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Figure 4. Evaluation of cell density and
matrix deposition in neointima. A, Ratios
of intimal cell number to total intimal
area evaluated on hematoxylin and

1 eosin-stained femoral arterial sections
from wild-type (n=7) and Smad3-null
(n=6) mice obtained 3 weeks after the
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TGF-B. It is to be noted that lack of Smad3 did not eliminate
TGE-pB~induced growth suppression in SMCs (Figure 6A).
The residual growth inhibitory activity is likely to depend on
another mediator downsiream of TGF-f receptors, possibly
Smad?2.

Ashcroft et al®? reported that Smad3 is required for
TGF-B-induced migration of monocytes, leukocytes, and
keratinocytes. Unexpectedly, Smad3-null SMCs were able to
migrate toward TGF-g (Figure 6B). The finding suggests
that, in contrast to the growth inhibitory function, Smad3-
dependent signal is not essential for chemotaxis by TGF-8 in
murine vascular SMCs. It is therefore likely that the ability of
medial SMCs to migrate into intima is preserved in Smad3-
null arteries. The signaling pathway responsible for TGF-3—
induced SMC motility remains to be elucidated.

TGF-B is known as a potent inducer of ECM deposition. It
has been demonstrated that overexpression and intravenous
administration of TGF-B caused arterial intimal thickening
largely consisted of increased ECM.104 TGEF-8 exerts fibro-
genic activity through enhancement of ECM synthesis as well
as inhibition of ECM degradation by downregulating MMP
expression and upregulating MMP inhibitors.5-8 Previous
studies, mainly performed on dermal fibroblasts, showed that
TGF-B-mediated regulation of many ECM-related genes,
such as type 1, III, V, and VI collagens, TIMP-1 and MMP-1
was Smad3-dependent.*>-47 In this study, we reported that
Smad3-null neointima was rich in SMCs with relatively less
matrix-deposition compared with wild-type intima, as evalu-
ated by intimal cell density and Masson’s trichrome staining
(Figure 4), confirming a crucial role of Smad3-dependent
signals in vascular ECM regulation. Moreover, TGF-$ was
unable to emhance mRINA expression of COL1A2 and
TIMP-1 or suppress MT1-MMP expression in Smad3-null
SMCs (Figure 7), establishing Smad3-dependency of these
genes in vascular SMCs. Regulation of MMP-2 or gelatinase
also seems to depend on Smad3-pathway in SMCs, because

Wild-

type

injury. B, Ratios of Masson’s trichrome-
positive intimal area to total intimal area
in femoral arterial sections from wild-type
(n=7) and Smad3-null (n=6) mice 3
weeks after the injury. C and D, Photo-
micrographs showing the representative
Masson’s trichrome-stained sections of
wild-type (C) and Smad3-nuil (D) femoral
arteries. Arrows indicate the positions of
the internal elastic lamina. L indicates
vascular lumen. Original magnification
X200; bar=50 um. *P<0.01 compared
with the wild type.

TGF-B attenuated MMP-2 activity in the culture media of
wild-type but not in Smad3-null SMCs. Because degradation
of matrix scaffold by MMPs enables cell movement and

" general tissue reorganization,383? inability of TGF- to sup-

press MMPs in Smad3-null SMCs may facilitate cell migra-
tion from media to intima in vivo.*® Our in vitro finding that
Smad3-null SMCs show a higher migration than wild-type at
10 ng/mlL. TGEF-B (Figure 6B) may support this idea. MMP
activity uninhibited by TGF-8 as well as decreased matrix
deposition might also have contributed to enhancement of
intimal thickening in Smad3-null mice.

There have been reports on injury models suggesting that
TGF-B promotes intimal thickening.32-134° The present re-
sult that Smad3 deficiency accelerates intimal response to
injury appears inconsistent with these results. However, we
do not think that our findings contradict other reports on
TGF-p transgene or antagonism. Our model differs from any
other previous models in the point it specifically lacks Smad3
signal but not other TGF-f signal components, eg, Smad2
and MAP kinases. Smad3 not only transduces signal down-
stream of TGF-p, but also plays a major role in signaling of
activins,??23 other members of the TGF-S superfamily. Ac-
tivin A is expressed in atherosclerotic lesion®® and promotes
the contractile or nonproliferative phenotype of SMCs,5!
playing a role in stabilization of atherosclerotic plaque.
Adenovirus-mediated overexpression of activin A suppresses
neointimal formation.5! Although we have not examined the
involvement of activin A in the present study, it is assumable
that the defect in activin A signal in addition to TGF-8
accounts for the drastic neointimal hyperplasia in Smad3-null
mice. It is of interest to determine whether specific activation
of Smad3 in arterial SMCs in vivo atienuates neointimal
hyperplasia. As another possibility, proinflammatory status
caused by systemic Smad3 deficiency?’ might have influ-
enced neointimal response. Although our BMT results (Fig-
ure 2D through 2F) show that the degree of intimal hyper-
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Figure 5. Characterization of cultured mice aortic SMCs. SMCs
enzymatically isolated from the aorta of wild-type mice were
immunocytochemically stained using anti-SMA (A, green) and
anti-SMM (B, red) antibodies, counterstained with DAPI (blue,
for nuclei), and subjected to fluorescent microscopy. Original
magnification X200. G, Total cell lysates of wild-type and
Smad3-null SMCs were analyzed by SDS-PAGE and subjected
to immunoblotting with an anti-Smad2/3 antibody. Migration
positions of Smad2 and Smad3 are indicated.

plasia mainly depends on the origin of blood vessels and not
of bone marrow cells, further investigation is needed to
elucidate the entire role of inflammation in Smad3-null
vascular response.

Finally, overactivation of TGF-B-Smad3 pathway is im-
plicated in various fibrotic diseases involving organs such as
skin, lung, liver, and kidney. Molecular agents that block
Smad3-dependent TGF-$ signal are anticipated as an ideal
therapeutic option for these disorders.* However, our present
results lead us to surmise that systemic suppression of Smad3
signaling can cause undesirable effects in the arteries by
facilitating proliferative intimal lesions. Therefore, selective
drug-delivery to the affected organs as well as careful
monitoring of possible vascular lesions should be considered
on clinical application of Smad3 inhibitors for fibrotic
diseases.

In conclusion, mice lacking Smad3 developed marked
neointimal hyperplasia on injury accompanying modulation
of growth and matrix regulation in vascuolar SMCs. This study
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Figure 6. TGF-B-induced growth inhibition and migration of
wild-type and Smad3-null SMCs. A, Wild-type (open columns)
and Smad3-null (closed columns) SMCs were assayed for TGF-
B-induced growth inhibition using *H-thymidine incorporation.
Data are expressed as the means of three separate experi-
ments, each performed in quadruplicate. +P<0.01, ++P<0.05,
compared with the value of 0 ng/mL TGF-B. B, Migration of
wild-type (open circles) and Smad3-null (closed circles) SMCs
toward various doses of TGF- was measured by use of modi-
fied Boyden chamber method. Data represent the percentage of
cell numbers relative to those in the absence of TGF-3 and are
expressed as the means of 5 separate experiments, each per-
formed in triplicate. +P<0.01, ++P<0.05, compared with the
value of 0 ng/mL TGF-B. **P<0.05, compared with the value of
wild-type at 10 ng/mL TGF-S. .

documents direct evidence and novel information on the
functional significance: a vasculoprotective role of Smad3-
dependent TGF-3 signaling in response to injury.

Acknowledgments

This study is supported by Grants-in-Aids for Scientific Research
from the Ministry of Education, Culture, Sports, Science and
Technology, and the Ministry of Health, Labor and Welfare, Japan
Heart Foundation, grants from Mitsui Sumitomo Welfare Foundation
and NOVARTIS Foundation for Gerontological Research to Koutaro
Yokote. We thank Drs A. Roberts and C. Deng (National Institutes
of Health, USA) for providing us with heterozygous mice for Smad3
disruption, Drs K. Harigaya and M. Higashi for valuable advice on
histological examination, Drs K. Sonezaki and T. Tokuyama for
fruitful discussion, and A. Takada for technical assistance.



Kobayashi et al

>
w

Smad3 in Vascular Response to Injury 911

Figure 7. Effect of TGF-B on expression
of type | collagen, MMPs, and TIMP-1 in
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bated with 10 ng/mL TGF- for the indi-
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value for the cells without TGF-$ and are
expressed as the means of 3 separate
experiments, each performed in tripli-
cate. +P<0.01, compared with the value
of 0 hour; *P<0.01, compared with the
wild type at the same time point. D,
MMP-2 gelatinolytic activity in the cul-
ture media’ of wild-type and Smad3-nuil
SMCs treated with TGF-B. Culture media
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TGF-B for the indicated periods was an-
alyzed by gelatin zymogram. Proteolytic

degradation of gelatin by MMP was visualized as a transiucent band on the dark background. Graph shows the gelatinolytic activity,
evaluated by densitometrical scanning of the bands, relative to those of wild-type SMCs at 0 hour. Data were expressed as the means

of 4 separate experiments. ++P<0.05, compared with the value of O hour.
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JEIZ PDGF WEETH S Z L 2SI LTe,
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i, Mo REC & mEN LM EE 23
O CRIBE L 7o ERTC /MR IR DS L, 2 2
5 & iz PDGF i Kt L C % B R E o
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RS B 2 EREIRELOARE TH B LIEBL
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—, TGF-8 b ¥ERE - Ik & D € D5
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TGFp 2REOFELAR b T I L DI
ShTBY, ZOFER, 74702 7FVRED
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Severe dysphagia predisposes to medical complications such as aspiration pneumonia
in poststroke pal:ients.1 Existing modalities for treating dysphagia are generally
ineffective. > We recently reported that acupuncture on two acupoints (Zusanli ST36 and
Taixi K3) restored the swallowing reflex’ and gait disorders* in poststroke patients. In this
study, we performed a videofluoroscopic study (VFSS) to determine if acupuncture also
improves dysphagia and aspiration.

According to Magnetic Resonance Imaging findings, 32 poststroke patients (849
(mean = SD) years, Female/Male 20/12) with episodes of choking while taking food or
drinking liquid were selected randomly at an elderly care facility and participated in this
study under wﬁtten informed consent. Participants were randomly assigned into two
groups. We practiced acupuncture on the intervention group (18 patients; 779 (mean==
SD) years, F/M 10/8) three times a week for four weeks with usual care. Four disposable
stainless steel fine needles (diameter 0.16 mm, length 40 mm; SEIRIN, Shizuoka, Japan)
were inserted in two acupoints (ST36 and K3) bilaterally and kept at a 10 mm depth for
15 minutes without any extra stimulation such as electrical or manual. Fourteen other

patients were assigned to the control group (795 (mean=*SD) years, F/M 10/4) and



received usual care without acupuncture. VFSS was performed at the base line and four
weeks later in both groups. The interval of VESS was 5 minutes with a random order of
three different kinds of food. The patients were asked to swallow 5 mL of water, 5 mL of
fluid food (liquidized food) and one piece of solid food (approximately Sml of a cookie).
The water and food were blended with barium (Enemastar Enema Powder, FUSHIMI
Pharmaceutical, Marugame, Japan). In each swallowing, VESS was performed in a lateral
projection with the patient in a sedentary position using a fluoroscopy unit (Prestige I,
GEMedical Systems, Tokyo, Japan) connected to a DVD-HDD recorder (RD-XS30,
TOSHIBA, Tokyo, Japan). Images were obtained at 30 frames per second and reviewed
frame by frame with image processing software (Premier 6.0, Adobe Systems, Tokyo,
Japan) by a radiologist who did not know if the patient had been treated with acupuncture.
Pharyngeal retention was defined as pharyngeal residue of material in the valleculae and
in the piriform sinuses after swallowing. Tracheobronchial post-deglutitive aspiration
was defined as penetration of material below the level of the vocal folds. VFSS frames
from the instrpction of swallowing to the time that the material passed the entrance of the

esophagus were observed. Body temperature was measured at 2:00 p.m. every day. The



total number of days of fever above 37.8 degrees was counted for four weeks.

The swallowing times at baseline from the instruction of swallowing to the time of
passing the entrance of the esophagus were 1.7 £ 1.0, 8.7 + 13.2 and 10.4 = 7.0 (mean *=
SD) sec with water, fluid food and solid food, respectively in the intervention group and
1.9£0.6,4.5 £3.7,9.7 + 7.6 sec in the control group. After four weeks the average times
were 1.1 = 0.3 (P < .05), 5.0 = 4.8 (P < .05), 11.8 + 9.3 sec, respectively, in the
intervention group and 2.1 = 0.9, 5.4 + 5.4, 10.1 + 6.9 sec, respectively, in the control
group. In the intervention group the swallowing time of water and fluid food were
shortened significantly after four weeks.

Figure 1 shows the percentage of pharyngeal retention and aspiration in thé two
groups. In the intervention group, there were significant decreases of retention, but in the
control group there was no significant change. In the intervention group, aspiration at the
baseline was observed in 40%, 8% and 25% of the patients with water, liquid and solid
foods, respectively, but no aspiration was observed after four weeks. Aspiration did not
change in the control group after four weeks. High fever over 37.8 degrees was observed

in 28 of 394 days of the control group but only in four days of 356 days of the intervention



group. Fever-up days of the intervention group was significantly lower than that of the

control group (P < .01). The combination of these acupoints was selected according to the

traditional theory of Chinese medicine, and is novel and safe, easy to use.” These data

show the significant effect of the acupuncture treatment on pharyngeal retention and

aspiration. The present study suggests that this acupuncture therapy is a new way to

prevent aspiration and aspiration pneumonia in poststroke patients.
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