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Abstract Though previous studies have indicated a
relationship between the proliferation of endothelial cells
and vascular smooth muscle cells (VSMCs) in co-culture,
the results have been contradictory and the signaling
mechanism poorly understood. In this transmembrane co-
culture study, VSMCs and endothelial cells were grown to
confluence on opposite sides of a microporous membrane
to mimic the intima/media border of vessels. The endo-
thelial layer was injured, and then cultured for 3 days,
resulting in partial re-endothelialization. VSMC prolifera-
tion across from the injured/partially recovered endothelial
region was significantly higher than across from the de-
endothelialized region (a sevenfold increase) and the
uninjured region (a threefold increase). ELISA indicated
that PDGF, which was undetectable in uninjured co-culture
and homotypic controls, increased after injury and the
addition of a piperazinyl-quinazoline carboxamide PDGF
receptor inhibitor blocked VSMC proliferation across from
the injured/partially recovered region. We conclude that
co-culture signaling initiated by endothelial cell injury
locally stimulates VSMC proliferation and that this sig-
naling could be mediated by PDGF-BB.
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Introduction

Over 1.7 million angioplasty, stent, and bypass procedures
are performed each year on occluded arteries and over 50%
of these fail within 10 years through spontaneous re-
occlusion [1]. Re-occlusion often occurs due to neointimal
hyperplasia, when vascular smooth muscle cells (VSMCs)
over-proliferate, migrate inward, and choke off the blood
flow [2, 3]. In general, this process is initiated by endo-
thelial injury and subsides as the endothelium heals [4]. In
addition, stenosis sites are often very small and local [5],
while the remaining length of vessel experiences little to no
lumenal narrowing [6]. We hypothesized that injury to an
endothelial layer in close contact with quiescent VSMCs
will induce highly local proliferation in the VMSCs, and
that this proliferation is mediated by growth factor release
and gap-junction signaling. We tested this hypothesis using
a transmembrane co-culture model of endothelial injury
across from confluent VSMCs. We analyzed proliferation
in local regions across from the injury front and in the
uninjured and de-endothelialized regions under control
conditions and with an inhibitor of the platelet-derived
growth factor (PDGF) receptor and a disrupter of gap
junctions. We concluded that an endothelial injury front
does significantly induce VSMC proliferation in local
regions and that the signal is mediated by PDGF. Results
also suggest that this proliferation is partially mediated
through gap-junction signaling.

Several current preventative drug-based therapies, such
as drug-eluting stents that secrete paclitaxel, sirolimus, or
rapomycin and inhibitors of E2F transcription factors [7],
attempt to inhibit VSMC over-proliferation by targeting
overall effectors of cell proliferation. Though such
approaches lead to significantly lower re-occlusion rates
over uncoated stents, re-occlusion is not completely
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eliminated and, furthermore, inhibition of proliferation is
non-specific; therefore, healing of the endothelium is also
compromised [8]. In contrast, the European Pharmacopoeia
has recently approved stents coated with a specific inhibitor
of the PDGF receptor, which is highly expressed in
VSMCs and has extremely low expression in endothelial
cells of large vessels [9], and expected by some scientists
to have better long-term effectiveness though these inhib-
itors can reduce but not eliminate neointimal formation in
porcine studies [10]. A clearer understanding of the sig-
naling involved in occlusive arterial regions could lead to
more specific therapeutic approaches that prevent VSMC
over-proliferation and at the same time, promote healing,
beneficial remodeling, and re-endothelialization in an
adapted arterial vessel.

We hypothesize that injured endothelial regions of
transmembrane endothelial/VSMC co-culture will induce
highly localized VSMC proliferation. This effect could be
dependent on gap-junction communication and extracellu-
lar PDGF. To test our hypothesis, we used a transmembrane
co-culture model of endothelial injury across from conflu-
ent VSMCs, in a system very similar to ones used in other
studies [11-15]. We used imaging techniques to determine
localized proliferation levels of VSMCs based on the
proximity to regions of an endothelial injury front. We then
challenged this system with an inhibitor of PDGF receptor
and an inhibitor of gap junctions and measured the effect on
VSMC proliferation.

Materials and Methods
Cells and Culture Conditions

All experiments in this study used bovine arterial VSMCs
(AG08504, Coriell Cell Repositories, Camden, NJ) at pas-
sage 7 or 8 and bovine arterial endothelial cells (AG08503,
Coriell Cell Repositories) at passage 3 or 4. Endothelial
cells or VSMCs (for controls) were plated on the lower,
outside surface of inverted polyester terephthalate mem-
brane inserts with 0.4 um pores (BD Falcon, San Jose, CA)
at 100,000 cells/cm? in low-glucose DMEM supplemented
with 50 pg/ml penicillin, 50 pg/ml streptomycin, and
200 mM L-glutamine (Invitrogen, Carlsbad, CA) plus 10%
bovine calf serum (BCS) (Hyclone, Logan, UT) and incu-
bated at 37°C and 5% CO, until confluent (approximately
72 h). VSMCs were then plated on the opposite side of
the membrane (i.e. the inside of the insert) also at
100,000 cells/cm®. A schematic of this experimental setup
is shown in Fig. 1. After both sides reached confluence,
media was exchanged for media containing 2% BCS. Pre-
vious experiments found that endothelial cells begin to
detach when cultured in medium with less than 2% BCS.

Vascular Smooth

Muscle Cells Media with 2%

BCS

Membrane with
0.4-micron pores

Injured
Endothelial Cells

Fig. 1 Bovine arterial VSMCs are grown to confluence in trans-
membrane culture in medium containing 2% bovine calf serum (BCS)
with confluent endothelial cells in a model system similar to ones
used in other studies [11-15]. An injury front is then created by
removing half the endothelial cells with a cell lifter

After 48 h of incubation, approximately half of the endo-
thelial monolayer was scraped away with a polyethylene
cell lifter, leaving a confluent endothelial layer over half the
membrane and a linear injury front across the membrane.
Membranes were then washed with sterile phosphate buf-
fered saline (Invitrogen, Carlsbad, CA) and cultured for
72 hin 2% BCS at 37°C. In each experiment, control wells
were run with VSMCs plated opposite uninjured endothelial
cells and VSMCs plated on both sides of the membrane.

Proliferation Measurement

After 72 h of incubation, 10 uM of brominated deoxyribo-
uridine (BrdU) was added to each well and cells (in low-
serum media with 2% BCS) were incubated at 37°C for
60 min. The BrdU is known to incorporate only into newly
synthesized DNA, thereby identifying proliferating cells.
Cultures were then fixed with methanol at 4°C for 30 min,
DNA was denatured with 2 M HCl for 60 min, cell
membranes were permeabilized with 0.1% Triton X100 for
5 min, and non-specific binding was blocked with 1%
bovine serum albumin for 30 min. The top sides of the
cultures (with VSMCs) were stained with a 1:20 dilution of
FITC-conjugated anti-BrdU followed by a 1:1000 dilution
of Hoechst 33342 (Molecular Probes, Eugene, OR) stain
for DNA. Images were captured at 10x using a Axiovert
S100 fluorescent microscope (Carl Zeiss North America,
Thornwood, NY) equipped with a charge-coupled device
(CCD) camera (Princeton Instruments, Princeton, NIJ)
using Metamorph Imaging Software (Universal Imaging
Corporation, Downingtown, PA). After imaging the cell
membranes in phase-contrast to visualize the injury
regions, the cells on the lower side of the membrane were
wiped off and the membrane was re-imaged at 20x with a
FITC and DAPI filter (Chroma Technology Corporation,
Rockingham, VT) to ensure that only the cells on the top
layer were imaged. A total of 25 images were taken for
each membrane, ina 5 x 5 grid, which was usually aligned
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such that the center column of five images covered the
injured/recovered region.

Images were combined into a montage of the entire
imaged membrane area and individual image segments
were categorized as uninjured endothelial, injured/ par-
tially recovered or injured non-recovered. Images were
analyzed using a custom-written particle analysis script in
ImagelJ v.1.33u (National Institute of Health, Washington,
DC) that counted total nuclei, identified by intensity and
size, in each FITC and Hoechst image. Images in early
experiments were also counted by hand to verify the
accuracy of the automated counting software. Reported
proliferation values were calculated as the average of the
number of BrdU positive nuclei divided by the number of
total nuclei in each image identified as a particular region
of the culture.

ELISA Analysis

Enzyme-linked immunosorbent assay (ELISA) was used to
measure the amount of soluble PDGF-BB in culture media.
At 3 days after injury, media was removed and quickly
frozen to —80°C. To concentrate the proteins present to
detectable levels, 0.70 ml of media was first lyophilized for
8 h at —60°C and 150 mTorr. The remaining precipitate
was again dissolved in 100 pl of distilled water. These
samples were then analyzed with an ELISA kit for PDGF-
BB (RayBiochem, Norcross, GA) according to the manu-
facturer’s instructions.

PDGF Receptor and Gap-Junction Inhibition

The PDGF receptor was inhibited with 4-(6,7-dimethoxy-
4-quinazolinyl)-N-(4-phenoxyphenyl)- 1 -piperazine-carbox-
amide (PDGFR Inhibitor III, Calbiochem, San Diego, CA)
at a concentration of 50 pM, which is well above the IDs,
dose [16]. Gap junctions were disrupted using 50 uM
palmitoleic acid (Sigma, St. Louis, MO) [17]. In inhibition
experiments, the inhibitor was added to the media imme-
diately after injury. The ability of the PDGFR inhibitor to
inhibit VSMC growth was evaluated by growing VSMCs
to confluence on tissue culture plastic in 10% BCS, then
culturing them in 2% BCS for 48 h before addition of
10 ng/ml PDGF (R&D System, Minneapolis, MN) or
10 ng/ml PDGF plus 1 uM PDGFR inhibitor added con-
currently. Cells were incubated overnight with BrdU and
stained as detailed above.

Statistics
Differences between populations were analyzed with a

Student r-test. For multiple comparisons, a Bonferroni
correction was used. Results with corrected P < 0.05 were

considered significant. Error bars are given as s.d. unless
otherwise stated.

Results
Endothelial Cell Injury Zones

Bovine arterial endothelial and vascular smooth muscle
cells were grown to confluence on opposite sides of a
microporous membrane before the endothelial side was
injured by scraping off approximately 60% of the cells. A
schematic of the experimental setup is shown in Fig. 1.
Within 3 days following endothelial cell injury, cells form
three distinct regions (Fig. 2): an uninjured, endothelial-
ized region which ends at the site of initial injury, an
injured/recovered region, which extends from the initial
injury site to the line of advancing re-endothelialization,
and an injured/non-recovered region, which has no
recovery of endothelial cells. The cells in the injured region
are elongated and sub-confluent and have clear morpho-
logical differences from the cells in the uninjured,
confluent region. The line of initial endothelial injury also
appears denser compared to the uninjured endothelial
region.

Proliferation Rates of VSMCs are Localized and
Depend on Contact with Specific Endothelial Injury
Zones

Data presented are the average of percent proliferation in 75
images per condition. The percentage of proliferating
VSMCs is not significantly different in any total culture
(Fig. 3a, black bars). However, a region-by-region analysis
of proliferation rates (Fig. 3a, gray bars) reveals a signifi-
cant increase in VSMC proliferation directly opposite the
injured/partially recovered region in an injury co-culture
model compared to all other regions and cultures (P < .05).
Furthermore, the percent proliferating VSMCs across from
in the injured/unrecovered region was significantly lower
than the uninjured region (P < .05).

ELISA Analysis for Soluble PDGF-BB in
Transmembrane Cultures

To measure the amount of PDGF in the culture medium, an
ELISA was performed on culture media taken from cul-
tures in the same conditions (low-serum media with 2%
BCS) and at the same 72 h time point (n = 3). Though
PDGF-BB was undetectable in media from the uninjured
endothelial/VSMC coculture or VSMC mono-culture con-
trols, media from co-cultures with endothelial injury
showed a surge of PDGF-BB that peaked at 32.5 pg/ml at
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Fig. 2 Regions of endothelial injury model. An injury front was
created by scraping away half of a confluent layer of endothelial cells
with a cell lifter, followed by incubation in 2% BCS. (a) After 3 days,
three distinct regions of endothelial injury are apparent: the uninjured
endothelial region that comprises the area of endothelial cells not
removed by scraping; the injured/recovered region that comprises the
portion of membrane where endothelial cells were removed but cells
have proliferated and migrated to recover; and the injured/non-
recovered region that comprise the area where cells were removed
and no endothelial cells are present. (b) A higher resolution region of
the same image shows changes in endothelial cell morphology across
the injury front. Scale bar is 0.5 mm in both images. Magnification
is 10x

3 days after injury (Fig. 4). This peak PDGF-BB was sig-
nificantly greater than the concentration at 1 day, in VSMC
mono-culture controls, in endothelial mono-culture con-
trols, and media with 2% BCS (P < .05).

PDGF Receptor Inhibitor

Analysis of VSMC proliferation at confluent densities on
tissue culture plastic was used to assess the ability of a
PDGF receptor inhibitor to block PDGF-BB-induced pro-
liferation of VSMCs in monoculture. When 10 ng/ml of
PDGF-BB was added to the cells, proliferation signifi-
cantly increased from 0.7% to 30% in the absence of
PDGF-receptor inhibition (P < .05). The addition of 1 uM

PDGF-receptor inhibitor resulted in a significant decrease
in proliferation (P < .05). In contrast, there was no sig-
nificant change in VSMC proliferation in control cultures
upon addition of the inhibitor (Fig. 5).

PDGF receptor inhibitor was added to transmembrane
cultures to assess the effect of PDGF on endothelial injury-
induced VSMC proliferation. VSMCs proliferated signifi-
cantly less in the presence of 50 M PDGF receptor
inhibitor in the VSMC control cultures and the injured/
recovered and uninjured regions of the injury model co-
culture (P < .05, Fig. 6). Furthermore, PDGF receptor
inhibitor reduced the proliferation level in the injured/
recovered region of the injury model to a level where it was
not significantly different from the injured/non-recovered
region and the uninjured endothelial culture.

Effect of Gap-Junction Inhibition in Transmembrane
Cultures

The addition of 50 pM palmitoleic acid to disrupt gap-
junction formation in transmembrane systems resulted in
significantly higher proliferation in VSMC monocultures
and significantly lower proliferation in the injured/recov-
ered region of endothelial injury model co-cultures
(P < .05) (Fig. 6). Note that palmitoleic acid is a non-
specific gap-junction disruptor and this experimental sys-
tem was unable to distinguish between the effects of
disrupting VSMC-VSMC gap junctions, VSMC-EC gap
junctions, or EC-EC gap junctions.

Discussion

In this study, we have demonstrated that endothelial injury
significantly stimulates VSMC proliferation only in a
highly localized region directly across a membrane from
the injured/recovered portion of the endothelial injury
front. The lack of overall global stimulation may explain
contradictions between previously published studies of the
effects of confluent and sub-confluent endothelial cells on
VSMCs in transmembrane cultures [12, 18]. Highly local
signaling effects could also help explain the formation of
focused occlusive regions in vessels and arterial grafts that
exhibit normal healing elsewhere.

Previous studies have implemented co-culture models to
investigate endothelial-VSMC interactions, but to our
knowledge, no one has yet investigated the localized
response of VSMCs and endothelial cells in these systems.
Specifically, four types of in vitro models have been used:
(1) conditioned media models, where media from a culture
of endothelial cells was added to a culture of VSMCs [19],
(2) transmembrane cultures with one cell type plated on a
membrane that was inserted into a well containing the other
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Fig. 3 Proliferation rates of VSMCs in transmembrane co-culture
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ECs), and an endothelial injury model. The lumped analysis of all
regions of each culture (black bars) shows no significant difference in
VSMC growth between any culture condition. Analysis of the separate
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higher VSMC proliferation across from the injured/recovered region
compared to all other regions and cultures (P < .05). The proliferation
rate in the de-endothelialized region is also significantly lower than the
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Fig. 4 ELISA of media from the endothelial injury co-culture reveals
a peak in the total concentration of PDGF-BB at 3 days after injury.
In contrast, media from uninjured cultures and VSMC control cultures
had no detectable PDGF-BB. This peak PDGF-BB was significantly
greater than the concentration at 1 day in VSMC mono-culture
controls, endothelial mono-culture controls, and media with 2% BCS
(P > 0.05). Data points represent the average of three experiments

cell type [19, 20], (3) direct transmembrane co-culture
using porous membranes that allowed signaling molecules
to pass between the cell types but prohibited cell migration

rate in the uninjured region (P < .05). Presented values are averages of
percent BrdU positive cells in image frames. Experiments were
repeated three times. Error bars represent s.e.m. Total image frames in
each region are n = 75, 75, 75, 12, 23, 40 for VSMC, endothelial,
endothelial injury model, injured/non-recovered, injured/recovered,
and uninjured endothelial regions, respectively. Representative images
of (b) injured/non-recovered, (c¢) injured/recovered and (d) uninjured
endothelial regions of an injury model membrane are shown with
stains for all nuclei (DAPI, blue) and BrdU positive nuclei (green)

between layers [12-15, 18, 21, 22], and (4) direct contact
co-culture where a layer of endothelial cells is grown
directly on smooth muscle cells or a scaffold loaded with
smooth muscle cells [23]. Using a direct transmembrane
co-culture, Axel et al. [12] found that confluent cultures of
endothelial cells inhibited both the proliferation and
migration rates of VSMCs, while proliferating (sub con-
fluent) cultures of ECs had a proliferative effect on
VSMCs. However, other studies also using direct trans-
membrane co-cultures gave contradictory results, i.e.
VSMCs in direct contact co-cultures proliferated signifi-
cantly more when opposite confluent ECs [11, 18]. Because
both these studies used different amounts of serum, which
contains growth factors that stimulate both VSMC and
endothelial proliferation, and examined proliferative
effects over much different time scales, they cannot be
easily compared. Another possible reason for the discrep-
ancy in these studies is that bulk methods were used to
quantify total cell proliferation in a culture. Because
occlusion is the result of a highly localized response to an
injured endothelium, a method of quantifying localized
effects based on proximity to regions of differing
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Fig. 6 The addition of 50 uM PDGFR inhibitor to transmembrane
cultures (white bars) results in a significant reduction in proliferation
in VSMC control cultures and VSMCs across from the injured/
partially recovered region and the uninjured region of co-cultures
with the endothelial injury model (P < .05). The addition of
palmitoleic acid (shaded bars), which disrupts gap-junction commu-
nication, significantly reduced VSMC proliferation across from the
injured/recovered region of co-cultures with the endothelial injury
model and significantly increased proliferation in VSMC control
cultures. Data are taken at 72 h after injury, as in Fig. 3 and all other
figures. Experiments were repeated three times. Error bars represent
s.e.m. Total image frames in each region for control cultures are the
same as in Fig. 3. Total image frames in PDGFR inhibitor treated
culture are n = 75, 75, 25, 23, 27 for VSMC, endothelial, injured/
non-recovered, injured/recovered, and uninjured endothelial regions,
respectively. Total image frames in PDGFR inhibitor treated culture
are n =75, 75, 12, 27, 36 for VSMC, endothelial, injured/non-
recovered, injured/recovered, and uninjured endothelial regions,
respectively

endothelial cell confluence and proliferation might not only
illuminate local signaling, but would also more closely
approximate physiological areas of endothelial injury.

Previous studies have observed that the phenotypic state
of VSMC:s significantly affects the behavior of ECs in co-
culture and that ECs could be seeded and maintained only
on quiescent VSMC cultures [23]. Specifically, quiescent
human umbilical vein SMCs cultured in serum-free con-
ditions prior to co-culture with human umbilical vein ECs
significantly enhanced EC proliferation, junction forma-
tion, and NO secretion when compared to proliferative
SMCs cultured in 10% serum [24]. In addition, secreting
VSMCs cultured in serum-containing media have been
shown to promote inflammatory and non-proliferative
phenotypes in transmembrane co-culture of ECs, compared
to co-culture with serum-starved VSMCs [21]. In this
study, VSMCs had been cultured in 10% serum prior to,
and during cell plating opposite confluent EC cultures. The
VSMCs quickly proliferated and could reasonably be
expected to be in a proliferative and secreting phenotype.
However, once the VSMC layer reached confluence, the
media was replaced with low-serum media and the prolif-
eration of VSMC dropped to low levels, with around 2% of
cells proliferating. The specific phenotypic state of the
VSMCs, and any phenotypic state accordingly induced in
ECs, is unknown and warrants further investigation in
future studies.

Others have demonstrated a significant change in the
rate of proliferation, with a 40-fold increase in [*H]thy-
midine incorporation for endothelial cells that were sub-
confluent compared to cells that were inhibited by cell
contact [25]. Studies have also found that by 48 h after
endothelial injury, cells up to 10 rows deep exhibited
proliferation, with 80% of cells proliferating in this region
compared to less than 10% in all deeper regions [26]. In
our cultures, this proliferative region of 10 cells deep
covered approximately half to two-thirds of the defined
injured/recovered region. As seen in Fig. 2b, endothelial
cells in these first 10 layers appeared much more elongated
and spread and made less contact with other endothelial
cells than regions further from the injury front. Further-
more, one recent study found that endothelial cells just a
few hundreds of microns behind the injury front exhibited
active migration by extending lamellipodia underneath the
cells in front of them [27]. Based on our findings that the
proliferative and migratory behavior is altered only in a
region within a few hundred microns of the injury front, we
hypothesized that the production and secretion of stimu-
latory proteins observed in models of endothelial injury are
also due to cells in this specific region.

Endothelial cells produce several secreted growth factors
that influence VSMC proliferation, including platelet-
derived growth factor (PDGF) [13], basic fibroblast growth
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factor (bFGF) [28], transforming growth factor beta (TGF-
p) [13], and prostacyclin [29] as well as the membrane-
soluble factor nitric oxide (NO) [29-31], and a yet-
unidentified endothelium-derived hyperpolarizing factor
(EDHF) [32]. Of these different factors, PDGF has been
identified as a major effector of VSMC proliferation. Studies
using in situ preparations of rat arteries found that endo-
thelial injury results in increased PDGF secretion [33, 34].
Furthermore, Axel et al. [13] showed that sub-confluent
endothelial cells have increased PDGF secretion compared
to confluent endothelial layers and that PDGF significantly
stimulates VSMC growth. Further evidence of the impor-
tance of PDGF in studies in rats showed that a polyclonal
antibody to PDGF inhibits neointimal formation after de-
endothelialization by balloon angioplasty [35]. Secreted
PDGF exists as a dimer of either or both of the two isoforms,
PDGF-A and PDGF-B. The dimer PDGF-BB is the most
physiologically important in intercellular crosstalk between
cell types and, in general, developmental signaling occurs
unidirectionally with endothelial cells secreting PDGF-BB
and VSMCs expressing PDGF-BB receptor, though both
VSMCs and endothelial cells secrete PDGF-BB [36, 37].
Thus, all experiments in this study use antibodies specific
for the homodimer PDGF-BB to specifically investigate
signaling from endothelial cells that affects VSMCs.

We found that the levels of PDGF in the overall media
increased after endothelial injury in these transmembrane
co-cultures, and appears to peak at 3 days after injury. It
should be noted that PDGF levels in control cultures were
not measured at 3 days after injury so a significant increase
in PDGEF release at that time over uninjured cells or VSMC
monocultures is unknown. However, PDGF levels were
still significantly higher than in control cultures at 4 days
after injury. Furthermore, the VSMC proliferative response
across from the injured/recovered region of endothelial
injury was nearly eliminated by the addition of the PDGF
receptor inhibitor. We also observed that the PDGFR
inhibitor significantly inhibited proliferation in control
VSMC monocultures, which had undetectable levels of
PDGF-BB (as measured by ELISA). Thus, the inhibitor
was likely non-specific and may have been inhibiting sig-
naling from other growth factors which may have been
present in the media or secreted by the proliferating
VSMCs. We suggest that future studies use PDGFR
inhibitor at a much lower dilution that used in this study
(50 uM), especially considering that we found in this study
that a concentration of 1 uM PDGFR inhibitor was suffi-
cient to completely inhibit the effects of PDGF (Fig. 4).
We therefore consider the PDGF results to be preliminary
and suggest further studies into specific growth factor
inhibition, possibly through the use of other inhibitors,
inhibition of PDGF directly, or downregulation of PDGF
with RNAI.

Still, these results do not explain the localized response,
as PDGF levels were increased throughout the media.
Furthermore, even with the inhibition of PDGF receptor,
VSMC proliferation across from the injured/recovered
region was still significantly greater than proliferation in
the uninjured region. This result suggests that some other
signaling mechanism, with more localized signaling ability
than secreted factors, also contributes to the observed
VSMC proliferation response.

The majority of studies investigating VSMC prolifera-
tion have focused on effects of secreted molecules.
However, it is known that endothelial cells and VSMCs can
form direct gap junctions [32]. In explanted arterioles,
researchers have demonstrated the functionality of myo-
endothelial gap junctions to pass small molecules from the
endothelium to VSMCs [38]. These gap junctions appear to
be formed predominantly by connexin 43 and connexin 40
to a lesser extent [11, 39]. Studies have shown that connexin
43 expression is increased in VSMCs during hyperplasia
[40]. Gap junctions have also been observed in in vitro co-
cultures. For example, Fillinger et al. [11] noted that
VSMCs projections through 0.4 pm membranes come into
close contact with ECs, suggesting gap-junction formation,
and Isakson et al. [41] showed that ECs and VSMCs across
a transwell membrane form functional gap junctions that
appear to be capable of transporting inositol triphosphate
(IP5) and Ca>" between the two cell types. Furthermore, an
analysis of connexin 43 knockout mice suggests that the
formation of gap junctions in early development inhibits the
proliferation of proepicardial cells, which eventually dif-
ferentiate into VSMCs [42]. We know of no previous
studies that specifically investigated a link between myo-
endothelial gap-junction signaling and proliferation. In this
study, we use palmitoleic acid, which has been shown to be
an effective, reversible disruptor of gap-junction commu-
nication [17], to examine the effects of gap junctions on
VSMC proliferation.

The disruption of gap-junction communication signifi-
cantly reduced the level of proliferation of VSMCs across
from the injured/recovered region of endothelial injury,
suggesting that gap junction-mediated signaling influences
the VSMC response to endothelial injury. The inhibitor
used was non-specific and disrupted all gap-junction com-
munication between all of the cell types. We thus have no
indication whether the reduction in proliferation was due to
VSMC-VMSC gap junctions or VSMC-endothelial gap
junctions. However, the gap-junction inhibitor caused a
significant increase in proliferation in VSMC control cul-
tures, suggesting that the disruption of VSMC-VSMC gap-
junction communication may have an overall proliferative
effect, while disruption of VSMC-EC gap-junction com-
munication may inhibit proliferation. The enhancement of
proliferation by palmitoleic acid in mono-culture is
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consistent with in vitro studies of similar fatty acid-based
gap-junction disruptors such as oleic acid [43]. Further
studies are warranted to investigate the specific nature of
gap junctions involved in signaling in this system. Specif-
ically, dye loading studies of each cell type using a confocal
microscope to detect dye transfer differentially between cell
types could verify whether myoendothelial gap junctions
are present in this experimental system. Other studies using
specific connexin inhibitors and dye indicators to report
small molecule concentrations, such as experiments with
the calcium reporter Fluo 4 by Isakson et al. [41], could
identify specific mechanisms of communication.

We further observed that the variance of VSMC prolif-
eration in an uninjured endothelium co-culture greatly
increased when gap-junction signaling was disrupted.
VSMCs appeared to have local regions of high proliferation
and random, individual cell behaviors. This is in direct
contrast with control cells that were more likely to exhibit
coordinated, organ-level, behavior as opposed to individual
behavior. Interestingly, an increase in the variance of pro-
liferation was not observed in VSMCs opposite the uninjured
region of injured co-cultures. These results indicate complex
signaling between these cells with possible conditioning and
cross talk between growth factor and gap-junction signaling
pathways. For example, other studies have found that PDGF
can disrupt gap-junction communication through multiple,
complex pathways in an epithelial cell line [44].

Other studies have observed that the presence or absence
of shear stress can alter the paracrine effects of endothelial
cells on smooth muscle cells in co-culture. Shear stress
over ECs has been show to inhibit proliferation [45], inhibit
EC-induced migration [46, 47], and enhance expression of
contractile proteins [14] in co-cultured transmembrane
VSMCs, and the presence of co-cultured ECs inhibits SMC
migration in response to flow [48]. In addition, shear stress
has been shown to induce PDGF release by endothelial
cells [49-51]. Furthermore, shear stress has been shown to
upregulate connexin-43 expression in ECs [52, 53] and
VSMCs [54], though decrease gap-junction communication
in ECs [52, 55]. Co-culture of VSMCs with ECs in a
“tissue engineered wall model” resulted in increased pro-
tein expression of connexin-43 and connexin-37 and
connexin-40 as well as alterations in response of connexin
mRNA expressions in response to flow [55]. Studies have
also observed that VSMC transmembrane co-culture alters
shear-stress-induced changes in endothelial adhesion mol-
ecule expression [22, 56], chemokines, and leukocyte
adhesion factor expression [57], inflammatory gene
expression, and NF-xB activation [58]. These studies
suggest that the application of shear stress may enhance the
vasoprotective effects of EC-VSMC co-culture and could
increase the regional differences seen in VSMC prolifera-
tion in the injury model presented here. We therefore

suggest further investigation into local signaling in EC-
VSMC injury models under flow conditions as future work.

Myoendothelial contact has been observed in the coro-
nary arteries of the dog and rabbit [59], in the thoracic aorta
of fetal rats [60] and humans [61], in small arterioles in the
human kidney [62, 63], and in hamster and rat arterioles
[64]. Functional gap-junction communication has been
observed in rat mesenteric arteries [65] and in rabbit iliac
arteries [66]. Though, close contact of VSMCs and ECs in
the adult aorta has not been observed and myoendothelial
gap-junction communication has not been observed in
large conduit vessels, such as the aorta, studies have pre-
viously demonstrated the ability of aortic endothelial and
smooth muscle cells to form heterocellular gap junctions
in vitro [67]. Therefore, the model presented in this study
does not mimic the structure of the aorta, and the high
passage cell lines used may not be fully representative of
aortal cells in vivo, though these cells can be expected to
form structural connections, and possibly gap junctions, as
might occur in coronary arteries or other resistance vessels.

Future work is needed to verify the gap-junction coupling
of VSMCs and endothelial cells in this type of transmem-
brane co-culture, as well as to identify the signaling
molecules passed between the cell types and the direction-
ality of the signaling. Ideally, a system that could specifically
disrupt communication selectively between each cell type
could help elucidate the specific effects of gap junctions on
VSMC proliferation initiated by endothelial injury.

In conclusion, we have developed an in vitro model
system for studying the localized effects of endothelial
injury on VSMCs across a thin, porous membrane. An
endothelial injury front stimulates VSMC proliferation in a
highly localized region of cells directly opposite to the
injury, without significantly affecting cells sharing the
same media a short distance away. Though soluble PDGF
appears to be the major signaling pathway, localized dif-
ferences are apparent even when PDGF receptor signaling
is downregulated with an inhibitor. Evidence suggests that
gap-junction coupling may also influence this VSMC
response and further research is needed into the role of gap-
junction signaling in local vascular remodeling.
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