
Introduction
The complex processes leading to atherosclerosis and
postangioplasty restenosis are being increasing clari-
fied (1, 2). A common feature of these vascular patho-
logical processes is intimal lesion formation. Respond-
ing to signals delivered from the injured endothelial
cells and accumulating inflammatory cells, smooth
muscle cells migrate from the media to the intima and
proliferate to form intimal lesions.

Suppression of intimal lesion formation is important
from the viewpoint of prevention of restenosis and ath-
erosclerosis. For clinical application, inhibition of
growth factor action (3–7) is promising, and PDGF has
become one focus of such an approach (3, 4).

The choice of a growth factor as the target is impor-
tant, so that a good therapeutic effect can be obtained.
We considered that the growth factor of choice should
preferably have the following properties: (a) it is essen-
tial for neointima formation, namely, restenosis is sup-
pressed in mice deficient in this factor; (b) its distribu-
tion is restricted; and (c) its level of expression is
increased during neointima formation.

Here, we report that a heparin-binding growth factor,
midkine (MK) (8, 9), fulfills these requirements. MK has

50% sequence identity with pleiotrophin/heparin-bind-
ing growth-associated molecule (PTN/HB-GAM) and is
distinct from fibroblast growth factors (10–12). Expres-
sion of MK in adult tissue is severely restricted, and in the
mouse, only the kidney and the uterus express this mol-
ecule at high levels (13). Both MK and PTN/HB-GAM
have neurotrophic activities and are considered to be
involved in neurogenesis and tumor progression (14–17).

Methods
Rat models. Male Sprague-Dawley rats (15–20 weeks old,
350–400 g) that had been fed normal rodent chow were
anesthetized with ketamine (45 mg/kg). Intraluminal
balloon injury in the carotid artery was performed as
described by Clowes et al. (18). Three (n = 3), 7 (n = 4),
and 14 days (n = 3) after balloon injury, the carotid
arteries were taken for histological analysis. For RT-
PCR and Western blotting analysis, samples 3 hours (n
= 3), 3 (n = 3), 7 (n = 3) and 14 days (n = 3) after balloon
injury and control (n = 3) carotid arteries were excised
and carefully cleaned of the surrounding tissue. The tis-
sue was homogenized immediately for isolation of
total RNA or protein as described previously (19).

Mouse models. MK-deficient mice were generated as
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described elsewhere in detail (15). The mice were fed
normal rodent chow. To monitor intimal lesion for-
mation, adult male 129-SV mice and male MK-defi-
cient mice with the 129-SV genetic background were
used in the carotid ligation model (10–15 weeks old,
25–30 g). The age of the mutant mice and the control
mice was set to be identical. After anesthesia with Nem-
butal (Abbott Laboratories, North Chicago, Illinois,
USA), the carotid artery was ligated near the carotid
bifurcation as described by Kumar and Lindner (20). 

In the pump study, MK protein in saline (0.8 mg/mL)
(n = 10), human albumin (Wako Pure Chemical Indus-
tries, Osaka, Japan) in saline (0.8 mg/mL) (n = 10), or
saline (n = 10) was infused using an osmotic pump
(Alza Corporation, Palo Alto, California, USA) into
MK-deficient mice. The pumps infused a total of 90 µL
continuously over a period of 7 days. The pumps were
implanted under the abdominal skin and exchanged 7
days after the initial implantation. The serum choles-
terol level and lipoprotein profile were determined by
SRL Inc. (Tokyo, Japan) with kits for clinical use.

Morphometry of mouse arteries. The extent of intimal
lesion proliferation was quantified by examining 10
hematoxylin and eosin–stained cross-sections of each
left carotid artery within 5 mm of the ligation site, as
described by Kumar and Lindner (20). The circumfer-
ences of the external elastic lamina, internal elastic lam-
ina and lumen, and the areas of the intima and media
were measured using C. Imaging Series Simple (Com-
pix Inc., Tualatin, Oregon, USA). Statistical analysis
was carried out by the Mann-Whitney test.

MK protein and antibodies. To generate human MK pro-
tein, an expression vector for yeast (Pichia pastoris GS115;

Research Corporation Technologies, Tucson, Arizona,
USA) was constructed by inserting a cDNA fragment
covering the open reading frame of human MK (21) into
pHIL-D4 (Invitrogen, Carlsbad, California, USA). After
transfection of the expression vector into yeast, selection
with histidine and G418 was carried out. The human
MK protein was purified from the yeast by anion
exchange chromatography and affinity chromatography
on a heparin column. The purified human protein
exhibited neurotrophic activity comparable to that of
mouse MK produced in L cells (22). Antibodies against
bacteria-produced mouse MK (23) were raised by injec-
tion of the purified protein into rabbits and purified by
a combination of affinity chromatography on protein-A
and MK columns (23). The antibodies were specific to
MK and did not react to PTN/HB-GAM.

PCR. One microgram of total RNA was reverse-tran-
scribed by Superscript II (GIBCO BRL, Rockville, Mary-
land, USA). The samples were denatured at 94°C for 1
minute; the PCR was performed for 28 cycles of 30 sec-
onds at 94°C, 30 seconds at 55°C, and 30 seconds at
72°C. The oligonucleotides used for amplification were
as follows: Rat MK cDNA sequence (EMBL/Gene Bank
Accession number AB025023) was used to design the
oligonucleotides for MK: forward, ATGCAGCACC-

GAAGTTTCTTC; reverse, TCAGTCCTTT CCTTTTCCTTT.
For rat GAPDH: forward, GACCACAGTCCATGCCAT-

CAC; reverse, GTAGCCGTATTCATTGTCATACC. Compet-
itive PCR of MK and GAPDH was performed using a
Competitive DNA Construction Kit (Takara, Osaka,
Japan) according to the manufacturer’s protocol.

Western blotting analysis. Proteins extracted from the
carotid arteries that corresponded to an original weight
of 10 mg were separated by 15% SDS-PAGE. MK pro-
tein was detected by Western blotting with anti-mouse
MK antibody using an ECL kit (Amersham, Bucking-
hamshire, United Kingdom) (19).

Histological specimens. Carotid arteries were fixed with 4%
paraformaldehyde, embedded in paraffin, and cut into 5-
µm sections. To make 5-µm cryosections of carotid arter-
ies, mice were perfused with 3.0% paraformaldehyde in
PBS, and tissues were rinsed overnight in 20% sucrose
before embedding in OCT compound (Tissue-Tek, Tor-
rance, California, USA).

Immunohistochemistry. The procedure for immunostain-
ing of MK in paraffin sections was as described previous-
ly (24). The specificity of the immunostaining for MK was
confirmed by absorption of the anti-MK antibodies with
recombinant MK, followed by heparin-Sepharose affinity
chromatography as described previously (25).

A rat mAb against the mouse leukocyte common
antigen CD45 (PharMingen, San Diego, California,
USA) was used to determine the presence of inflam-
matory cells in paraffin sections. In addition to incu-
bation with unconjugated goat anti-rat IgG (The Jack-
son Laboratory, Bar Harbor, Maine, USA) as the
second antibody, biotinyl-tyramide and streptavidin-
horseradish peroxidase (NEN Life Science Products,
Boston, Massachusetts, USA) incubation was per-
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Figure 1

Increased MK expression in the carotid artery after balloon injury. (a)
RT-PCR products for MK and GAPDH were separated on 1% agarose
gels. (b) Competitive RT-PCR for MK and GAPDH. (c) Proteins
extracted from the carotid arteries that corresponded to an original
weight of 10 mg were separated by 15% SDS-PAGE. MK protein was
detected with anti-mouse MK antibody on Western blotting.



formed to enhance the signal. Cryosections were
stained with a monoclonal rat anti-mouse monocyte-
macrophage marker MOMA-2 (Biosource Interna-
tional, Camarillo, California, USA), a monoclonal rat
anti-mouse neutrophil marker 7/4 (Serotec Ltd.,
Oxford, United Kingdom), or the anti-CD45 followed
by detection with fluorescent isothiocyanate-rabbit
anti-rat IgG (Zymed Laboratories, Inc., South San
Francisco, California, USA).

Culture of macrophages and migration assay.
Macrophages were collected from the mouse peri-
toneum as described by Xie et al. (26). The migration of
macrophages was assayed by a modification of the Boy-

den chamber method using Transwell chambers
(Costar, Cambridge, Massachusetts, USA) with pores
of 5.0-µm diameter as described by Brown et al. (27).
Aliquots of 1.0 × 106 cells/mL in RPMI1640 medium
containing 5% FBS (100 µL) were placed in the upper
chamber. Then, 600 µL of RPMI1640 medium con-
taining 5% FBS and MK was placed in the lower cham-
ber. Alternatively, the lower surface of the filter was
coated with MK in PBS.

Culture of aortic smooth muscle cells and migration assay.
Rat aortic smooth muscle cells were prepared as
described by Basson et al. (28). The tissue explants
were cultured in DMEM supplemented with 10% FBS.
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Figure 2

MK protein localization in the rat model. (a and b) Untreated carotid artery; (c–e) 7 days after balloon injury; (f and g) 14 days after bal-
loon injury. (a, c, f) Hematoxylin and eosin staining; (b, d, g) MK-immunostaining; (e) control immunostaining with preabsorbed antibod-
ies. MK protein was detected in the endothelial cells (arrow in b) in untreated samples (b). Seven and 14 days after balloon injury, MK pro-
tein expression was mainly localized in intimal lesions (d, g). Arrowheads in c–g indicate internal elastic lamina above which intimal lesions
are located. The negative staining with preabsorbed antibodies indicated that the immunostaining with MK antibodies was specific (e). a
and b; c, d, and e; and f and g have identical magnification, respectively. Each scale bar is 50 µm.

Figure 3

Intimal lesion formation was suppressed in MK-deficient mice, and exogenous MK caused its resumption. The results of hematoxylin and
eosin staining of samples 14 days after ligation (b–e) and a control (a) are shown. (a) Control (without ligation); (b) wild-type mice (Mdk+/+);
(c) MK-deficient mice (Mdk–/–); (d) Mdk–/– mice treated with saline; (e) Mdk–/– mice treated with MK protein. Arrowheads indicate the inter-
nal elastic lamina. Asterisks indicate intimal lesions. Bar, 100 µm.



Smooth muscle cells at the fifth to eighth passage
were used for the migration assay performed as
described for macrophage migration. Conditioned
medium of smooth muscle cells was collected after
culturing 2 days and used instead of the assay medi-
um. MTT (3-[4,5-dimethylthiazoil-2yl]-2,5-diphenyl-
tetrazolium bromide) assay was performed according
to Fukuzawa et al. (29).

Results
MK expression during neointima formation. A rat model using
intraluminal balloon injury of the carotid artery (18) was

used to determine the mode of MK expression during
neointima formation, as rat samples are relatively large
and more suitable for quantitative analysis than those of
the mouse. We first cloned the rat MK cDNA by RT-PCR.
The deduced amino acid sequence (EMBL/GenBank
accession number AB025023) showed 95% identity with
mouse MK and 87% with human MK. MK RNA level was
monitored by RT-PCR (Figure 1a) and more quantita-
tively by competitive PCR (Figure 1b). MK RNA was
expressed at a low level in uninjured arteries (Figure 1, a
and b). This weak expression continued until 3 days after
balloon injury (abbreviated as day 3), although a slight
decrease in the expression was observed after 3 hours
(Figure 1b). On day 14, when neointima formation was
completed, MK RNA level was slightly decreased com-
pared with that on day 7 (Figure 1b). MK expression
reached a maximum on day 7, with induction of more
than 10-fold compared with the control level (Figure 1b).
Western blotting analysis confirmed that MK protein
expression was similar to that of MK RNA expression
(Figure 1c). Immunohistochemical staining revealed that
MK protein was present only in endothelial cells before
injury (Figure 2b), but was strongly expressed in the
neointimal region on day 7 (Figure 2d) and day 14 (Fig-
ure 2g). Therefore, the mode of MK expression implies a
possible role in neointima formation.

The role of MK in neointima formation determined in MK-
deficient mice. Recently, a mouse model of neointima
formation induced after cessation of blood flow by lig-
ation of the carotid artery was established (20). The
spatio-temporal profile of neointima formation in this
model is similar to that in the more widely used rat bal-
loon injury model (18). In both cases, neointima for-
mation is completed by day 14.

We used the mouse model to determine whether neoin-
tima formation was affected in mice deficient in the MK
gene (Mdk). The MK gene–deficient (Mdk–/–) mice were
fertile and showed no apparent abnormalities except that
postnatal development of the hippocampus was delayed
and the young mice exhibited abnormal behavior (15).

We compared neointima formation in Mdk–/– mice
and in control wild-type mice (Mdk+/+). Both Mdk+/+ and
Mdk–/– mice were 129/SV genetic background and were
the same age. In Mdk+/+ mice, neointima formation was
evident as assessed on day 14 (Figure 3b), whereas it
was almost completely suppressed in Mdk–/– mice (Fig-
ure 3c). This was also true on day 28 (data not shown).
For quantitative analysis, we examined specimens from
10 Mdk+/+ and 10 Mdk–/– mice on day 14. The mean
ratio of the areas of the neointima and media was sig-
nificantly decreased in Mdk–/– mice (Figure 4a). In addi-
tion, the circumference of the lumen was significantly
increased in Mdk–/– mice (Figure 4b). The circumference
of the external elastic lamina was comparable (Figure
4b), indicating that artery samples of comparable sizes
were used for analysis. On the other hand, thickening
of the media took place in Mdk–/– mice (Figure 3c) as in
Mdk+/+ (Figure 3b). The serum cholesterol level and
lipoprotein profiles were not different between Mdk+/+
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Figure 4

Morphometric analysis of neointima formation. (a and b) Comparison
between Mdk+/+ and Mdk–/– mice; (c) comparison between Mdk–/– mice
treated with either saline, albumin, or MK protein. (a) The mean ratios
between the areas of the intimal lesion and the media (IL/M) and stan-
dard deviations for Mdk+/+ and Mdk–/–. The difference between Mdk+/+

and Mdk–/– mice was statistically significant (P < 0.001; Mann-Whitney
test). (b) Circumferences of the external elastic lamina (EEL) and lumen
(Lumen). The circumference of the lumen was significantly different
between Mdk+/+ and Mdk–/– mice (P < 0.001; Mann-Whitney test). In all
plots, the open columns indicate Mdk+/+ mice, and the filled columns
indicate Mdk–/–. NS, not significant. (c) The mean ratios (IL/M) and
standard deviations for Mdk–/– mice treated with saline, human albu-
min, or MK. The open column indicates mice treated with MK; the gray
column indicates mice treated with human albumin; and the filled col-
umn indicates mice treated with saline. The difference between the MK-
treated group and those treated with human albumin or saline was sta-
tistically significant (P < 0.001; Mann-Whitney test).



and Mdk–/– mice (data not shown).
To confirm further the direct role of MK in neointi-

ma formation, MK protein was continuously infused
at 0.021 mg/kg per hour into Mdk–/– mice after carotid
artery ligation using an osmotic pump. Neointima for-
mation was then evaluated on day 14. We found that
neointima formation was restored by MK administra-
tion (Figure 3e), whereas infusion with saline (Figure
3d) or human albumin in saline (data not shown) did
not produce any effect. The mean ratio of the areas of
the intima and the media was significantly different
between the MK-treated group and those treated with
human albumin or saline (Figure 4c).

Inflammatory leukocyte recruitment and smooth muscle cell
migration. Because inflammatory leukocytes, especially
macrophages, play important roles in neointima for-
mation (7, 30), we examined leukocyte infiltration by
staining for CD45, a common inflammatory leukocyte
antigen. As shown in Figure 5a, several CD45-positive
cells were seen adhering to endothelial cells on day 3 in
Mdk+/+ mice. Many CD45-positive cells were detected in
the intimal lesion on day 7 (Figure 5c). However, such
cells were scarcely detected in Mdk–/– mice on day 3 or 7
(Figure 5, b and d).

Given that CD45-positive cells consist of neutrophils
and macrophages/monocytes, we studied the nature of

CD45-positive cells by using cryosections of the speci-
men from Mdk+/+ and Mdk–/– mice on day 7. Cells posi-
tive in MOMA-2, a monocyte-macrophage marker (Fig-
ure 6a), and cells positive in 7/4, a neutrophil marker
(Figure 6c), accumulated in the intimal region in wild-
type mice. The number of MOMA-2–positive cells were
more than 7/4-positive cells. Scarcely any MOMA-
2–positive cells or 7/4-positive cells were present in the
specimens from Mdk–/– mice (Figure 6, b and d).

To confirm MK’s ability to stimulate chemotaxis, we
carried out Boyden chamber assay. At 100 ng/mL, MK
increased macrophage chemotaxis by 2.5-fold (Figure
7a). When the lower surface of the filter of the assay
chamber was coated with high concentration of MK,
migration was enhanced by 4-fold (Figure 7b).

The effect of MK on smooth muscle cells was also
determined by modified Boyden chamber assay. Solu-
ble MK at the concentration of 100 ng/mL increased
the migration by 1.8-fold, and this effect was signifi-
cant (P < 0.01) (Figure 7c). In conditioned medium
from smooth muscles cells, smooth muscle cell migra-
tion increased and addition of MK further increased
the migration by 2.0-fold (Figure 7c). MK did not pro-
mote smooth muscle cell proliferation as assessed by
MTT assay (data not shown).
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Figure 5

CD45 staining of paraffin sections from the mouse carotid artery
after ligation. (a and b) 3 days after ligation; (c and d) 7 days after
ligation. (a and c) Mdk+/+ mice; (b and d) Mdk–/– mice. Arrowheads
indicate CD45-positive cells. Bar, 50 µm.

Figure 6

Expression of a macrophage monocyte marker and a neutrophil
marker in inflammatory cells that accumulated in the intimal lesion
7 days after ligation. (a and b) Expression of MOMA-2, a monocyte-
macrophage marker; (c and d) expression of 7/4, a neutrophil mark-
er. (a and c) Mdk+/+ mice; (b and d) Mdk–/– mice. Bar, 25 µm.



Discussion
Using MK-deficient mice, we found that MK plays a
crucial role in neointima formation. This conclusion
was supported by the finding that administration of
MK to MK-deficient mice caused resumption of
neointima formation. MK was also found at the sites
of neointima formation before and during the event.
Quantitative analysis of MK mRNA in the rat system
showed that MK mRNA level increases during the
process of neointima formation.

Inflammatory cells that migrate to the vessel walls
are thought to secrete factors that promote the
migration and/or proliferation of smooth muscle
cells (1, 2). The importance of inflammatory cell
recruitment in neointima formation was verified
using P-selectin–deficient mice, in which neointima
formation was suppressed with concomitant sup-
pression in recruitment of CD45-positive cells (30).
Furthermore, when mice deficient for the receptor of

macrophage chemotactic protein-1 were crossed with
apo E–deficient mice, development of atherosclero-
sis occurring in the latter was significantly sup-
pressed (7). We found that the recruitment of CD45-
positive inflammatory cells was almost completely
eliminated in Mdk–/– mice. It is unlikely that this was
due to altered characteristics of inflammatory cells in
Mdk–/– mice because MK enhanced migration of
macrophages derived from Mdk–/– mice in a modified
Boyden chamber assay (data not shown). MK is
known to promote the chemotaxis of neutrophils
(31), and in the present study we showed that MK
promoted the migration of macrophages. PTN/HB-
GAM is chemotactic to neurons (32) and osteoblasts
(33). Therefore, it is highly likely that the recruit-
ment of inflammatory cells is a critical role of MK in
neointima formation.

The central issue in neointima formation is the
response of smooth muscle cells. In the rat balloon
injury model, the response of smooth muscle cells to
neointima-inducing insult is thought to consist of 3
steps: namely, replication within the media, migra-
tion from the media to the intima, and proliferation
within the neointima (2). Neointima formation in
the mouse ligation model proceeds through the same
steps (20, 30). Basic fibroblast growth factor released
from dying smooth muscle cells appears to partici-
pate in the first step (34). MK-deficient mice exhibit-
ed thickening of the media after ligation, which was
comparable to that in wild-type controls. Thus, the
initial response to the neointima-inducing insult is
not affected by MK deficiency, but the second and/or
final steps were affected. We did not detect growth-
promoting activity of MK toward cultured smooth
muscle cells, although other researchers previously
reported moderate activity (35). However, MK exhib-
ited significant migration-promoting activity toward
cultured smooth muscle cells. Therefore, MK may
promote neointima formation through 2 routes:
recruitment of inflammatory cells that secrete factors
acting on smooth muscle cells, and direct action on
smooth muscle cells. These 2 routes might collabo-
rate to exert the full function of MK in vivo.

Several reagents, including heparin, a somatostatin
analogue, and inhibitors of angiotensinogen con-
verting enzyme, have been clinically used in attempts
to suppress restenosis, but these attempts failed
because of side effects or species-related differences
(36–38). Identification of MK as a molecule involved
in neointima formation will enable development of
new approaches for preventing restenosis and possi-
bly atherosclerosis through the inhibition of MK
activity or signal pathways downstream of the MK
action. Anti-MK antibodies and antisense reagents
are obvious candidates of MK inhibitors. Simultane-
ously, it is necessary to analyze the expression of MK
in human pathological specimens to confirm that
MK is expressed in a way similar to that observed in
animal models.
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Figure 7

Enhanced migration of macrophages (a and b) and smooth muscle
cells (c) by MK. Values shown are means ± SD of migrated cell num-
ber observed in 10 fields at ×400. (a) MK was added at the indicat-
ed concentrations of 0–1,000 ng/mL to the assay well containing
macrophages. (b) The filters in the assay well containing
macrophages were coated on 1 side with MK at concentrations of
1–200 µg/mL. (c) MK at 100 ng/mL was added to the assay well con-
taining smooth muscle cells. hMK, human MK produced in yeast.
mMK, mouse MK produced by the baculovirus expression system
(39). CM, conditioned medium of smooth muscle cells.
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