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uPA doubled the numbers of  � -SM actin-positive adventitial 
cells to 55.7  8  6.8% (p  !  0.05). ED-1-positive cells and prolif-
erating cell nuclear antigen-positive cells as well as the size 
of the adventitia were also significantly increased after r-uPA 
compared with injury alone. In contrast, the proteolytically 
inactive r-uPA(H/Q) did not affect any parameters. The ap-
plication of uPA neutralizing antibody attenuated the fre-
quency of  � -SM actin-positive cells to 12.6  8  3.5% (p  !  0.05), 
the frequency of ED-1-positive cells, and the numbers of ad-
ventitial cells. r-uPA stimulation of cultured human skin fi-
broblasts significantly increased the  � -SM actin content in a 
concentration-dependent manner. In contrast, r-uPA(H/Q) 
did not induce changes in  � -SM actin content. We conclude 
that uPA, which is upregulated in the injured adventitia, can 
augment adventitial cell accumulation, including myofibro-
blasts, and adventitia growth early after injury of the rat ca-
rotid artery adventitia by mechanisms involving proteoly-
sis.  Copyright © 2006 S. Karger AG, Basel 

 Introduction 

 Recent data suggest that adventitia and perivascular 
tissue surrounding the artery are actively involved in vas-
cular remodeling in a number of pathological conditions 
including restenosis after angioplasty and hypertension 
 [1, 2] . The important characteristic feature of arterial re-
modeling in hypertension is the significant increase in 
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 Abstract 
 Myofibroblasts are involved in vessel remodeling during the 
development of hypertension as well as after angioplasty 
and aortocoronary grafting, but the mechanisms of myofi-
broblastic phenotypic modulation are not fully elucidated. 
We assessed the role of urokinase plasminogen activator 
(uPA) and its proteolytic activity in myofibroblast differen-
tiation and the early proliferation following mechanical in-
jury of the rat carotid adventitia. The effects of perivascular 
application of recombinant uPA (r-uPA), proteolytically inac-
tive r-uPA(H/Q) and uPA neutralizing antibody were evalu-
ated 4 days after surgical injury to the adventitia. The phe-
notype of adventitial cells was assessed using anti- � -smooth 
muscle actin ( � -SM actin) antibody, anti-SM heavy chain my-
osin, anti-high-molecular-weight caldesmon, anti-smooth-
elin and anti-ED-1 antibodies, proliferation by the expres-
sion of proliferating cell nuclear antigen, and the size of the 
adventitia by quantitative morphometry. Four days after in-
jury, the intensive immunostaining for urokinase appeared 
in the rat carotid artery adventitia. At the same time, the fre-
quency of  � -SM actin-positive adventitial cells was 1.8  8  
1.1% in uninjured arteries and 25.2  8  5.4% in injured arteries 
(p  !  0.05), and the respective frequency of ED-1-positive cells 
1.5  8  1.1 and 25.0  8  5.2%. The application of exogenous r-

 Received: December 16, 2005 
 Accepted after revision: June 12, 2006 
 Published online: August 7, 2006 

 Prof. Yelena Parfyonova
Molecular Endocrinology Laboratory
Cardiology Research Centre
Moscow, 121552 (Russia)
Tel. +7 095 414 67 12, Fax +7 095 414 67 19, E-Mail yeparfyon@cardio.ru 

 © 2006 S. Karger AG, Basel
1018–1172/06/0435–0437$23.50/0 

 Accessible online at:
www.karger.com/jvr 

http://dx.doi.org/10.1159%2F000094906


 Plekhanova   /Stepanova   /Ratner   /Bobik   /
Tkachuk   /Parfyonova   

J Vasc Res 2006;43:437–446438

adventitial fibroblast replication  [3, 4] . In postangioplas-
ty restenosis adventitial cells are involved in both the
process of inward arterial remodeling and neointima for-
mation after vessel injury  [5, 6] . Gabbiani et al.  [7, 8]  have 
established that wound healing is associated with the 
transition from fibroblasts to myofibroblasts, which then 
proliferate, migrate and synthesize extracellular matrix 
(ECM) components such as collagen type I and III. The 
most reliable marker of differentiated myofibroblasts is 
the expression of  � -smooth muscle actin ( � -SM actin) 
 [9] . Their putative function is generating a contractile 
force which, through the control of ECM reorganization, 
can lead to tissue contraction  [10] .

  Thus, myofibroblast differentiation leading to fibrotic 
changes in the adventitia represents an important inde-
pendent mechanism of vascular remodeling. The mecha-
nisms of myofibroblastic modulation of fibroblasts are 
not fully understood. Mechanical stress, transforming 
growth factor- �  1  (TGF- �  1 ) and cellular fibronectin are 
the known regulators of fibroblast transition to myofi-
broblasts  [8] . At the same time, it is well established that 
the proteolytic system is an important participant of tis-
sue remodeling. Proteolysis is required for local degrada-
tion of the ECM during cell migration, replication, and 
ECM remodeling. Urokinase plasminogen activator 
(uPA) is known to stimulate proliferation of several cell 
types  [11, 12]  and to contribute to vessel remodeling after 
arterial injury  [13–15] . Schafer et al.  [16]  suggested the 
importance of monocytes/macrophages and fibroblasts 
in uPA-mediated plasminogen activation in healing hu-
man skin wounds. Our previous studies  [15]  showed that 
uPA plays an important role in arterial remodeling after 
balloon injury in rats. uPA is expressed by myofibroblasts 
during wound healing  [17]  and is likely to be similarly 
important for adventitia remodeling by myofibroblasts 
following vascular wall injury.

  In the present study, we investigated in vivo the effects 
of urokinase and the significance of its proteolysis prop-
erty for early myofibroblastic modulation in injured rat 
carotid artery adventitia. We demonstrated that uPA 
could augment myofibroblast accumulation and adventi-
tia growth early after injury by mechanisms dependent 
on its proteolytic properties.

  Materials and Methods  

 r-uPAs and Antibodies  
 A recombinant wild-type human uPA (r-uPA) was produced 

as previously described  [15] . After activation by plasmin, the pro-
teolytic activity of r-uPA ranged from 1 to 1.2  !  10 5  U/mg protein 

 [18] . A proteolytically inactive uPA, r-uPA(H/Q), was prepared 
by    mutating   His-204   within   the   catalytic   center   to   Gln    [18] .   
 r-uPA(H/Q) was mapped with antibodies for different uPA epi-
topes. It did not possess proteolytic activity, measured using 
S2444 (Chromogenix, Essen, Germany). The ability of r-uPA-
(H/Q) to bind to human uPA receptor is identical to r-uPA and it 
is as effective as r-uPA in displacing  125 I-r-uPA bound to cultured 
rat aortic medial smooth muscle cells (SMC; IC 50 , approximately 
20 n M )  [18] . Both recombinant forms of uPA appeared as single 
proteins on SDS electrophoresis, with apparent molecular weights 
ranging from 40 to 43 kDa. Their purity was greater than 95%.

  An anti-uPA monoclonal IgG1 antibody was prepared by im-
munizing mice with human urokinase, purified from urine as 
previously described  [14] . The antibody has a high affinity for hu-
man and rat uPA and recognizes all forms of uPA. It is capable of 
neutralizing human r-uPA activity (1  � g/ml neutralizes 0.8 n M  
uPA). In rat tissues, it detects uPA with an apparent molecular 
weight of 48 kDa. Nonspecific total mouse IgG from pooled se-
rum (Inpharm Inc., Moscow, Russia) was used as control for peri-
adventitial anti-uPA antibody. Primary antibodies used for im-
munohistochemistry were mouse monoclonal raised against uPA 
(Inpharm Inc.), proliferating cell nuclear antigen (PCNA; PC 10) 
and SM myosin heavy chain (SM-MHC, G-4; Santa Cruz Biotech-
nology, Santa Cruz, Calif., USA),  � -SM actin (Dako, Glostrup, 
Denmark), ED-1 (anti-monocytes/macrophages/dendritic cells; 
Serotec, Düsseldorf, Germany), smoothelin (Chemicon, Hof-
heim, Germany), high-molecular-weight caldesmon (h-caldes-
mon, smooth; Sigma-Aldrich, Moscow, Russia). Control nonim-
mune mouse IgG and biotinylated horse anti-mouse rat adsorbed 
antibody were purchased from Vector Laboratories (Grunberg, 
Germany).

  Animals and Surgical Procedures 
 Male Wistar-Kyoto rats (4–5 months old) were obtained from 

a colony maintained at the Cardiology Research Center, Moscow, 
Russia. Their left common carotid artery was subjected to surgi-
cal procedures approved by the Cardiology Research Center An-
imal Care and Experimentation Committee and followed the cri-
teria outlined in the ‘Guide for the care and use of laboratory 
animals’ (NIH publication No. 85–23). After anesthetizing the 
rats with ketamine hydrochloride (100 mg/kg body weight intra-
peritoneally; Gedeon Richter, Budapest, Hungary), a midline in-
cision was made in the neck to expose the left external carotid 
artery. The exposed 15 mm of the left common carotid artery, im-
mediately proximal to the carotid bifurcation, underwent the ex-
ternal mechanical injury of the adventitia using Adson-Brown 
shark teeth forceps (Fine Science Tools Inc., Heidelberg, Germa-
ny). The Adson-Brown shark teeth forceps was applied onto this 
artery, and its tips were fixed using rubber O-rings to keep them 
closed with a standard degree of pressure on the tips to injure only 
arterial adventitia and then slowly rotated while pulling the for-
ceps towards the sternum and back. This was repeated three 
times, and then, 0.5 ml of the desired Pluronic solution was placed 
around the vessel as previously described  [14] . The incisions were 
closed and the animals were allowed to recover. 

  Assessment of the significance of uPA for adventitia repair 
early after injury was investigated by applying to the adventitial 
side of 7–8 arteries 20 nmol/kg of either (1) r-uPA, or (2) proteo-
lytically inactive r-uPA(H/Q), in which glutamine replaced histi-
dine in position 204. We also examined the effects of applying a 
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uPA neutralizing monoclonal IgG antibody (500  � g/vessel) or 
control nonspecific mouse IgG (500  � g/vessel). The peptides were 
dissolved in 0.5 ml saline containing 40% gel F-127 (Pluronic, 
BASF, Berlin, Germany)  [14] . Control vessels only received 0.5 ml 
of 40% Pluronic solution after adventitial injury. The uninjured 
left carotid arteries from sham-operated rats were also analyzed. 
Four days later, the animals were killed, and isolated arteries sub-
jected to immunohistochemical and morphometric analyses.

  Tissue Collection and Processing 
 The animals were deeply anesthetized with sodium pentobar-

bital (100 mg/kg body weight; Sanofi Santé Animale, Libourne, 
France). Then they were perfused (120 mm Hg) with saline solu-
tion, followed by 4% formaldehyde solution for 10 min  [14] . Left 
and right common carotid arteries were removed, cleaned of ex-
traneous material and cut into three equal segments before em-
bedding in paraffin. Cross-sections (5  � m for immunohisto-
chemistry and 10  � m for morphometry) were cut from each block, 
at 100- to 200- � m intervals. 

  Morphometry 
 Morphometry was carried out as previously described  [15] . 

Briefly, cross-sectional areas of lumen, media and adventitia, de-
fined as a collagen-rich area surrounding the media and located 
between periadventitial tissues and external elastic laminae, of 
formaldehyde-fixed Van Geisen-Verhoff-stained sections were 
measured by a blinded histologist, using a Zeiss microscope cou-
pled to a ProgRess-3008 camera (Kontron Elektronik, Eching, 
Germany) and a computer with an Optimas morphometric pro-
gram (Optimas Corporation, Carlsbad, Calif., USA). Morphom-
etry was performed on five sections of the distal and five sections 
of the proximal segments of the arteries, and the data for each ar-
tery averaged.

  Immunohistochemistry 
 Sections were deparaffinized with xylene, rehydrated and 

treated with 3% hydrogen peroxide to quench endogenous per-
oxidase. Serial sections were used to localize immunoreactive 
peptides  [15] . The sections were incubated in 10% serum (ICN, 
Budapest, Hungary) from the same species as the secondary bio-
tinylated antibodies, and then, with either the anti-uPA monoclo-
nal antibody (10  � g/ml), the anti-myosin polyclonal antibody 
(10  � g/ml), the anti-h-caldesmon monoclonal antibody (2  � g/
ml), the anti-ED-1 monoclonal antibody (3.3  � g/ml), the anti-
PCNA monoclonal antibody (4.8  � g/ml), the anti- � -SM actin 
monoclonal antibody (3.3  � g/ml), the anti-smoothelin monoclo-
nal antibody (10  � g/ml), or the appropriate control mouse or rab-
bit nonimmune IgGs in concentrations coinciding with those of 
each immune IgG for 1 h in a humidified chamber. After multiple 
washings in physiological buffered saline (pH 7.4), the sections 
were incubated with the appropriate biotinylated anti-mouse or 
anti-rabbit antibodies (15  � g/ml). Antigens were detected using 
the ABC method (Vector Laboratories Inc.) and the chromogen 
3,3 � -diaminobenzidine tetrahydrochloride, before lightly stain-
ing the sections with hematoxylin. 

  Assessment of Efficacy of Perivascular Administration 
 The efficacy of perivascular delivery of the uPA neutralizing 

antibody was assessed using a rat adsorbed biotinylated horse 
anti-mouse antibody, a polyclonal horse anti-goat antibody as 

negative control, and an avidin-biotin immunoperoxidase kit as 
previously described  [15] . The delivery of control nonspecific to-
tal mouse IgG was also assessed. The efficacy of perivascular de-
livery of the recombinant forms of uPA was assessed 2 and 4 days 
after their application to the arteries, using r-uPA forms conju-
gated to biotin. r-uPAs applied to the vessels were later detected 
using (1) Western blots and NeutrAvidin (Pierce, Rockford, Ill., 
USA) and (2) immunohistochemistry with the streptavidin-per-
oxidase kit of the Vector Laboratories as previously described 
 [15] . All substances were present in the adventitia of the arteries 
2 days after their application, but by 4 days, they were no longer 
detectable (data not shown).

  Cell Culture 
 Human fibroblasts were obtained post mortem from normal 

subcutaneous tissues of skin. Subcutaneous tissues were collected 
during autopsy, not later than 6 h after death, from healthy male 
individuals, aged 30–38 years at the Cardiology Research Center, 
Moscow, Russia. All subjects died of external causes (accidental 
death) and did not suffer from infectious or other disorders which 
could potentially affect subcutaneous fibroblasts. The procedures 
for collecting subcutaneous tissues for the studies were approved 
by the Cardiology Research Center Human Ethics Experimenta-
tion Committee. Tissues were excised, minced, washed in phos-
phate-buffered saline (PBS) and then treated at 35   °   C with a mix-
ture of 0.1% trypsin and 100 units/ml 0.15% of type IV collagenase 
(Sigma-Aldrich) for 10 min. Isolated cells were plated on culture 
dishes in DMEM supplemented with 10% fetal bovine serum 
(FBS), 100 U/ml penicillin and 100  � g/ml streptomycin, and in-
cubated for 2 h at 37   °   C in 5% CO 2 . The purity of cell cultures was 
analyzed by immunostaining with anti-prolyl-4-hydroxylase an-
tibody specific for fibroblasts and anti-von Willebrand factor an-
tibodies specific for endothelial cells and anti-SM myosin anti-
bodies for SMC. In a standard cell preparation, only 1–2% of cells 
were positively stained with anti-von Willebrand factor antibod-
ies and 99% of cells were stained positively with anti-prolyl-4-hy-
droxylase antibodies. For all our studies, cells from passages 4–6 
were used. Prior to treatment, cells were grown to 70% confluent 
and deprived in DMEM containing 0.1% FBS for 24 h. Then, 1–
100 n M  of r-uPA or r-uPA(H/Q) in DMEM supplemented with 
0.15 FBS was added to the cells and incubation proceeded for 
48 h.

  Cell Lysates and Immunoblot Analysis 
 Primary cultures of fibroblasts were washed two times and 

scraped with ice-cold PBS. Cell suspension was centrifuged for 
5 min at 1,000  g,  and the cell pellet was lyzed for 10 min in 0.1  M  
Tris-HCl, pH 8.1, 1% Triton Х-100, 5 m M  EDTA, 1 m M  PMSF 
(100  � l of lysis buffer for one 100-mm culture plate). Then, lysates 
were centrifuged for 30 min at 14,000  g.  Protein concentration in 
supernatants was determined according to the Bradford method 
using BSA as standard protein. 

  Lysates (80  � g of total protein) were separated by SDS-PAGE 
on 12% polyacrylamide gel under reducing conditions according 
to Laemmli and transferred to PVDF membrane according to 
Towbin. Membranes were blocked for 1 h at 25°С with blocking 
buffer (5% non-fat dry milk in PBS containing 0.05 Tween-20) 
and incubated for 1 h at 25   °   C with primary antibodies. Immu-
noblotting was done, as previously described  [19] , with anti-hu-
man  � -SM actin monoclonal IgG (Sigma-Aldrich) diluted to 
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   Fig. 1.    a – c  Photomicrographs showing the uPA immunolocaliza-
tion. Cell nuclei are stained with hematoxylin. L = Lumen; M = 
media; A = adventitia. Scale bar = 30  � m.  a  In normal carotid ar-

teries, uPA immunostaining is absent in the adventitia.  b  At 4 
days after injury, strong uPA immunoreactivity (brown coloring) 
is apparent in the hypercellular adventitia.  c  Control showing 
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0.18  � g/ml, SM-MHC (G-4; Santa Cruz Biotechnology) diluted to 
0.1  � g/ml, smoothelin (Chemicon) diluted to 1  � g/ml, and h-cal-
desmon (smooth; C 4562, Sigma-Aldrich) diluted 1:   2,000. Blots 
were incubated with secondary anti-mouse IgG conjugated to 
horseradish peroxidase (0.08  � g/ml; Dianova, Hamburg, Germa-
ny). The chromogen 3,3 � -diaminobenzidine tetrahydrochloride 
was used for antigen detection. Stained blots were scanned using 
a digital video camera (Kodak, Stuttgart, Germany), and images 
were analyzed with PCBAS 2.08. software.

  Data Analyses 
 The immunohistochemical staining for uPA was graded in a 

semiquantitative blinded manner by 2 observers using a scale of 
0–4, with 0 indicating no staining (background); +1, variable 
staining in a specific region; +2, weak staining; +3, consistent pos-
itive staining, and +4, pronounced positive staining (3 sections/
rat)  [15] . PCNA-positive cells and total cell numbers (i.e. hema-
toxylin-stained nuclei in the media and adventitia) were deter-
mined by counting (3 sections/rat). A PCNA labeling index was 
calculated using the following equation: PCNA labeling index = 

(PCNA – positive cells per 3 cross-sections/total cells per 3 cross-
sections)  !  100. The percentages of urokinase,  � -SM actin, 
smoothelin, SM-MHC, h-caldesmon and ED-1-positive cells in 
the adventitia were determined in the same manner. All results 
are means  8  SEM. Comparisons between multiple groups were 
performed using one-way ANOVA and the Student-Newman-
Keuls test for multiple comparisons. Single comparisons were 
made using Student’s t test. A value of p  !  0.05 was considered 
statistically significant. All statistical analyses were performed 
using Jandel SigmaStat.

  Results 

 uPA Expression and Adventitial Cells after 
Periadventitial Injury 
 The uPA expression in the rat carotid artery adventitia 

was significantly upregulated 4 days after periadventitial 
injury compared with uninjured arteries ( fig. 1 a, d) and 
distributed uniformly throughout the adventitia ( fig. 1 b). 
The frequency of uPA-positive adventitial cells was in-
creased from 1.4  8  0.5% in uninjured arteries to 47.4  8  
3.2% in injured arteries (p  !  0.05). Increases in the ex-
pression of PCNA immunoreactive peptides were also 
apparent 4 days after injury, and we observed an increased 
PCNA labeling index of 16.6  8  3.2% compared with that 
in the uninjured vessels of 5.1  8  2.5% (p  !  0.05).

  The phenotype of adventitial cells was assessed using 
anti- � -SM actin, anti-SM-MHC, anti-h-caldesmon, anti-
smoothelin and anti-ED-1 antibodies ( table 1 ). The  � -SM 
actin expression in the adventitia was significantly up-
regulated 4 days after injury versus that in the uninjured 

nonimmune mouse IgG control.  d  Expression of uPA in unin-
jured arteries and 4 days after injury to the rat carotid adventitia. 
The intensity of staining was graded from 0 to +4 as described in 
‘Materials and Methods’, and the results for each animal were av-
eraged. Results are means  8  SEM of 7 animals in each group. 
  *  p  !  0.05 versus uninjured arteries.  e  Histological figure depict-
ing a vessel which received only pluronic gel in saline.  f  Histo-
logical figure depicting the effects of perivascular administration 
of r-uPA on carotid artery adventitia 4 days after adventitial in-
jury. Sections are stained with Van Geisen-Verhoff stain. L = Lu-
men; M = media; A = adventitia. The adventitia was defined as a 
collagen-rich area located between periadventitial tissues and ex-
ternal elastic laminae (EEL). Scale bar = 30  � m.  

Table 1. Percentages of cells expressing various markers after treatment and total cell numbers in adventitia

Marker Uninjured Control r-uPA r-uPA(H/Q) uPA antibody

�-SM actin 1.881.1 25.285.4* 55.786.8** 30.185.9 12.683.5**
SM-MHC 0 8.481.2* 14.384.3** 7.982.2 5.682.1**
h-Caldesmon 0 0 0 0 0
Smoothelin 0 0 0 0 0
ED-1 1.581.1 25.085.2* 33.184.5** 26.286.1 16.783.1**
Total cell number 104.5812.0 165.588.1* 243.5826.1** 170.5825.5 124.5815.5**
Adventitial area, mm2 0.07780.006 0.10380.011* 0.13880.013** 0.09480.008 0.08980.004

Data represent the mean 8 SEM of the percentages of adventitial cells expressing either �-SM actin, SM-
MHC, h-caldesmon, smoothelin or monocyte/macrophage marker (ED-1), as well as total numbers of adventi-
tial cells per cross-section and changes in the adventitial area in at least 7 arteries 4 days after adventitial in-
jury of the carotid artery and perivascular administration of either r-uPA, r-uPA(H/Q) or uPA neutralizing 
antibody. Controls represent vessels which only received pluronic gel in saline. The uninjured group represents 
left carotid arteries from sham-operated animals.

* p < 0.05, control versus uninjured artery, ** p < 0.05 versus control.
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adventitia (p  !  0.05;  table 1 ,  fig. 2 ). SM-MHC expression 
was not detected in uninjured adventitia and was signifi-
cantly upregulated after injury (p  !  0.05). Adventitial 
cells did not express h-caldesmon or smoothelin before 
or after injury ( table 1 ). The overall frequency of ED-1 
expression was significantly increased 4 days after injury 
compared with uninjured adventitia (p  !  0.05;  table 1 , 
 fig. 2 ). About 10  8  3.7% of  � -SM actin positive cells were 
also ED-1 positive ( fig. 2 , indicated by arrows).

  uPAs and Adventitial Myofibroblasts 
 To examine the significance of uPA and its proteolyt-

ic activity in myofibroblast differentiation, we compared 

the frequency of  � -SM actin-positive cells 4 days after 
various treatments of injured adventitia ( table 1 ). The ad-
ministration of r-uPA with wild-type structure signifi-
cantly increased the  � -SM actin labeling index (p  !  0.05), 
while uPA neutralizing antibody attenuated the frequen-
cy of  � -SM actin staining (p  !  0.05). The proteolytically 
inactive r-uPA(H/Q) was ineffective (p  1  0.05). Adventi-
tial cells did not express h-caldesmon or smoothelin de-
spite various treatments ( table 1 ). The percentage of SM-
MHC-positive cells in the adventitia was also upregulat-
ed after r-uPA (p  !  0.05) and downregulated after uPA 
neutralizing antibody (p  !  0.05). r-uPA(H/Q) did not af-
fect SM-MHC expression. After r-uPA, the frequency of 
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   Fig. 2.   Expression of  � -SM actin and ED-1 immunoreactive peptides in serial sections of uninjured carotid ar-
teries and antigen expression 4 days after injury. Immunoreactive peptides are represented by brown coloration. 
Controls represent nonimmune mouse IgG controls for the mouse monoclonal antibody. L = Lumen; M = me-
dia; A = adventitia. Arrows and rings indicate cells and groups of cells to demonstrate representative immu-
no staining differing myofibroblasts and leukocytes. Cell nuclei are stained with hematoxylin. Scale bar = 
50  � m. 
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blasts were negative for three SMC differentiation mark-
ers – SM-MHC, smoothelin and h-caldesmon – whereas 
after r-uPA (10 n M ) treatment, light expressions of SM-
MHC with a parallel increase in  � -SM actin expression 

ED-1-positive cells was significantly increased (p  !  0.05), 
while the proteolytically inactive r-uPA(H/Q) was inef-
fective (p  1  0.05). uPA neutralizing antibody attenuated 
the frequency of ED-1 staining (p  !  0.05) ( table 1 ). 

  uPA, Adventitia Size and Cell Proliferation 
 To further evaluate the relative importance of the pro-

teolytic property of uPA in regulating adventitia growth 
and early myofibroblast proliferation, we compared the 
size of the adventitia, total cell numbers and PCNA label-
ing indexes in the injured adventitia 4 days after various 
treatments. Periadventitial r-uPA increased the size of the 
adventitia (p  !  0.05 vs. control;  table 1 ,  fig. 1 e, f), while 
uPA neutralizing antibody did not significantly change 
the adventitial area (p = 0.05 vs. control). The application 
of r-uPA(H/Q) did not affect the adventitial structure 
(p  1  0.05 vs. control). None of the substances affected the 
vessel lumen or medial area compared with the vehicle 
(p  1  0.05; data not shown).

  In injured vessels, we observed an increased total ad-
ventitial cell number per cross-section versus uninjured 
vessels (p  !  0.05). Following perivascular uPA, the total 
adventitial cell number per cross-section nearly doubled 
compared with control vehicle-treated vessels (p  !  0.05), 
while r-uPA(H/Q) did not affect cell numbers in the ad-
ventitia (p  1  0.05). uPA neutralizing antibody signifi-
cantly decreased the adventitial cell number (p  !  0.05; 
 table 1 ). 

  Periadventitial r-uPA increased the PCNA labeling in-
dex in the adventitia to 51.3  8  6.1% (p  !  0.01 vs. 16.6  8  
3.2% in the control group). In contrast, neither proteo-
lytically inactive r-uPA(H/Q) nor uPA neutralizing anti-
body affected the proliferation indexes versus control 
(p  1  0.1 and p  1  0.05, respectively). 

  uPA and Transformation of Fibroblasts into 
Myofibroblasts in Cell Culture 
 To further confirm the ability of urokinase to stimu-

late the transdifferentiation of fibroblasts into myofibro-
blasts, we assessed the effects of the native r-uPA on myo-
fibroblastic transformation of cultured fibroblasts. We 
evaluated the relative content of  � -SM actin in cultured 
cells after 48 h r-uPA stimulation in increasing concen-
trations (from 1 to 50 n M ) using immunoblotting. Fol-
lowing r-uPA stimulation, the  � -SM actin content was 
increased in accordance with uPA concentrations ( fig. 3 a), 
which provides evidence of the increase in the frequency 
of myofibroblasts in culture and can indicate the pheno-
typic modulation of fibroblasts into myofibroblasts. As 
shown in the Western blots of  figure 3 b, cultured fibro-
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   Fig. 3.    a  Concentration-dependent effects of r-uPA on  � -SM actin 
content in cultured skin human fibroblasts (r-uPA; 1–50 n M ). The 
content of  � -SM actin in cell culture homogenates was assessed 
using immunoblotting. Results are expressed as fold stimulation 
relative to  � -SM actin content in untreated cells, which was arbi-
trarily normalized to 1.0 for each experiment. Results are means 
 8  SEM of 4 experiments.  b  Western blots showing SMC differ-
entiation marker (SM-MHC, smoothelin, h-caldesmon and  � -SM 
actin) expression in cultured skin human fibroblasts after either 
r-uPA or r-uPA(H/Q) (10 n M ) treatment (representative of 4 ex-
periments). The control group represents cells treated with sa-
line. 
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but no smoothelin or h-caldesmon were observed in cul-
tured fibroblasts. In contrast to r-uPA, the proteolytical-
ly inactive r-uPA(H/Q) did not induce changes in  � -SM 
actin or SM-MHC content in cultured cells.

  Discussion 

 To efficiently prevent pathological arterial narrow-
ing, it is important to fully clarify the mechanisms im-
plicated in unfavorable inward arterial remodeling. Re-
cent studies indicate that adventitial myofibroblast ac-
cumulation with subsequent constrictive fibrosis might 
be one of the major causes of negative arterial remodel-
ing  [5, 6, 20] . It is well accepted that the uPA system can 
regulate cell proliferation and migration as well as par-
ticipate in lumen narrowing in injured vessels and in the 
development of various human vascular disorders  [13, 
14, 21, 22] . Elevated uPA expression is now considered to 
cause constrictive arterial remodeling  [23, 24] . To eluci-
date the role of uPA for adventitial cell functioning, we 
studied the effects of uPA for fibroblasts both in vivo and 
in vitro. Our results suggest that uPA is upregulated in 
injured rat carotid artery adventitia. Our data indicate 
that elevations in uPA after adventitial injury lead to in-
creases in myofibroblast numbers and adventitia growth. 
These effects are highly dependent on the proteolytic ac-
tivity of uPA. Our data on the effects of uPA on the con-
tent of  � -SM actin in fibroblastic cell culture indicate the 
increase in the portion of myofibroblasts after uPA stim-
ulation. These findings provide direct evidence of stimu-
lation of myofibroblastic phenotypic modulation by uro-
kinase. 

  We used well-established SMC differentiation mark-
ers such as  � -SM actin, SM-MHC, smoothelin and h-
caldesmon. These markers have been previously used for 
the definition of changes in fibroblast phenotype  [5, 6, 
25] . In particular,  � -SM actin is the most reliable charac-
teristic of myofibroblasts  [1, 8, 9] . Myofibroblasts can also 
express SM myosin, but it was not always observed in mi-
crofilament bundles of myofibroblasts during wound 
healing nor after balloon catheter injury of the artery  [5, 
9] . h-Caldesmon, which is a cytoskeleton-associated ac-
tin-binding protein, has been reported to be one of the 
most specific myogenic markers, since myofibroblasts 
express a negligible amount of h-caldesmon  [26] . Smooth-
elin is a well-accepted highly selective late differentiation 
marker of SMC  [27] . Similarly to other models in our 
study, adventitial fibroblasts modulated into myofibro-
blasts were indicated by the positive  � -SM staining, to a 

less extent by SM-MHC staining and the negative stain-
ing for h-caldesmon and smoothelin. 

  Several lines of evidence indicate that uPA appears to 
be the important determinant influencing adventitial cell 
proliferation and myofibroblastic modulation. First, ex-
ogenous uPA stimulated cell proliferation and the num-
ber of myofibroblasts in injured adventitia. Second, uPA 
neutralizing antibody attenuated  � -SM actin expression 
by adventitial cells after injury. Third, uPA upregulated 
the content of  � -SM actin in fibroblastic cell culture in a 
concentration-dependent manner. 

  An important role of uPA for myofibroblast function 
in tissue repair was suggested by findings of enhanced 
expression of uPA during wound healing inflicted on cul-
tured human fibroblasts  [17] . Other in vitro studies have 
demonstrated elevated uPA production by myofibro-
blasts, capable of extensive migration  [28, 29] . Our data 
are consistent with previous findings of Garvin et al.  [30]  
on high uPA expression by adventitial myofibroblasts 
during arterial remodeling of coronary arteries in trans-
planted heart.

  uPA is now considered to be implicated in the regula-
tion of cell proliferation and migration by means of its 
proteolytic as well as nonproteolytic properties  [11, 12, 18, 
31–33] . For example, the proteolytically inactive uPA de-
rivatives have been shown to initiate proliferation in os-
teoblast-like cells  [33] , whereas in renal cells  [31]  and fi-
broblasts  [12, 32] , the presence of both growth factor-like 
and proteolytic domains of uPA were required for mito-
genesis. Our previous studies showed that uPA-mediated 
plasmin proteolysis is an important contributor to SMC 
proliferation   in vitro  [11]  as well as in vivo  [14, 15]  after 
arterial injury. In the present study, proteolytically inac-
tive r-uPA(H/Q), despite of its ability to bind to the uPA 
receptor  [18] , did not increase early adventitia growth 
and did not affect the expression of myofibroblast mark-
ers, either in vivo or in vitro, contrasting markedly with 
the effects of proteolytically active r-uPA that indicate the 
importance of uPA proteolytic activity for myofibroblas-
tic modulation. Proteolysis initiated via uPA has the po-
tential to regulate cell differentiation, proliferation and 
migration by a number of mechanisms. Upregulation of 
metalloproteinases (MMPs) plays a role in the transfor-
mation of cells to myofibroblast-like cell phenotype  [34] . 
The conversion of pro-MMPs to active MMPs is depen-
dent on urokinase-generated plasmin activities, which in 
turn can degrade ECM proteins including collagens  [21] . 
TGF- �  1  is one of the well-established regulators of myo-
fibroblastic modulation  [8, 35] . Matrix-bound growth 
factors, such as heparin-binding growth factor and latent 
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TGF- �  1 , are released during ECM degradation and have 
the potential to further augment cell differentiation and 
proliferation  [36, 37] . uPA-dependent plasmin proteoly-
sis is one of the key activators of TGF- �  1   [36]  that in turn 
may further contribute to the increases in myofibroblast 
numbers in injured adventitia. Plasmin proteolysis is in-
volved in the regulation of TGF-induced endothelin-1 re-
lease  [38]  that can also promote myofibroblast activation 
 [39] . Moreover, recent evidence suggests the role for plas-
min in the stimulation of fibroblast proliferation via the 
upregulation of the expression of Cyr61, a growth factor-
like gene, and the release of Cyr61 from the ECM  [40] . 
The involvement of another serine protease – throm bin – 
in differentiation of fibroblasts to a myofibroblast pheno-
type in this model is also possible, as thrombin is a potent 
profibrotic mediator  [41]  and is known to be important 
for tissue repair after injury  [42] . As soon as urokinase 
and thrombin can cleave each other, giving rise to deriv-
atives with various properties, the role for interactions of 
urokinase and thrombin in myofibroblastic modulation 
of fibroblasts is not obvious and requires elucidation in 
further independent studies.

  Our data on ED-1-positive cell accumulation after r-
uPA treatment of injured adventitia and the opposite ef-
fect of uPA-neutralizing antibody are consistent with 
findings in uPA knock-out mice indicating that uPA me-
diates infiltration of leukocytes during arterial remodel-
ing and neointima formation after injury  [13]  and during 
arteriogenesis  [43] . Delayed monocyte recruitment into 
experimental venous thrombus was also associated with 

the absence of uPA  [44] . Leukocytes are the important 
participants of vascular remodeling in a number of pa-
thological conditions. The important role for leukocyte 
accumulation is postulated for neointima formation and 
restenosis  [45] . Adventitial inflammatory responses and 
subsequent constrictive fibrosis have been proposed to be 
the major cause of constrictive negative remodeling after 
balloon injury  [46, 47] . It was shown that inhibition of the 
inflammatory response in the adventitia limited the de-
velopment of arterial constrictive remodeling by reduc-
ing adventitial fibrosis  [46] . The inflammatory reaction 
was also suggested to underlie the pathogenesis of hyper-
tension and the associated lesion formation  [48] . Present 
results indicate a role of uPA in inflammatory cell accu-
mulation in arterial adventitia that may represent one of 
the mechanisms of uPA control of adventitial remodel-
ing.

  To summarize, we have shown that addition of uroki-
nase following injury of the rat carotid artery adventitia 
augments early myofibroblastic modulation, myofibro-
blasts and inflammatory cell accumulation in injured ad-
ventitia, as well as adventitia growth, by mechanisms de-
pendent on its proteolytic properties.
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