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Perlecan, a heparan sulfate proteoglycan, has been suggested to
be critical for regulation of vascular repair. We generated clones of
endothelial cells expressing an antisense vector targeting domain
III of perlecan. Transfected cells produced significantly less perlecan
than parent cells and showed a reduced ability to inhibit the
binding and mitogenic activity of fibroblast growth factor-2 in
vascular smooth muscle cells. Endothelial cells were seeded onto
three-dimensional polymeric matrices and implanted adjacent to
porcine carotid arteries subjected to deep injury. Although the
parent endothelial cells prevented occlusive thrombosis, perlecan-
deficient cells were completely ineffective. The ability of endothe-
lial cells to inhibit intimal hyperplasia, however, was abrogated
only in part by perlecan suppression. The differential regulation by
perlecan of these different aspects of vascular repair may explain
why control of clinical clot formation does not lead to full control
of intimal hyperplasia. Thus the use of genetically modified tissue-
engineered cells provides a new approach for dissecting the role of
specific factors within the complex environment of the blood
vessel wall.

The vascular endothelium plays a critical role in regulating
blood vessel wall homeostasis and repair (1). Compro-

mised endothelial cell function is a hallmark of vascular
disease, and endothelial injury has been implicated in con-
tributing to virtually every aspect of the generation and
propagation of native and accelerated forms of atherosclerosis
(2–4). Endothelial disease impacts on thrombosis, inf lamma-
tion, and the migration and proliferation of smooth muscle
cells (5–10). Endothelial injury and accelerated arteriopathies
(restenosis) lead to failure of 30–50% of vascular interventions
such as angioplasty, vascular bypass grafts, and organ trans-
plantation (11, 12). The role of the endothelium in normal
maintenance of vascular wall integrity is complex. As a con-
tinuous monolayer, the endothelium provides structural
boundaries to the circulating blood in the lumen and the
vascular wall and ensures continued f luid f low by serving as a
selectively permeable thromboresistant surface. The biochem-
ical control established by the endothelium is not an isolated
surface phenomenon; it pervades the blood vessel wall. En-
dothelial cells produce factors that regulate virtually every
aspect of vascular biology. What has not been clear to date is
whether the chemical control of each of the different biological
elements is linked, in lock step, or potentially independently
regulated.

We have previously used tissue engineering to investigate the
role of endothelial cells as biochemical regulators of vascular
injury (13–15). Endothelial implants placed into the perivascular
space reduced intimal thickening and thrombotic occlusion after
controlled mural injury of rat and pig carotid arteries (14, 15).
In this system, the endothelial cells are far from the lumen,
allowing their biochemical regulatory role to be dissociated from
their boundary properties. Thus perivascular transplantation

combined with the ability to genetically modify cultured endo-
thelial cells can provide a powerful tool to dissect the roles of
various endothelial cell products in controlling the vascular
response to injury.

The heparan sulfate proteoglycan perlecan stands out as an
especially important endothelial cell-derived regulator of vascu-
lar homeostasis (16–20). Perlecan is a multidomain proteoglycan
that can contain heparan sulfate and chondroitin sulfate chains
and is found prominently in vascular basement membranes (16,
17). Perlecan represents the major proteoglycan secreted by
cultured endothelial cells, and it is a potent inhibitor of smooth
muscle cell proliferation in vitro (18–20). Furthermore, the
growth inhibitory activity of endothelial cell-conditioned media
is lost when media are first treated with heparinase, demon-
strating that heparan sulfate is required (9, 10, 19, 20). Perlecan
has been proposed to bind to heparin-binding mitogens, such as
fibroblast growth factor-2 (FGF-2), and prevent them from
stimulating smooth muscle cells (10, 19). Thus, endothelial
cell-secreted perlecan likely plays a critical role in the regulation
of vascular injury in vivo, yet no direct test of its role within this
system has been conducted.

To test directly the relative importance of perlecan within the
complex environment of the blood vessel wall and to determine
which of the phases of the vascular injury response are regulated
by perlecan, we generated stably transfected clones of endothe-
lial cells that express high levels of an antisense vector targeting
a large conserved region (domain III) of perlecan. Transfected
cells produced significantly less perlecan in vitro and showed a
reduced ability to inhibit FGF-2 binding to and mitogenic
activity in cultured smooth muscle cells. When three-
dimensional polymeric matrices containing these transfected
endothelial cells were implanted adjacent to injured porcine
carotid arteries, protection against occlusive thrombosis was lost
in full, but control of neointimal proliferation was abrogated only
in part. Thus, we show that perlecan plays a critical role in
regulating the vascular response to injury in vivo. Perlecan was
absolutely required for the prevention of thrombosis after deep
vascular injury but was only partially responsible for inhibition of
the resultant tissue hyperplasia. The differential regulation by
perlecan of these different aspects of vascular repair may explain
the divergent results seen when promising animal experiments
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cannot be extended to higher animal species or humans and why
control of clinical clot formation does not lead to full control of
intimal hyperplasia. Genetically modified tissue-engineered cells
may enhance our understanding of the complexity of vascular
biology and the response to injury.

Materials and Methods
Materials. Human recombinant FGF-2 was from Scios-Nova
(Mountain View, CA). 125I-FGF-2 was prepared by a modifica-
tion of the Bolton–Hunter procedure (21). Heparinase III,
Chondroitinase ABC, heparan sulfate from bovine kidney,
gelatin, Hepes, and trypsin were from Sigma. Dimethylmethyl-
ene blue was obtained from Aldrich. The Bio-Rad Protein Assay
was used to determine protein concentrations based on BSA
standards. Antiheparan sulfate proteoglycan (Upstate Biotech-
nology) served as the primary perlecan antibody, whereas anti-
rat IgG, horseradish peroxidase-linked whole antibody from
sheep (Amersham) served as the secondary antibody for West-
ern blots (19).

Cell Cultures. Bovine aortic endothelial cells (BAE) were used
between passages 1–7 and bovine aortic vascular smooth muscle
cells (VSMC) were used between passages 3–9. First passage
BAE cells were purchased from Clonetics (Walkersville, MD).
VSMC were isolated from calf aorta as described (22). All cells
were maintained in DMEM (low glucose, GIBCO), supple-
mented with penicillin (100 unitsyml), streptomycin (100 mgy
ml), glutamine (2 mM), and 10% calf serum (HyClone).

Antisense Vector and Generation of Stably Transfected Clones. A
human antisense construct comprising '1 kb (bp 3120–4120) of
perlecan domain III (23, 24) ligated into the eukaryotic expres-
sion vector pcDNA3 (Invitrogen) driven by the potent cytomeg-
alovirus promoter was used as the antiperlecan vector (AP).
Vector without the perlecan antisense sequence was used as a
control (NEO). Approximately 5 3 105 BAE cells (passage 2)
were transfected with 10 mg of plasmid DNA (AP or NEO) by
using LipofectAMINE (GIBCO) and grown for 48 h in nonse-
lective medium, which allowed for the expression of the trans-
fected gene. The cells were then passaged and selected in the
presence of G418 (800 mgyml). Clones were isolated by ring
cloning and expanded and maintained in medium containing
G418 (400 mgyml). Isolated transfected BAE cells were used for
all experiments between passages 5 and 7.

Conditioned Medium. Confluent BAE cells (2.5–5 3 106 cellsy100
mm dish) were established in DMEM containing 10% calf serum
and maintained in culture for 2 days before conditioning.
Conditioned medium was prepared by washing the cells for 1 h
in serum-free DMEM at 37°C then incubating the cells for 24 h
in serum-free DMEM at 37°C. Medium was collected and
centrifuged (30 min at 1,800 3 g, 4°C). Anionic exchange
chromatography (Q-Sepharose) was used to purify the proteo-
glycan fraction from endothelial-conditioned medium (19). The
glycosaminoglycan (GAG) containing fraction was eluted with
Tris-buffered saline, 1 M urea, 1.5 M NaCl, and GAG content
determined by using the dimethylmethylene blue dye-binding
assay with a heparan sulfate standard (25). Samples were
dialyzed and concentrated to a final volume of 1 mly1 liter of
initial conditioned media by partial lyophylization.

Cell Engraftment. BAEs transfected with the perlecan antisense
vector (BAE-AP3) or with the empty vector (BAE-NEO1) were
seeded in Gelfoam matrices to confluency and then implanted
(15). Sterile Gelfoam was supplied by Pharmacia & Upjohn
(Kalamazoo, MI) and cut into 2.5 3 1.0 3 0.3-cm blocks. The
Gelfoam blocks were hydrated in PBS and placed in 35 3 10-mm
tissue culture dishes. BAE-AP3 or BAE-NEO1 (1 3 105) cells

were added directly to hydrated Gelfoam sponges in a total
volume of 0.1 ml. The cells were placed at 37°C in a humidified
5% CO2, 95% air incubator and allowed to adhere for 2 h. The
cell-loaded Gelfoam blocks were subsequently placed in 17 3
100-mm polypropylene tubes containing 2 ml media and incu-
bated for up to 2 weeks at a 45° angle. Growth medium was
changed every 72 h.

Animals. We assessed the ability of the endothelial cell Gelfoam
grafts to reduce intimal hyperplasia and thrombosis when
wrapped around balloon-injured porcine carotid arteries (15).
This study conformed to the National Institutes of Health
‘‘Guide for Care and Use of Laboratory Animals’’ and was
approved by the Institutional Animal Care and Use Committee
of the Veterans Association Medical Center (West Roxbury,
MA). Twelve male domestic pigs, 34.7 kg 6 0.9 kg, were obtained
from Animal Biotech (Danboro, PA). Anesthesia was induced
with intramuscular ketamine (1,000 mg), xylazine (150 mg), and
atropine (0.6 mg) and maintained with inhaled isofluorane
(0.5–1.5%) via an endotracheal tube. All animals also received
i.v. cefazolin (500 mg, pre- and postsurgery) to prevent infection.
The intraarterial pressure and electrocardiogram were moni-
tored continuously throughout the procedure.

Surgical Procedure. Porcine carotid arterial injury and matrix
implantation were performed as described (15). Right femoral
arterial access with an 8 French sheath was obtained via cut
down, and an 8.0-mm-diameter angioplasty balloon (Cordis,
Miami) was advanced to the common carotid artery under
fluoroscopic guidance. Angiography was performed and re-
corded by cineradiography. The right and left carotid arteries
were injured by 30-second balloon inflations at 8 atmospheres
pressure (5 inflations per side, in overlapping segments). The
balloonyartery ratio (1.39 6 0.04) did not vary significantly
between treatment groups. After final angiography to assess
vessel patency, a mid-line neck incision exposed both common
carotid arteries, which were isolated and gently wrapped with
Gelfoam containing BAE-NEO1 (n 5 6 arteries, 2 arteries per
animal), BAE-AP3 (n 5 10 arteries, 2 arteries per animal), or no
cells (n 5 8 arteries, 2 arteries per animal). The carotid sheath
was closed to immobilize the device and sutured to facilitate the
location of implants at sacrifice.

Tissue Processing. Tissue was processed and sections analyzed as
described (15). On the 28th postoperative day, animals were
euthanized and the carotid arteries were fixed in situ by perfusion
with 4% paraformaldehyde in 0.1 molyliter PBS (pH 7.4). The
arteries with attached implants were isolated and paraffin em-
bedded. Five-mm sections were obtained and stained with Ver-
hoeff’s elastin stain. Morphometric analysis was performed on
all segments.

Results
Decreased Perlecan Expression Reduces Endothelial Cell-Mediated
Inhibition of FGF-2 Growth Stimulation in VSMC. We have demon-
strated previously that endothelial cell heparan sulfate proteo-
glycans inhibit FGF-2 binding and mitogenesis in VSMC (10, 19).
To test the role of perlecan specifically, we generated stable
transfected clones of primary BAE cells expressing an antisense
cDNA targeting domain III of perlecan (Fig. 1A). Several
antisense transfected clones (AP1–4) showed reduced perlecan
core protein expression as compared with the parent cells or cells
transfected with the vector alone (NEO1–4) (Fig. 1B). The
ability of conditioned media from these clones to inhibit FGF-2
binding to VSMC was analyzed as a functional activity. All of the
clones that showed significantly reduced perlecan levels also
showed reduced ability to inhibit FGF-2 binding. Likewise,
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clones that did not show reduced perlecan expression (AP5 and
6) retained the ability to inhibit FGF-2 binding (Fig. 1C).

BAE cell clones transfected with the perlecan antisense vector
(BAE-AP3), and the empty vector (BAE-NEO1) were studied in
detail. Proteoglycan secretion by BAE-NEO1 and BAE-AP3 was
quantified after partial purification (Fig. 2A). Although total
protein production was similar in the two clones, secretion of
proteoglycan into the media was reduced by more than 95% in
the BAE-AP3 cells compared with the controls (0.1 vs. 2.6
mgy106 cellsy24h for BAE-AP3 and BAE-NEO1, respectively).
This was paralleled by a '90% decrease in the amount of
perlecan core protein (Fig. 2B). No changes in the levels of other
heparan sulfate proteoglycan core proteins were noted in the AP
cells compared with controls, as determined by using an antibody
that recognized desaturated uronic acid residues on protein
cores after heparinase III digestion (3G10, Seikagaku Kogyo,
Tokyo) (26) (data not shown). The ability of these cells to inhibit

FGF-2-induced VSMC mitogenesis in a coculture system was
also analyzed as a measure of the biological activity of these cells.
FGF-2 significantly stimulated VSMC proliferation in the ab-
sence of BAE cells; however, FGF-2-mediated mitogenesis was
dramatically reduced in the presence of BAE or BAE-NEO1
cells. In the presence of BAE-AP3 cells, FGF-2 stimulated
VSMC mitogenesis to nearly the same extent as that observed in
the absence of cells.

BAE-AP3 cells were cultured within Gelfoam matrices (Fig.
3A). BAE-AP3 cells grew well within the three-dimensional
Gelfoam matrices with cell doublings observed approximately
every 36 h and a saturation density of '1 3 106 cellycm3

Gelfoam. Cell viability remained at 95–100% during the 2-week
culture course. The growth kinetics, saturation density, and
viability are similar to those we have previously reported for
BAE cells (14, 15). Moreover, BAE-AP3 cells cultured within
Gelfoam matrices retained their ability to take up acetylated
low-density lipoprotein (LDL) (Fig. 3B).

BAE-AP3 Cells Show Reduced Inhibition of Intimal Thickening and
Thrombosis. Pigs were randomly selected to receive BAE-AP3y
Gelfoam, BAE-NEO1yGelfoam, or Gelfoam implants without
cells after balloon injury (15). All 12 pigs recovered well from the
surgical procedure and gained weight during the 28-day post-
operative period. Host immune responses to the endothelial
implants were similar to that previously reported for BAE
implants (15). The bovine cell grafts displayed infiltration of
leukocytes 28 days after implantation. Moreover, the host
response was similar when animals were implanted with either
BAE-NEO1 or BAE-AP3 (data not shown).

Morphometric analysis of each artery showed no significant
differences in the injury index between the three experimental
groups (Table 1). A significant portion (22%) of the carotid
arteries treated with BAE-AP3 implants showed extensive oc-
clusive organized thrombus at the site of injury, which is
comparable to that observed for arteries treated with empty
Gelfoam matrices (Fig. 4A) (15). Occlusive organized thrombus
was not observed in any of the arteries that received BAE-NEO1
implants. Differences were also noted in the extent of intimal
thickening among the three groups (Fig. 4B, Table 1). The
restenosis index of the control animals treated with Gelfoam
containing no cells (1.34 6 0.16) was similar to that previously
reported for both balloon injury alone and balloon injury
followed by treatment with empty Gelfoam matrices (15). Ar-
teries treated with BAE-NEO1 implants reduced the restenosis
index by 42% (0.78 6 0.05, P , 0.05) compared with empty
Gelfoam controls (Fig. 4C), which was similar to that previously
observed with unmodified BAE cells [49% (15)]. In contrast, the
restenosis index of the arteries treated with BAE-AP3 implants
(0.99 6 0.05) was not significantly reduced (P 5 not significant)
compared with control (Fig. 4C). Thus, BAE-NEO1 implants
showed a significantly greater reduction in intimal thickening
than the BAE-AP3 implants (P , 0.05). These results suggest
that endothelial cell-secreted perlecan plays an important role in
regulating vascular restenosis and thrombosis after balloon
injury but regulates the various aspects of the vascular response
to injury differentially.

Discussion
Endothelial cell dysfunction is considered a decisive factor in the
generation and propagation of atherosclerosis and the acceler-
ated arterial obstructions that follow mechanical vascular inter-
ventions (1–4). Recent evidence indicates that endothelial se-
creted compounds might mediate vascular repair (9, 10, 27–29).
Among the various candidate compounds, considerable atten-
tion has been focused on the heparan sulfate proteoglycan
perlecan. The antiproliferative effects of heparin on smooth
muscle cells have long been considered a reflection of the

Fig. 1. Expression of perlecan antisense leads to reduced perlecan secretion
and loss of FGF-2 binding inhibition in endothelial cell-conditioned media. (A)
Perlecan antisense construct. (B) Western blot of conditioned media from
untransfected BAE cells, and clones transfected with the antiperlecan se-
quences (BAE-AP1–6) or the vector alone (BAE-NEO1–4). All samples were
normalized for cell number (1 3 104 cells) and subjected to heparinase
treatment before gel electrophoresis. (C) FGF-2 binding to smooth muscle cells
is inhibited by conditioned media from BAE-NEO cells to a greater extent than
by that from BAE-AP cells 125I-FGF-2 binding (2 ngyml) to VSMCs was con-
ducted as described (10). VSMCs were plated (5 3 104 cellsywell) in 24-well
culture plates (Costar) in DMEM, 10% calf serum. When the cells reached
confluence (day 3), the medium was removed, and the monolayers were
washed with cold (0°C) binding buffer (DMEMy25 mM Hepesy0.05% gelatin),
and binding of 125I-FGF-2 was conducted in the presence of conditioned media
(equivalent to the media conditioned by 3.5 3 104 cells) for 2.5 h at 4°C. The
data shown are the averages 6 SEM of triplicate determinations. Control
binding represented the amount of 125I-FGF-2 bound to cells in the absence of
any conditioned media (100%).
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potential role of endothelial cell-produced heparan sulfate (18,
20, 30–32). Indeed, endothelial cell-derived heparan sulfate
proteoglycans are potent inhibitors of smooth muscle cell pro-
liferation in vitro (9). Furthermore, isolated perlecan regulates
the extracellular transport and cell surface binding of a potent
smooth muscle cell mitogen, FGF-2 (19, 33). The antithrombotic
effect of heparin is also likely to reflect an important function of
endothelial heparan sulfate in modulating vascular repair. The
present study set out to evaluate the hypothesis that the secretion
of perlecan is required for endothelial cells to maintain bio-
chemical control of vascular injury. To test this hypothesis,
genetically modified endothelial cells were generated to express
reduced amounts of perlecan. Cells with reduced perlecan
expression were less able to inhibit FGF-2 binding and activity
in cultured VSMC when compared with the nontransfected
(parental) cells (Fig. 1).

BAE cells were cultured within Gelfoam matrices and
placed adjacent to balloon-injured porcine arteries so that
their effects on the vascular response to injury could be
evaluated. The swine model of vascular injury offered advan-
tages over other animal models for the present study. Its
complexity and time course of response provide a series of
specific reactions that can be quantified in a manner ref lective
of the histologic and tissue reaction to human vascular injury
(34–36). An interesting divergence of biological effect of the
modified BAE cell implants was observed. Endothelial-cell

Fig. 2. BAE-AP3 shows significantly reduced proteoglycan synthesis and is
less able to inhibit FGF-2 stimulation of smooth muscle cell proliferation
compared with BAE-NEO1. (A) Serum-free conditioned media was generated
from BAE-NEO1 and BAE-AP3 cells, assayed for total protein concentration,
and then subjected to ion exchange chromatography to isolate the proteo-
glycan fraction. The total amount of glycosaminoglycan and protein deter-
mined in BAE-NEO1 (shaded bars) and BAE-AP3 (filled bars) (see Materials and
Methods). (B) Western blot for perlecan of conditioned media-derived pro-
teoglycan from BAE-NEO1 (left lane) and BAE-AP3 (right lane). (C) Inhibition
of FGF-2-mediated smooth muscle cell proliferation by BAE, BAE-NEO1, and
BAE-AP2 cells when grown in coculture. VSMC proliferation was analyzed in
coculture with BAE cells as described (10). Confluent monolayers of BAE cells
were established in Falcon cell culture inserts (0.45 mm pore size, Cyclopore
Membrane, Falcon). Sparse VSMC cultures (4,000 cellsywell) were established
in separate six-well plates (Falcon). The media were changed to DMEM, 5%
calf serum in both the BAE and VSMC cultures, and the BAE-containing culture
inserts were transferred on top of the underlying VSMC. FGF-2 was adminis-
tered continuously by controlled release from an alginate microsphere system
within the lower (VSMC containing) chamber (42). VSMC cell number was
determined after 5 days by counting trypsin suspended cells with a Coulter
Counter (Model Z2). The results represent the average 6 SEM stimulation of
cell growth by FGF-2 [FGF-2 stimulation 5 (cell no. with FGF-2ycell no. without
FGF-2)]. For example, the VSMC number in wells with ‘‘no cells’’ in the
coculture insert was 1.5 3 104 and 3.3 3 104 per well in the absence and
presence of FGF-2, respectively.

Fig. 3. Characterization of BAE-AP3 cells. (A) BAE-AP3 cells cultured
within Gelfoam matrices followed a growth pattern similar to normal BAEs
(14, 15). The number of cells attached to the Gelfoam was determined with
a hemacytometer after digestion with collagenase (1 mgyml, Type I, Worth-
ington). Cell viability was assessed by trypan blue exclusion. Cell growth
reached a plateau after approximately 10 days in culture. (B) The preser-
vation of endothelial cell identity was determined by uptake of acetylated
LDL. Gelfoam matrices were incubated with DiI-Ac-LDL (Biomedical Tech-
nologies, Stoughton, MA) at a concentration of 10 mgyml for 6 h at 37°C and
fixed in 3% paraformaldehyde. Confocal laser-scanning microscopy (Bio-
Rad MRC 600), using standard rhodamine excitation and emission filters,
was used to visualize positive cells within the matrices after 2 weeks in
culture. The computer was programmed to collect images from the surface
at 25-mm intervals. The sections were then combined into a single image by
using customized software. Red cells indicate positive Ac-LDL uptake.
Empty control Gelfoam matrices showed no positive staining (not shown).
(3200).
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implants with reduced perlecan expression were less effective
than implants containing parental cells at inhibiting experi-
mental restenosis (Fig. 4) yet showed a complete loss of the
antithrombotic effect observed with the parental-cell implants
(Fig. 4). It is interesting to note that the effects of the
endothelial cells are sensed within the lumen, at a distance
from the implant. One possibility is that endothelial cell
products, such as perlecan, are able to move throughout the
blood vessel wall, or that these factors alter the bioavailability
and distribution of endogenous vasoregulatory compounds
such as growth factors (33, 37). The experimental model
presented here should provide a useful method for systemat-
ically testing the roles of individual endothelial-derived com-
ponents in the complex environment of the blood vessel wall.

These results not only implicate perlecan directly as an
important regulator of intimal hyperplasia and occlusive
thrombosis that follow vascular interventions but also show the
complexity of the regulatory role of this compound. Perlecan
is absolutely necessary to control the occlusive thrombotic
reaction to deep vascular injury, but its contribution to the
hyperplastic reaction is only a part of the overall regulation
that the intact endothelium elicits. It is likely that endothelial
control over intimal thickening results from a combination of
perlecan and other secreted cell-based products such as nitric
oxide, endothelins, prostaglandins, and a myriad of growth
factors, cytokines, and vasoreactive agents (1, 38–41). By
removing an important factor (perlecan) that directly interacts
in these processes, the implanted cells displayed a decreased

ability to reduce intimal thickening. Our data ref lect that the
cooperative action of endothelial cell factors is necessary to
observe inhibition of intimal thickening. These observations
could be clinically relevant and may explain why single endo-
thelial-derived products, aimed at one of the cellular events
thought to be involved in either thrombosis or smooth muscle
cell proliferation, do not lead to full control of restenosis. This
is not surprising when one considers the large number of cells
and biological events involved in restenosis (2, 3, 8, 11, 12).
Cell-based therapies offer new tools for added insight into
vascular repair and, when coupled with molecular modification
technology, may enable us to dissect further the biology of
vascular injury.
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Table 1. Histopathological characteristics of porcine carotid
arteries after balloon injury

Characteristics Empty Gelfoam BAE-AP3 BAE-NEO1

EEL area, mm2 9.15 6 0.90 8.86 6 0.71 9.90 6 0.39
IEL length, mm 6.51 6 0.62 6.58 6 0.41 7.20 6 0.36
Fracture length, mm 1.36 6 0.15 1.27 6 0.09 1.40 6 0.24
Intima area, mm2 1.50 6 0.2 1.0 6 0.13 0.78 6 0.14‡

Media area, mm2 4.10 6 0.35 4.08 6 0.25 4.20 6 0.20
Lumen area, mm2 2.59 6 0.49 2.58 6 0.32 3.56 6 0.45
Residual lumen, ratio 0.65 6 0.04 0.73 6 0.02 0.82 6 0.04‡

Injury index* 0.20 6 0.01 0.19 6 0.01 0.20 6 0.03
Restenosis index† 1.34 6 0.16 0.99 6 0.05 0.78 6 0.05‡§

The intimal (I), medial (M), lumen (L), and external elastic lamina (EEL) areas
as well as the internal elastic lamina (IEL) circumference and IEL fracture length
(F) were measured by using computerized digital planimetry with a video
microscope and customized software (15). Morphometric measurements were
performed by an observer blinded to the treatment groups. The extent of
injury was represented by the fracture length of the IEL, normalized for the
size of the artery by the circumference of the IEL: injury index 5 FyIEL. Intimal
hyperplasia was also normalized by the total artery wall area: Iy(I1M). A
restenosis index (43) was established taking into account the degree of injury:
restenosis index 5 [Iy(I1M)]y(FyIEL). Arteries with an intact IEL were excluded
from all analyses. The residual lumen was also measured, which reflected the
change in vessel geometry after injury and repair (44). The residual lumen was
defined as Ly(L1I). Arteries that were occluded with organized thrombus
were not included in the intimal thickening analyses.
*Injury index 5 IEL fracture lengthyIEL circumference.
†Restenosis index 5 [Iy(I1M)]y(FyIEL).
‡P , 0.05 compared to control arteries.
§P , 0.05 compared to BAE-AP3 arteries.

C
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Fig. 4. Effects of BAE-NEO1 and BAE-AP3 on thrombosis and intimal thick-
ening of balloon-injured porcine carotid arteries. (A) Bar graph shows a
decrease in occlusive thrombosis for arteries treated with BAE-NEO1 (P , 0.05)
and no effect for arteries treated with the anti-perlecan transfected cells,
compared with control. (B) Photomicrographs of cross sections of arteries
show the effects of perivascular endothelial cell implants on neointimal
formation 28 days after balloon injury of porcine carotid arteries [Verhoeff’s
elastin stain (3100)]. Control Gelfoam (no cells) implants (Top), BAE-AP3 cell
implants (Middle), and BAE-NEO1 cell implants (Bottom). I 5 Intima, M 5
Media. (C) Bar graph shows that BAE-NEO1 significantly reduced the reste-
nosis index when compared with BAE-AP3 and control Gelfoam treated
arteries (P , 0.05). BAE-AP3-treated arteries did not significantly reduce the
restenosis index when compared with control. Statistical analysis comparing
treatment groups used a nonpaired t test. Values of P , 0.05 (two-tailed
analysis) were considered significant.
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