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Summary
Background—Growing evidence implicates the involvement of extracellular nucleotides in the
regulation of platelet, leukocyte, endothelial cell (EC) and vascular smooth muscle cell (VSMC)
phenotype and function. Within the quiescent vasculature extracellular nucleotides are rapidly
hydrolyzed by CD39, the dominant endothelial nucleoside triphosphate diphosphohydrolase
(NTPDase-1). However, vascular CD39/NTPDase-1 activity is lost in EC activated by oxidative
stress or pro-inflammatory mediators, and upon denudation of the endothelium following balloon
injury. The consequent increase in extracellular nucleotide concentrations triggers signaling events
leading to prothrombotic responses and increased VSMC proliferation.

Objectives—To investigate the effect of overexpressed CD39/NTPDase-1 in injured aorta.

Methods—Using adenoviral-mediated gene transfer we expressed CD39/NTPDase-1 in
mechanically denudated rat aortas. We measured intima formation by morphometry and VSMC
proliferation by the [3H]-thymidine incorporation assay.

Results—Targeted expression of CD39 in injured vessels increased NTPDase activity (from
2.91±0.31 to 22.07±6.7 nmols Pi/mg protein, four days after exposure to the adenovirus) and
prevented the formation of neointima. The thickness of intimal layer in injured aortas exposed to
Ad-CD39 was 26.2±3.9 µm versus 51.8±6.1 μm and 64.4±22.2 µm (P<0.001) in vessels treated
with Ad-β-gal and saline, respectively. Moreover, targeted expression of CD39/NTPDase-1
caused a 70% (P<0.01) decrease in proliferation of VSMC isolated from transduced rat aortas as
compared to VSMC derived from control vessels.
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Conclusions—The presented data suggest that increasing CD39/NTPDase-1 activity in VSMC
could represent a novel therapeutic approach for the prevention of stenosis associated with
angioplasty and other occlusive vascular diseases.

Keywords
angioplasty; aorta injury; CD39; NTPDase; restenosis; smooth muscle cell proliferation

Introduction
Growing evidence indicates that extracellular nucleotides are involved in the development of
diverse vascular pathologies, including atherosclerosis, transplant arteriosclerosis and
restenosis associated with angioplasty [1–5]. It is well documented that extracellular
nucleotides mediate vascular inflammation and thrombosis, both contributing to the
pathogenesis of occlusive vascular diseases [6]. Extracellular nucleotides accumulate in
tissue fluids and plasma as a consequence of cellular responses to pro-inflammatory
cytokines and as a result of tissue damage and cell death. Nucleotides, such as ATP or ADP,
may be released from a variety of injured or activated cells, including neurons, erythrocytes,
platelets, endothelial cells and T lymphocytes [7]. Extracellular nucleotides are ligands for
purinergic P2 receptors, which are classified into two groups, P2X (ion-gated) and P2Y (G-
protein coupled) [8]. Blood concentrations of extracellular nucleotides, and consequently P2
receptor signaling, are modulated by ecto-nucleoside triphosphate diphosphohydrolases
(NTPDases) and other ecto-nucleotidases on the cell surface, which hydrolyze nucleotides to
nucleosides. Degradation of nucleotides terminates P2 receptor signaling and leads to
generation of adenosine, which inhibits platelet activation and smooth muscle cell
proliferation and stimulates endothelial cell proliferation and thus may be useful in the
prevention of restenosis following balloon angioplasty [3,4].

The main vascular ecto-NTPDase, CD39 (NTPDase-1; E.C. 3.6.1.5.), is an endothelial
membrane-bound enzyme, which metabolizes ATP and ADP to AMP [9]. CD39/
NTPDase-1 is recognized as a major thromboregulatory factor, as it hydrolyses and removes
from the circulation ADP, a potent platelet agonist. Endothelial NTPDase activity is lost
during EC activation [10], oxidative stress [9], heart allograft rejection [11] and endothelial
denudation following balloon injury [12].

The mitogenic effect of extracellular ATP in VSMC has been known for more than a decade
[13,14]. More recent reports confirmed the role of ATP, as well as UTP and UDP, and their
respective receptors, P2Y2, P2Y1, P2Y4 and P2Y6, in modulating VSMC proliferation and
migration [1,15–17]. Additional data suggest that ATP released from damaged EC and
VSMC is sufficient to activate P2 receptors, initiating lesions of intimal hyperplasia [18].

The contribution of NTPDase-1 loss to enhanced VSMC migration, proliferation and
vascular remodeling has not yet been clearly established. It is our hypothesis that decreased
vascular NTPDase-1 activity may be responsible for nucleotide-induced proliferation of
VSMC and therefore involved in neointima formation. To test this hypothesis we over
expressed CD39/NTPDase-1 in balloon-injured rat aortas and verified whether increased
NTPDase-1 activity could lower nucleotide levels and consequently inhibit local VSMC
proliferation and prevent intimal hyperplasia.
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Material and Methods
Adenoviral vectors

A replication defective recombinant adenovirus vector type 5 encoding human CD39/
NTPDase-1 cDNA (Ad-CD39) and the control recombinant β-galactosidase adenovirus (Ad-
β-gal) were generated as described [19]. Virus stocks were stored in 20–50 µl aliquots in
PBS with 10% glycerol at − 80°C until used.

Aorta injury model and in vivo gene transfer
The animal experimentation protocol was reviewed and approved by the Ethical Committee
of the Medical University of Warsaw. F344 male rats weighting 350 g were anesthetized
with intraperitoneal injection of urethane (1 ml/100 g body weight). Vessel injury was
induced by balloon angioplasty of abdominal aorta, using a 2-F arterial embolectomy
cathether (Baxter Healthcare Corporation, Irvine, Ca, USA). After all lumbar arteries and
the left iliac artery had been clamped, 0.1 ml of solution containing 1010 pfu/ml Ad-CD39,
Ad-β-gal or saline was injected to the aortic lumen through the right iliac artery. An
increased pressure was applied to expand the aortic diameter by 50%. Twenty minutes after
perfusion the flow was restored and vessel contents released into the circulation.

RNA isolation and RT-PCR
Four days after balloon injury, total RNA was isolated [20] from rat aortas of control and
Ad-CD39-transduced animals. Reverse transcription (RT) of RNA and PCR amplification of
human CD39 cDNA fragment 1339–1672 (GenBank accession no. S73813) were carried out
as described previously [21]. The following primers were used: sense -
GCAAGGCTATCATTTCAC, and antisense - CACCACTGCGATGGAGGAAAT. The
annealing temperature was 52.4°C.

Immunohistochemistry of rat aortas
Rat aortas of control and Ad-CD39-transduced animals were harvested four days after
balloon injury, and snap-frozen in pre-cooled isopentanefor immunohistochemical staining.
Five-µm cryostat sections were fixed in ice-cold acetone containing 5% (v/v) formalin for 3
min and rinsed in phosphate-buffered saline (PBS). After initial blocking with 7% horse
serum diluted in PBS for 30 min at room temperature, tissues were incubated overnight at
4°C with primary mouse anti-human CD39 antibody (1 µg/ml; Zymed Laboratories, San
Francisco, CA), rinsed with PBS, and then blocked with 3% H2O2 in methanol for 5 min to
deplete endogenous peroxidase. Sections were incubated with biotinylated secondary
antibody (horse anti-mouse, 2 µg/ml; Vector Laboratories, Burlingame, CA) for 1 h at room
temperature and then incubated with Avidin-Biotin-HRP Complex (Dako) for 30 min.
Staining was performed with DAB-peroxidase substrate kit (Vector).

Aorta preparations and NTPDase activity measurement
At day 0 before the procedure and at days 0, 2, 4, 8 and 12 following the balloon injury and
transduction with Ad-CD39 or Ad-β-gal, 3–4 animals in each group were euthanized, and rat
aortas were isolated. Tissues were washed three times with 20 mM Tris-HCl, pH 8.0,
containing 50 mM NaCl (Tris-saline buffer) at 4°C, disrupted in a Potter homogenizer in
Tris-saline buffer, containing 0.1 mM phenylmethylsulfonyl fluoride and aprotinin (0.02
KIU/ml), and centrifuged at 800×g for 15 min at 4°C. Supernatants were used for the
measurement of NTPDase activity.

NTPDase activity of Ca2+/Mg2+-dependent CD39/NTPDase-1 was determined by
measuring inorganic phosphate release from ATP, as previously described [9]. The effect of
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alkaline phosphatase was eliminated by its inhibition with 5 mM tetramisole (Sigma, St.
Louis, MO). Aortic cell lysates were incubated with 200 µM ATP, and free phosphate
release was determined over time. Malachite green was added to stop the reaction, and
absorbance was measured at 610 nm to determine phosphate generation against the standard
curve of KH2PO4 [22]. Protein was measured according to the Bradford method [23].

Evaluation of intima formation
At day 16 following the viral transduction, samples of aortic tissues were collected (at least
6 animals in each group) and stained with hematoxylin-eosine and orcein. Digital
morphometry was performed using Nicon E400 microscope (Nicon Corporation, Japan) and
LUCIA® 3.5 software (Laboratory Imaging S.R.O., Prague, Czech Republic).

Aortic smooth muscle cell isolation and cell proliferation assay
VSMC from aortas of control and adenovirus-treated animals were isolated by collagenase
digestion and cultured in medium F-12 supplemented with 50 µg/ml L-ascorbic acid, 50 µg/
ml streptomycin, 50 IU/ml penicillin and 10% fetal calf serum (F-12/10% FCS; GIBCO,
Rockville, MD) as described [24]. Proliferation of VSMC was assessed by incorporation of
[3H]-thymidine. For the assay, cells were seeded in 96-well flat-bottom plates, 5 × 103 cells
per well, and cultured for 24 h in medium containing 5% FCS and 48 h in a regular culture
medium. [3H]-thymidine (2 µCi/ml; Amersham Pharmacia Biotech, Little Chalfont, U.K.)
was added 18 h before the termination of the cell culture, and radioactivity of the samples
was measured.

Statistical Analysis
Results are presented as mean ± standard deviation (SD). Data were analyzed by one-way
analyses of variance (ANOVA) followed by the post hoc Tukey multiple range test.
Differences between groups were rated significant at a probability error (P) of < 0.05.

Results
Detection of human CD39/NTPDase-1 mRNA in the rat aorta following Ad-CD39
transduction

The expression of human CD39/NTPDase-1 in rat aortas was analyzed by RT-PCR. The
expected fragment of human CD39 (334 bp) was detected in Ad-CD39 transduced aortas,
but not in control rat aortas (Fig. 1A). mRNA for a control gene, rat β-actin, has been
detected in all analyzed aortas.

Detection of human CD39/NTPDase-1 protein in the rat aorta following Ad-CD39
transduction

The expression of human CD39/NTPDase-1 in rat aortas was analyzed by
immunohistochemistry, using an antibody to human CD39/NTPDase-1. The staining for
CD39/NTPDase-1 was detected in Ad-CD39-transduced aortas, but not in control rat aortas
(Fig. 1B).

NTPDase activity in rat aorta after Ad-CD39 transduction
To confirm that Ad-CD39 transduction leads to the expression of an active protein, we
measured NTPDase activity in aortic tissue. Exposure of the injured aortas to Ad-CD39
effectively increased NTPDase activity as compared to saline-treated animals (Table 1).
Maximal, a 7.6-fold increase in CD39 activity was observed 4 days after the procedure and
returned to initial values by day 8.
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Effects of Ad-CD39 transduction on neointima formation
We then evaluated the effects of targeted expression of CD39/NTPDase-1 on the
development of intimal hyperplasia in balloon-injured rat aortas. Sixteen days after balloon
injury and viral transduction, abdominal aortas were isolated and stained with hematoxylin-
eosine and orcein and evaluated histologically (Fig. 2 and Table 2).

The results presented in Table 2 indicate that neointima formation in the Ad-CD39-treated
animals was considerably decreased as compared to aortas from control animals. There was
no statistically significant difference between saline and Ad-β-gal groups. The recorded
thickness of intimal layer was decreased almost 2-fold for Ad-CD39 group as compared to
Ad-β-gal and saline controls (P<0.001 for Ad-CD39 versus saline group). Ad-CD39
transduction did not affect the thickness of media, however the intima over media ratio was
significantly greater in both control groups as opposed to Ad-CD39-transduced aortas
(P<0.001 for Ad-CD39 versus saline group).

Aortic smooth muscle cell proliferation
The observed protective effect of CD39/NTPDase-1 on restenosis associated with balloon
injury of rat aorta, prompted us to evaluate the impact of CD39/NTPDase-1 activity upon
VSMC proliferation evaluated ex vivo. There was no statistically significant difference in
cell proliferation between saline and Ad-β-gal groups. However, proliferation of VSMC
isolated from rat aortas transduced with Ad-CD39 was decreased by 70% (P<0.01),
comparing to saline treated aortas as measured by the [3H]-thymidine incorporation assay
(Fig. 3).

Discussion
This study demonstrates that adenovirus-mediated expression of CD39/NTPDase-1
augments vascular NTPDase activity and prevents intimal hyperplasia following a
mechanical injury to rat aortas. It also indicates that changes in extracellular nucleotide
concentrations related to altered CD39/NTPDase-1 activity might play an essential role in
the regulation of VSMC proliferation and vascular remodeling.

The pathogenesis of intimal lesions, such as those found in atherosclerosis and post-
angioplasty restenosis has not been fully elucidated, but the role of heightened VSMC
proliferation in intimal thickening is well established [25].

Therefore, extracellular nucleotides and their respective P2 receptors, whose role in VSMC
proliferation is well documented, may indeed be involved in the process of neointima
formation [18]. Of relevance, P2Y2 receptors have been linked to the development of
intimal hyperplasia in a model of carotid balloon injury in the rat [17,26].

Adventitial fibroblasts constitute another cell population involved in the formation of
vascular lesions [27]. Medial injury triggers both intense proliferation and extracellular
matrix synthesis by these cells [28]. Limited, but persuasive data show that activated
fibroblasts migrate from the adventitia to the intima [29]. Extracellular nucleotides have
been reported to stimulate fibroblast proliferation [30], and at least one published report has
confirmed the role of P2 receptors in ATP induced adventitial fibroblast growth [30].

The important role of extracellular nucleotides in VSMC proliferative responses emphasizes
the significance of nucleotide hydrolyzing enzymes (NTPDases), which, by decreasing
nucleotide concentrations, may modulate P2 receptor signaling. Endothelial CD39/
NTPDase-1 is the major source of vascular NTPDase activity [31–33]. The loss of
NTPDase-1 by endothelial denudation after balloon angioplasty significantly abrogates the
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ability of the vessel to hydrolyze extracellular nucleotides, hence leads to the increase in
local concentrations of ATP and ADP [12]. An induction of prothrombotic phenotype,
permissive for platelet activation and recruitment is the immediate consequence of such a
disturbance in nucleotide metabolism [10,34,35]. Indeed, thrombosis has been the most
extensively studied side effect of NTPDase-1 loss. In this report we demonstrate that an
increase in nucleotide concentration due to decreased NTPDase-1 expression, also affects
purinergic signaling in VSMC, leading to their enhanced proliferation and consequently, to
the development of intimal lesions.

Several attempts to reconstitute the NTPDase-1 activity have been reported. Earlier data
confirmed that adenoviral-mediated gene transfer of CD39 augments NTPDase activity in
balloon injured rabbit arteries [12]. Accordingly, adenovirus mediated gene transfer of
human placental NTPDase to VSMC suppressed platelet aggregation in vitro, and restrained
thrombus formation [36]. Previously published report from our group has shown that the use
of Ad-CD39 can prolong cardiac survival in a xenograft model [19].

In this work, we verified whether targeted overexpression of CD39/NTPDase-1 in injured
aortas could reduce the process of restenosis. Adenoviral-mediated gene transfer to rat aortas
immediately following balloon injury (i.e., to medial VSMC) led to a transient but
significant increase in NTPDase-1 activity with a maximum reached four days following the
gene transfer. Temporary augmentation of enzymatic activity of NTPDase-1 in injured
aortas was sufficient to achieve a long lasting biological effect, i.e., a prevention of intimal
hyperplasia and a protection from restenosis. We suggest that this beneficial effect is related
to decreased proliferation of VSMC derived from Ad-CD39-transduced aortas, as opposed
to controls. To our knowledge, this is the first demonstration showing that overexpression of
CD39/NTPDase-1 in VSMC is a valid therapeutic approach to prevent intimal hyperplasia
and restenosis following balloon angioplasty.

The vasculoprotective effects achieved by upregulation of CD39/NTPDase-1 expression are
still incompletely characterized. They could obviously relate to decreasing local levels of
nucleotides (ATP and ADP) and/or to increasing adenosine levels. Adenosine, a downstream
product of extracellular nucleotide metabolism, is a well-known modulator of vascular
remodeling. This nucleoside not only inhibits VSMC proliferation but also may induce
VSMC apoptosis [37,38], therefore the observed decrease in intima thickness can be also
associated with adenosine function. Furthermore, adenosine is a very powerful inhibitor of
platelet reactivity.

In conclusion, we have shown a successful adenoviral-mediated CD39/NTPDase-1 gene
transfer, which resulted in a decline of VSMC proliferation rate and a prevention of
restenosis after angioplasty. We propose that the reduction of the intimal hyperplasia
observed after CD39/NTPDase-1 overexpression is associated with a decrease in
extracellular nucleotide concentration and therefore diminished P2 receptor signaling, which
is involved in the regulation of VSMC growth. Combining anti-thrombotic function of
CD39/NTPDase-1 with its anti-proliferative effect on VSMC may be highly beneficial for
therapy and the prevention of vascular intimal disease, which still remains a serious
challenge in clinical practice.
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Fig. 1. Transduction of rat aortas with Ad-CD39 induces expression of human CD39/NTPDase-1
A. Agarose gel (1.8%) analysis of RT-PCR products, human CD39/NTPDase and rat β-
actin, obtained from mRNA isolated from control (1,2) and Ad-CD39-transduced (3,4) rat
aortas. 5 – negative control; 6 – positive control (human umbilical vein EC); 1 – 100-base
pair ladder. B. Immunohistochemistry of control (a) and Ad-CD39-transduced aortas (b, c)
using antibody to human CD39. Magnification 200× (a, b) and 400× (c). Results represent
stainings of at least 2 aortas.
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Fig. 2. CD39/NTPDase-1 inhibits intimal hyperplasia
Images of injured aorta following Ad-CD39 (A) and Ad-β-gal (B) transductions or saline
injection (C). Isolated aortas were stained with hematoxylin-eosine and orcein, and
evaluated histologically. IN – intima, M – media.
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Fig. 3. CD39/NTPDase-1 decreases proliferation of VSMC
VSMC were isolated from injured aortas of control (saline-treated) and Ad-CD39 or Ad-β-
gal-transduced animals followed by analysis of cell proliferation using [3H]-thymidine
incorporation method. Results are presented as mean±SD from two experiments in
triplicates. * - P < 0.01 comparing to the control.
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Table 2

Histological characteristic of injured aorta following Ad-CD39 transduction. Results are presented as mean
±SD from 6–10 animals.

Ad-CD39 (n=10) Ad-β-Gal (n=6) Saline (n=9)

Intimal layer:

Thickness (µm) 26.2±3.9 *** 51.8±6.1 64.4±22.2

Area (mm2) 0.075±0.013 *** 0.184±0.020 0.212±0.079

Media layer:

Thickness (µm) 120.6±14.8 111.4±11.5 108.6±16.6

Area (mm2) 0.438±0.093 0.458±0.077 0.431±0.060

Intima/Media area 0.17±0.03*** 0.40±0.04 0.49±0.18

***
P<0.001 comparing to the saline group
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