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following subarachnoid hemorrhage (9, 10). Therefore,
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Smooth muscle cell (SMC) migration plays an impor-
ant role in restenosis after angioplasty. Myosin phos-
horylation is necessary for cell migration. Fasudil is an

nhibitor of protein kinases, including myosin light
hain kinase and Rho associated kinase, thereby inhib-
ting myosin phosphorylation, and it has been clinically
sed to prevent vasospasm following subarachnoid hem-
rrage. Based on these findings, we examined the anti-
igrative action of fasudil. In SMC (SM-3), fasudil (1–100
M) inhibited SMC migration in a dose-dependent man-
er (p < 0.001). Fasudil suppressed actin stress fiber

ormation dose dependently. In rabbit carotid artery,
asudil (10 mg/kg/day) markedly reduced intimal hyper-
lasia 14 days following balloon injury. Cell kinetic
tudy showed that fasudil did not affect proliferation
ut enhanced cell loss in the media after injury. We
oncluded that fasudil reduced neointimal formation af-
er balloon injury through both inhibiting migration
nd enhancing cell loss of medial SMC. © 1999 Academic Press

Accumulation of smooth muscle cells (SMCs) into the
ntima, which is due to both proliferation and migra-
ion, is a critical event in the formation of restenotic
esions after percutaneous transluminal coronary an-
ioplasty (PTCA) (1–3). It has been suggested that
yosin phosphorylation is necessary for cell migration

s its driving force (4–6). Fasudil (HA-1077), an inhib-
tor of Ser-Thr protein kinases including myosin light
hain (MLC20) kinase, inhibits myosin phosphoryla-
ion (7, 8) and has been already clinically used with
reat success to prevent delayed cerebral vasospasm

1 This work was presented at the 71st Scientific Sessions of the
merican Heart Association, Nov. 8–11, 1998, Dallas, Texas and
ublished in abstract form in Circulation 98, I–675.
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asudil is expected to inhibit SMC migration and accu-
ulation into intima. We examined the usefulness of

asudil as a novel therapeutic drug to prevent coronary
estenosis after PTCA.

ATERIAL AND METHODS

Cell culture. Human aortic SMCs (passage 5) were obtained from
lonetics Corp. (San Diego, CA) and cultured at 37°C in modified
CDB131 medium supplemented with 5% fetal calf serum (FCS)

11). The SM-3 cell line, a strain of rabbit aortic SMC (12), and
rimarily cultured SMC from rabbit aorta (third to fifth passage)
ere maintained in Minimum Essential Eagle Medium (MEM) con-

aining 10% FCS.

Fluorescent staining of F-actin with FITC-labeled phalloidin.
luorescent staining of F-actin was carried out according to the
ethods of Sasaki et al. (13) with minor modification. SMCs were

lated on 8 mm square Lab-Tek chamber slides (Nunc Co, USA) and
ncubated for 2 h at 37°C in a CO2 incubator with various concen-
ration of fasudil. Fasudil was gifted from the Life Science Research
enter, Asahi Chemical Industry Company, Japan. The cells were
ashed with PBS, fixed in a 4% paraformaldehyde-PBS solution,
ermeabilized with 0.5% Triton X-100 and stained with FITC-
abeled phalloidin. Finally the slides were analyzed by a fluorescence

icroscope (Olympus).

Migration assay. Migration activity was measured by a modified
oyden’s chamber method using microchemotactic chambers (Neu-
oprobe Inc. U.S.A.) and polycarbonate filters (Nucleopore Corp.
.S.A.) with a pore size of 5.0 mm, as described previously (14).
riefly, the filters were coated with 20 mg/ml fibronectin or 300 mg/ml
ollagen I and placed between the chambers. Cells were trypsinized
nd suspended at a concentration of 5.0 3 105 cells/ml in MEM
upplement. The SMC suspension (50 ml) was placed in the upper
hamber, and human recombinant 6 ng/ml PDGF-BB (Sigma,
.S.A.) was used as a chemotactic agent. The chamber was incu-
ated at 37°C in 5% CO2 in air for 3 h. The SMCs which had migrated
o the lower side of the filter were fixed in methanol, stained with
iff-Quick staining solution, and counted under a microscope (3200)

o quantify SMC migration. Migration activity was expressed as the
ean number of cells that had migrated per high-power field.
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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Animal study. All animal studies were performed with the ap-
roval of the Osaka Medical College Animal Care and Use Committee.
hirty-seven Japanese white rabbits (male, 2.5 to 3.0 kg) fed a normal
iet were divided into two groups: fasudil treated group and control.
asudil was administered orally, 10 mg/kg/day from 3 days before
alloon injury until sacrifice. Each rabbit was anesthetized with sodium
entobarbital (25 mg/kg), a 4F sheath introducer (Medikit Co., Ltd.,
okyo, Japan) was inserted for arterial access via right femoral artery.
2.75 mm-PTCA balloon catheter was advanced into the right carotid

rtery, inflated with 6 atm and denuded three times. Rabbits were
acrificed at 0 (n 5 3), 7 (n 5 12), and 14 (n 5 10) days. Rabbits
acrificed at 0, 7 (n 5 6 of 12), 14 days were perfusion-fixed by 4%
araformaldehyde-PBS solution and the rabbits sacrificed at 7 days
ere fixed in methanol-Carnoy’s fixative (n 5 6 of 12). In addition, for

ell kinetic study as described below, twelve rabbits were sacrificed at
0 minutes (n 5 3), and at 4 h (n 5 3) in both control- and fasudil-
reated group. The carotid arteries were removed, sectioned into eight
-mm-blocks for paraffin embedding. Sequential 3-mm-thick cross sec-
ions were cut, stained with H&E and immunohistochemicaly. Morpho-
etrical analyses were carried out using computer-assisted imaging

nalyzer. The intimal and medial areas of each cross section were
easured, and the intimal/medial area ratio (I/M ratio) were calculated.

Cell kinetic study. Total cell number of the intima and media
ere estimated for each section by multiplying the intimal and
edial cross-sectional areas, respectively, by the number of nuclei

FIG. 1. Fasudil inhibits stress fibers formation in human aortic
M (c), or 100 mM (d) of fasudil for 2 h, were fixed with 4% parafo
isorganized actin stress fibers in a dose-dependent manner. Origin
212
er square millimeter, which were calculated by counting nuclei and
rea in three representative high power fields (3200). To identify
roliferative cells, a monoclonal antibody against proliferative cell
uclear antigen (PCNA, DAKO A/S, Glostrup, Denmark), which is
xpressed in the late G1, S, and G2 phases of the cell cycle, was used.
CNA-positive cells in media per high-power field (3100) were rep-
esented as a percentage of total cells. As the serum concentration of
asudil is not measurable directly, its metabolite, AT877, was mea-
ured by liquid chromatography mass spectrometry (LC-MS).

Statistical analysis. All values are expressed as mean 6 SEM.
tatistical analysis was carried out on a Macintosh computer (Apple
nc., Japan) using a commercially available statistical software
Statview). When two groups were compared, differences were as-
essed by the unpaired Student’s t test.

ESULTS

Disorganization of actin stress fiber by fasudil. Cul-
ured SMCs were incubated with various concentration
f fasudil and analyzed by immunocytochemistry with
-actin staining. Human aortic SMCs grown in MEM-5%
CS medium showed a number of actin stress fibers and
heir associated focal adhesion (Fig. 1a). Fasudil induced

C. Human aortic SMCs, untreated (a) or treated with 1 mM (b), 10
aldehyde and stained with rhodamine-labeled pholloidine. Fasudil

agnification: (a–d) 380.
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isorganization of actin stress fiber, such as a decrease in
umber and length of the actin-containing microfila-
ent, in a dose dependent manner (Fig. 1b–d). At 1 mM

f fasudil treatment, it seemed that formation of stress
bers does not change significantly. At 10 mM, length of

FIG. 2. Fasudil inhibits SMC migration. Migration assay using
M-3 cell with the Boyden’s chamber method: open column, control;
atched column, fasudil-treated group; 0.1, 1, 10, and 100 mM, re-
pectively. Fasudil inhibited SMC migration at doses greater than 1
M (p , 0.001) in a dose-dependent manner. Human recombinant
DGF-BB was employed as a chemotactic agent.

FIG. 3. Fasudil inhibits intimal hyperplasia after balloon injury
njury in control (a) and fasudil-treated rabbit (b). Orally administra
nd administered until 14 days after injury; arrowhead indicates
orphometric analyses (c) showed that the intima/media ratio was

asudil, p , 0.001).
213
olygonal. At 100 mM, the filamentous actin structure
as totally disrupted and an actin-containing circular

tructure was only seen in the peripheral regions. The
ame result was seen in cultured rabbit aortic SMCs
data not shown).

Fasudil inhibits SMC migration. Modified Boy-
en’s chamber assay using the SM-3 cells was carried
ut with administration of fasudil at 0.1 to 100 mM
Fig. 2). Fasudil inhibited SMC migration in a dose
ependent manner at more than 1 mM: 30% inhibition
y 1 mM; 60% inhibition by 10 mM; 93% inhibition by
00 mM. Similar results were seen in both human
ortic SMC and rabbit aortic SMC (data not shown).

Fasudil inhibits intimal hyperplasia after injury.
n this rabbit model, a thick layer of neointima was
eveloped at 14 days after balloon injury (Fig. 3a).
ntimal formation was clearly suppressed by fasudil
reatment (Fig. 3b). The morphometric analyses
howed that I/M ratio was significantly decreased in
he fasudil treated group compared to the control group
0.16 6 0.03 vs. 0.64 6 0.03, p , 0.001; Fig. 3c). At 14
ays after injury, fasudil administration decreased in-
imal area but did not cause significant change in me-
ial area (Table 1). The serum concentration of fasudil
etabolite, AT-877, at sacrifice was 0.7 mM at two

ours after last oral administration of fasudil.

E-stained sections from the carotid artery at 14 days after balloon
n of fasudil (10 mg/kg, once a day) was started 3 days before injury
ternal elastic lamina (IEL). Original magnification: (a, b) 3100.
nificantly decreased by fasudil (0.64 6 0.03; control vs 0.16 6 0.03;
. H&
tio
in

sig
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Fasudil does not affect SMC proliferation in vivo.
o elucidate the mechanism by which fasudil reduces

ntimal hyperplasia in vivo, a proliferation activity was
nalyzed. There was no significant difference in the
requency of medial PCNA positive cell 7 days after
njury between the control and the fasudil-treated
roup (57.7 6 2.36 vs. 49.2 6 0.03% N.S. p 5 0.12) (Fig.
a–c), suggesting that fasudil did not affect SMC pro-
iferation in this dosage. Occasionally we found that
he cells in the inner half of the media were sparse
ithout destruction of elastic fibers in the fasudil-

reated group 7 days after injury (Fig. 4b).

Cell Kinetic Analysis of Vascular SMCs
after Balloon Injury

Area (mm2) Cell count

Control Fasudil Control Fasudil

edia
0 0.23 6 0.01 1040 6 52.6
30 min 0.34 6 0.02 0.34 6 0.02 901 6 66.4 883 6 53.6
4 h 0.38 6 0.02 0.32 6 0.02 756 6 75.8 748 6 57.8
3 days 0.41 6 0.03 0.45 6 0.03 1010 6 66.5 589 6 70.6*
7 days 0.41 6 0.03 0.48 6 0.03 1560 6 142 1460 6 109
14 days 0.34 6 0.02 0.43 6 0.02 1340 6 83.7 1850 6 74.8*

ntima
7 days 0.05 6 0.01 0.03 6 0.01 609 6 104 392 6 158
14 days 0.18 6 0.01 0.08 6 0.01* 1300 6 145 735 6 112*

* p , 0.01 vs. control.

FIG. 4. Fasudil does not affect SMC proliferation in the media
CNA 7 days after injury in control (a) or fasudil-treated group (b).

umen, (Ad) adventitia. PCNA-positive cells in the media were count
MCs disappeared from the inner half of the media. Original magn
214
ffect of proliferation, migration and cell loss in this
odel, we counted the total cell number in both media

nd intima during time course (Table 1). In this model,
he number of medial cell was decreased until 4 h after
njury and increased to the level before injury at 3
ays. In fasudil-treatment rabbit, the number of me-
ial cells was still decreased until 3 days, suggesting
hat fasudil enhances and prolongs cell loss after in-
ury. However, medial cell number was not different at

days between control and fasudil-treated animals,
uggesting that the proliferation activity from 3 to 7
ays after injury was not inhibited by fasudil. At 14
ays after injury, the number of intimal cells was fewer
n fasudil-treated animal than in control (735 6 112 vs.
300 6 145, respectively), although the medial cell
umber was larger in fasudil-treated animal than in
ontrol (1850 6 74.8 vs. 1340 6 83.7, respectively).
hese data suggested that fasudil inhibit SMC migra-
ion from the media to the intima.

ISCUSSION

The present study showed that fasudil, a protein ki-
ase inhibitor, reduced intimal hyperplasia after balloon

njury in rabbit carotid artery. It is thought that myosin
hosphorylation, focal adhesion complex, and actin stress
ber formation are necessary steps for cell migration (5).
t has been suggested that MLCK and Rho-associated
inase are critical in these steps via phosphorylation of
he ezrin/radixin/moesin (ERM) proteins (15) and addu-

er injury in vivo. Immunohistochemistry with an antibody against
owheads indicate IEL and arrow indicates PCNA-positive cells. (L)
since the neointima was not found in the fasudil-treated group (C).
tion: (a, b) 3200.
aft
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cin (16) as well as MLC (17–20). Recently, fasudil has
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een reported to inhibit Rho-kinase at Ki value of 0.33
M (21) more efficiently than MLCK (Ki, 36 mM) (8). In

his study, we demonstrated that fasudil disorganized
ctin stress fiber at least 10 mM and inhibited SMCs
igration even at 1 mM. These results suggest that inhi-

ition of SMC migration by fasudil is mainly due to inhi-
ition of phosphorylation of Rho-kinase.
Our in vivo data showed that fasudil does not affect

n medial SMC proliferation following injury (Fig. 4,
able 1). Sase et al. has reported that fasudil sup-
resses cultured SMC proliferation at doses greater
han 30 mM (22). This concentration is much higher
han that required for inhibition of SMC migration
Fig. 2). We cannot know the concentration of fasudil in
he tissue, however, the serum concentration of fasudil
etabolite at sacrifice was below 1 mM. It is suggested

hat the dosage which we used in vivo were sufficient to
nhibit SMC migration but not its proliferation. In
ddition, there are not any study which reduce intimal
yperplasia through inhibiting SMC migration but not
roliferation as far as we know.
Lastly we found a novel interesting phenomenon that

asudil enhanced cell loss in the media after balloon in-
ury. Recent reports have suggested that apoptosis occurs
uring vascular remodeling both in human restenosis
nd in animal model following balloon injury (23–25). In
nimal study, apoptosis can be detected in the neointima
r in the media within 4 h after injury (23, 26, 27). In the
resent study, cell kinetic study (Table 1) clearly showed
hat the cell loss in the media still occurred until 3 days
fter injury in fasudil-treated animal. Recently, Kondo et
l. reported that cytoplasmic translocation of ERM pro-
ein was responsible for an early phase of apoptosis (28).
t is possible that inhibition of ERM protein phosphory-
ation by fasudil might induce apoptosis. In conclusion,
sing fasudil, we can reduce intimal hyperplasia after
alloon injury by inhibiting SMC migration and enhanc-
ng cell loss without altering proliferation activity, and
hey might be results from inhibition of Rho-K and
LCK by fasudil.
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