that cilostazol attenuated the phenotypic modulation of SMCs
from the contractile phenotype toward the synthetic pheno-
type, which might contribute to the production of collagen and
morphological changes of the vascular wall.

In accordance with previous studies (Baumbach and He-
istad, 1989; Hart et al., 1980), narrowing of the vascular lumen
and an increase in the wall area/lumen area ratio in the small
cerebral arteries of SHRSP were observed. A recent clinical
study has shown that an increased wall area/lumen area ratio
of subcutaneous small resistance arteries was one of the most
potent predictors for cardiovascular event in patients with
hypertension (Rizzoni et al., 2003). Therefore, structural
changes in small arteries might be causally related to ischemic

organ damage. Vascular remodeling in hypertension involves
the deposition of extracellular matrix, especially collagen (In-
tengan and Schiffrin, 2001), which might induce a progres-
sive stiffening of the vascular wall. In the earlier stages,
this small-arterial remodeling might reflect physiological
adaptation against chronic hypertension (Owens et al., 2004;
Cipolla et al., 2006); however, excessive structural alterations
in the microcirculation might finally contribute to organ da-
mage (Izzard et al., 2005).

In the present study, increase in the SMemb-immunoposi-
tive vessels in the vehicle-treated SHRSP indicated that phe-
notypic modulation accompanied vascular wall thickening
and perivascular collagen deposition. The role of phenotypic
modulation of SMCs in the process of vascular remodeling is
poorly understood; however, it might, at least in part, contri-
bute to pathological vascular remodeling. Vascular SMC has
unique properties, enabling it to show various stages of its
phenotypes, ranging from the highly synthetic and immature
phenotype to the highly contractile and mature phenotype,
depending on the respective environmental cues (Owens et al,,
2004). Although little is understood about the mechanisms
regulating phenotypic modulation of SMC in vivo (Izzard et al,,
2005), a recent study has indicated the beneficial effect of the
increase in intracellular cAMP, which promoted differentiation
of SMC from the synthetic to the contractile phenotype in vitro



