JOURNAL OF CELLULAR PHYSIOLOGY 143:364-371 (1990)

Tissue Plasminogen Activator Messenger
RNA Levels Increase in Cultured Human
Endothelial Cells Exposed to Laminar
Shear Stress

S.L. DIAMOND, ).B. SHAREFKIN, C, DIEFFENBACH, K. FRASIER-SCOTT,
L.V. MCINTIRE?*, AND S.G. ESKIN

Biomedical Engineering Laboratory, Rice University, Houston, Texas 77251 (5.L.D., LV.M.);
Departments of Surgery & Pathology, Uniformed Services University of the Health
Sciences, Bethesda, Maryland 20814 (/.B.5., C.D.); School of Natural and Applied

Sciences, University of Houston-Clearlake, Houston, Texas 77058 (K.F.-5.); Department of

Surgery, Baylor College of Medicine, Houston, Texas 77030 (5.C.E.)

Fluid shear stress can stimulate secretion of tissue plasminogen activator (tPA) by
cultured human endothelial cells, while plasminogen activator inhibitor type-1
secretion remains unstimulated. To determine whether hemodynamically in-
duced changes in tPA messenger RNA (mRNA) levels also occur, primary cultures
from the same harvest of primary human umbilical vein endothelial cells were
either maintained in stationary culture or exposed to arterial levels of shear stress
(25 dynes/icm?} for 24 hours. Total cellular RNA was isolated from the shear
stressed and stationary cultures and the relative levels of tPA mRNA and glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) mRNA were determined using a
coupled reverse transcriptase/polymerase chain reaction method. As indicated by
the amount of amplification product, IPA mRNA levels were many fold higher
(== 10) in endothelial cells subjected to shear stress for 24 hours than in stationary
controls. In contrast, mRNA levels for GAPDH were similar in control and shear
stressed cells. The constancy of the measured GAPDH signal indicated that the
tPA response was a selective effect of fluid shear stress. When a similar poly-
merase chain reaction method was used, the mRNA levels of basic fibroblast
growth factor (bFGF) were found not to vary in comparison to GAPDH mRNA
after 24 hours of shear stress. These results indicate that enhancement of the
fibrinolytic potential of endothelial cells in response to hemodynamic forces

could involve transcriptional events.

Flowing blood continuously exerts shear stress on
the vascular endothelium. Alignment of endothelial
cells is observed in vivo in zones of high shear stress
(Nerem et al., 1981; White et al., 1983). Over a time
period varying from several hours to days, endothelial
cells in vitro can align in the direction of fluid flow if
the shear stress is greater than about 8 dynes/cm?
(Dewey et al., 1981; Eskin et al., 1984; Levesque and
Nerem, 1985). In cultured porcine aorta endothelial
cells, endothelin mRNA levels have been reported to be
transiently modulated by fluid shear stress (Yoshi-
zumi, et al., 1989). Short-term responses of the endo-
thelial cell to the onset of shear stress include increase
of cytosolic Ca®* (Ando et al., 1988), activation of a
membrane potassium current (Olesen et al., 1988), and
a rise in prostacyclin production (Grabowski et al.,
1985; Frangos et al., 1985),

Several lines of evidence indicate that low shear
stress zones in arteries (possibly with reversing flows)
are more prone to develop atherosclerotic lesions, inti-
mal hyperplasia, and enhanced thrombogenicity when
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compared to vascular regions with unidirectional, high
shear flow (Caro et al., 1971; Ku et al., 1985; Gold-
smith and Turitto, 1986; Dobrin et al., 1989). Since
endothelial cells actively participate in thrombotic and
fibrinolytic processes and localize these events on or
near the cell surface, longer-term alterations of endo-
thelial function by mechanical forces may play a role in
physiological and pathological processes.

Production of tissue plasminogen activator (tPA) and
plasminogen activator inhibitor type 1 (PAI-1) by en-
dothelial cells is known to be affected by cytokines and
other agents. Coordinated induction of both tPA and
PAI-1 by thrombin or basic fibroblast growth factor
(bFGF) is in contrast with the induction of tPA alone
by histamine, activated protein C, and phorbol ester, or
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the induction of PAI-1 alone by lipopolysaccharide
(LPS), transforming growth factor-p (TGF}), interleu-
kin-1 (IL-1), or tumor necrosis factor-a (TNF_) (Hanss
and Collen, 1987; Saksela et al., 1987; Sakata et al.,
1985; Levin and Santell, 1988; Schleefl et al., 1988;
Emeis and Kooistra, 1986; Sawdey et al., 1989). Cul-
tured human endothelial cells secrete more tPA when
exposed to arterial levels of shear stress (= 15 dynes/
cm?), while PAI-1 secretion remains unaffected by
shear stress over the physiological range (Diamond et
al., 1989). The intent of this investigation was to de-
termine if the stimulation of tPA secretion by in-
creased shear stress is associated with specific in-
creases of tPA mRNA compared to mRNA levels for
bFGF and constitutively expressed glyceraldehyde 3-
phosphate dehydrogenase (GAPDH).

MATERIALS AND METHODS

Cell culture

Primary human umbilical vein endothelial cells
(HUVEC) were cultured as described by Gimbrone
(1976). Briefly, four to six umbilical cords (obtained
within 6 hours of delivery) were rinsed, cannulated,
and filled with collagenase (CLS 1, Worthington Bio-
chemical Corp., Freehold, NJ) in phosphate buffered
saline (40—50 U/ml) at 37°C, then incubated for 30 min.
The pooled effluent was centrifuged for 10 min at 100g,
and the pellet was resuspended in complete M199 [Me-
dium 199 (Gibco Laboratories, Grand Island, NY) with
20% heat-inactivated newborn calf serum (HyClone
Laboratories, Inc., Logan, UT), 0.30 mg/ml glutamine
(Gibeo), 0.10 mg/ml streptomycin (Gibeo), 200 U/ml
penicillin (Gibeo), and 0.20 mg/ml of neomycin (Gibco)].
Approximately, 10* cells per cm® were seeded on glass
slides for shear stress experiments as described by
Frangos et al. (1985). Studies of butyrate stimulation
used primary HUVEC grown to confluence in 150 cm?
flasks.

Exposure of endothelial cells to shear stress

Replicate primary, confluent monolayers (72—86
hours post-seeding) were exposed to steady laminar
shear stress of 25 dynes/cm® in individual parallel-
plate flow chamber systems with recirculating medium
driven by a constant hydrostatic pressure head as pre-
viously described (Frangos et al., 1985; Diamond et al.,
1989). The cell cultures were mounted on separate par-
allel-plate flow chambers (monolayer surface area ex-
posed to shear stress in each chamber, 15 cm®; channel
width, 200 pm) and connected under sterile conditions
to individual flow systems, each filled with 15 m] of
medium. An equal number of monolayers on slides
were incubated under stationary conditions. Media
samples (1 ml) were taken from each system every 4 to
6 hours and stored at —80°C. After 24-hour exposure to
shear stress, the flow was stopped and total cellular
RNA from the shear stressed monolayers (15 cm? of
monolayer per slide) was extracted within 1 min after
termination of flow and pooled. Similarly, RNA was
extracted from stationary cultures (15 cm® of mono-
layer per slide) and pooled using the same number of
slides as used in the RNA extraction from shear
stressed cells. To calculate mean cell density on the
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slides before RNA extraction, cells were counted in
three light micrographs of each monolayer.

Enzyme-linked immunosorbent assays

A double antibody ELISA technique was used to
measure total human tPA (uncomplexed and inhibitor-
bound) in HUVEC conditioned medium (American Di-
agnostica Imubind™-5 tPA Elisa, New York, NY). HU-
VEC conditioned media or calibration standards
(Bowes melanoma single chain tPA) were assayed in
triplicate with background subtraction using blanking
wells containing soluble antibody to quench tPA spe-
cific response. Horseradish peroxidase-conjugated goat
anti-human tPA IgG and the HRP substrate, orthophe-
nylenediamine (OPD), provided a colorimetric reaction
product absorbance at 490 nm which was measured
using a Bio-tek plate reader. The tPA ELISA was cal-
ibrated to the limit of its sensitivity (0 to 1,500 pg/ml)
yielding a highly linear calibration curve (typically, r*
> 0.99) with a detection limit of 50 pg/ml. An ELISA
using monoclonal mouse anti-human PAI-1 immuno-
globin allowed quantification of uncomplexed (latent
and active) PAI-1 antigen (American Diagnostica
Imubind™ PAI-1 Elisa). Wells were loaded in triplicate
with HUVEC conditioned media (diluted 1:10 and 1:25)
or with PAI-1 standards. Colorimetric reaction product
was produced using biotinylated monoclonal mouse
anti-human PAI-1 immunoglobin with horseradish
peroxidase-conjugated streptavidin and OPD. No tPA
or PAI-1 antigen was detected in complete medium
prior to exposure to HUVEC.

Isolation of total RNA from HUVEC monolayers

Isolation of total cellular RNA from HUVEC was
accomplished by a scaled down adaptation of the guani-
dine thiocyanate/CsC] gradient method (Chirgwin et
al., 1979; Rappolee et al., 1989). Briefly, monolayers
were washed once with PBS and lysed in 1.2 mlof 5 M
guanidine thiocyanate (Stratagene, La Jolla, CA) with
25 mM sodium citrate (Fluka Chemical Corp.,
Ronkonkoma, NY) and 0.5% (w/v) sodium sarcosinate
(IB.I.,, New Haven, CT). The lysate was layered on a
5.7 M CsCl cushion (0.8 ml) and ultracentrifuged at
200,000g for 3 hours (Beckman tube #344625; Beck-
man rotor TLS-55; Beckman TL-100 ultracentrifuge).
The RNA pellet was dissolved in water and then ex-
tracted twice with phenol/chloroform/isoamyl alcohol
(25:24:1) and twice with chloroform/isoamyl alcohol
(24:1). Total RNA was precipitated with 3 M sodium
acetate and ethanol, vacuum dried, and redissolved in
water. A final precipitation with 2.5 M LiCl followed by
a 70% ethanol wash and resuspension of the RNA in
water prior to reverse transcription was done to remove
residual cesium, phenol, or chloroform. Concentration
and purity of the RNA (ODssy nmmso am = 1.7 in all
samples) were determined after LiCl precipitation.

Reverse transcription and polymerase
chain reaction
A coupled reverse transcription/polymerase chain re-
action method used here is a modification of the one
described by Jacobsen et al. (1989). Reverse transcrip-
tion of messages for tPA and GAPDH, or bFGF and
GAPDH, were carried out in a 25 pl reaction volume
containing 2.0 wpg total cellular RNA, 500 units of
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TABLE 1. Oligonucleotide primers and probes used for reverse transcription of total cellular RNA, polymerase chain reaction, and
Southern blotting of reaction products for tissue plasminogen activator (tPA), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and

basic fibroblast growth factor (bFGF}!

Gene Oligonucleotide

Sense primer
tPA Antisense primer
Probe

Sense primer
GAPDH Antisense primer
Probe

Sense primer
bFGF Antisense primer
Probe

Lnendn endman o nan

Sequence Position (ref.)
SCTGCAGCTGAAATCGGATTCGT-3' 1312-1333+
"CTGATGATGCCCACCAAAGTC-3’ 1679-16597
“AACAGAACAGTCACCGACAAC-3' 1531-1551+
-CCATGGAGAAGGCTGGGG-3 386-403*
SCAAAGTTGTCATGGATGACC-3' 580-561"
“CTAAGCAGTTGGTGGTGCA-3’ 527-547*
“CAAGCAGAAGAGAGAGGAG-3' 199-217:
"“CCAACTGGTGTATTTCCTTGA-3' 375-355%
CTGGCTTCTAAATGTGTTACG-3' 280-300%

'Base pair positions cited are those given in the original published sequences for tPA (TPennica et al., 1983), GAPDH (*Fort et al., 1985), and bFGF (4Sommer et
al., 1987). Target amplification sequence lengths were 368 bp for tPA, 195 bp for GAPDH, 177 bp for bFGF.

Moloney murine leukemia virus reverse transcriptase
(MMLV-RT), 0.5 pg antisense tPA (or bFGF) primer,
0.5 pg antisense GAPDH primer, and all four deoxy-
nucleotide triphosphates (0.5 mM each) in a reaction
buffer of 50 mM Tris/HCI (pH 8.3), 75 mM KC], and 3
mM MgCl,. Each reaction mixture was heated to 70°C
for 5 min and placed on ice before adding MMLV-RT as
the last step, after which reverse transcription reac-
tions were carried out for 20 min at 37°C and then
stopped by denaturing for 10 min at 90°C.

The resulting tPA (or bFGF) ¢cDNA and GAPDH
¢DNA samples were then coamplified using 20 or 25
cycles of the polymerase chain reaction with sense and
antisense primers for tPA (or bFGF) and GAPDH de-
signed from published sequences (Table 1) . For tPA,
the target amplification sequence corresponded to the
sequence coding for part of the active site of the light
chain of tPA. The 100 pl polymerase chain reaction
volume contained 2 U recombinant Thermus aquaticus
(Taq) polymerase (Perkin Elmer-Cetus, Norwalk, CT),
10 mM each of dCTP, dATP, dTTP, and dGTP (Phar-
macia Inc., Piscataway, NJ), 0.5 pug of each sense
primer, and an additional 0.25 pg of each antisense
primer in a reaction buffer of 50 mM KCl, 100 mM
Tris/HCI (pH 8.3), 25 mM MgCl, in 1% (w/v) gelatin.
Each temperature cycle consisted of 2 min of denatur-
ing at 92°C, 2 min of primer annealling at 50°C, and 3
min of primer extension at 72°C (Perkin Elmer-
Cetus1000 Thermocycler).

From each reaction, 10 pl of polymerase chain reac-
tion product was fractionated by electrophoresis on a
2% SeaKem GTG agarose gel (FMC Corp., Rockland,
ME) with bromophenol blue dye marker at 100 V for 3
hours. A “123-laddder” DNA molecular weight stan-
dard (Bethesda Research Laboratories, Gaithersburg,
MD) was run on each gel. The gels were stained with
ethidium bromide, photographed, washed, and then
blotted overnight to nylon membranes with 0.45 pm
pore size (Nytran, Schleicher & Schuell Inc., Keene,
NH). Southern blots of the gels were probed for tPA,
bFGF, or GAPDH using oligonucleotides (Table 1) end-
labelled with 32P by the T4 polynucleotide kinase re-
action. Autoradiographs were exposed at —70°C using
Kodak XAR film.

RESULTS

The use of the polymerase chain reaction to measure

changes in mRNA levels in primary HUVEC was tested

with the chemical agonist butyrate which is known to
increase both tPA mRNA levels and tPA secretion in
HUVEC (Kooistraet al., 1987). We found that a 24-hour
period of exposure to butyrate (5mM) in the culture
medium caused over a 20-fold increase of tPA levels in
HUVEC conditioned media with little effect (or slight
decrease) on PAI-1 levels (Fig. 1A). We found no sig-
nificant changes in the quantity of total cellular RNA
isolated from HUVEC incubated in the presence or ab-
sence of butyrate (after LiCl precipitation: 52 + 2 pg
RNA per 150 cm? of HUVEC monolayer; ODagg nm2so nm
= 1.8). For this experiment, the combination of reverse
transcription and the polymerase chain reaction am-
plification of 1 pg of total RNA using 30 amplification
cycles was carried out using only the tPA primer set.
The amplification reaction for tPA alone (without
GAPDH) produced an amplification product which
showed a band on electrophoresis at the predicted 368
bp size. This band hybridized to a tPA-specific oligonu-
cleotide probe, producing a unique band on the autora-
diograph at precisely the same base pair length (368
bases) of the target amplification sequence predicted by
our choice of polymerase chain reaction primers. This
identified the amplification product as one generated
from tPA ¢cDNA which was derived from tPA mRNA.
The amount of tPA amplification product was much
greater from RNA of butyrate stimulated cells than
from RNA of unstimulated cells (Fig. 1B). This exper-
iment established that changes in tPA mRNA levels in
HUVEC found with standard Northern blotting tech-
niques can also be detected in RNA from much smaller
numbers of HUVEC using the reverse transcription/
polymerase chain reaction technique.

To investigate the effect of arterial levels of laminar
shear stress on mRNA levels in primary HUVEC, rep-
licate HUVEC monolayers were either maintained in
stationary culture or shear stressed at 25 dynes/cm?, as
described in Materials and Methods. In each experi-
ment, secretion rates of tPA and PAI-1 (per 10° cells)
were evaluated for each flow system and matched sta-
tionary cultures. Changes in HUVEC tPA production
were observed after a lag time of several hours of ex-
posure to shear stress (Fig. 2). The average tPA secre-
tion rate from all experiments (Table 2) was 0.476 =
0.108 ng-tPA/10° cellsthr for monolayers exposed to
shear stress com’Pared to the secretion rate of 0.165 +
0.040 ng-tPA/10° cells/hr for stationary controls (n =
6, from experiments conducted with two separate pools
of HUVEC). The tPA secretion rate by cells exposed to
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Fig. 1. Effect of 5 mM butyrate on tPA and PAI-1 antigen secretion

and tPA mRNA levels of cultured endothelial cells. Primary, human
umbilical vein endothelial cells were incubated for 24 hours in com-
plete M199 media (= 5 mM butyrate). Conditioned media was re-
moved at the end of the experiment and frozen at —80°C. Total RNA
was 1solated from the monolayers using the guanidine thiocyanate/
CsCl method. A: Conditioned medium was assayed using enzyme-
linked immunosorbent assays for total tPA (free and inhibitor-bound)
{m) and uncomplexed-FAI-1 (x 1072 latent and active) (0). B: Total
RNA from control (—) and butyrate stimulated ( +) HUVEC was re-
verse transcribed (2.0 pg/reaction) and the resulting tPA cDNA was
amplified using the polymerase chain reaction as described. The am-
plification product, run on a 2% agarose gel, was blotted to nylon and
probed with a **P-labelled tPA sense probe. The tPA-specific probe
hybridized a unique tPA amplification product at the 368 base pair
length of the predicted amplification sequence.

shear stress was 2.88 = (.95 times higher (n = 6; P <
0.005) compared to stationary controls. The basal PAI-
1 secretion rate of 59.9 = 12.0 ng-PAI-1/10° cells/hr (n
= 6) was not stimulated by shear stress but was
slightly decreased (37.2 = 14.6 ng-PAI-1/10° cells/hr; n
= 6) in these experiments.
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Fig. 2. Effect of laminar shear stress of 25 dynes/cm® on tPA secre-
tion by cultured endothelial cells. Six replicate cultures of primary,
confluent human umbilical vein endothelial cells were grown on glass
slides for each experiment. Three cultures were maintained in inde-
pendent, stationary incubations (®) (1 ml medium/em®monolayer),
while the other three cultures were exposed to laminar shear stress of
25 dynes/cm® (O0) in independent, parallel-plate flow systems with
recirculating medium (1 ml medium/cm*-monolayer). Samples (1 ml)
were taken from each stationary and [low system at intervals of 4-6
hours and frozen for ELISA assays of tPA and PAI-1. Each point is the
average of triplicate ELISA determinations. Dotted line: only one
data point for culture.

In each experiment, the quantity of total cellular
RNA isolated from stationary and shear stressed HU-
VEC cultures was not significantly different. Coampli-
fication of tPA ¢cDNA and GAPDH ¢cDNA (0.5 pg RNA/
reaction tube; 20 and 25 cycles) in the same reaction
tube was employed to provide an internal standard to
control for variation in RNA loading or the efficiency of
the amplification reaction.

Southern blots probed for the amplified tPA product
showed a shear stress-induced increase in tPA tran-
script level estimated at 10-fold or greater (Fig. 3, up-
per half). In contrast, when the same Southern blots
were stripped and reprobed for the GAPDH amplifica-
tion product, the transcript level of GAPDH was nearly
constant and independent of shear stress within each
cultured cell line (Fig. 3, lower half). This constancy of
the GAPDH transcript level confirmed that the ob-
served marked variation seen in tPA transcript levels
was not an artifact of the amplification of small exper-
imental errors or of random sequence-dependent vari-
ations in amplification efficiency between tPA and
GAPDH primer sets being magnified by the amplifica-
tion reactions. Quantification of these changes in tPA
transcript by densitometry, however, was not per-
formed because the long film exposure time needed to
detect the lower tPA levels of static cultures (16 hours)
invariably produced autoradiographic images for high
shear stress tPA transcripts too dark to be in a linear
range of gray level required for accurate densitometry.

When RNA from the same cell groups was used in a
similar coamplification experiment with GAPDH to
study the effect of shear stress on transcript levels for
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TABLE 2. Secretion rate of tPA and PAI-1 by HUVEC and total cellular RNA levels in HUVEC
exposed to laminar shear stress or maintained in stationary culture’

tPA secretion rate PAI-1 secretion rate Total RNA
Experiment? (ng-tPA10" cells/hr) (ng-PAI-1/10¢ cellshr) (pg)
1. Control 0.170 = 0.049 (n = 3) 70.2+497(n=3) 216
25 dynes/icm? 0.39% = 0.087 tn = 3) 478 + 13.6(n = 3) 24.8
2. Control 0.160 £ 0.039 (n = 3} 493 = 3.25(n = 3) 29.1
25 dynes/cm® _9,527 *0.123 (n = 3} 265+ 3.04(n = 3) 292

1Secretion rates were determined by a least squares {it of antigen production data between 6 and 24 hours. Pooled RNA
samples isolated from the control or shear stressed cultures of each experiment were subjected to reverse transcription/
polymerase chain reaction analysis as deseribed in Material and Methods. Concentration of RNA was evaluated by

ODgen W IMeasurement prior to reverse Lranbcrlmen

“Each experiment was conducted with a poal of primary HUVEC.

bFGF, no increase in transcript levels such as that seen
for tPA was noted for bFGF (Fig. 4). Instead, variation
in the bFGF signal strength in only one lane was
matched by a weaker GAPDH signal in that lane, in-
dicating that the bFGF change represented only an
experimental variation in overall reaction efficiency.

Although most of the tPA product was found at the
predicted base pair size length, smaller-sized tPA (and
GAPDH) polymerase chain reaction products were
present on autoradiographs of the coamplification re-
action products. These may have resulted from incom-
plete primer extension caused by the competing reac-
tions. With the RNA from control and shear stressed
cultures, amplification of only the tPA sequence (1 pg
RNA/reaction tube; 20 cycles) produced unique autora-
diographic bands at the predicted base pair length and
yielded the same results (data not shown) as the coam-
plification experiment shown in Figure 3.

A short exposure time (2 hours) of the autoradio-
graph in Figure 1B was sufficient to demonstrate that
butyrate stimulated tPA mRNA levels since the en-
hancement was so large. Due to this short exposure
time, the 368 bp amplification product of stationary
controls was not visualized, nor were less prevalent,
smaller reaction products visible in Figure 1B. Appear-
ance of these smaller reaction products in Figures 3
and 4 was due to the long exposure time needed to
visualize the level of tPA mRNA in stationary controls.

DISCUSSION

We have shown that fluid shear stress of 25 dynes/
c¢m?® sustained for a 24-hour period stimulated tPA
secretion by HUVEC with concominant increases in
tPA mRNA. In contrast, the mRNA levels for a consti-
tutively expressed mRNA for glyceraldehyde 3-phos-
phate dehydrogenase and for a potent mitogenic {actor,
basic fibroblast growth factor, were unaffected by ex-
posure to shear stress. These data indicate that hemo-
dynamic forces can affect endothelial cell function se-
lectively at the level of mRNA expression.

In HUVEC, the majority of tPA synthesized is se-
creted, indicating that an important regulator of tPA
production is the level of mRNA. Stimulation of endo-
thelial tPA secretion by agents such as butyrate or
thrombin has previously been shown to correlate with
increases in tPA mRNA levels (Kooistra et al., 1987;
Dichek and Quertermous, 1989a). In the case of the
HUVEC response to shear stress, the large change (>
10 fold) in tPA mRNA levels with only threefold en-
hancement of tPA secretion suggests that an additional

level of post-transcriptional regulation of tPA protein
production may be present.

Our use of the polymerase chain reaction assay tech-
nique for quantitative estimates of transcript levels us-
ing butyrate stimulation of HUVEC agreed quite well
with the work of Kooistra et al. (1987). Those investi-
gators showed that butyrate (1-10 mM) can increase
HUVEC tPA secretion by a factor of 6-25-fold after a
lag time of several hours, with slight attenuation of
PAI-1 secretion observed at the higher butyrate con-
centrations. Using Northern blotting techniques, Koo-
istra et al. found that tPA mRNA levels increase
roughly 30-fold during butyrate stimulation of HU-
VEC while PAI-1 mRNA levels remain unchanged. Us-
ing 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 meth-
ods such as Northern blotting.

Northern blotting techniques, however, typically re-
quire much greater quantities of total cellular RNA
isolated from 107 to 10® cells grown in culture. This
limitation is especially true for investigations of mes-
sages such as tPA which are present on the order of
only 10% copies per endothelial cell (Zonneveld et al.,
1986) compared to actin mRNA likely found at levels
10-100 times higher. To obtain large numbers of cul-
tured human endothelial cells requires the use of en-
dothelial cell growth factor, often in combination with
heparin, to grow the cells for several passages. It is
more desirable to study endothelial cell production of
fibrinolytic mediators, without long-term, large-scale
cultivation, since phenotypic drift in culture has been
documented in HUVEC. For example, the urokinase
gene, not normally expressed in primary HUVEC or
adult vena cava cultures, becomes quite active (van
Hinsbergh et al., 1987; Dichek and Quertermous,
1989Db) at higher passage numbers. Also, tPA secretion
and tPA mRNA is up-regulated manyfold with serial
passage in culture (McArthur et al., 1986; van Hins-
bergh et al., 1987; Dichek and Quertermous, 1989b),
while PAI-1 secretion has been shown to decrease 3—
10-fold with the use of heparin in combination with
endothelial cell growth factor (Konkle and Ginsburg,
1988). At higher passage, the quantity of the smaller,
polyadenylate-free form of the PAI-1 mRNA increases
(Dichek and Quertermous, 1989b). Additionally, PGI,
production is quickly lost and von Willebrand factor
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Fig. 3. Effect of laminar shear stress at 25 dynes/cm® on tPA and
GAPDH mRNA levels in cultured endothelial cells. Total RNA iso-
lated from three stationary cultures was pooled as was RNA from
three cultures exposed to fluid shear stress. Matched samples (exper-
iment 1, lanes A,B: experiment 2, lanes C,D) of RNA from control
cells (lanes A,C) and shear stressed cells {lanes B,D) were reverse

production decreases at high passage number. With the
use of the polymerase chain reaction amplification
technique utilizing recombinant, heat stable Thermus
aquaticus (Tag) DNA polymerase, phenotypic analysis
is possible with small numbers (on the order of 10
cells) of primary cultures of HUVEC which have not
been passaged in culture or exposed to stimulation by
exogenous growth factors.

The primers we used for the polymerase chain reac-
tion amplification of part of the tPA ¢cDNA were chosen
from positions in exons XII and exon XIV (designation
of Ny et al., 1984) specifying an amplified product 368
base pairs in length. Because our observed amplifica-
tion product was a) of the predicted size and b) hybrid-
ized correctly to a probe complementary to exon XIII, it
is unlikely that the amplified product we observed rep-
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® <« > _ge9
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transcribed (2 pg/reaction) with tPA and GAPDH antisense primers
and then coamplified using the polymerase chain reaction with
primer sets designed for tPA ¢cDNA and GAPDH ¢cDNA. Amplification
products, run on 2% agarose gels, were blotted to nylon and hybrid-
1zed with “*P-labelled probes for tPA (upper half) and GAPDH
(lower half).

resented inadvertent amplification of contaminating
genomic DNA in our RNA preparations.

Since tPA secretion increased under shear stress and
PAI-1 secretion was unstimulated, it is unlikely that
autocrine effects mediated by IL-1, TFG-B, and bFGF
can account for the changes in tPA secretion because
the endothelial response to these cytokines involves
increased PAI-1 secretion, sometimes accompanied
with decreased tPA secretion (Emeis and Kooistra,
1986; Schleef, et al., 1988; Sawdey et al., 1989; Saksela
et al., 1987). Although HUVEC express mRNA for
PDGF-A chain and PDGF-B chain and synthesize a
PDGF-like protein, PDGF has little autocrine activity
since normal endothelial cells lack the PDGF receptor
(Kazlauskas and DiCorleto, 1985). Endothelial cells
synthesize bFGF which, when added exogenously to
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Fig. 4. Effect of laminar shear siress at 25 dynes/cm® on bFGF mes-
senger RNA levels of cultured endothelial cells. Total RNA isolated
from three stationary cultures was pooled as was RNA from three
cultures exposed to fluid shear stress. Matched samples (experiment
1, lanes A,B; experiment 2, lanes C,D) of RNA (2 pgireaction) from
control cells (lanes A,C) and shear stressed cells (lanes B,D} were
reverse transcribed with bFGF and GAPDH antisense primers and
then quantitatively amplified using the polymerase chain reaction
with primers selected to coamplify bFGF ¢DNA and GAPDH cDNA.
Amplification produets, run on 2% agarose pels, were blotted to nylon
and hybridized with **P-labelled probes for bFGF (upper half) and
GAPDH (lower half).

endothelial cells, can stimulate tPA and PAI-1 produc-
tion (Saksela et al. 1987) and cell migration (Sato and
Rifkin, 1988). These effects can be blocked with anti-
bodies against bFGF (Rifkin and Moscatelli, 1989).
However, we found the bFGF mRNA levels in shear
stressed cells were not elevated, which makes this an
unlikely mechanism for tPA induction. This is consis-
tent with the lack of any observed increase in PAI-1
secretion. However, our findings do not exclude the
possibility of transient changes of bFGF mRNA at
short exposure times.

Atherosclerotic plague development is known to oe-
cur preferentially in low shear regions near arterial
branch points (Ku et al., 1985). Recently, a molecular
mechanism for the suspected link between impaired
fibrinolysis and atherosclerosis has been proposed. Li-
poprotein(a), which was shown to compete with plas-
minogen in binding to the endothelial cell surface re-
ceptor, may reduce endothelial cell surface-mediated
plasminogen activation (Miles et al., 1989; Hajjar et
al., 1989). High serum levels of lipoprotein(a) are cor-
related with atherosclerosis (Dahlen et al., 1986), 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 atheroscle-
rotic plaque development.

One possible mechanism for hemodynamically en-
hanced transcription of tPA mRNA is suggested by the
large increase in PGI,; production by HUVEC exposed
to shear stress. This enhanced PGI, production may
result from enhanced availability of arachidonic acid,
via the activity of calcium-activated phospholipase A,
and/or phospholipase C (Ando et al., 1988; Bhagyalak-
shmi and Frangos, 1989). Given the enhanced incorpo-
ration of arachidonic acid into phosphoinositol and
diacylglycerol in HUVEC exposed to shear stress (Nol-
lert, et al., 1989), some activation of protein kinase C
may occur and activation of protein kinase C is known
to enhance tPA gene expression (Levin and Santell,
1988). Although no unified scheme to explain mecha-
nochemical signal transduction, cytoskeletal reorgani-
zation during cellular alignment, and modulation of
gene expression is yet possible, our data provide some
insight into these phenomena at the genetic level. Such
information should aid in understanding endothelial
mediated modulation of smooth muscle cell prolifera-
tion and vasoconstriction in the blood vessel wall.
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