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HEMODYNAMIC FORCES:
Implications for Intimal
Hyperplasia and Graft
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SUZANNE G. ESKIN, and LARRY V. McINTIRE

Maintenance of proper cellular phenotype jor “genetic state”} of the
endothelial cell and the smooth muscle cell is critical in preventing loss of vessel
patency. Intimal hyperplasia is a common cause of obstructive stenosis following
many kinds of vascular reconstruction,'™® Both intimal hyperplasia and early
atheroscleratic lesions occur most often in areas of flow disturbances such as
anastomotic sites'— and in areas with low- or oscillatory-fluid shear stress, >
We have carried out experiments to recreate blood flow forces in vitro and o
measure the effects of these forces on endothelial cell gene expression.

In the vessel wall, blood factors, cytokines delivered by macrophages or T
cells, and platelet-derived products can all cause excessive proliferation of
smooth muscle cells. The endothelium may also regulate the phenotype of the
smooth muscle cell by releasing mitogens. Molecular biology techniques are
particularly powerful in deciphering the many complex events which occur at
the cellular level. Studies of cellular phenotype are often used in tandem with
cell culture approaches, In vitro techniques allow the study of cell—cell inter-
actions while largely isolating or decoupling hemodynamic, hematologic, and

immunelogic contributions to the vascular pathology. However, when cells are
taken from the body, whether they are derived from normal or diseased tissue,
changes can occur in the cultured cell lines, The three-dimensional structure
and confinements of the tissue are lost when cells are grown in plastic dishes.
The complex nature of the in vive environment is only approximated by a
growth medium. The delicate balance of growth regulatory factors is only
partially recreated by addition of growth factors to the cell culture medium.
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utility of the technique since the PCR amplification does have some variability
from reaction to reaction. As techniques evolve, cRNA constructs addfzd to
unknowns'® may be useful for calibrating our measurements to actual intra-
cellular mRNA copy number. With the internal control gene to n9rma}1ze for
variations in reverse transcription yield and efficiency of amplification, an
estimate of the initial mRNA concentration per cell can be made relative to the
initial copy number of the GAPDH message.

METHODS

The exposure of monolayers of endothelial cells to defined levels of laminar
shear stress used parallel-plate flow channels of known geometry. Replicate
primary, confluent monolayers (72 10 86 hours post seeding) of HUVEC were
exposeéi to steady laminar shear stress in individual parallel-plate flow chamber
systems with recirculating media driven by a constant hydrostatic pressure head
as previously described.'”™'® The cell cultures were mounted on separate
parallel-plate flow chambers. The monolayer surface area exposed to shear
stress in each chamber was 15 cm? with a channel thickness of 200 pm. Flow
chambers were connected under sterile conditions to indivildual flow systems,
each filled with 15 ml of medium. The wall shear stress 1mppsed upon the
monolayer was evaluated by solution of the Navier-Stokes equanon fgr lagmmar
flow of a Newtonian liquid. The wall shear stress fTw = d{nesxcrr} } was
caleulated as follows: 7, = 6 Q w/(B*W) where: flowrate, Q =cm ."'sec; viscosity,
p = 0.01 poise; total gap thickness, B = O.OEIcm; and width, “f = 249 cm.
The entrance length needed for steady parabolic flow to be established was ls:ss
than 1 mm.*” The Reynolds number for the flow condition was less than 50,
ensuring that the flow was truly laminar with no possibility of wrbulence.
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For each experiment, control cultures were incubated under stationary
conditions. Media samples (1 ml) were taken from each system every 4 to 6
hours and stored at —80°C. For PCR analysis of mRNA levels, the flow was
stopped and total cellular RNA extracted from the shear stressed monolayers
(15 cm?® of monolayer per slide) within 1 minute after termination of flow.
Similarly, RNA was extracted from stationary cultures (15 em® of monolayer
per siide}. To calculate mean cell density on the slides before RNA extraction,
cells were counted in three light micrographs of each monolayer.

Studies of mRNA levels using smail numbers of primary human cells were
carried out with a reverse transcription/polymerase chain reaction technique
{PCR). Isolation of total cellular RNA from small cellular samples was accom-
plished with a scaled-down adaptation of the guanidine thiocyanate (GTC)
cesium chloride (CsCl) gradient method®"*® as previously described.'® Briefly,
monolayers were lysed in 5 M guanidine thiocyanate solution with 25 mM
sodium citrate and (.5 per cent (wiv) sodium N-lauroyl sarcosinate and
centrifuged at 20,000g for 3 hours over a 5,7 M CsCl cushion. The pellet was
dissolved in diethyl pyrocarbonate-treated (DEPC) water (0.2 v/v per cent) and
extracted twice with phenolichloroform/isoamyl alcohol (25;24:1) and once with
cholarfarm/isoamyl alcohol (24:1). Total RN A was precipitated with 3 M sodium
acetate (pH 5.4} and 100 per cent ethanol, vacuum dried, and resuspended in
30 plof DEPC-Hs0. A 2.5 M LiCl precipitation and resuspension was performed
prior to the reverse transcription.

To provide an internal standard against experimental variations in the
reverse transcription reaction or PCR amplification efficiency, simultaneous
reverse transcription and coamplification of the constitutively-expressed mRNA
for GAPDH were carried out as previously described.’® Simultaneous reverse
transcription and coamplification of human endothelial cell RNA with primer
sets'®* for tPA or basic fibroblast growth factor (bFGF) or endothelin-1 (ET-
1) and GAPDH produced amplification products of the predicted sizes of 368
bp for tPA, 177 bp for bFGF, 441 bp for ET-1, and 195 bp for GAPDH.
Synthesis of tPA (or bBFGF or ET-1) cDNA and GAPDH ¢DNA was carried out
simultaneously in 25 ul reactions with 500 U MMLV reverse transcriptase (RT),
0.5 wg of each antisense primer, and 0.5 mM each of all four dNTPs. Each
reverse transeription reaction mixture was carried out at 37°C for 20 minutes.
The ¢cDNA products were coamplified using the polymerase chain reaction in
a total volume of 100 pl. Prior to amplification, a 75 pl volume was added
containing 0.5 pg of each sense primer, 0.25 pg of each antisense primer, and
10 mM of each dNTP. Two units of recombinant Tag DNA poiymerase
{AmpliTaq, Beckman) were added to initate the PCR. Each temperature cycle
consisted of 90°C for 1.5 minutes, 50°C for 1 minute, and 72°C for 2 minutes,
Amplified products were visualized by Southern hybridization as previously
described'® using T4 kinase **P end-labeled probes for tPA (or bFGF or ET-
1) and for GAPDH.

Immunoreactive endothelin was measured using a radioimmunoassay
(Amersham Corporation) employing an '**I-endothelin tracer and antiserum
made against synthetic endothelin-1, A calibration curve yielding a LOGIT plot
with r* > 0.99 was generated using synthetic ET-1 added to complete medium
(M199 + bovine serum) to control for nonspecific background,

A double antibody enzyme-linked immunosorbent assay (ELISA) technique
{American Diagnostica Inc.) using goat antihuman tPA immunoglobin allowed
measurement of HUVEC-secreted tPA {free and inhibitor-bound) as previously
described. '® Normal goat IgG was used as a nonspecific blocking agent. Soluble
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ng-PA/D © cells

goat antihuman tPA 1gG quenched the LPA-spegiﬁc ;ignal in the blanking well.
HUVEC-conditioned media {undiluted) or antigenic sFaqdards {(Bowes mt?la-
noma single-chain tPA] were added to sample wells in triplicate and 10 blanking
wells. The ELISA was calibrated to the limit of its sensnwuy_iﬂ to 1;00 p-g.fml),
yielding a linear calibration curve (r? > 0.99) with a detection limit of 30 pg/
o In HUVEC-conditioned media, PAI-1 exists in latent and acxi\:'e forms with
only a very small fraction bound to tPA. An ELISA was used to measure
unéomplexed latent and active) PAL-1 antigen {American Diagnostic Inc.).
Briefly, mouse antihuman PAI-1 immunoglobin was bm_]r_id to a 96-Iwell .Platii
The plate was washed and loaded with samples of conditioned media (dilute \
1:10 and 1:25) or standards. The colorimetric reaction [melasured at 490 nm)
was performed using biotinylated monoclonal mouse antihuman PAL-1 im-
munoglobin and horseradish peroxidase conjugated strcptawd}r‘ll with a reaction
buffer containing orthophenylenediamine and 0.04 per cent (v/v) 30 per cent-
HEOE '

RESULTS

Our studies of protein production by endothelial cells exposed to shear
stress were carried out in experiments lasting over 24 hours. During the first
several hours after the onset of fluid flow, the levels of tPA in tlhe circulating
medium at all shear stress levels were the same as Lgu:.\se of stationary comll;r;i
cultures (Fig. 2-2). Low shear stress (4 dynesfcm v had no effect on (P
secretion over the entire time course of the experiments, After longer exposure
10 shear stress of 15 or 25 dynesicm?, however, the level of tPA producid by
shear-exposed cells exceeded that of colntrolls {Fig. 2-2). The mcreaslzla of tPA
in the circulating medium was linear with time for over 20 hours, 2 owm%’ :
least-squares fit to determine the steady-state sectetion rate. §neady-smte ; Ad
secretion rates of cells exposed to 15 and 25 dynesfcm”, normalized to matche .
controls, increased 2.06 = 0.39 (n=3; p<0.015)- a:nd .01 = 0.53 (n=3;
#<0.015)-fold over stationary cultures, respectively. The average s;eady-s}f[t)g
secretion rate of tPA by HUVEC in control cultures was 0.168 = 0.053 ng/l
cells-hr (n=3)."*
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The secretion of tPA by control cultures was completely inhibited by
cycloheximide (5 pgfml), suggesting that new protein synthesis was continually
required in order to maintain constitutive tPA release. This would indicate that
the increase of tPA in the circulating medium was not due to release of
intracellular stores of tPA. The greatly enhanced convective mass transport at
low stresses of 4 dynesiem® (compared the natural convection of stationary
cultures) had no effect on the production of tPA. Also, the cyclooxygenase
inhibitor indomethacin (50 uM) had no effect on shear-stress—stimulated tPA
production indicating that the shear-enhanced tPA secretion was not mediated
by a cyclooxygenase product.

Shear stress levels ranging from 4 to 40 dynesicm® caused no significant
changes in the PAI-1 secretion rate relative to controls. The average steady-
state PAL-1 secretion rate of HUVEC in control cultures was 53 = 37 ng of
PAI-1 per 10° cells per hour {n="7)."" Measurements of PAI-1 production over
the first 200 minutes after the onset of flow demonstrated that the PAI-]
secretion was not affected by shear stress transiently at early exposure times.

Primary HUVEC secreted about 15,000 pg of ET-1 per 10° cells in 24
hours while in stationary culture, Secretion of endothelin was suppressed by
laminar shear stress of 25 dynes/cm?® within 4 hours after the onset of flow
{Fig: 2-3). The suppression of endothelin secretion by high shear stress (25
dynes/cm®) continued for over 20 hours during exposure to flow, In three
separate experiments, endothelin production was suppressed only slightly (<15
per cent) by low shear stress of 4 dynes/cm? compared to endothelin production
of stationary controls.

To investigate the effect of laminar shear stress on mRNA levels in
endothelial cells, replicate HUVEC monolayers were either maintained in
stationary culture or exposed to shear stress at 25 dynesicm? in individual flow
systems. In each experiment, secretion of tPA, PAI-1, and ET-1 (per 10° cells)
was evaluated for the three individual flow systems and the three matched,
stationary cultures. Enhancement of tPA production and suppression of ET-1
secretion were observed after a lag time of several hours of exposure to shear
stress (Tabie 2—1) as was previously observed. In each experiment, the quantity
of total cellular RNA isolated from stationary and shear-stressed HUVEC

cultures was not significantly different (average variation less than 10 per cent}.

T static contral

25 dynesiag. .
FIGURE 2-3. Cumulative produc- " SRR

ton of endeothelin by replicate, pri-
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TABLE 2-1. SECRETION RATE OF TISSUE-TYPE PLASMINOGEN ACTIVA
{tPA), PLASMINOGEN ACTIVATOR INHIBITOR-TYPE 1 (PAI-1), AND ENDOTHELIN-
1 (ET) BY HUMAN ENDOTHELIAL CELLS EXPOSED TO LAMINAR SHEAR STRESS
OF 25 dynes/cm?®*

i - te ET Secretion Rate
Call Density tPA Secretion Rate PAI-1 Secretion Ra A
Experiment®  (10% celis/cm?) (ng-tPA10® cellsthr)  {ng-PAI-1/10° cells/hr} (ng-ET/10" cells/hr)
+ = 7 5 =15 0,545 = 0017 (n = 3)
. 1 77 =08 0.170 = 0.049{n = 3} 70.2 + 4.97 (n ; =
1 g:?i‘;scsf:ma 7.1 £ 0.9 0,399 = 0.087 (n = 3) 478 = 136(n =3} 0,132 + 0.026 (n = 3)
=325 {n= 0,485 = 0.025 (= = 1)
67 = 0.8 0,160 + 0.089 (n = 3) 4953 = 325 {n =13 8. B =
2. g:?;gley'ch 73 =08 0.527 * 0123 (n = 3) 965 = 304 (n =3 0279 = 0.055(n = 3)
5 = n= 3 +87lin =23 0,587 + 0057 (n = 3)
4. G 1 59 = 1.0 0,122 = 0013 {n = %) 33.9 x §._ ( ! =
2;““il\‘:ses-’cm= 6.2 =09 0387 = 0073 (n = 2) 58.0 = 760 (r = 2} 0.335 = 0061 (n = 2)
Mean ratss = 5D . iy
0157 £ 0.036(n =% 572 = 106(n =9 0.549 = 0. (n =9
gsfét::isfcmz 0453 = 0,108 {n = 8y 426 = 155(n = g 0.239 + 0.009 (n = 8)

i 3 ion is i w0 i i i i ion, Protein secrelion rates were
i induction of tPA secretion is in contrast w the suppression of endothelin secretion. Protel :
demrn?l-i}r‘;\]iml-:g\rez;r's:;.-snuam fit of antigen production data between 4 and 24 hours, Enzly-m:-J1nﬁgd |mmu1?los_orbent assays
were iged Ln'uua;ndf)-' \PA and PAI-l oroduction, while endotheiin production was using a rac E
ivsi B 1 G i oy 24,
Anaiysis of mBENA levels for experiment 1 is shown in Figure 2-4. -
z&'ad\ per was cond i with an indey pool of primary HUVEC,
o< 0001
“ Not significant.

Using the RT/PCR method, we found that the tPA mRNA level was
elevated in endothelial cells exposed to shear stress {Fig. 2—4, upper left). In
contrast, when the same Southern blots were stripped and reprobed for the
GAPDH amplification product, the transcript level of G'APDH was constant
and independent of shear stress (Fig. 2-4, lower left). When this RNA from
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FIGURE 2—4. Analysis of mRNA levels for tissue p!asmmogen activator r(LR»\]. I )
(bFGF), endothelin (ET), and glyceraldehyde 3-phosphate deh_\_'dr!ogenasr: -\(:-riPLI)H) in h;maln erédosl}}::;alncre:l::
maintained in control cuiture {Jane Aj or exposed 1@ 25 dyn:s."c'm {lane B). The iarge in ucuorl v she
E‘lfajtlll,z”;:RNA is in contrast ta the suppression of ET-1 mRNA levels by shear stress exejosl.\r:, This mRNA
phenotyping is in agreement with the protein production data {See experiment & in 2 able 2-1}.
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control and stressed monolayers was used in a similar coamplification experi-
ment with GAPDH to study the effect of shear stress on levels for bFGF mRNA,
no large increase in transcript levels such as that seen for tPA was noted for
bFGF (Fig. 2—-4, middle). Endothelin-1 mRNA levels were sharply reduced in
the endothelial cells exposed to 25 dynesfem® for 24 hours (Fig. 2-4, right).
Again, no correspondingly sharp decrease was observed in signal strength for
GAPDH product, indicating the uniformity of the coamplification reactions for
bFGF and endothelin.

These findings were reproduced in an independent experiment and are
unlikely to represent variation in PCR amplification efficiency because of (1)
the similar cell numbers in, and RNA amounts extracted from, static and flow-
subjected cultures, (2) the comparative constancy of coamplified GAPDH
transcript levels observed under different flow conditions, and (3) the obser-
vation of increased tPA mRNA levels and increased tPA protein secretion rates
detected by the reverse transcriptase/PCR technique in the same RNA and
medium samples which showed decreased endothelin secretion and decreased
endothelin mRNA levels, indicating opposite flow responses by HUVEC for
endothelin and tPA. Our use of the polymerase chain reaction assay technique
for quantitative estimates of transcript levels agreed quite well with the results
of standard Northern blotting techniques used by Kooistra et al.*' Those
investigators showed that butyrate {1 to 10 mM) can increase HUVEC PA
secretion by a factor of 6- to 25-fold after a lag time of several hours, with
slight attenuation of PAI-1 secretion observed at the higher butyrate concen-
trations. Using Northern blotting techniques, Kooistra et al. found that tPA
mRNA levels increase roughly 30-fold during butyrate stimulation of HUVEC,
while PAI-1 mRNA levels remain unchanged. Using a butyrate stimulation of
HUVEC, we have shown that changes in tPA antigen production correlated
with changes in tPA polymerase chain reaction product.'® Thus, the amount
of tPA amplification product can serve as a reliable indication of the tPA mRNA

level when compared to the results of more standard methods such as Northern
blotting.

DISCUSSION

Several lines of evidence indicate that low shear stress zones in arteries
(with reversing flows) are more prone to develop atherosclerotic lesions, intimal
hyperplasia, and enhanced thrombogenicity when compared to vascular regions
with unidirectional, high shear flow.®-! Caro et al.*® showed that low shear
stress zones are prone to develop lesions and implicated poor mass transfer
properties of low-flow zones in reducing efflux of lipids out of the vessel wall.
In addition to lipid efflux, enhanced concentration of platelet-reiease products
in regions of poor mass transport may play as important a role as reduced lipid
efflux.?®

Examining human carotid bifurcations at autopsy, Zarins et al.'® found
that early atherosclerotic lesions were located in regions of flow separations,
low shear stress, and nonuniform directional flow. The outer wall of the carotid
sinus {with separating flow and low shear stress) had the most plaques. Few
lesions were found near the flow divider where shear stress was high and the
flow was primarily axially oriented. Ku et al.'’ have correlated intimal thickening
(in 12 autopsy specimens) of the outer wall of the proximal internal carotid
with low shear stress {mean shear stress = — 0.5 dynesicm®) and a high degree
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of flow reversal {instantaneous shear stress = =7 to 4 dynesfcme]. The inner
walls of the internal carotid (mean shear stress = 17 to 26 dynesfcm®; no flow
reversal) had little intimal thickening. Regions of the vessels downstream of the
bifurcation had unidirectional flow, high mean shear stress (14 to 45 dynes/
¢m?) and no intimal thickening. Similar work by Friedman et al.2” with pulsatile
flow in human aortic bifurcations demonstrated that intimal thickening was
inversely related to the magnitude of the shear stress. Sakata and Takebayashi®™
also found that lesions were localized to the outer wall of the carotid artery. In
a similar study, Grotwum found lesions in the human left coronary artery
bifurcation preferentially on the outer wall where shear stress levels were
lowest.?® In human cerebral arteries, the incidence of lesions was also higher
on the outer walls of the daughter vessels.*®

Loss of vessel patency after vascular graft placement or balloon angioplasty
involves excessive smooth muscle cell proliferation and often occurs at vessel
injury sites where platelets adhere in the early postinjury period. During these
early times, Platelet-derived growth factor (PDGF) released by platelets might
act as a potent smooth muscle cell mitogen at the site of injury.”’ However,
late postoperative indmal hyperpiasia involving vascular prostheses occurs most
often at the perianastomotic areas, which are most rapidly resurfaced with
endothelium from pannus ingrowth and which obtain the earliest protection
against platelet deposition.'=>?*7* In addition, late postoperative subendoth-
elial vaseular smooth muscle cell proliferation occurs in both 60 pwm internodal
polytetrafluoroethylene (PTFE) arterial grafts in baboons and in Dacron grafis
seeded with autclogous endothelial cells in dogs despite confuent endothelial
linings free of adherent platelets.**~** Both endotheliai cells and smooth muscle
cells express and release PDGF in vitro,41=*% and increased PDGF mRNA levels
are found in carotid plaques and atherosclerotic lesions**~*® and in the neointima
of healing PTFE prostheses in baboons at sites of abnormal smooth muscle cell
proliferation.®**

These data suggest that PDGF from endothelial cells or smooth muscle
cells or both might cause intimal hyperplasia. However, PDGF is unlikely to be
the only mitogen released by EC. Anti-PDGF antibody can neutralize only 30
to 50 per cent of the mitogenic activity of medium conditioned by cultured
endothelial cells or by confluent endothelial ceils lining PTFE grafts in ba-
boons.**#* In pilot studies employing PCR primers and probes specific for
PDGF A-chain, we have found no significant change in PDGF A-chain mRNA
level in endothelial cells exposed to high shear stress for 24 hours compared
to stationary controls (data not shown). This observadon is not inconsistent with
recent reports?” of transient induction of PDGF mRNA at short exposure times
junder 6 hours) to laminar shear stress which then return to basal levels. The
transient nature of flow disturbances found in vivo, which lead to continually
disordered flow at anastomotic sites, however, may continually stimulate en-
dothelial cells to release PDGF.

Although HUVEC express mRNA for PDGF A-chain and PDGF B-chain
and synthesize a PDGF-like protein, PDGF produced by endathelial cells is
unlikely to have autocrine activity, since normal endothelial cells lack the PDGF
receptor.*® Endothelial cells synthesize bFGF which, when added exogenously
1o endothelial cells, can stimulate tPA and PAI-1 production*? and cell migra-
ton.3® However, we found the bBFGF mRNA levels in shear-stressed cells were
not elevated, which makes this an unlikely mechanism for tPA induction. This
is consistent with the lack of any observed increase in PAIL-1 secretion which
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can be induced by bFGF. However, our findings do not exclude the possibility
of transient changes of bFGF mRNA at short exposure times.

Non-PDGF factors are likely to account for a significant fraction of EC-
secreted mitogenic activity. Endothelin may be an important candidate for the
role of a non-PDGF mitogen produced by the endothelium, since the decrease
of endothelin gene expression by high shear stress is consistent with the known
inverse relationship between fluid shear and intimal hyperpiasia. Our results
suggest that designing anastomoses to minimize areas of low shear stress or
disturbed flow might reduce the severity of intimal hyperplasia.

In the past, observations concerning the geometric localization of hyper-
plasia at sites of low shear stress have been ascribed to the prolongation of the
“residence time” of platelets near the blood/vessel wall interface and possible
release of PDGF. In regions of high flow, the concentrations of platelet-released
prgducts are reduced by convective mass transport. Since endothelial cells
actively participate in thrombotic and fibrinolytic processes and localize these
events on or near the cell surface, longer-term alterations of endothelial function
by mechanical forces may also play a role in physiological and pathological
processes. Blood vessel walls exposed to high flow may have enhanced PGl
pmldm:u'mll"’1 and enhanced fibrinolytic capacity,’®'? thus increasing the
resistance of high shear zones to fibrin deposition on the vessel wall and
platelet-dependent and platelet-independent smooth muscle cell proliferation.
Our finding that arterial levels of shear stress suppress endothelin production
suggests an additional mechanism whereby reductions in intimal thickening
might arise from direct local suppression of endothelial cell expression of the
sr_mooth muscle cell mitogen, endothelin, That endothelial cells produce less
fibronectin under high flow®? is also consistent with the in vivo finding of
reduced vessel wall thickening in high-flow regions of vessels.

Recently, a molecular mechanism for the suspected link between impaired
fibrinolysis and atherosclerosis has been proposed. Lipoprotein(a), which was
shown to compete with plasminogen in binding to the endothelial cell surface
rleceggog, may reduce endothelial cell surface-mediated plasminogen activa-
tion.3#*! High serum levels of lipoprotein(a) are correlated with atherosclerosis™®
thus suggesting the link between impaired fibrinolysis at the cell surface and
atherosclerosis possibly initiated by enhanced fibrin deposition on the vessel
wall. It may follow that attenuated tPA production in low shear stress regions
and subsequently reduced fibrinolysis at the endothelial surface may contribute
to atherosclerotic plaque development.®® Fibrin causes disorganization of en-
dothelial monolayers,®” Fibrin fragment D increases endothelial permeability
to albumin, and fibrinopeptide B has been shown to be chemotactic for
macrophages in early lesions.*® In zones of high shear stress, enhanced
expression of (PA may protect the vessel wall from shear-induced platelet
aggregation®® with thrombin generation and subsequent fibrin deposition.

SUMMARY

) The endothelial cell has been proposed as an ideal vector for human gene
therapy, since recombinant proteins can be secreted directly into the blood
stream.”™® The seeding of vascular stents and grafts with endothelial cells is
currleml},r under study. Several workers using animal models have successfully
engineered endothelial cells to express foreign proteins (B-galactosidase, tPA)
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in vivo.51-%* The efficacy of gene-therapy approaches using engineered endo-
thelial cells may be affected by the intrinsic response of endothelial cells to
fluid mechanical forces. The analysis of cellular functon and metabolism is
particularly important when the hydrodynamics of blood flow may play a
critical role in the success of the genetically-modified tssue.
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IDENTIFICATION OF FAMILIAL AORTIC ANEURYSMS
USING DNA TECHNIQUE

Aortic aneurysms frequently go undetected until rupture, and therefore
are a significant cause of morbidity.* In the United States, aortic aneurysms
are the 13th leading cause of death.® The mortality from aneurysms that are
repaired electively is low (1 to 7 per cent depending on study cited),* whereas
the mortality from ruptured aneurysms is as high as 90 per cent®® and depends
to a large extent on the time it takes for the patient to reach a medical center
and for the condition to be diagnosed correctly. The cost to the health care
system per survivor of a ruptured aneurysm is approximately tenfold that of
elective repair of an aneurysm. The difference in mortality as well as cost
indicates that efficient diagnosis of who is at risk, and who is not at risk, will
both save lives and reduce cost to the health care system. If aortic aneurysms
were genetic and if the gene or genes that harbor the mutations were identified,
the powerful techniques of molecular biology could be used to determine who
is, and who is not, at risk for developing aneurysms long before the aneurysm
or aneurysms make themselves manifest. Early diagnosis of those at risk could
also identify a sufficiently large group of patents to evaluate potential drug
therapies, such as those that lower blood pressure.

The premise underlying the use of the DNA techniques of molecular
biclogy is that aortic aneurysms are heritable. It was relatively recently that a
familial clustering of aortic aneurysms was recognized. The first repart of
abdominal aortic aneurysms occurring in several members of the same family
was by Clifton in 1977.7 Since the inidal report, a2 number of studies have been
published that expanded on the observation and have estimated that from 6 to
36 per cent of aortic aneurysms are clustered in families.**~'* The incidence
of aortic aneurysms that are clustered in families, and specifically the incidence
of aortic aneurysms in first-degree relatives within the families, strongly suggests
a heritable or genetic cause for many, if not most, aneurvsms. There are two
general approaches using DNA techniques that can be used to identify the
gene or genes harboring the defects (mutations) causing aortic aneurysms, The
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