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DEVELOPMENT AND DISEASE

A critical role for elastin signaling in vascular morphogenesis and disease
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SUMMARY

Vascular proliferative diseases such as atherosclerosis and elastin induces actin stress fiber organization, inhibits
coronary restenosis are leading causes of morbidity and proliferation, regulates migration and signals via a non-
mortality in developed nations. Common features integrin, heterotrimeric G-protein-coupled pathway. In a
associated with these heterogeneous disorders involve porcine coronary model of restenosis, the therapeutic
phenotypic modulation and subsequent abnormal delivery of exogenous elastin to injured vessels in vivo
proliferation and migration of vascular smooth muscle cells  significantly reduces neointimal formation. These findings
into the arterial lumen, leading to neointimal formation  indicate that elastin stabilizes the arterial structure by
and vascular stenosis. This fibrocellular response has inducing a quiescent contractile state in vascular smooth
largely been attributed to the release of multiple cytokines muscle cells. Together, this work demonstrates that
and growth factors by inflammatory cells. Previously, we signaling pathways crucial for arterial morphogenesis can
demonstrated that the disruption of the elastin matrix leads play an important role in the pathogenesis and treatment
to defective arterial morphogenesis. Here, we propose that of vascular disease.

elastin is a potent autocrine regulator of vascular smooth

muscle cell activity and that this regulation is important for

preventing fibrocellular pathology. Using vascular smooth  Key words: Elastin matrix, Vascular smooth muscle, Morphogenesis,
muscle cells from mice lacking elastinBIn—"-), we show that  G-protein signaling, Vascular proliferative diseases

INTRODUCTION Schwartz, 1997). Understanding the molecular mechanisms
that underlie vascular smooth muscle cell regulation is crucial
Vascular proliferative diseases are a heterogeneous groupfof developing strategies to prevent and treat vascular
disorders that include atherosclerosis, coronary restenosisoliferative disorders.
bypass-graft failure and transplant arteriopathy that lead to Vascular smooth muscle cells are not terminally
arterial narrowing, restriction of blood flow and tissuedifferentiated and can alternate between a quiescent,
ischemia. These diseases arise from a complegontractile state and a proliferative non-contractile state
pathophysiological response to injury by multiple factors(Raines and Ross, 1993; Owens, 1998; Thyberg, 1998). In a
including  hypercholesterolemia, diabetes, = smokinghealthy artery, vascular smooth muscle cells are quiescent and
hypertension and mechanical injury (Ross, 1995; Lusidargely comprise a contractile apparatus that functions to dilate
2000). Although their etiologies are diverse, these disorde@nd constrict the lumen as required by physiological demands.
all share a common pathological feature: the accumulation @&ctin stress fibers serve as the scaffold for the contractile
vascular smooth muscle cells and fibrous connective tisswpparatus, and are a hallmark of mature and quiescent vascular
within the intima between the endothelium and medial layesmooth muscle cells (Burridge and Chrzanowska-Wodnicka,
of the vessel wall (Lusis, 2000; Raines and Ross, 1993). Thi®96; Small and Gimona, 1998). Under circumstances of
fibrocellular pathology, known as neointimal formation,injury, repair and regeneration, vascular smooth muscle cells
results from the activation, proliferation and migration oflose their contractile apparatus and dedifferentiate into an
vascular smooth muscle cells (Raines and Ross, 199Bnmature phenotype capable of proliferating and depositing
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extracellular matrix (Owens, 1998; Thyberg, 1998). ThiSMATERIALS AND METHODS

fibrocellular response plays an important role in all forms of

vascular proliferative diseases. In atherosclerotic lesions, thegolation of vascular smooth muscle cells

major components of the fibrous plaque are vascular smoobtewborn (postnatal day 0.8In** and EIn~'~ pups were sacrificed
muscle cells, the matrix products deposited by these cells, aRd CO: asphyxiation. Their ascending aortas were dissected free,
extracellular cholesterol (Ross, 1995; Lusis, 2000; Raines arfgpdothelium removed anq placed inFo individual wells of a plastig: 12-
Ross, 1993). In restenosis, transplant arteriopathy and vasculi!! culture dish containing Amniomax C-100 growth medium
graft disease; smooth muscle cells are the predomina ibco-BRL) supplemented with penicillin/streptomycin. Cultures of

t of th lusive lesi Rai d R 199 ooth muscle cells that formed around the tissue were trypsinized
component of the occlusive lesion (Raines an 0Ss, %.05% trypsin, 0.53 mM EDTA), passaged, expanded and genotyped

The phenotypic modulation of vascular smooth muscle cellg, confirm their identity. Cells were stained with $Vactin (Clone
offers a tempting target for preventing vascular proliferative;a4, Sigma) and checked for classic ‘hill-and-valley’ morphology
diseases. to confirm their smooth muscle status. In situ hybridization,
Elastin is the dominant extracellular matrix proteinimmunostaining and RT/PCR analysis established that these cells
deposited in the arterial wall and can contribute up to 50% afxpressed the vascular smooth muscle cell markersi-abtin, SM
its dry weight (Parks et al., 1993). The protein product of thgactin, SM-22, calponin, desmin, ang-1/ang-2, and did not express
elastin gene is synthesized by vascular smooth muscle celf¥ endothelial markers Flk-1 or Flt-1.
and secreted as a monomer, tropoelastin. After poskelular assays
translational modification, tropoelastin is crosslinked andte|yjar experiments of proliferation, actin polymerization and
organized into elastin polymers that form concentric rings ofigration described below were performed on at least three
elastic lamellae around the arterial lumen. Each elastic lamelladependently isolated primary cell lines. Proliferation was assayed
alternates with a ring of smooth muscle, and provides thiy cell count and3H]thymidine incorporation. Confluent cultures of
compliance that arteries need to absorb and transmiin** and EIn”- vascular smooth muscle cells from the fourth
hemodynamic force (Wolinski et al., 1967). There is a growin@assage were seeded at a density>dfo2 cells/well on a plastic
body of evidence that implicates elastin in vascula4-Well plate (Corning Costar, Corning, NY), and stimulated to
development and disease. We previously demonstrated ttpjpliferate in AmnioMAX C-100 growth medium (Gibco-BRL)
loss-of-function mutations of one elastin allele causéreated with 10Qug/ml recombinant tropoelastin or left untreated. Cell

. . -~ humbers for each culture were assayed by hemocytometer after 24,
supravalvular aortic stenosis (SVAS) and W|II|ams-Beurerh8 and 72 hours of incubation. FoiHJthymidine incorporation,

Syndrome (Li et al., 1997; Curran et al., 1993; Ewart et alg|y++ and EIn- cells were seeded at a density of 20,000 cells/well
1993). These disorders are characterized by discrets a 24-well plate. After attachment, cells were starved in 0.1% BSA
fibrocellular stenoses in the aorta, coronary arteries, caroti@isher) in Amniomax Basal Medium (Gibco) for 24 hours. Cells were
arteries, pulmonary arteries and other peripheral arteriethen grown in whole Amniomax medium treated/untreated with 100
Often, individuals with these diseases are young children whag/ml tropoelastin (Grosso et al., 1991a). Cells were assayed for
are susceptible to peripheral vascular disease, myocardigH]thymidine incorporation using a scintillation counter after 24
infarctions or stroke in the absence of other risk factors sudhurs by precipitating with 5% TCA, followed by NaOH
as high serum cholesterol, diabetes and cigarette smoking (va#uPilization. Data were calculated as mezd. (=6).

Son et al., 1994). In subsequent experiments, we showed ﬂ}g@ ubconfluent cultures of vascular smooth muscle cells were

the d i f elasti trix in th terial I during lat luated and scored for the presence of actin stress fibers in the
€ deposition of elastin matrix in tne arterial wall auring 1ate, toplasm following immunofluorescent staining for Sdvactin

fetal development is essential to arterial morphogenesis (Li @€jone 14, Sigma), vinculin (Clone hvin-1, Sigma), desmin (Sigma)
al., 1998). Mice that lack elastiflfr’-) died from occlusive and tubulin (Clone DM-1A, Calbiochem). Cells were treated with
fibrocellular pathology caused by subendothelial proliferationropoelastin (ug/ml) (Grosso et al., 1991a) or not, and assays were
and accumulation of vascular smooth muscle cells in earlgerformed in serum-free media. Cells were scored as contractile if
neonatal life. InEln~— vessels, there is no evidence ofthey had distinct actin stress fibers continuous throughout the
abnormal endothelial structure, activation or proliferationcytoplasm, or at least 10 well-defined focal adhesions distributed
Furthermore, the occlusive vascular phenotype occurred in tfi@roughout the cytoplasm and cell periphery. Scoring was performed
absence of hemodynamic stress and inflammation. This woRY three separate observers blinded to the cell genotypes, and their

—_ . - umbers averaged. At least 100 cells were scored in three separate
demonstrated that elastin is required for arterial developme clltures for each genotype. Additionally, identical results were

However, bec_ause the absfgnce of eIas_tln undoubtedly disto ained for cells cultured on glass slides, 24 plastic tissue culture
the presentation and stability of other important elements Qjjgteg (Coming) coated with matrigel, and another brand of

the matrix architecture, these studies failed to define thgasticware (Falcon).
specific role for elastin in establishing and maintaining a The chemotactic activity of cells was assayed in a modification of
mature artery. the Boyden chamber method using 6.5 mm transwell polycarbonate
Here we show that elastin regulates the phenotypichemotaxis filter inserts in a plastic 24-well tissue culture plate
modulation, proliferation and migration of vascular smooth(Corning Costar, Corning, NY). Various concentrations of
muscle cells in culture. We confirm a direct signaling effect b)yecomblnant tropoelastin (Grosso et al., 1991a) were placed in both
demonstrating that elastin regulates vascular smooth muscfeé uPPer or lower compartment and covered with a polycarbonate
cells via a G-protein-coupled signaling pathway. Finally, w embrane filter (§tim porosity). PDGF-BB (30 ng/ml) was added to

tablish that in Vi lasti d th he lower chamber and served as a positive control. Medium alone
establis at In vivo, exogenous elastin reduces the vasCuglq seq as the negative control. Cells to be tested were placed in the

proliferative response .of_ an |njured artery. These resultgpper wells of the chamber and incubated &C&% CO for 3
demonstrate that elastin is a crucial signaling molecule th@urs. After incubation, the cells adhering to the upper surface of the
directly controls vascular smooth muscle biology and stabilizefiter were scraped off and the cells that had migrated to the lower
arterial structure. surface were fixed with 10% buffered formalin, stained with DAPI
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(Molecular Probes, Eugene, OR) and viewed under a mercury lampnd infiltrated with methylmethacrylate (MMA) at°@. After
Fifteen randomly selected high poweR0Q0) fields were counted on polymerization, embedded specimens were cross-sectionedmt 5
each filter by observers blinded to their conditions. Chemotactithickness using a tungsten-carbide microtome blade. Each arterial
response was measured as the number of cells that had transversegment was stained with Hematoxylin and Eosin and elastic Van
the filter in response to tropoelastin, PDGF and collagen type | (1Gieson stains. Three cross-sections taken from the two ends and the
pg/ml), and expressed as fold increase over baseline. Each conditioniddle of each artery were used for histomorphometric analysis.
was assayed in triplicate wells and each experiment was repeatedHistological examination confirmed that the elastin sheaths were
least three times. Actin polymerization and migration assaysetained in the arterial wall of all specimens.

experiments were also performed in triplicate in the presence of 100 ) )

UM Actinomycin D (Calbiochem), 10ug/ml Cycloheximide Histomorphometric analysis

(Calbiochem), 2QuM Y27632 (Welfide), 20uM EDTA, 100 ng/ml  Mean neointimal thickness, percent stenosis and mean injury score

Ptxn (Calbiochem) or 100 ng/ml B-protomer (Calbiochem). were measured on Van Gieson-stained sections using calibrated digital
) microscopic planimetry as previously described (Schwartz et al.,
Measurement of CAMP and activated Rho A 1992; Schwartz et al., 1994). Briefly, the mean neointimal thickness

All biochemical measurements were performed in cells that werevas measured by drawing a radial line from the lumen border to the
serum starved overnight. CAMP assay levels were detected using point maximum penetration for each stent strut, and averaging the
RIA kit (RPA538, Amersham Pharmacia). Briefly, cells were platednmeasurements. Percent area stenosis was calculated as %
at a density of 80,000 to 100,000 cells on a plastic 12-well cell-culturstenosis=100< [1—(stenotic lumen area/original lumen area)]. The
plate, pretreated with 100 ng/ml cholera toxin (Calbiochem) for Jriginal lumen area was measured as the area subtended within the
hours, treated with fuig/ml recombinant tropoelastin for 20 minutes, internal elastic lamina. The injury score measures the physical
and cAMP subsequently isolated. Experimental cCAMP levels wer@enetration of the stent strut into the vessel wall and was calculated
quantified through use of a standard curve where known amounts v$ing a graded scale from 0-3 as previously described (Schwartz et.
cAMP were added to radioimmunoassay. al., 1992). Briefly, a score of 1 indicated that only the internal elastic
RhoA-GTP was detected using a Rho Activation Kit (Upstatelamina was lacerated; a score of 2 indicated laceration of the arterial
Biotechnology). BrieflyEIn~'- cells were grown to 70% confluence media; and a score of 3 indicated that the external elastic lamina was
in a six-well plate, and pretreated with 100 ng/ml pertussis toxin olacerated. The mean injury score for each histological section was
100 ng/ml B-protomer for 3 hours. Control experiments with nocalculated as mean injury scoBe=injury scores for every
pretreatment were also performed. Cells were then treated with strut/number of struts present per section.
pg/ml recombinant tropoelastin for 3 hours and activated Rho A was
isolated by immunoprecipitations with Rhotekin coated beads. RhoAStatistics
GTP was detected by western blot analysis after samples were runBar all in vitro experiments, mean and standard deviations were
a 10% acryllamide gel and transferred to nitrocellulose membranesalculated and statistical analysis were carried out by analysis of
Equal amounts of total cellular lysate were run out for each sampleariance (ANOVA). For in vivo experiments, statistical analysis was
to ensure that equivalent amounts of protein were used in aflerformed on injury score, average neointimal thickness and percent

experiments. lumen stenosis using regression modeling (Schwartz et al., 1994).
) ] ) Linear regression modeling accounts for injury (a strong covariate)
Porcine coronary model of in-stent restenosis and the injury-dependent neointimal thickening between control

Elastin sheaths were prepared from dissected common carotid arteragteries and elastin treated arteries. Three models were used to
of adult domestic swine (40 to 60 kg) using a variation of a previouslgstablish whether there were: (1) differences in intercepts, (2)
published protocol (Malone et al., 1984). Briefly, these vessels wemifferences in slopes allowing any intercept or (3) differences in slopes
sequentially treated with a 1% SDS solution supplemented witlwhen the intercepts are fixed. Differences between the elastin sheath-
doxycycline (10 mg/l) and EDTA (5 mM), potassium hydroxide (5 N)stent and control stent at each injury level were analyzed using the
at 60°C, collagenase solution (0.5 mg/ml, Collagenase D, Roche)lukey-Kramer multiple comparisortstest for all three regression
autoclaved anglirradiated. The product of these extractions, a tubulamodels.
elastin matrix sheath, was cut to size and fitted over 14 mm long
stainless steel expandable stents (Medtronic AVE, S670) mounted on
3.5 mm diameter angioplasty balloons and secured by a metal coORESULTS
Control stents deployed were identical to elastin covered stents except
for the absence of elastin sheaths. Elastin inhibits the proliferation of vascular smooth

Nineteen domestic pigs (30 to 40 kg) on a normal diet weren,scle cells

retreated with oral aspirin (625 mg), ticlopidine (250 mg) and S - .
5erapami| (120 mg), ang placed under genefw anesthesia. Animdlvestigating the role of elastin in regulating vascular smooth

underwent placement of 32 stents in the left anterior descendingjuscle cells is confounded by the fact that these cells
circumflex or right coronary artery. The methods of stent implantatio®ynthesize and secrete elastin. Thus, to determine the role of
have been previously described (Schwartz et al., 1994). Brieflglastin in regulating cellular proliferation, differentiation and
control stents or elastin sheath-covered stents were advanced undaigration, we isolated vascular smooth muscle cells from mice
fluoroscopic guidance to an appropriate site in the coronarjacking elastin EIn”-) and from wild-type sibling control
vasculature and deployed at a 1.2:1 to 1.4:1 stent-to-artery ratgnimals EIn*/*). Immunofluorescent staining and reverse
compared with the baseline vessel diameter. After the .procedure, tﬂ%mscriptase-polymerase chain reaction (RT-PCR) analyses
woundls d‘f"‘?%?'osed and th.‘fe. p'gs \t/vgre r3€t“1”et(.’ to their guartetrs Ofb&tablished theEIn*/* vascular smooth muscle cells expressed
normal diet. Pigs were sacrificed at day 3 (elastin-covered st}t, and synthesized elastin (antibody to murine elastin kindly

and day 14 (elastin-covered stemt?) to assess biocompatibility of . X . .
the elastin sheath. To study neointima formation, pigs were sacrific ovided by Dr Robert Mecham, Washington University),

at day 28 (control stentsi=15; elastin-covered stents=14) and whereasEIn~'~ cells did not (Fig. 1A-C).

instrumented arteries were removed. Coronary arteries were fixed by TO €valuate the role of elastin in vascular smooth muscle
pressure perfusion (100 mm Hg) with 10% buffered formalin for 24cell proliferation, we compared the growth rateEdf*'* and
hours, dissected free, washed, dehydrated through graded alcohBlk1'~cells. Cells were seeded at the same density and growth



414 S. K. Karnik and others

rates were assayed by counting cells after 24, 48 and 72 houdemonstrate that elastin regulates vascular smooth muscle cell
The number oEln-- cells was greater tha@n*/* cells at all  proliferation.
time points, and was increased over twofold at 72 hours (Fig. ) .
1D). These data indicate that in the absence of eIast%'aStln induces a mature contractile phenotype in
synthesis, vascular smooth muscle cells proliferate at aypscular smooth muscle cells
increased rate. The primary function of mature differentiated vascular smooth
To prove the specificity of the effect of elastin on vasculamuscle cells is contraction. This ability requires highly
smooth muscle cell growth, we tested whether addingrganized actin myofilaments, often referred to as actin stress
exogenous recombinant tropoelastin to the culture medibers (Burridge et al., 1996; Small and Gimona, 1998). To
inhibits cellular proliferation. Recombinant tropoelastin wasdetermine if elastin modulates the phenotype of vascular
synthesized using a bacterial expression system (Grosso et almooth muscle cells, we evaluated actin organizatidrit{*
1991a) and determined to be pure by gel electrophoresis andd EIn—- cells using direct immunofluorescent staining with
amino acid composition. Tropoelastin had a dose-dependeRtTC-conjugated SMa-actin antisera. Well-defined actin
inhibitory effect on proliferation, with a maximal effect at 100 myofilaments were apparent in more than 95%laf’* cells
pa/ml (Fig. 1D; data not shown). At this dose, the number ofcored by observers blinded to genotype (Fig. 2A,E). By
EIn~-cells was nearly identical ®In** cells at 72 hours. At contrast, only 23% oEIn~- cells had actin stress fibers (Fig.
each time point, more than 98% of all cells were viableB,E). FurthermoreEIn~- cells with actin stress fibers were
as determined by Trypan Blue staining, indicating thagualitatively different thanEIn** cells, with a distinctive,
tropoelastin was not cytotoxic. Similar results were observetbunder morphology (data not shown). These data indicate that
when acid hydrolyzed elastic fibexs,elastin, were used for vascular smooth muscle cells lacking elastin fail to organize
this assay. The responses EBfn** and EIn’- cellular their contractile apparatus.
proliferation to tropoelastin (Fig. 1E) amdelastin (data not To confirm that the failure to form an organized contractile
shown) were reproduced inHJthymidine incorporation apparatus inEln~- cells resulted from the inability to
assays. By comparison, there was no significant inhibitorgynthesize and secrete elastin, we treated these cells with
effect on proliferation wherEIn~- cells were treated with recombinant tropoelastin protein. Within 3 hours of exposure
type | collagen (10Qug/ml) (data not shown). These datato tropoelastin, the percentage Eifr'~ cells with organized
actin stress fibers increased threefold
to 74% (Fig. 2D,E). This response was
Eln +/+ Eln -/- dose dependent and was also seen

A
=. by phalloidin staining for F-actin
Elastin

(data not shown). By comparison,
tropoelastin treatment had no effect on
SM o-actin =. actin stress fiber organizationErln”+
cells (Fig. 2C,E). Similar results were
SM-22 I
Elastin Ab
Calponin ¢
o
B-actin . phase photomicrographs demonstrate that
; : AL ARETRL A ¥ EIn*/* vascular smooth muscle cells (B)
synthesize and secrete elastin matrix,
D 12000 E 325 whereasEIn~-vascular smooth muscle
cells (C) do not produce elastin.
10000 i 2. (D) Assay measuring cell numbers
demonstrates th&in—-vascular smooth
muscle cells proliferate at a much higher
1.5 4 rate than ddEIn*/+ vascular smooth
muscle cellsP<0.0001, ANOVA). This
difference is eliminated by the addition of
recombinant elastin gene product or
- tropoelastin (tEIn). (E) Assay measuring
= 0.5 - [3H]thymidine incorporation assay
demonstrates th&in—-vascular smooth
muscle cells proliferate at a rate over
T T T T 0 i . twofold greater than that f&in*/* cells.
" 24 48 2 This difference is eliminated by the

—{1—Eln -/ —O— Eln+/+ Eln +/+ Eln -/- inhibition of EIn~-cells proliferation by
——Eln -/~ + tEln —@— Eln +/+ + tEIn [Jcontrol Wl tEln tropoelastin P<0.0001, ANOVA).

Fig. 1. Elastin inhibits proliferation of
vascular smooth muscle cells. (A) RT-
PCR experiments confirm that murine
vascular smooth muscle cells lines
express cell specific markers. The elastin
gene product is detectedEn*/+ and not
Eln~-cells. Immunofluorescence analysis
with elastin antibodies and accompanying
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Fig. 2. Elastin induces a mature contractile phenotype in vascular smooth muscle cells. (A-E) Immunofluorescence analysiadtn SM
reveals thaEIn** vascular smooth muscle cells (A) have a highly organized network of actin stress fibers, a hallmark of mature contractile
vascular smooth muscle cells. By contrast, there is a paucity of actin stress filars vmscular smooth muscle cells (B; outlined by white
dots). The elastin gene product, recombinant tropoelastin, induces the formation of organized actin stre€8lfitfievasicular smooth

muscle cells (D), but does not aff@&h*/+ vascular smooth muscle cells (C). Scoring analysis demonstrates a significant increase in the
percentage dEIn~-vascular smooth muscle cells with organized actin myofilaments after elastin tred@a@0001) (E). Tropoelastin

mediated actin polymerization is unaffected wkémr’- cells are treated with either a gene transcription inhibitor, actinomycin D, or a protein
translation inhibitor, cycloheximide. The Rho kinase inhibitor, Y27632, blocks actin polymerization of tropoelastirEire#tedlls.

(F-J) Immunofluorescence analysis for vinculin revealsEhat* vascular smooth muscle cells (F) have well-defined focal adhesions
(arrowheads). By contragjn—-vascular smooth muscle cells (G; outlined by white dots) have poorly defined focal adhesions. Tropoelastin
induces well-defined focal adhesions (arrows) througBbut-vascular smooth muscle cells (I), but does not aféet* vascular smooth

muscle cells (H). Scoring analysis revealed a significant incrBa®e0001) in the percentage Blih"-vascular smooth muscle cells with

defined focal adhesions after tropoelastin treatment (J). (K,L) Immunofluorescence staining with antisera against tubulindiferalsce
betweerEIn*’* vascular smooth muscle cells (K) ailth- vascular smooth muscle cells (L). Exposure times for all images are the same.
Results represent the mesard. from three individual experiments.

observed wherEIn~- cells were treated with crosslinked  not shown). Thus, extracellular elastin is an important mediator
elastin (data not shown). However, no change in actin stresd actin polymerization and contractile apparatus organization
fiber organization was observed wHein- cells were treated in vascular smooth muscle cells.

with an equivalent concentration of type | collagen. In addition, The Rho signal transduction pathway is known to be a
the induction of actin polymerization by tropoelastin wascentral converging step in the formation of actin stress fibers
unaffected by the presence or absence of serum in culture (ddtaough a post-translational mechanism (Mack et al., 2001;
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Bishop and Hall, 2000). We investigated the role of thic A 15+
pathway in the regulation by tropoelastin of actin
polymerization. The addition of actinomycin D (Greenburg et
al., 1986), an inhibitor of gene transcription, or cycloheximide
(Greenburg et al., 1986), an inhibitor of protein translation, dic
not block tropoelastin-induced actin polymerizationEin'-
cells (Fig. 2E). Furthermore, a specific inhibitor of the Rhc
signaling pathway that targets Rho kinase, Y27632 (Mack ¢
al., 2001; Ushata et al., 1997), blocked tropoelastin mediate
actin polymerization ofEIn~- cells (Fig. 2E). Additionally,
tropoelastin treatment d&ln-vsmc did not alter the amount o
of SM a actin transcript or protein levels as quantified by (e cais+tEnmgm)y 0
northern and western blot analysis but did shift the  Tower En(gmly. 0 50 100 200 200 200
filamentous:globular (F:G) actin ratio from 1:1 to 3.1:1 (date
not shown). These experiments, in combination with the failur g 67
of either transcription or translation inhibitors to inhibit o T
tropoelastin-induced actin stress fiber formation Bim'-
vsmc, suggest that elastin modulates vsmc phenotype |
regulating actin treadmilling via a signal transduction pathwa
involving Rho GTPases and their effector proteins.

To evaluate further the effect of elastin on the contractile
phenotype in vascular smooth muscle cells, we examined tt

T
1
2 T _
1
organization of vinculin, tubulin and desmin En** and ] T = O Ein +/+
Eln-cells (Burridge et al., 1996). Vinculin is concentrated in W Ein--
focal adhesion plaques that bind the actin cytoskeleton ar 0-
0

connect with the cell membrane. Indirect immunofluorescer  Upper  Cells+tEin (ng/mi): 0 100 200
staining for vinculin revealed abundant focal adhesion plaque - PDGF (g/m): 0 % 3

in 94% of El_n+/+ cells when scored by observers blinded tofig. 3. Elastin controls migration of vascular smooth muscle cells.
genotype (Fig. 2F,J). By contrast, only 129&ticells had  (A) EIn*** andEIn-'-vascular smooth muscle cells migrate to

a normal distribution of defined focal adhesion plagues (Figropoelastin in a concentration-dependent manner, indicating that
2G,J). Within 3 hours of exposure to recombinant tropoelastitiopoelastin is a specific and direct stimulus for vascular smooth
protein, the percentage &In—- cells with defined focal myscle cell Iocalization. In additio&)n"-cells consistently
adhesions increased 6-fold to 79% (Fig. 21,J). Treatment hd@igrated at a higher rate th&n*’* cells, suggesting that the

no effect on focal adhesion organizationBm** cells (Fig. ~ autocrine production of elastin Iiin*’* cells reduces their

2H,J). Immunostaining for other cytoskeletal proteins, tubuIithemOtax'S to external stimuli. (B) Tropoelastin inhibits vascular

(Fig. 2K,L) and desmin (data not shown) showed no differenc mooth muscle cell migration to the chemotactic growth factor

o DGF. A modified Boyden chamber assay was used for all
/ - . . . :
betweenEIn™™" and EIn~" cells. Thus, the loss of elastin in eyperiments to determine the total number of migrated cells in 15

vascular smooth muscle cells does not lead to a broagndomly selected high power microscope fields (HPF). Data shown
disruption of cytoskeletal architecture. These results indicatgre the meats.e.m. from three independent wells.

that elastin induces a mature, contractile phenotype in vascular
smooth muscle cells by regulating the organization of specific

Fdd Increase
(=
o
L

a
1

[ Eln +/+
M EIn-/-

Fald Increase
s

cytoskeletal proteins. effect was seen with cells that produce elastin (Fig. 3A),
suggesting that the synthesis and secretion of elastny

Elastin controls the migration of vascular smooth cells reduced migration to external stimuli. These data

muscle cells demonstrate that elastin is a potent chemoattractant for

Vascular proliferative disease involves the migration of smootkascular smooth muscle cells.

muscle cells from the arterial media to the subendothelial Cytokines and growth factors, such as platelet-derived
space, forming a neointima (Schwartz, 1997). The samgrowth factor (PDGF), are thought to mediate the
phenomenon is observed during the developmenElof~  subendothelial migration of vascular smooth muscle cells in
arteries. We postulated that the elastin matrix surrounding eadgclusive vascular lesions (Lusis, 2000; Bornfeldt et al., 1993).
concentric layer of vascular smooth muscle cells provides a cd@ determine if elastin matrix deposited in the arterial media
that localizes these cells to the arterial media, and prevents thean counteract the potent chemotactic activity of PDGF, we
migration to the neointima. To test this hypothesis, we usedrapeated the Boyden chamber experiments. At a PDGF
modified Boyden chamber chemotaxis assay. We discover@mncentration of 30 ng/mlEIn~'- cells showed a fourfold
that vascular smooth muscle cells migrate to tropoelastin iniacrease in chemotactic activity (Fig. 3B). Increasing
dose-dependent manner (Fig. 3A). Cell migration depended aoncentrations of tropoelastin prevent&d'- cell migration

the concentration gradient of tropoelastin, not the total amoumdwards PDGF (Fig. 3B). Similar results were observed in
used in the assay. Chemotaxis was minimal for cells in contr@In*/* cells. These data suggest that elastin provides a local cue
(0/0 ng/ml) and static fields of tropoelastin (200/200 ng/ml)that prevents vascular smooth muscle cells from migrating
but increased significantly as the concentration gradient afway from the arterial media to the subendothelial space.
tropoelastin rose to 200 ng/ml. A similar but less dramatidogether, these in vitro experiments demonstrate that elastin is
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a potent and specific regulator of vascular smooth muscle céll and immunoprecipitations with specific antibodies, we

maturation, migration and proliferation. detected no evidence that rapid?Canflux, tyrosine kinase
receptors or the Map kinase pathway was involved in elastin

Elastin signals via a non-integrin, G-protein coupled signaling (data not shown). Together, these experiments

signaling pathway indicate that elastin signaling is mediated via a non-integrin

To determine whether elastin has a direct signaling effect, wand pertussis toxin-sensitive G-protein-coupled signaling
examined the molecular mechanism of the regulation bpathway.
elastin of vascular smooth muscle cells. Though various The pertussis toxin-sensitive G protein,i Gnhibits
binding proteins, chaperones and other matrix elements thatlenylate cyclase, the enzyme responsible for generating
interact with elastin have been identified and cloned, theAMP (Thomas et al., 2000). To obtain direct biochemical
mechanism of elastin signaling remains to be elucidatedvidence that tropoelastin signals throughv@ measured the
(Mecham and Hinek, 1986; Hinek et al., 1988; Mecham elevel of cAMP in tropoelastin-treated cells. To measure a
al., 1991; Grosso et al., 1991b; Hinek, 1995; Hinek, 1996reduction in cAMP level, it was necessary to increase the
Privitera et al., 1998). Using in vitro assays of migration andaseline cellular levels of cAMP using either forskolin or
actin polymerization, we examined the signaling cascadeholera toxin, agents that activate adenylate cyclase (Thomas
stimulated by elastin iEIn~- vascular smooth muscle cells. et al., 2000; Coward et al., 1999). When tropoelastin was added
Above, we demonstrate that elastin mediates actito either forskolin or cholera toxin pretreated cells, the
polymerization through a Rho mediated signal transductioreduction in cAMP levels was between 40 and 60%, indicating
pathway (Fig. 2E). Cell-surface receptors that are known tthat G was activated and inhibited adenylate cyclase activity
regulate the Rho signaling pathway include the integrins an@Fig. 4E). These reductions in cAMP levels are comparable
G-protein-coupled receptors (Seasholtz et al., 1999; Wei &tith those observed with other ligands known to activate G
al., 2001). Integrins are a well-characterized family ofvia known G-protein-coupled receptors (Thomas et al., 2000;
receptors that recognize matrix proteins such as collage@oward et al., 1999). The reduction in cCAMP was pertussis
vitronectin, fibulin and fibronectin. Although elastin is not atoxin sensitive, which confirmed the role ofi. GThus,
known ligand for integrins, recent work suggests that théropoelastin activates iGnd reduces cAMP levels. Finally,
integrins may be involved in elastin signaling through arconsistent with the activation of Gi, we found no evidence for
intermediary, fibulin 5 (Nakamura et al., 2002; Yanagisawa etapid C&* influx, a prominent feature of&ctivation, in our
al., 2002). Fibulin 5 interacts directly with elastin, and servesellular system. Although GPCRs activate thgp&hway and
as a ligand for cell-surface integrins. Integrins requirdigands for many of these receptors have not been identified,
extracellular divalent cations to bind their matrix ligands, andur data does not rule out the possibility that elastin might
low doses of chelators such as EDTA block these cell-matriindirectly activate the GPCR pathway at the level of the
interactions (Brockdorff et al., 1998). As expected, controheterotrimeric G proteins.
experiments demonstrated that integrin mediated migration of Others have shown that the GPCRs pathway can trigger the
vascular smooth muscle cells to collagen was EDTA sensitivRho signaling cascade (Seasholtz et al., 1999; Wei et al., 2001;
(Fig. 4A). However, EDTA did not interfere with Kabarowski et al., 2000). In this cascade, activated RhoA
tropoelastin-mediated migration or actin polymerization ofstimulates Rho kinase. We examined whether tropoelastin
EIn~- cells (Fig. 4A,B). In addition, blocking antibodies to stimulated the RhoA signaling pathway via activation of a G-
integrins known to bind other matrix proteins such agrotein-coupled signaling pathway. Immunoprecipitation
collagen and fibulin 5 did not perturb elastin-mediated actiexperiments demonstrate that tropoelastin activates RhoA
polymerization or chemotaxis (data not shown). Thus, thestairough a pertussis toxin-sensitive mechanism (Fig. 4F).
data strongly suggest that the integrin family of receptors i$ogether, our pharmacological and biochemical data lead us to
not involved in elastin signaling. propose a molecular mechanism for elastin signaling (Fig. 4G).
G-protein-coupled receptors (GPCR) are the largest familin vascular smooth muscle cells, elastin activates a pertussis
of transmembrane receptors and are known to activate Rhoxin-sensitive G-protein-coupled pathway that stimulates G
kinase (Seasholtz et al., 1999; Marinissen and Gutkind, 200Zihhibits adenylate cyclase, reduces cAMP levels and stimulates
GPCRs signal through heterotrimeric G proteins classified intRho induced actin polymerization. In the absence of elastin
four protein families: @ Gi, Ggand Ggz/i13(Marinissen and  synthesis, this mechanism is disrupted and vascular smooth
Gutkind, 2001). Pertussis toxin, a specific inhibitor of G muscle cells lose their contractile phenotype. Thus, there is a
(Thomas et al., 2000), blocked tropoelastin-mediatedlirect role for elastin in controlling vascular smooth muscle
migration and actin polymerization of vascular smooth muscleells.
cells (Fig. 4C,D). The specificity of pertussis toxin inhibition ) . .
was demonstrated in a series of control experiments. Firdelastin reduces the vascular proliferative response
migration of vascular smooth muscle cells to platelet-derive¢P arterial injury in vivo
growth factor is not dependent on a G-protein-coupledhe in vitro experiments described above demonstrated that
signaling pathway and was not disrupted by pertussis toxielastin is an autocrine factor that induces a contractile state,
(Fig. 4C). Second, pertussis toxin is composed of two subunitghibits proliferation and localizes vascular smooth muscle
A and B (Thomas et al., 2000). The A protomer inhibitbys  cells to the vessel wall. These data suggest that disruption of a
ADP ribosylation, while the B protomer facilitates the entrycrucial morphogenic signal in the vessel wall may release
of the toxin into the cell. In the presence of B protomersmooth muscle cells to dedifferentiate, proliferate and occlude
alone, there was no disruption of either migration or actimature arteries. To test this hypothesis in vivo, we used a
polymerization (Fig. 4C,D). Using a &asensitive dye, fura- porcine model to determine whether the application of
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exogenous elastin to a site of vascular injury would reduce the Porous sheaths of elastin matrix were generated from
neointimal accumulation of smooth muscle cells and arterighorcine carotid arteries using established methods (Malone et
stenosis. al., 1984). The purity of the elastin was confirmed by scanning
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Fig. 4. Tropoelastin regulates migration and actin polymerization viapertussis toxin-sensitive G-protein signaling pathway. (E) Cholera

a non-integrin, G-protein-coupled signaling pathway. £y~ toxin (ctxn) and forskolin (frskin) increase the baseline levels of
vascular smooth muscle cells migrate to recombinant tropoelastin icAMP in Eln~-vascular smooth muscle cells by constitutive

an EDTA insensitive manner. By comparison, we show that vasculamactivation of the @pathway. In the presence of tropoelastin and
smooth muscle cell migration to collagen, which is mediated by forskolin, there is a marked decrease in CAMP. A similar decrease in
integrins, is EDTA sensitive. (B) Tropoelastin mediated actin cAMP levels is observed when tropoelastin is added to cholera toxin
polymerization ofEIn--cells is EDTA insensitive. (C) Migration of  pretreated cells. The reduction in cAMP was blocked by pertussis
Eln~-vascular smooth muscle cells towards tropoelastin is pertussigoxin and not B-protomer indicating a §pecific pathway. These

toxin sensitive. Control experiments with the B protomer of pertussiexperiments indicate that tropoelastin activates a receptor that signals
toxin alone demonstrate that the effect of pertussis toxin is specific tinrough Gto inhibit adenylate cyclase, and reduce cAMP levels.

its ability to inhibit G-protein signaling. The migration®Etih'-cells (F) Tropoelastin activates RhoA in a pertussis toxin-sensitive

to PDGF (30 ng/ml) is insensitive to pertussis toxin. This control ~ manner. Co-immunoprecipitation experiments demonstrate that
experiment demonstrates thzh~- cells treated with pertussis toxin  tropoelastin treatment @&ln—'-cells results in a marked elevation of
can respond normally to stimuli other than tropoelastin. activated RhoA. This response is pertussis toxin sensitive and B-
(D) Tropoelastin-mediated actin polymerizationEdfi~- vascular protomer insensitive indicating that tropoelastin activation of the Rho
smooth muscle cells is pertussis toxin sensitive. Control experimentpathway requires {@&ctivity. (G) Proposed molecular mechanism for
demonstrate that the B protomer of pertussis toxin does not inhibit tropoelastin-mediated actin polymerization in vascular smooth

actin polymerization. Together, these experiments indicate that muscle cells.

tropoelastin regulates vascular smooth muscle cells through a

electron microscopy (Fig. 5A), immunohistochemistry, aminaarteries of domestic pigs received either a control stent or an
acid composition and desmosine content (Starcher, 1977) (dagkastin sheath-covered stent following vascular injury caused
not shown). The amino acid composition and the concentratidoy balloon overexpansion. Four weeks after injury and stent
of the crosslinking amino acids desmosine, isodesmosine apthcement, representative cross-sections taken from control
lysinonorleucine revealed no microfibrillar proteins or otherarteries displayed a thick fibrocellular neointima (Fig. 5C). By
impurities. Elastin sheaths were secured to intracoronary sterdentrast, neointimal formation was substantially reduced
(Fig. 5B) and successfully deployed -
porcine coronary arteries using stanc
catheterization techniques. 1
biocompatibility of elastin sheaths w
assessed 3 days and 14 days after place
in the porcine coronary artery. Elastin she
did not evoke an inflammatory or thrombx
response (data not shown). Moreover, el
sheaths were biologically stable and did
degrade within the arterial wall during
course of animal studies. These experinr
demonstrate that elastin sheaths can be
to restore elastin matrix to sites of vasc
injury.

To determine if elastin sheaths wao
reduce vascular smooth muscle accumuli
and neointimal formation, we used
established porcine coronary injury mode
in-stent restenosis (Schwartz et al., 1
Schwartz et al., 1994). Two major coron

Fig. 5. Elastin therapy reduces vascular smooth
muscle cell accumulation and arterial obstruction
in vivo. (A) Scanning electron micrographs of
elastin sheaths. Scale bar: 4. (B) Elastin E
matrix sheath covering an expanded metal stent.
(C,D) Representative cross-sections taken from
control arteriesri=14) display the development of
a thick fibrocellular neointima (C), whereas the
neointima is substantially decreased in elastin
sheath (arrows) treated arteries13) with the
same injury score (D). (E,F) Over a range of )

injury, the percent lumen stenosis (E) and mean 30+ 8 ;E‘as:'“lséf“tt
neointimal thickness (F) were significantly 0| 8 P <0.0001
reduced (bottr<0.0001) in injured porcine 10 e — S —
coronary arteries treated with elastin sheath-stents 12 14 16 18 2 22 12 14 16 18 2 22
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in elastin sheath-treated arteries (Fig. 5D). Standardemain in a mature state if homeostasis is to be achieved. Our
measurements of mean neointimal thickness (NIT) and percedata indicate that the elastin matrix is a potent autocrine factor
stenosis were measured and correlated with the degree tbat regulates arterial morphogenesis by instructing vascular
injury induced by stent placement. The well-establishedmooth muscle cells to localize around the elastic fibers in
correlation between the severity of injury and the amount ofrganized rings and remain in a quiescent, contractile state
neointimal accumulation (Schwartz et al., 1994) is reproduce(Fig. 6A). This cell-matrix interaction is mediated via a
in our experiments with the control stents. Throughout théeterotrimeric G-protein signaling pathway that activates
range of injury scores, there is a significant reduction in thdownstream rho GTPases and appears to be crucial for
NIT and percent stenosis in elastin sheath-treated arteries, witabilizing and maintaining the structure of the mature artery.
the greatest benefit at the highest injury scores (Fig. 5E,F). Athen this morphogenic signal is absent during arterial
a mean injury score of 2, when stent placement disruptdevelopment, the unregulated migration and proliferation of
internal elastic lamella and lacerates the arterial media, elasti»

sheaths reduced the mean neointimal thickness by 52%
compared with controls. The specificity of the effect of elastir
as a stent coating is supported by the work of our group ar
others with non-elastin sheaths. Sheaths made from collage
fibrin or synthetic biopolymers failed to reduce neointimal
thickness compared with bare stents and were frequent
associated with a worse outcome (Goodwin et al., 200(
McKenna et al.,, 1998; van der Giessen et al., 1996; va
Beusekom et al., 1998). Thus, consistent with the in vitrc
results, our in vivo experiments indicate that restoration o
elastin matrix to a site of injury reduces vascular smootl
muscle accumulation and limits neointimal formation.

Developing Artery

DISCUSSION

Elastin is a critical regulatory molecule within the
arterial wall

We conclude that elastin is a critical regulatory molecule the
controls the phenotypic modulation, proliferation and
migration of vascular smooth muscle cells. This conclusion i
based on the following observations. First, cells that lacl
elastin proliferate at a rate twofold greater than wild-type
cells. Second, cells that lack elastin fail to form a maturt
contractile phenotype, which is characteristic of wild-type
cells. Third, cells that lack elastin migrate more aggressivel
to an exogenous chemoattractant than wild-type cells. Fourt
all of these aberrant phenotypes induced by the absence
elastin can be rescued in vitro by the addition of recombinar
tropoelastin. Fifth, elastin exerts its regulatory function or
vascular smooth muscle cells by activating a G-proteit
coupled signaling pathway. Finally, restoring elastin to a sit
of vascular injury in vivo reduces the neointimal accumulatior
of vascular smooth muscle cells. Thus, elastin matri
deposited by vascular smooth muscle cells in the arteri:
media provides a local cue that regulates these cells in viti

Artery Lacking Elastin

Artery with Disrupted Elastin

and in vivo. Fig. 6. Model of elastin-vascular smooth muscle cell interactions in

) . o . ) development and disease. (A) During normal development, vascular
Elastin-VSMC signaling is a critical morphogenic smooth muscle cells synthesize and secrete elastin polymers that
signal that is disrupted during the pathogenesis of form concentric rings of elastic lamellae around the arterial lumen.
vascular disease Elastin provides mechanical support to the vessel wall, and signals

Vascular smooth muscle cells are able to exist in a qui(;’.scevascular smooth muscle cells to localize around the elastic lamellae
contractile state or a proliferative non-contractile state (Raine2"d remain in a quiescent, contractile state. (B) In the absence of

. : - elastin, this morphogenic signal is lost resulting in pervasive
and Ross, 1993; Owens, 1998). This plasticity enables t.rsubendothelial migration and proliferation of vascular smooth

vascular system to regenerate and grow. However, pIaStICImuscle cells that occludes the vascular lumen. (C) This leads us to
must be balanced by the need to maintain a mature and stapropose that the focal disruption and/or destruction of elastin in the
structure capable of circulating blood throughout a wholémature artery by vascular injury releases smooth muscle cells to
animal. Because vascular smooth muscle cells modulate thiedifferentiate, migrate and proliferate, and contributes to neointimal
phenotype readily, external factors must instruct them tformation.
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vascular smooth muscle cells results in occlusion of the arteriable for elastin signaling in a vascular proliferative response

lumen (Li et al., 1998) (Fig. 6B). This leads us to propose thaequires further studies.

focal disruption or destruction of the elastin matrix in the o )

mature artery by factors such as mechanical injury ofFlastinis unique among vascular extracellular

inflammation play an important and direct role in thematrix proteins

fibrocellular response characteristic of proliferative vasculaihe extracellular matrix is known to play a crucial function in

diseases (Fig. 6C). Previously, emphasis was placed on ttee regulation of vascular smooth muscle cell biology. The

pivotal role of inflammatory cells in regulating vascular smoothmyriad associations and interaction between the many

muscle cells through the secretion of cytokines and growthtructural proteins, proteoglycans and growth factors of the

factors (Lusis, 2000; Ross, 1995). In our model, thevascular matrix makes it difficult to distinguish the effects of

degradation of elastin by macrophages, T-cells and the@ach element from one another. However, numerous in vitro

proteases acts to release vascular smooth muscle cells fratudies have demonstrated the ability of matrix proteins such

their mature contractile state to migrate, proliferate and formas collagen, fibronectin and laminin to affect vascular smooth

a neointima. Thus, the disruption of an essential morphogeniauscle cell activity, including phenotypic modulation,

signal contributes to the pathogenesis of vascular disease. migration and proliferation (Raines, 2000; Hedin et al., 1999).
Four lines of evidence support our model of elastin-vasculaFhese data might suggest that there is overlap and redundancy

smooth muscle signaling in the pathogenesis of vasculavith regard to the function of different vascular matrix

proliferative diseases. proteins. Elastin, however, is unique among matrix elements in
that the disruption of this gene leads to a vascular proliferative
Pathology pathology in human and animal models. Disruption of other

Disruption of elastin matrix is consistently associated withgenes encoding vascular matrix proteins, including fibulin,
vascular proliferative diseases in human pathologicdiibrillin and collagen is associated with either arterial
specimens (Sandberg et al.,, 1981; Sims, 2000; Sims et dbyrtuosity, dissection or aneurysm formation in vivo, not
1989). Moreover, the severity of occlusive vascular pathologproliferative or occlusive vascular pathology (Nakamura et al.,
increases in proportion to the magnitude of defects an#@002; Yanagisawa et al., 2002; Arteaga-Solis et al., 2000; Dietz
discontinuities in the elastin matrix (Sims et al., 1989). It hasnd Mecham, 2000). Moreover, the specificity of the effect of
also been noted that the programmed intimal hyperplasia amdastin in vivo is supported by studies showing that collagen
arterial occlusion required for the closure of the ductusnatrix-covered stents do not reduce neointimal formation in a
arteriosis is associated with impaired elastic fiber formatioporcine model of restenosis (Goodwin et al., 2000). Thus,

(Hinek et al., 1991). elastin, when compared with other matrix proteins, is effective
_ in both in vitro and in vivo experimental models. From these
Genetic studies one would expect that targeted disruption of the elastin

We previously showed in human genetic studies that loss-o§ignaling mechanism would replicate phenotypes observed in
function mutations in elastin is sufficient to cause a humai&Eln-cell and mice.

vascular proliferative disease, supravalvular aortic stenosis and

Williams-Beuren syndrome (Li et al., 1997; Curran et al., 1993Restoration of elastin for the treatment of

Ewart, 1993). In these diseases, there is an aggressive occludieliferative vascular diseases

pathology that develops throughout the arterial tree of affecte@ur work suggests that understanding the link between

children in the absence of common risk factors for vascularascular development and disease may provide an alternative

disease. and potentially complementary strategy for the treatment of
] vascular proliferative diseases. Previously, emphasis has been
Experimental placed on improving the outcome of vascular disease by

In murine gene-targeting experiments, we demonstrated thathibiting smooth muscle cell proliferation with coronary
loss of elastin is sufficient to cause occlusive vasculastents coated with either radioactivity or chemotherapeutic
pathology (Li et al., 1998). This pathology was caused by thdrugs such as rapamycin, actinomycin D and paclitaxil
unregulated proliferation, migration and accumulation of(Heldman et al., 2001; Leon et al., 2001; Sousa et al., 2001).
vascular smooth muscle cells in the subendothelial space (Fighese treatments use a common strategy of disrupting
6B). In this model, severe arterial obstruction occurs in théundamental pathways such as microtubule assembly, DNA
absence of an inflammatory response or hemodynamic stresgability, and regulatory cell cycle proteins that are required in

) virtually all actively dividing cells. We present work that
Therapeutic suggests restoring a natural morphogenic signal to the vessel
In this manuscript, we show that exogenous tropoelastin camall may also be therapeutically beneficial. Clearly, additional
control the proliferation, migration and maturation of vasculawork is needed to verify that results with murine and porcine
smooth muscle cells in vitro, and reduce the development ehodels are recapitulated in humans.
fibrocellular pathology in vivo. Other investigators have shown

that matrix metalloproteinase inhibitors, which prevent the W thank Bob Mecham for assistance with synthesizing

d dati f tri t d inti Eréfcombinant tropoelastin, confirming the purity of the elastin sheath
egracation of matrix components, can reaucé neoinlimaj,y  ecompinant tropoelastin, providing the polyclonal murine

formation (Zaidi et al., 2000). Together, these data indicate thghnoelastin antibody, and discussions: Roy Biran (Keck Center for
the destruction of the elastin matrix is a critical step in therissue Engineering) for antibodies and help with fluorescent imaging;
fibrocellular response characteristic of vascular proliferativeind Mary Scriven for assistance in generating manuscript figures. B.
disorders. Although strongly indicative, definitive proof of aS. B. is a Howard Hughes Medical Student Research Fellow and an
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