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The vascular endothelium exists in a mechanically active environment that
includes both fluid shear stress generated by flowing blood and stretching
forces generated by transmural pressures. The magnitude and direction of
these forces vary with time and location in the vasculature. In addition to the
wide variety of physical forces to which the endothelium must sustain, chang-
ing local velocity profiles can alter the delivery and removal rate of species to
and from the endothelial surface by fluid convection. The continual presence
of physical forces generated by steady or time-dependent flows can regulate
endothelial cell gene expression with likely subsequent effects on vessel wall
biology. This chapter explores physiological and pathological instances where
regulation of endothelial gene expression and protein secretion by hemody-
namic forces may control vessel function. Recent work by several laboratories
has shown that endothelial cell protein secretion is altered by hemodynamic
forces and that these changes likely occur at the genetic level. A summary of
research investigating endothelial cell gene expression in the presence of fluid
shear stress is shown in Table 4.1.

HEMODYNAMICS, MECHANICS, AND MASS TRANSFER

In arterial vessels, the endothelium is often aligned and elongated in the di-
rection of flow in locations where shear forces are high and predominantly uni-
directional {65, 89). Alignment of the endothelium can be quite distinct at the
flow divider of arterial bifurcations where early atherosclerotic lesions are sel-
dom found. This elongated morphology can be recreated in vitro when endo-
thelial cells are exposed to unidirectional shearing forces greater than about 8
dynes/em® for over 24 hours (13, 20, 54). Alignment of endothelial cells cccurs
with concomitant changes in cytoskeletal strueture (24), Presently, it is not
known if the shear-induced changes in the eytoskeleton alter cellular function
or if the cytoskeletal changes are an endpoint of the cellular adaptation to
shear stress. The morphological changes involve specific changes in actin
stress fibers, microtubules, and adhesion plagues, and are dependent on cell
type, material substrate, and culture density. Phenotypic changes of endothe-
lial cells observed in vitro in response to unidirectional shear stress take place
during this slowly evolving elongation of cellular morphology. Differentiating
the role of the endothelial cytoskeleton as a receiver of mechanical stimuli and,
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TaBLE 4,1. Modulation of endothelial gene expression by fluid shear stress

Gene Effect Time scale (Ref.)
mRNA Levels
tPA Large increase at arterial levels 24 hr 14)
Endothelin Large decrease at arterial levels 24 hr 86, 50)
bFGF No effect 24 hr i14)
Glyceraldehyde 3-phosphate No effect 24 hr (14, 86)
dehydrogenase No effect 1—4 hr (37, 38)
IL-1, IL-6 No effact 6-24 hr 59)
POGF A chain Tenfold transient increase at 3-4 hr 3m
arterial levels
PDGF B chain Two- to threefold transient 2—4 hr 138}
increase at arterial levels
Transeription zite identified < 6 hr 73
c-fos Large increase at arterial levels 0.5 hr a9y

Protein synthesis & secretion

tPA Increase at arterial levels 424 hr 15, 14)

Endothelin Decrease at arterial levela 1-24 hr 186)
Decreased at high fow in 2wk 161}

canine arteriovenous fistuia

PAL-1 No effect or slight decrease 1-24¢ hr 13}

Fibronectin Slight decrease 24-48 hr 32)

1L-1, IL-8 No effect 6-24 hr (58)

c-fos Induction and nuelear 1hr (7L}

localization at arterial levels

upen stressing, a generator of secondary messengers is largely unstudied.
Nonetheless, these morphological changes provide direct evidence that active
biochemical processes are occurring due to the sustained shear forces exerted
on the endothelium. To date, the molecular level characterization of mechan-
otransduction includes the identification of a shear stress-activated whole cell
potassium current with a conduectance of 150 pS (69) and nonselective cation
stretch-activated channels (Ca > K > Na > Cs) with conductances of 40 te 56
pS (53), Stretch-activated channels are not likely to be opened by the compar-
atively small membrane tensions generated by physiclogical wall shear
stresses.

Quite distinct from fluid shear forces are mechanical strains caused by
deformation of vessel wall and endothelial cell structures. Mechanical strains
{on the order of 1% to 10%) are predominantly circumferential, and oecur with
the distension of the vessel due to pressure gradients across the vessel wall.
The mechanical coupling of the endothelium to its matrix may not be exactly
one to one. Mechanical strains can also alter cellular morphology, forcing cel-
lular elongation in the direction perpendicular to the strain axis {41). During
invasive procedures such as bypass surgery or grafting, or balloon angioplasty,
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large physical forces are imposed upon the endothelium and underlying tissue
structures, and are often correlated with vascular pathologies (8, 85). The sig-
naling pathways and mechanism of mechanochemical transduction may be
quite distinct when cells are strained and undergo macroscopic deformation
(on the order of microns) compared to signaling events caused by fluid shear
forces that generate stresses on cellular structures without rapid macroscopic
deformations.

Investigations of the rapid responses of the endothelial cell to the onset of
shear stress unexpectedly demonstrated the importance of mass transport
phenomena by fluid convection. These situations arise when a rapid reaction,
relative to diffusion, alters the local boundary layer concentration of a molec-
ular species. Species that are unreactive or slowly consumed or produced at
the endothelial cell surface are expected to have surface concentrations quite
similar to the bulk concentration, independent of flow rate. Elevated calcium
levels in shear stressed endothelial cells (1) appear to be mediated by adeno-
sine triphosphate (ATP) transport to the purinergic receptors on the cell sur-
face, facilitated by the perfusion media (62, 18, 68), ATP is rapidly degraded
by endothelial ectoATPases. In vive, the augmented diffusion and mixing by
blood cell rotation near the endothelium would be expected to disrupt or reduce
concentration boundary layers. Some researchers, however, have detected
small increases of intracellular calcium with the onset of fluid fow using cul-
tured endothelial cells (87, 26) in the absence of ATP in the perfusion media.
Endothelial cells in vivo may possess the ability to mobilize calcium when ex-
posed to changing shear forces, independent of mass transfer effects or vessel
distension—an ability that is possibly lost or variable in culture. Many ques-
tions remain and further investigations are required to understand mechano-
transduction in endothelial cells exposed to shear forces.

The concentration profile of a reactive species C; (for example, ATP, endo-
thelial derived relaxing factor (EDRF), or prostacyclin) near endothelial sur-
faces can be predicted if accurate data exist for the diffusion coefficient (D,
em?sec), velocity profiles (v, em/sec), and consumption or production rate (=R,
moles/cm®-sec) at the endothelial surface. The reaction rate may be dependent
on surface concentrations. The convection-diffusion equations with reaction at
the endothelial surface are given below for straight, nontapering cylindrical
vessel geometries (equations 1-3) and planar geometries (equations 4-6). In
this formulation, the diffusion coefficient near the surface is assumed to be
independent of shear rate, otherwise it would be included inside the differen-
tial operators. For completeness, the wall shear stresses and flow-pressure
drop relations are also given. In these equations, R is the tube radius, AP/L is
the pressure gradient, Q is the volumetric flow rate, u is the fluid viscosity,
and r and z are the radial and axial coordinates, respectively. Normally, the
axial dispersion term is neglected because it is small relative to radial diffusion
and axial convection in most liquid systems. In the parallel-plate geometry, W
is the width of the channel, b is the half-gap separation between the parallel
plates (2b is the total plate separation) where y ranges from 0 at the midway
position between the two plates to =b at each plate, and z is the axial coordi-
nate in the direction of flow.
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Linearization of the parabolic velocity profile very near the surface reduces
the vessel geometry to a planar system (42). Using this approach, Nollert et
al. (68) predicted that step changes from no flow to high flow (wall shear
stresses of 4 to 25 dynes/em®) cause the surface concentration of ATP to in-
crease from near zero values to steady state values, which approach the bulk
concentration of ATP in the perfusion media. This experimental situation has
been verified by several laboratories (62, 18, 68) to cause calcium transients
mediated by ATP mass transfer phenomena.

Often during in vitro experimentation, the issue is raised concerning oxy-
gen limitations. In parallel-plate experiments, the typical use of 1 ml media
per cm® of monolayer (~100,000 cells/cm®) i8 10 to 20 times the media volume
used to grow exponential phase mammalian cells in a suspension culture. Ox-
ygen consumption by cultured, confluent human endothelial cells is expected
to be much less than the consumption rate of 0.04 to 0.4 mMole O,/10° cells-hr
for exponential phase mammalian cells (21). Circulating medium in parallel-
plate configurations used in the present research {average residence time in
chamber <2 seconds) is well oxygenated [0.2 mM O,]. Thus, the delivery of
oxygen to the monolayer surface exceeds by several orders of magnitude the
consumption of oxygen, which is estimated to be less than 8 x 10~ mMole
Oy/em®-sec. The concentration of oxygen near the cell surface is greater than
95 percent of the bulk O, concentration for wall shear stresses greater than
10~ dynesfem?,

In considering the direct effects of fluid shear stress on endothelial gene
expression, the role of mass transfer becomes important, since shear stresses
are usually generated experimentally by increasing the flow rate. As flows in-
crease, the delivery and removal rates of molecules to and from the cell surface
are enhanced. Even at low venous levels of shear stress, mass transfer occurs
at rates that are orders of magnitude faster than those found in stationary
cultures, Changes in endothelial cell function that occur at arterial stresses,
but not at venous or stasis conditions, are likely direct stress effects, since
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mass transfer effects would be prominent even at venous levels of stress on
the order of a few dynes per cm.?

Autocrinic mechanisms in endothelial cells present challenging problems
in terms of experimental design to evaluate the direct effect of shear forces on
gene expression. For example, if flow enhances EDRF production (36, 70, 75)
via the forces on the plasmalemma with resulting activation of NO synthase,
then the direct effect of shear stress is to alter cellular function. However, if
EDRF generated by flow is maintained locally at sufficient concentrations,
then an autocrinic enhancement of cGMP is impossible—a secondary result of
the direct shear effect. Elevated ¢GMP levels could modulate expression of
genes that are responsive to changes in ¢GMP levels (3, 50). The difficulty in
understanding such a phenomenon is that under conditions of high flow (and
high shear stress) the removal rate of an autocrinie species from the cell sur-
face may be enhanced, For example, high flows could reduce the local concen-
tration of EDRF, which in turn would enhance the concentration gradient for
EDRF diffugion out of the cell. Similar phenomena may be relevant for pros-
tacyelin produection, which is induced by shear stress (29, 22) and which can
cause enhanced levels of cAMP via an autoerinic mechanism (72). The com-
petition between shear stress induction and flow-dependent removal of an au-
tocrinic mediator can influence the design and evaluation of in vitro and vessel
perfusion systems for investigations of endothelial gene expression in the pres-
ence of fluid shear stress.

PROTEIN SECRETION PATHWAYS

Endothelial cells express a wide variety of membrane receptors and secreted
proteins that play an important role in thrombosis, fibrinolysis, inflammatory
pathways, hypertension, smooth muscle cell proliferation, and cell adhesion.
Protein secretion can involve both constitutive or inducible pathways, and can
also be controlled by the rates of mRNA transcription, mRNA degradation, or
mRNA translation. Since fluid shear forces cause enhanced arachidonic acid
metabolism (29, 22) and endocytosis (12), and morphological elongation (65,
89, 13, 20, 54, 24), changes in secretion rates of proteins are not unexpected.
In our own studies of protein secretion in endothelium exposed to defined
levels of laminar fluid shear stress, we used primary human umbilical vein
endothelial cells (HUVEC) grown on glass slides (15, 14, 86). Replicate pri-
mary, confluent monolayers were maintained in stationary culture or exposed.
to steady shear stresses of 4, 15, or 25 dynes/em® in individual parallel-plate
flow chamber systems with recirculating medium driven by a constant hydro-
static head (Fig. 4.1). Flow chambers were connected under sterile conditions
to individual flow systems, each filled with 15 ml of circulating medium. This
parallel-plate system offers the benefits of real time microscopic observation of
the cells, accurate control of perfusion media pH and oxygen, and circulating
volumes (1 ml per cm? of menolayer), which are suitable for direct protein mea-
surements by immunoassay. While cone-and-plate systems are ideal for shear-
ing suspensions of blood cells such as platelets, these configurations are diffi-
cult to operate under sterile conditions and may potentiate autoerinie
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FIGURE 4.1, Schewmatic of parailel plate flow system.

mechanisms if the fluid to cell volume is lower than about 0.1 ml per em” of
monolayer. The cone-and-plate viscometer often prevents (1) microscopic eval-
uations of the cells during shear exposure, (2) continuous sampling of the fluid
above the cells to evaluate protein secretion, and (3) accurate control of pH and
oxygen content of the media. In our parallel-plate system, the wall shear stress
imposed upon the monolayer was evaluated by solution of the Navier-Stokes
equation for laminar flow of a Newtonian liquid. The wall shear stress ir, =
dynes/cm?) was caleulated according to equation 6 where: flow rate, @ = em¥
sec; viscosity, o = 0.01 poise; total plate to plate separation, 2b = 0.02 cm;
and width, W = 2.49 cm. The entrance length needed for steady parabolic flow
to be established was less than 1 mm (23}, The Reynolds numbers for all the
flow conditions were less than 50, insuring that the flow was truly laminar
with no possibility of turbulence.

During the first 4 to 6 hours after the onset of shear stress, endothelial
cells secrete tPA at the same rate as stationary controls (Fig. 4.2). The onset
of flow does not induce the acute release of any detectable levels of tPA antigen.
Low venous shear stress (4 dynes/em® had no effect on tPA secretion relative
to statie controls over the entire time course of the 24-hour experiments. After
4 to & hours of exposure to arterial shear stresses of 15 and 25 dynes/cm?,
however, the level of tPA in the circulating media of the sheared cells exceeded
that of static controls. Increase of tPA in the circulating media was linear with
time for aver 20 hours, allowing a least-squares fit of the steady state secretion
rate. The steady state tPA secretion rates of cells exposed to 15 and 25 dynes/
cm? normalized to matched, unsheared controls, increased 2.06 = 0.39
{n = 3)and 3.01 *= 0.53 (n = 3) fold over static cultures, respectively (Table
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Ficugrk 4.2, The secretion of tissue plasminogen activator (tPA} by cultured human endothelial
cells exposed to Auid shear scress.

4.2) (15}. That venous levels of fluid shear stress had no effect on tPA secretion
compared to stationary control would suggest that the greatly enhanced mass
transfer at 4 dyne/cm? had no effect on the cellular pathways invelved in tPA
gene regulation and expression. The lag time of several hours prior to en-
hanced tPA secretion indicates that a transcriptional step was likely needed.
Since the intracellular antigen level of tPA of sonicated lysates of stationary
cultured cells was very low (<1.0 ng-tPA/10° cells) compared to the amount of
antigen secreted over the time course of the experiments, the enhanced secre-
tion rate of tPA likely required enhanced synthesis. Thus, the rise of tPA in the

TapLE 4.2, The effect of laminar fluid shear stress on the steady-state tPA secretion rate of
ewltured human endothelial cells. The average tPA secretion rate of the static controls was
0.188 + 0.063 ng of tPA per 10* cells per hour (n = 3),

Normalized secretion rate

Experiment Static control 4 dynesiem? 15 dynes/cm® 25 dynes/em®
1.00 = 0.21 0.92 + 0.15 2.49 = 0.39 346 = 0356

2 1.00 = 0.07 0,94 « 0.09 1.85 = 0.12 3.14 = 0.08

3 1.00 = 0.23 0.62 = 0.13 1.73 = 0.30 2.42 = 0.40
Mean® (1.00}% 0.83 = 018 2,06 = 0.39 4.01 = 0.53

= 3D (NS (p=0.015) (p=0.015)

*Each mean is the averags of three independent experiments involving three separate primary culturss (NS;
not gignifteant!.
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FrouRe 4.3, The secretion of plasminogen activator type 1 {PAI-1) by cuitured human endothe-
lial cells exposed to fluid shear stress.

circulating media was not due to release of intracellular stores of tPA due to
cell lysis. This is further supported by our observation of a complete blockage
of tPA secretion in stationary eultures with cycloheximide (5 pg/ml), suggest-
ing that new protein synthesis was continually required in order to maintain
constitutive tPA release. We have found that blockade of cyclooxygenase by low
levels of indomethacin (50 pm) had no effect on shear atress induction of tPA
secretion. This is consistent with studies indicating that eyclooxygenase activ-
ity is not required for tPA secretion by HUVEC (34).

Secretion of uncomplexed PAI-1 antigen into the culture media by station-
ary cultures or cultures exposed to shear stress was linear with time (Fig. 4.3)
but not a function of shear stress. We have found that fluid at venous (4 dynes/
em®) or arterial (15 to 40 dynes/cm?) levels of shear stress caused no significant
changes in the PAI-1 secretion rate relative to stationary controls (15). The
average PAl-1 secretion rate of HUVEC in stationary culture was 53 = 37 ng-
PAI-1/10° cells-hr, Secretion of PAI-1 was also unaffected by the presence of
indomethacin in stationary or shear stressed cultures.

The vascular endothelium regulates vessel diameter through the release
of prostacyclin, endothelial derived relaxing factor, and endothelin (ET). En-
dothelin is 21 amino acid peptide, which can act as a potent vasoconstrictor,
Also, endothelin is a smooth muscle cell mitogen {35, 44), which is synergistic
with PDGF (4). The original discovery of ET (91) was accompanied by the ob-
servation that fluid shear stress decreased ET production in subcultured por-
cine endothelial cells (passage 10}. In later work, Yoshizumi et al. (93) found
that endothelin mRNA levels were higher in porcine aortic endothelial cells
(PAEC) exposed to shear stress above 1 dynes/em? but declined at higher levels
of 10 dynes/em?®, They found that endothelin mRNA levels return to basal lev-
els when cells were aligned in the direction of flow. Secretion of endothelin,
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FIGURE 4.4. The secretion of Endothelin type 1 (ET-1) by cultured human endothelial cells
exposed ta fluid shear stress.

however, was unaffected in PAEC until after nearly 48 hours of exposure to
shear stress.

In our studies with HUVEC, we have found a consistent and repeatable
suppression of ET expression by arterial levels of fluid shear stress of 25 dynes/
cm?® that is sustained for over 24 hours during stress exposure. A decrease of
60% = 20% (n = 6; p < 0.01) in ET peptide release rates was observed within
4 hours after the onset of arterial shear stress of 25 dynes/cm?® (Fig. 4.4), In
human endothelial cells exposed to arterial levels of fluid shear stress, there
is simultaneous enhancement of the steady state tPA secretion rate (from 4 to
24 hours} with down regulation of the endothelin steady state secretion rate
(Fig. 4.5). During these phenotypic changes we have never observed enhance-
ment of PAT-1 secretion and have seen in some experiments a slight reduction
of PAI-1 secretion at arterial shear stresses. Kuchan and Frangos (50) have
reported a similar strong and sustained suppression of ET-1 protein secretion
when endothelial cells were exposed to arterial flow of 10 dynes/em?. Blockade
of NO production with L-arginine analogs prevented arterial flows from sup-
pressing ET-1 secretion, suggesting an autocrinie role for NO and ¢GMP in
endothelial cells. Interestingly, they report that low shear stress of 1.8 dynes/
cm” caused an enhancement of ET-1 secretion over the first six hours of flow,

In a study by Gupte et al. (32), fluid shear stress exposures of 12 hours
reduced by over 50% the intracellular content and secretion of fibronectin by
HUVEC. Reductions of fibronectin content in the endothelial cell matrix were
also observed. These reductions were seen after 48 hours of exposure to shear
stress.

Very little data is available on protein secretion in endothelial cells sub-
Jjected to pulsatile flows. Pulsatile fluid flow { = 10% amplitude; 1 Hz) increases
PGI, production even more than the enhancement by equivalent mean values
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FIGURE 4.5. Steady state secretion rates for tPA, PAIL-1, and ET-1 by cultured human endothe-
liai cells exposed to 25 dynesfem? of fluid shear stress for 24 hours (°p < 0.001), Note that the

secretion of P4l-1 is over one hundredfoid greater than that for tPA and ET-1.

of steady shear stress (22). Davies et al. (12) found that 1 Hz oscillations in
flow had no effect on fluid phase endocytosis, while step changes in flow every
15 minutes enhanced endocytosis. In our own studies, we have found that 1
Hz pulsatile shear stress had the same effect as equivalent mean levels of
steady shear stress on the secretion of tPA, PAI-1, and endothelin type 1.

GENE EXPRESSION

The time dynamics for changes in protein secretion to occur with endothelial
cells subjected to fluid shear forces are suggestive of changes in mRNA tran-
seript levels. A difficult limitation when studying gene expression in human
endothelial cells is the limited number of cells available for RNA isolation.
Research of changes in mRNA levels in cells subjected to shear stress has been
conducted in several laboratories. These studies have used direct Northern
blotting and coupled-reverse transcription/polymerase chain reaction (RT/

PCR) methods to evaluate mRNA levels.
In our own studies, we have used replicate HUVEC monolayers either

maintained in stationary culture or exposed to shear stress at 25 dynes/cm? in
individual flow systems. In each experiment, the quantity of total cellular RNA
isolated from stationary and shear-stressed HUVEC cultures was not signifi-
cantly different (average variation less than 10%). To study mRNA transeript
Jevels in limited numbers of primary human umbilical vein endothelial cells
without the use of serial passage or growth factor-stimulated expansion of cell
numbers in culture, we performed reverse transeription of mRNA followed by
a polymerase chain reaction (PCR) as previously described (14, 86).

We have found that the tPA mRNA level was elevated in endothelial cells
exposed to arterial shear stress for 24 hours (Fig. 4.6, upper left). In contrast,
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FIGURE 4.8. Messenger RNA levels {as indicated by amount of RT-PCR product) in cells main-

tained in stationary culture (Lanes A) or exposed to steady laminar fluid shear stress of 25

dynesicm? {Lanes B) for 24 hours, Expected PCR product sizes are indicated by arrow. The
GAPDH mRNA was coreverse transeribed and coamplified in each PCR reaction tube to serve

45 an int. i i i : o
detaﬂ:‘ ernal amplification control for tPA (left), bFGF (middle), and BT-1 (right). See text for

when the same Southern blots were stripped and reprobed for th d

hyr%e 3-phosphate dehydrogenase (GAPDH) arnpliﬁ?:atl’on produiflgg:r;l':;-
script level of GAPDH was constant and independent of shear stress {Fig. 4.6
loxxferl left). When this RNA from control and stressed monolayers was used n;
a similar coamplification experiment 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 basic fibroblast growth factor (bFGF) (Fig. 4.6
middle). Endothelin-1 mRNA levels were sharply reduced in the endotheli.all
cells e_xposed to 25 dynes/em® for 24 hours (Fig. 4.6, right). Again, no corre-
sponldmlgly gharp decrease was observed in signal sti‘engl:h for GAPDH prod-
uct, md@atmg the uniformity of the coamplification reactions for bFGF and
endothelin. The tPA mRNA level was found to be manyfold higher in cells ex-
posed to shear stress compared to stationary controls indicating that the flow
TGSPIOHSG for ET is opposite that of tPA.’

n studies of gene regulation in the first few hours after th i
flow, Hsieh et al. (37) found a transient enhancement of p?ailm:ls;;t—géri?sg
growth factor (PDGF) A and B chain mRNAs, which peaked at about 2 hours
exposure to shear stress of 16 dynes/em?, At 4 hours exposure, the mRNA I;vels
returned to resting levels. No measurements of PDGF homo and heterodimers
were condgcted, Using inhibitors of protein kinase C such as H7 and stauros-
porine, Hsieh et al, (38) found a strong inhibition of shear-enhanced PDGF A
a.nld B mBRNA levels, Inhibitors of protein kinase A, cyclooxygenase and G pro-
teins had only partial inhibitory action of shear-enhanced PDGF mRNA levels.
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In these studies, the GAPDH mRNA levels were not effected by shear expo-
sures.

In similar work to study the induction of PDGF mRNA transcription in
endothelial cells exposed to shear stress, Resnick et al. (73) have used tran-
sient expression of PDGF B promoter/CAT (chloramphenicol acetyltransfer-
ase) reporter gene constructs with various deletions in the promoter region. In
this study, they have identified a novel shear-stress responsive element (GA-
GACC) that is required for shear induction of the PDGF B promoter construct.
In these studies, no demonstration of changes in PDGF B production has been
conducted.

In a recent study of the effect of flow on transeriptional activators, Hsieh
et al. (39) have found that steady and pulsatile arterial shear siress can induce
c-fos mRNA to peak levels within 30 minutes, which then return to baseline
within 1 hour. The levels of ¢c-jun mRNA and c-myc mRNA were only moder-
ately enhanced under these conditions. The protein kinase C inhibitor H7 as
well as the intracellular calcium chelator Quin 2 blocked the induction of c-fos
mRNA by shear stress. Inhibition of cAMP- and ¢cGMP-dependent kinases with
HA1004 had no effect on c-fos induction by shear stress.

In our nwn work, we have used immunocytochemistry for c-fos protein and
quantitative fluorescence video microscopy to investigate the effect of fluid
shear stress on c-fos levels in human endothelial cells (71). The nuclear-local-
ized e-fos protein level was over five fold higher in the cells exposed to arterial
levels of shear stress as compared to the quiescent cells maintained in station-
ary culture (Fig. 4.7). In contrast, the cells exposed to low levels of shear stress
{4 dynes/em?) showed diffuse but slightly elevated levels of c-fos without pref-

A B c

FiouRE 4.7, Localization and immunofluorescence intensity of ¢-fos protein in human umbilical
vein endothelial cells maintained in stationary culture (A) or exposed to fluid shear stress of 4
(B) ar 25 dynes/em® (C) for 1 hour. The perfusion media was HEPES-buffered PBS with 1%
BSA, containing no extraceiluiar ATP. Two representative views of each monolayer are shown.
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erential nuclear localization, The protein kinase C inhibitor, H7 (10 pMJ, sig-
nificantly attenuated the induction of c-fos by 50% in cells exposed to arterial
shear stress for 1 hour. The marked translocation of newly synthesized c-fos
protein inte the nucleus suggested that the activity of cytoplasm retention fac-
tors and the DNA-binding affinity of the AP-1 complex changed in HUVEC
exposed to flow. !

ENDOTHELIAL CELL PHENOTYPES

Through expressed metabolites, the endothelium regulates activation and in-
hibition of blood coagulation, vasoconstriction and dilation, and smooth muscle
cell inhibition and proliferation. With respect to fibrinolysis, the endothelium
is the principal source of tPA found in the bloodstream. Production of tPA and
PAI-1 by endothelial cells is known to be enhanced by eytokines, Coordinated
induetion 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 the induction of PAI-1 alone by lipopolysaccha-
ride (LP8), transforming growth factor-p (TGFR), interleukin-1 (IL-1}, or tu-
mor necrosis factor-a (TNFa) (78, 79, 82, 84, 56, 19).

Cultured human endothelial cells secrete more tPA when exposed to arte-
rial levels of shear stress (> 15 dynes/cm?) while PAI-1 secretion remains un-
affected by shear stress over the physiological range. The PAI-1 gene is a very
sensitive indicator of cytokine activator of HUVEC (B4, 19), and the lack of
shear stress induction of PAI-1 would suggest that cytokines are not playing
an autocrinic role in the endothelial response to shear stress. This is consistent
with reports that fluid shear stress does not increase IL-1 or IL-8 mRNA or
IL-1 or IL-6 protein expression (59), The shear response is also distinct from
thrombin, basic fibroblast growth factor, or LPS stimulation of endothelial
cells, all of which increase PAI-1 secretion.

During acute exercise, mental stress, venous occlusion, and surgery, the
rapid release of tPA into the plasma, presumably by the endothelium, has been
well documented. The rapid time scale of these in vivo phenomena would argue
against a role for changes in protein synthesis. There exists only a single report
of rapid, induced release of stored tPA by cultured endothelial cells, which was
detectable by a sensitive activity assay (2). In cultured endothelial cells, the
majority of tPA synthesized is secreted, indicating that intracellular stores of
tPA are small and that an important regulator of tPA production is the level of
tPA mRNA. Stimulation of endothelial tPA secretion by agents such as buty-
rate has previously been shown to correlate with large increases in tPA mRNA
levels (46). In the case of the HUVEC response to shear stress, the large change
in tPA mRNA levels with only threefold enhancement of tPA secretion suggests
that an additional level of posttranscriptional regulation of tPA protein pro-
duction may be present,

In contrast to emhancement of tPA expression by arterial levels of shear
stress, expression of endothelin is suppressed by these exposures. The endo-
thelin-1 {ET-1) gene contains: 5 exons, a CAAT hox and TATAA box, three pu-
tative AP-1 sites, a putative NF-1 site, several putative acute phase regulatory
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elements, and several AUUA sequences in the 3' untranslated region that may
be involved in mRNA degradation (40). The ET mRNA is noted for its short
half life (80). Study of the endothelin gene in vitro is complicated by the fact
that changes in mRNA levels may not produce changes in protein secretion.
For example, the severalfold transient induction of the ET-1 mRNA by phorbol
ester, which peaks at 20 minutes, is followed by a sharp down regulation of thle
gene at 2 hours (90). The transient increase of ET-1 mRNA by phorbol ester is
not accompanied by enhancement in ET secretion (9, 58). Often, upon stimu-
lation of the endothelial cell by an agonist, ET expression is transiently in-
creased and then strongly down-regulated relative to basal levels. The poor
stability of ET mRNA likely has an important role in this down regulation,
gince ET mRNA levels have been shown to drop to very low levels after stim-
ulation by agents such as phorbol ester (30) and TNF-a {(57). In contrast, IL-l
caused up to a fivefold enhancement of ET-1 mRNA levels with a 1.6-fold in-
crease in ET-1 protein secretion without downregulation of the gene over 48
hours (92).

Under conditions of chronic exposure to high shear stress, the enhance-
ment of cAMP levels via a PGI, mediated adenylate cyclase activity (72) and
the possible enhancement of cGMP via EDRF (3, 50) couild alter endotpg]ial
phenotype under flow. It is known that elevated cAMP levels under conditions
of protein kinase C (PKC) activation lead to large induction of tPA with slight
reduction of PAIL-1 expression (55). Elevation of the intracellular cAMP level
alone using forskolin, ¢cAMP analogs, phosphodiesterase inhibitors (or combi-
nations of these agents) does not stimulate secretion of tPA by HUVEC but
rather slightly attenuates production over a 20-hour period (55). Interestingly,
phorbol ester causes a very large induction of tPA with only small effecés on
PAT-1 secretion (55) despite the presence of two activator protein 1 (AP-1) ele-
ments in the PAI-1 promoter, which are likely active in vivo (81). LPS, however,
is an important inducer of the PAI-1 gene both in vitro and in vive. In culture,
basal endothelial secretion of PAI-1 appears to be unusually high in relation
to the secretion level of tPA and the low concentration of PAI-1 found in
plasma. Both human umbilical vein and bovine aortic endothelial cells produce
gubstantial quantities of PAI-1, which accounts for about 1% to 10% of total
secreted protein.

There are several lines of evidence suggesting a possible role for PKC ac-
tivation in phenotypic changes in response to shear stress. Enhanlced _PG.{B pro-
duction may result from enhanced availability of arachidonic acid via the ac-
tivity phospholipase A, and/or phospholipase C (29, 22). Given the en.hancr-:\d
incorporation of arachidonic acid into phoesphoinositel and diac;_rlglycerol in
HUVEC exposed to shear stress (67), some activation of protein kinasze C may
occur. In endothelial cells exposed to flow, the enhanced generation of inositol
trisphosphate (IP;} should lead to increased levels of the PKC activator dia-
cylglycerol (66), Activation of protein kinase C is known to enhgnce th"A gene
expression (31) with little effect on PAI-1 production (55) while ultlm_ately
down-regulating ET secretion (90, 9). Stimulation of tPA production by diacyl-
glycerol analogs can be blocked by PKC inhibitors like sphingosine or H7 (31).
The inhibitors HT and straurospaurin have been shown to block shear en-
hancement of PDGF A and B mRNA after 2-hour shear exposures (38). In our
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own observations, we have seen H7 block shear stress-enhanced secretion of
tPA. However, H7 has many toxic and nonspecific effects (94) that prevent
mechanistic evaluations particularly with long term exposures to these agents.
PKC inhibitors cause significant disruption of the cytoskeleton, which in turn
alters cell morphology under conditions of flow.

It is known that PKC activation can lead to the induction of the proto-
oncogenes, c-fos and c-jun (7). One possible regulator of the tPA gene is the
c-fos/e-jun complex (AP-1). This complex is rapidly and transiently induced at
15 to 30 minutes after phorbol ester stimulation and returns to basal levels in
many cell types within a few hours. Stretching (5%—20% strain} of cultured rat
cardiac myocytes caused stimulated expression of e-fos within 15 minutes (45).
These workers found that the level of c-fos mRNA peaked at 30 minutes and
returned to undetectable levels at 240 minutes. These two proteins bind each
other and form a transcriptional activator, which can bind AP-1 promoter sites
[5"-TGAGTCAG-3'] of various genes (6, 47). The activation of PKC and concom-
itant induction of c-fos/c-jun may be a link between signal transduction events
in cells exposed to fluid flow and slower changes in genetic expression, which
oceur over several hours (Table 4.1). This scenario of PKE activation by shear
stress is consistent with most experimental observations; however, the role of
caleium in sheared endothelial cells remains unclear.

Many studies have shown that low shear stress zones in arteries (with
reversing flows) are more prone to develop atherosclerotic lesions, intimal hy-
perplasia, and enhanced thrombogenicity when compared to vascular regions
with unidirectional, high shear flow (for review, see ref. 27). Studies concerning
the role of hemodynamic forces in atherogenesis evoived from the recognition
that repeated endothelial cell injury may initiate plaque formation (74), It is
important to note that turbulent flow is not found under normal physiological
conditions, occurring only in some prosthetic valves and vessels with highly
diseased stenoses (28).

Examining human carotid bifurcations at autopsy, Zarins et al. (95) found
that early lesions were located in regions of flow separations, low shear stress,
and complex secondary flows. The outer wall of the carotid sinus (with sepa-
rating 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. Sakata and Takebayashi (76) also found that lesions were
localized to the outer wall of the carotid artery. In a similar study, Grottum
found lesions in the human left coronary artery bifurcation preferentially on
the outer wall where stresses were lowest (30}, In human cerebral arteries, the
incidence of arteriosclerotic lesions is also higher on the outer walls of the
daughter vessels (77). Work by Friedman et al. (25) with pulsatile flow in hu-
man aortic bifurcations demonstrated that intimal thickening was inversely
related to the magnitude of the shear stress. Vein grafts also experience inti-
mal hyperplasia associated with low or altered flow (17, 16, 64).

Using measurements from adult human angiograms, Ku et al. (48, 49) de-
veloped a scaled plexiglass bifurcation model of the carotid artery. With this
model bifurcation, Ku et al. correlated intimal thickening (in 12 autopsy spec-
imens) to the outer wall of the proximal internal carotid with low shear stress
‘mean shear stress = —0.5 dynes/cm?) and a high degree of flow reversal (in-
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stantaneous shear stress = — 7 to 4 dynes/em?). The inner walls of the inte_rnal
carotid (mean shear stress = 17 to 26 dymes/cm?; no flow revexjsal] ha_d little
intimal thickening. Regions of the vessels downstream of the bifurcation Ih:_a_d
unidirectional flow, high mean shear stress (14 to 45 dynes/em?), and no infi-
mal thickening. ‘

Flow-induced vasodilation is often a rapid response of vessels to chanlgmg
flow and does not represent changes in gene expression. Other obser‘vatmns,
however, have focused on vessel tone in relation to chronic changes in b_lood
flow. In a dog model, Dobrin et al. (17) showed that femoral vein grafts d_ﬂate
to maximum diameter within 4 weeks. Zarins et al. (96) found thlat arteriove-
nous fistulas between the right iliac artery and vein (with left iliac artery as
control) in cholesterol-fed cynomolgus monkeys had a tenfold greater blood
flow compared to the left artery. The two arteries, however, _had the same sl-lnear
stress (15 dynes/em?) due to a twofold increase in lumen diameter of the right
iliac artery from flow-induced vasodilation. Both v?ssela had equal amounts of
plaque formation after 6 months, indicating that 1:_1creaaed blood flow did not
enhance atherogenesis. Interestingly, a 70% reduction of blood flow can lead_ to
reduction of vessel diameter by 21% as measured in rabbits after 2 weeks with
ligated carotid arteries (52). Also, slight intimal thickening was also observed
in these rabbit carotid arteries after 2 weeks of reduced flow. .

The time scale of these responses is suggestive of phenotypic changes that
might occur in the vessel. A molecular mechanism tn_explain .thes.’e observa-
tions is suggested in part by shear control of endothelin secretion in cgltured
human endothelial cells exposed to arterial shear stress. In situations of
chronic high flow, endothelin expression may be suppressed allomng dJlator:y
mediators to prevail. In situations of chronic low flow, the endothelin gene is
not regulated and high expression of endothelin could lea\_d to vaaocons‘erlctwn‘
It may be possible that flow control of endothelin expression has a role in other
situations such as angiogenesis and vessel development {51_}. ]

Recently, Miller et al. (61) have reported that chronic increases in blood

flow (1049 ml/min) though canine femoral arteries with artemuvenoz.ls ﬁstj.llas
caused a sharp decrease of nearly 75% in the amount of endothlehn antigen
extractable from the vessel wall compared to sham operated arteries with flow
of 116 ml/min. This reduction of tissue content of ET by flow was seen on a per
weight basis and a per surface area basis. The endothelin content measure-
ment in the vessels did not differentiate endothelial or smooth muscle (_:ell pro-
duction of the vessels. In this model, it could be possible that chronic high ﬂ_ow
caused: (1) enhanced ET secretion with concomitant washout of the peptllde
from the vessel wall thus reducing net content, or conversely ( 2) suppression
of ET expression by the cells of the vessel wall. Since circulating levels of ET
are so low and ET-receptor binding so strong, the washout rate at _nom}al ar-
terial flows is limited by diffusional processes in the vessel wall. T.h.ls diffusion
rate would not be affected by flow unless the endothelial permeahhtyl ch_anggd
because of the high flow generated with the arteriovenous fistula. T_h.'ls in vive
observation, in conjunction with the observation of vessell constmctwnldurlmg
chronic low flow (52}, provides perhaps the first correlation hetwleen in vitro
studies of endothelin expression conducted with human endothelial cells and
animals models in dog and rabbit.
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Blood vessel walls exposed to high flow may have enhanced PGI, produc-
tion (28, 22) and enhanced fibrinelytic capacity (15, 14), thus increasing the
resistance of high shear zones to fibrin deposition on the vessel wall and plate-
let-depedent and platelet-independent smooth musele cell proliferation. Qur
finding that arterial levels of shear stress suppress endothelin production sug-
gests an additional mechanism whereby reductions in intimal thickening
might arise from direct local suppression of endothelial cell expression of the
smooth muscle cell mitogen, endothelin. Also, in unidirectional, steady arterial
flows, the enhanced production of tPA may lead to increased plasmin-mediated
conversion of latent TGFB to active TGFB (80) with subsequent attenuation of
bFGF actions, a presumably beneficial effect.

Attenuated tPA production in low shear stress regions and subsequently
reduced fibrinolysis at the endothelial surface may contribute to atheroscle-
rotic plaque development {10). The strongest link between predisposition to
atherosclerosis and reduced fibrinolysis is that high serum levels of lipoprotein
{a) [LP(a)] are a risk factor for atherosclerosis (11). LP(a) may interfere with
plasminogen activation on the endothelial cell surface, thus hindering the fi-
brinolytic pathway (80, 33). Fibrin causes disorganization of endothelial mono-
layers (83). Fragment D inereases endothelial permeability to albumin; fibri-
nopeptide B has been shown to be chemotatic for macrophages in early lesions
{88). Deficient fibrinolysis may lead to fibrin deposition and enhanced fibrin
incorporation into developing atherosclerotic lesions. In zones of high shear
stress in the cardiovasculature, enhanced expression of tPA may protect the
vessel wall from shear-induced platelet aggregation (63) with thrombin gen-
eration and subsequent fibrin deposition.

It has heen reported that steady laminar shear stress caused a transient
increase in PDGF A and PDGF B chain mRNA, which peaked at 2 hours and
returned to baseline levels by 4 hours (37, 38, 73). Nothing is known about
PDGF protein secretion by endothelial cells maintained in a flow regime, A
study of reendothelized PTFE grafts in baboons suggests, however, that high
flow for 3 months is inversely correlated with wall thickness and intimal hy-
perplasia (43). When a high shear flow was abruptly decreased to a low shear
flow, rapid neointimal thickening occurred, These researchers found that the
SMC number was increased in grafts exposed to low flow while the fraction of
matrix of the intima was unchanged, and implicated PDGF-AA in the vessel
wall to mediate the phenomena. Conversely, in vein grafts subjected to chronic
high flow of the arterial system, thickening does occur over time (97). In these
situations, as distinet from PTFE grafis, distension of the vessel wall may also
contribute to the response of the vessel. These in vivo studies suggest that
hemodymamic shear stress induction of the PDGF A and B gene may not al-
ways be a straightforward conclusion.

Transient flows such as pulsatile, reversing flows, or pulsatile flow past a
stenosis could possibly provide the continual stimulus for elevated PDGF
mRNA levels. Although HUVEC express mRNA for PDGF-A chain and PDGF-
B chain and synthesize a PDGF-like protein, PDGF has little autocrine activ-
ity, since normal endothelial cells lack the PDGF receptor. The finding that
cultured endothelial cells respond to the onset of fluid shear stress with en-
hancement of PDGF mRNA may reflect more about the step change in flow



80 BIOPHYSICAL AND BIOCHEMICAL ASPECTS GENE REGULATION IN ENDOTHELIAL CELLS a1

tivator From Cultured Human Umbilical Vein Endothelial Cells. Sem. Thromb. Hemost.

14: 175-182, 1988,

BouLanger, C., and T. F. LuscHER. Release of Endothelin from the Porcine Aorta: Inhibi-

tion by Endothelium-derived Nitrie Oxide. J. Clin. Invest, 85: 587-590, 1990,

Brown, K. D, and C. J. LirtLEwooD. Endothelin Stimulates DNA Synthesis in Swiss 3T3

Ceils: Synergy with Polypeptide Growth Factors. Biochem. J. 263: 9T7-980, 1985,

. Carosy, J. A, 8. G, EskIN, and L. V. McINTiRE. Cyclical Strain Effects on Production of
Vasoactive Materials in Cultured Endothelial Cells. J. Ceil, Physiol. 151: 20-36, 1982,

. CHy, R, W. J. Bovig, J. Meex, T. 8mEaL, T. HUNTER, and M. KaRIN. The c-Foz Protein
Interacts with e-Jun/AP-1 to Stimulate Transcription of AP-1 Responsive Genes, Cell 54:
541-562, 1988,

Over the last decade, many studies at the cellular and molecular level have - Criy, R., M. IMacawa, R. J. ImBR4, J. R, BOCKOVEN, and M. KaRIN, Multiple Cis- and Trans-

Acting Elements Mediate the Transcriptional Response to Phorbol Esters. Nature 329:

helped to characterize endothelial response to the drag forces generated Ey | 648651, 1987

flowing blood. It is likely that several intracellular signals fechp 1o pmduceﬁee | CLoWES, A. W., M. M. CLoWES, J. FinGERLE, and M. A. Retpy. Kinetics of Cellular Prolifer-
wide variety of mechanically-induced changes in gene expression seen when [ ation After Arterial Injury: Role of Acute Distension in the Induction of Smooth Muscle
endothelial cells are subjected to flow. Some similarities exist between the re- | Proliferation. Lab Invest, 60: 360-364, 1989,

. i . Curozer, M., and W. Frscuur, Human Cultured Endathelial Cells Do Secrete Endothelin-1.
hing forces due to vessel dis- , M, w
sponse to shear stress and the response to stretchi J. Cardiovasc. Pharmacol. 13: 3226231, 1989.
tension. For example, both stretching and shearing forces cause enhanced ! 10. CoiLe, D., and L JusaN-Vacug. Fibrinolysis and Atherosclerosis, Sem. Thromb, Hemost.
prostacyclin (PGI,) production in cultured endothelial cells (29, 22, 5). How- 14: 180~184, 1988,

7 iy ; hysical 11. DaHLEW, G. H., ET aL. Association of Levels of Lipoprotein Lp(a), Plasma Lipids, and Other
ever, important distinctions can be made regarding the nature of phy Lipoproteins with Coronary Artery Disease Documented by Angiography. Cire, 74: 768

and less about the magnitude of shear stress exposure. The \x‘rork of Kohler et
al. (43) with reendothelialized PTFE grafts indicates t_hat high flow gedulces
intimal hyperplasia, which is the opposite of that predicted fmm the.m vitro
models (37, 38, 72). This finding would indicate that the evaluation of ch@mc
low and high flow states on vessel wall biclogy may not be accurately prledlcted
by studies of the transient response of PDGF mRNA levels in endothgha.l cells
exposed to the onset of fluid flow. It is unlikely that such a potent mitogen as
PDGF would be used by the vessel as a mediator of vasodilation.

O

=1

-3

=

-3

forces in substrate-stretching models (1%-10% strain) and fluid shear systems 7685, 1986,

(-t drnckont, Vop lioe i) magines o Wi iflons i i A B il o Mo Do a1 S B e M 4, G Jn
z‘:ﬁiﬂf tﬁggﬁizacan and :nhanced endothelin production (5), ﬂuid. shear 13. %)]ﬁz\j;k},l‘?:’, 109.8;‘." 5. R. BussoLaml, M. A. GIMBRONE, J&., and P. F. Davies. The Dynamic
stress has little effect on intracellular calcium and suppresses endothelin pro- Response of Vascular Endothelial Cells to Fluid Shear Stress. J. Biomech, Eng. 103: 177—
duction (86). As molecular and biophysical approaches are applied to explore 14, lljauff.téiil.‘s. L., . B, SHAREFKIN, C. W. DigrFenBacH, K. F. Frasier-Scorr, L. V. MeINTiRE,

endothelial responses to physical forces, the data will hopefully converge to

de f tal 1 h t b d; ;- d. lasm nogen Activator Mesaenger RNA Leveils Increase Cul-
2 and 3. G. Eskin. Tissue P i A
proviae undamenta lIlElghtB. These nsignts must bridage iun uiiro models, an: n Lu

tured Human Endothelial Cells Exposed to Laminar Shear Stress. J. Cell, Physiol. 143;

iy § & ih- 364—371, 1990,
imal studies, and clinical obsewalmons.l In time, tl}e Hee E.,f gens t,herapy,d?ntlhf 15. Dramenn, 8, L., 8. G. EsKIN, and L. V. McINTIRE, Fluid Flow Stimulates Tissue Plasminogen
yperplasia agents, or surgery will gain from this detailed understanding o Activator Secretion by Cultured Human Endothelial Cells. Science 243: 1483-1485, 1989,
vascular disease processes that are known to be localized by hemodynamics. 16. Doerm, P, F. LITT00Y, and E. ENDEAN, Mechanical Factors Predisposing to Intimal Hyper-
) local tion rates of gene products from transfected plasia and Medial Thickening in Autogenous Vein Grafts. Surgery 105: 393400, 1‘939, 3
In fact, predicting the local secretion g P 17. DoBriy, P, F, LITTo0Y, J. GOLAN, B. BLAKEMAN, and J. Fareen. Mechanical and Histologie

endothelial cells will require a knowledge of how the local blood flow modulates
gene expression in these cells.

Changes in Canine Vein Grafts. J. Surg. Res. 44: 255-265, 1988,

18. DuLi, R. 0., and P. F. Davies. Flow Modulation of Agonist (ATP)-response (Ca2") Coupling
in Vascular Endothelial Cells. Am. J. Physiol. 261 (Heart Cire. Physiol, 30); H149-H154,
1881,

19. EMEIs, J. J, and T, KooistRa. Interleukin 1 and Lipopolysacrcaride Induce an Inkibitor of
Tissue-type Plasminogen Activator In Vivo and in Cultured Endothelial Ceils, J. Exzp. Med.
163: 1260-1266, 1986,

20. Eskin, 8. G, C. L, Ives, L. V. McINTIRE, and L. T. Navasro, Response of Cultured Endothe-

ACKNOWLEDGMENTS ) lial Cells to Steady Flow, Microvase. Res. 28: 87-94, 1954,
The authors would like to thank the many clinicians, scientists, and engineers 1. FLz[sc?AKEn, R..J., and AEJ . SiNskEY. Oxygen Demand and Supply in Cell Culture. Europ,
i B : . - J. Appl. Microbiol, Bivtech. 12: 193-197, 1981,
who have made significant contributions to this research. I.n partj,cu._lar,.the 22. FraNGOS, J. A, 8. G. EsN, L. V. McINTIRE, and €. L. Ives. Flow Effects on Prostacyelin
authors wish to acknowledge the generous help and outstanding contributions Production by Culture Human Endothelial Cells. Seience 227: 1477-1479, 1985.
i . Sharefkin. 23, Frawngos, J. &, L. V. McINTIRE, and S, G. Eskiv. Shear Stress Induced Stimulation of Mam-
of Drs. Suzanne G. Eskin and John B malian Cell Metabolism, Biotech. Biceng. 32: 10531060, 1988,
24. FRANKE, R. P., M. Grare, H. SCHNITTLER, D. SEIFFGE, C. MITTERMAYER, and 0. DRENCKHAHN,
Induction of Human Vascular Endothelial Stress Fibres by Fluid Shear Stress, Nature 307:
648650, 1984,
REFERENCES 25, FRIEDMAN, M. H., G. M., HutcHing, and C. B, Barceron, Correlation Between Intimal

Thickness and Fluid Shear in Human Arteries. Atherasclerosis 39: 425-436, 1981,

= 26, GEIGER, R. V., B. C. BERg, R. W. ALERANDER, and R. M. NERgM, Flow-Induced Caleium Tran-

1. Avpo, ., T. KoMaTsupa, and A, Kamrva. Cytoplasmic Caleium Response to Fluid Shear sients in Single Endathelial Cells; Spatial and Temporal Analysis. Am, J. Physiol. 262 {Ceil
" Stress in Cultured Vascular Endachelial Calls. In Vitra Cell & Dev, Bial. 24: 871-877, 1988, Physial. 313 C1411-1417, 1992, )

2 Eoovns' F. M., R. Bruck, 8, H, GianTurco, and W. A, BranLEY. Normal But Mot Hypergly- 27. Gragov, 8, C. Zarive, D, P. GIDpENS, and D. N, Ku. Hemedynamics and Atherosclerosis,

ceridemic Very Low-Density Lipoprotein Induces Rapid Release of Tissue Plasminogen Ac-

Arch, Pathol. Lab, Med, 112; 1018-1031, 1988,



a2

28,
29.

30,
3L

az2.

33,

34.

35,
36,

3

38,

39,
40,
41
42
43.

44,

45.

46,

47,
48.
49,

50,

51.

=

BIOPHYSICAL AND BIOCHEMICAL ASPECTS

GoLosmitd, H. L., and V. T. TURRITO. Rheological Aspects of Thrombosis and Heaemostasis:
Basic Principles and Applications. Thromb. Haem. 35: 415-435, 1986,

GRABOWSKL, E. F, E. A. Jarrg, and B. B. WEKsLER. Prostacyclin Produetion by Cultured
Endotheliai Cell Monolayers Exposed to Step Increases in Shear Stress. J. Lab. Clin. Med.
105: 36-43, 1985,

GROTTUM, P, A. SVINDLAND, and L. WaLLO, Localization of Atherosclerotic Lesions in the
Bifurcation of the Main Left Coronary Artery. Atherosclerosis 4T: 55-62, 1983,
GruLicH-HENN, J., C. ScHUBRING, and . MULLER-BERGHAUS. Role of Protein Kinase C in
the Regulation of Tissue-Type Plasminogen Activator Production by Human Umbilical
Vein Endothelial Cells, 5th Intl, Symposium on the Biology of the Vascular Endothelial
Ceil {Tarento, Ont.), Abst, P-II-5, July 1988,

GUPTE, A., and J. A, Frarvaos, Effects of Flow on the Synthesie and Release of Fibronectin
by Endothelial Celle. In Vitro Cell. Dev. Biol, 26: 5760, 1990,

HaJoar, K. A., D. Gaviss, J. L. BresLow, and R, L. NacuMan. Lipoprotein{a) Modulation of
Endothelial Cell Surface Fibrinolysis and its Potential Role in Atherosclerosis, Nature 338:
303305, 1988,

Hanss, M., and D, CoLLEN, Secretion of Tissue-type Plasminogen Activator and Plasmin-
ogen Activator Inhibitor by Cultured Human Endothelial Cells: Modulation by Thrombin,
Endotoxin, and Histamine. J, Lad, Clin. Med. 109: 97-104, 1987,

Hirata, Y., Y. Takact, Y. FUKUDA, and F. Marumo, Endathelin [s a Potent Mitogen for Rat
Vascular Smooth Musele Cells. Atheroselerosis 78: 225-228, 1988,

Hovrz, J., U. FORSTERMaNN, U. PoHL, M. GIESLER, and E. Bassence. Flow-Dependent, En-
dothelium-Mediated Dilation of Epicardial Coronary Arteries in Conscious Dogs: Effects
of Cylooxygenase Inhibition. J. Cardiovasc. Pharm. 6: 1161-1169, 1984,

Hsies, H. J., N. @. LI, and J. A. Francos, Shear Stress [ncreases Endothelial Platelet-
Derived Growth Factor mRNA Levels. Am, J. Physiol. 260 (Heart Cire. Physiol, 291 Hi42-
646, 1991

Hsign, H. J., N. Q. L1, and J. A, Francos. Shear-Induced Platelet-Derived Growth Factor
Gene Expression in Human Endothelial Cells is Mediated by Protein Kinase C. J. Ceil.
Physiol, 150: 552-558, 1992,

Hsien, H, J., N. Q. Li, and J. A. Francos. Pulsatile and Steady Flow Induces c-fos Expres-
sion in Human Endothelial Cells, J. Cell. Physiol, 154: 143-151, 1993,

INOUE, 4., M. YanaGisawa, ¥, Takuwa, Y. MiTsur, M. KoBavasal, and T. Masaxr. The Human
Preproendothelin-1 Gene. J. Biol. Chem, 264; 14954-14959, 1989,

Ives, C. L., 8. G. Eskin, and L. V. McINTiRE. Mechanical Effects on Endotheliai Cell Mor-
phology. In Vitra Cell. Dev. Biol, 22: 500-507, 1986,

Koeavasui, T, and K. J, LAIDLER. Theory of the Kinetics of Reactions Catalyzed by En-
zymes Attached to the Interior Surfaces of Tubes. Bintech. Biveng. 16: 09-118, 1874,
Kouier, T. R., T. RB. KiRkmaw, L. W, Krass, B. K. ZiERLER, and A. W. CLOWES. [ncreased
Blood Flow Inhibits Neointimal Hyperplasia in Endothelialized Vaseular Grafts. Circ. Res.
69 155765, 1991,

Komuro, [, H. KUriARs, T. Suarvama, F. TAKAKU, and Y. Yazakl. Endothelin Stimulates
o-fos and e-mye Expression and Proliferation of Vaseular Smooth Muscle Cells, FEBS Lett.
938: 245-253, 1948,

Komuro, 1, T. Kaina, ¥, SaBazaxi, M. KUragavasur, Y. Karod, E. How, F. Taxaky, and
Y. YazaK, Stretching Cardiac Myocytes Stimulates Protooncogene Expression. J. Biol
Chem. 265: 3585-3861, 18590,

KooisTaa, T, J. van DEN BERG, A. Tons, G, PLaTENBURG, D. C. RIJKEN, and E. vaN DEN BERG.
Butyrate Stimulates Tissue-type Plasminogen-Activator 3ynthesis in Cuitured Human
Endothelial Cells. Biochem. J. 247; 606-612, 1987.

Kouzarmngs, T., and E. ZiFs. Leucine Zippers of Fos, Jun, and GCN4 Dictate Dimerization
Specificity and Thereby Contral DNA Binding. Nature 340: 568-571, 1983,

Ku, D. N., and D, P, GinpEys. Pulsatile flow in a Model Carotid Bifurcation. Arteriosclerosis
3: 31-39, 1983,

Ku, D. N., D. P Giopens, C. K. Zarins, and 8, GLacov. Pulsatile Flow and Atheroselerosis
in the Human Carotid Bifurcation: Positive Correlation Between Flaque Loeation and Low
and Oscillating Shear Stress. Arteriosclerosis 5: 283-302, 1985,

KucHas, M. J., and J. & FrRancos. Shear Stress Reglates Endothelin-1 Release via Protein
Kinase C and ¢GMP in Cultured Endathelial Cells. Am. J. Physiol, 264 (Heart Cire, Phys-
iol. 33): H150-H156, 1993.

LABARBERs, M. Principles of Design of Fluid Transpert Systems in Zoology. Science 243
992-1000, 1590,

GENE REGULATION IN ENDOTHELIAL CELLS 33

52,
53,
54,

ad,

36,
57.

38.

59.
60,

61.

62.

63,

64,

LangiLLg, B, L., and F. O’'DonNNELL. Reductions in Arterial Diameter Produced by Chronic
Decreases in Blood Flow Are Endothelium-Depedent. Science 231: 405407, 1986,
Lansman, J. B, T. J. HaLram, and T. J. RINK. Single Stretch-Activated lon Channels in
Vascular Endothelial Ceils as Mechanotransducers? Nature 325: 811-813, 1987,
LEvESQUE, M. J., and R. M. NEREM. The Elongation and Orientation of Cultured Endothe-
lial Cells in Response to Shear Stress. J. Biomech, £ng. 107: 341-347, 1985,

LeviN, E. G., and L. SaNTELL. Cyclic AMP Potentiates Phorbol Ester Stimulation of Tissue
Plasminogen Activator Release and Inhibits Secretion of Plasminogen Activator Inhibitor-
1 from Human Endothelial Cells. J/. Bial. Chem. 263: 16802, 1988.

Levin, E. G., and L. S8anTELL, Stimulation and Desensitization of Tissue Plasminogen Ac-
tivator Release from Human Endothelial Ceils. J. Biol. Chem. 263: 3360-9365, 1988,
MarsSDEN, P. A, and B. M, BRENNER. Transcriptional Regulation of the Endothelin-1 Gene
by TNF-2. Am. J. Physiol. 262: C854-861, 1992,

Marspen, P A, D. M. Dorrman, T. Coutivs, B, M. BrResweR, 5. H. ORkiN, and B, J.
BaLLERMANN, Regulated Expression of Endothelin 1 in Glomerular Capillary Endothelial
Cells Am. J. Physiol, 261 iRenal Fluid Electrolyte Physiol. 30): F117-125, 1991,

MassoP, D. M. The Influence of Wall Shear Stress on Endothelial Ceil Secretion of Inter-
leukins. 23rd Ann. Lofland Conference (San Antonio, 1990).

MiLEs, L. A, ET al. A Potential Basis for the Thrombotic Risks Associated with Lipopro-
tein(a), Nature 339; 301-303, 1989,

MiLLER, V. M., and J. C. BURNETT, Jr. Moduiation of NO and Endothelin by Chronic In-
creases in Blood Flow in Canine Femoral Arteries. Am. J. Physiol, 263 (Heart Circ. Physiol.
32): H103-108, 1992,

Mo, M., 5. 3. Esxin, and W. P. Sca1LLING. Flow-Induced Changes in Caleium Signaling of
Vascular Endothelial Cells: Effect of Shear Stress and ATP. Am. J. Physiol. 260 (Heart Cire.
Phystol.): H1698-1707, 1991,

Moakg, J. L., N. A. TURKER, N. A, STATHOPOULDS, L. Nouasco, and J. D, HELLuMS. Shear-
Induced Platelet Aggregation Can be Mediated by vWF Released from Platelets, as weil as
by Exogenous Large or Unusually Large vWF Muitimers, Requires Adenosine Diphos-
phate, and is Resistant to Aspirin. Blood 71: 1366-1374, 1988,

Morivaca, K., H, EcucHl, T. Mrvazakl, K. OxaposE, and K. SucmacH), Development and
Regression of Intimal Thickening of Arterially Transplanted Autologous Vein Graft in
Dogs. . Vase. Surg. 5: 719-730, 1987.

. NEreM, R M., M. J. LEVESQUE, and J. F, CornHILL. Vazcular Endothelial Morphology as an

Indieator of the Pattern of Blood Flow. J. Biomech, Eng. 103: 172-176, 1981,

. NoLLErT, M. U., 5. G. EziN, and L. V. McINTIRE. Shear Stress Increases Inositol Trisphos-

phate Levels in Human Endothelial Cells, Biockem. Biophys. Res. Comm. 170: 281-287,
1990,

. NoLrerT, M. U, E, R, HarL, 8. G, Eswin, and L. V. McINTIRE. The Effect of Shear Stress on

the Uptake and Metabolism of Arachidonic Acid by Human Endothelial Cells, Biochim.
Biophys. Acta, 1005; 72-T78, 1989,

. NovLerT, M, U., 8, L. DiaMonD, and L, V. McINTiRE. Hydrodynamic Shear Stress and Mass

Transpart Modulation of Endothelial Cell Metabolism. Biotech. Bicengr. 38: 588602, 1991,

. OuEseEN, 8. P, D. E. CLaPHAM, and P. F. Davies. Haemodynamic Shear Stress Activates a

K+ Current in Vascular Endothelial Cells, Nature 331; 168-170, 1988,

. Poww, U, J. HoLte, R. Bussg, and E, Bassence, Crucial Role of Endothelium in the Vaso-

dilator Response ta Increased Flow In Vive. Hypertension 8: 37—44, 1986.

. Ranaaw, V., and 8. Diamonp. Fluid Shear Stress Induces Synthesis and Nuclear Localiza-

tion of ¢-fos in Cultured Human Endothelial Cells, Biocherm, Biophys. Res. Comm. 196: 79—
84, 1993.

. REcu, K. M., C. V. Gay, and J. A, Frawoos. Fluid Shear Stress as a Mediator of Ostecbiast

Cyelic Adenosine Monophosphate Production. J. Cell. Physiol. 143: 100-104, 1980,

. Reswick, N, T. CoLLing, W, Arxinson, D, T, BontHron, C. F. DEWEY, and M. A, GIMBRONE.

Platelat-derived Growth Factor B Chain Promoter Contains a Cis-acting Fluid Shear
Stress-responsive Element. Proc. Natl dcad. Sci. USA 90: 45914595, 1993,

. Ross, R, and J. A, GLomser. The Pathogenesis of Atherosclerosis. New Engl. J. Med. 295:

pt. 1, 369377, pt. 2, 420-426, 1976,

. Rumawvi, G. M., J. C. RoMERD, and P. M. VaNHOUTTE. Flow-Induced Release of Endothe-

lieum-Derived Relaxing Factor. Am. J. Physiol. 260 (Hear? Circ. Physiol. 19): H1145~
H11489, 1986.

. SaKaTa, N, and 3. Tax=pavasdl. Localization of Atheroscleratic Lesions in the Curving

Sites of Human Internal Carotid Arteries. Biorheology 25; S67-578, 1988,



84

77
78.

T9.

0.

al.

82,

83.

84.

45,

86,

a7.

8.
89,
90,

91.

9

=]

33,

84,
986,

8.

BIOPHYSICAL AND BIOCHEMICAL ASPECTS

Saxata, N., T. JosHiTa, and G, DoMEDA, Topographical Study on Arteriosclerotic Lesions at
the Bifurcations of Human Cerebral Arteries. Heart and Vessels, 1: 70-73, 1985.

SAKATA, Y., 3. CURRIDEN, D. LAWRENCE, J. H. GRIFFIN, and D. J. LOSKUTOFF. Activated Pro-
tein C Stimulates the Fibrinolytic Activity of Cultured Endothelial Cells and Decreases
Antiactivator Activity. Proe, Natl. Acad. Sci, USA 82: 1121-1125, 1885.

SAKSELA, 0., D. MoscateLLs, and D. B. RiFkiN. The Opposing Effect of Basic Fibrablast
Growth Factor and Transforming Growth Factor Beta on the Regulation of Plasminogen
Activator Activity in Capillary Endothelial Cells, J. Cell Biol. 105: 957-963, 1987.

8aT0, ¥, and D. B. Rirxin, Inhibition of Endothelial Cell Mavement by Perieytes and
Smooth Muscle Cells: Activation of a Latent Transforming Growth Factor-g1-like Molecule
by Plasmin in Co-culture. J. Cell. Biol. 109: 308-315, 1989,

SawpeY, M. 8., and D. J. LoskuTorr. Regulation of Murine Type 1 Plasminogen Activator
Inhibitor Gene Expression In Vivo. Tissue Specificity and Induction by Lipopolysaccharide,
Tumor Necrosis Factor-a, and Transforming Growth Factor-p. J. Clin. Invest, 88: 1346—
1353, 1891,

SawpeY, M., T. J. PoDoR, and D. J. LoskUToFF. Regulation of Type 1 Plasminogen Activator
Inhibiter Gene Expression in Cultured Bovine Aortic Endothelial Cells. J. Biol. Chem. 264:
10396-10401, 1989,

ScHLEEF, R. R, and C. R. BIRDWELL. Biochemical Changes in Endothelial Cell Monolayers
Induced by Fibrin Deposition [n Vitro. Arteriosclerosts 2: 14-20, 1984,

ScHLEEF, R. R., M, P. BEVILACQUA, M. SawDEY, M. A. GiMBRONE, JR., and D. J. LOSKUTOFF,
Cytokine Activation of Vascular Endothelium: Effects on Tissue-type Plasminogen Acti-
vator and Type | Plasminogen Activator Inhibitor. J. Biol. Chem. 263: 5797-5803, 1988,
Jcrwarcz, T. H, P. B. Dosriv, R. MRKVICKA, L. SKOWRON, and M. B. CoLE. Early Myointi-
mal Hyperplasia After Balloon Catheter Embolectomy: Effect of Shear Forces and Muitiple
Withdrawals. J. Vase. Surgery T: 495—499, 1988,

SHAREFKIN, J. B., 8. L. Diamonp, 3. G. Eskiy, C. W. DIgrFENBAcH, and L. V. MelnTIRE. Fluid
Flow Decreases Endothelin mRNA Levels and Suppresses Endothelin Peptide Release in
Cultured Human Endothelium Cells. J. Vase. Surg. 14: 1-9, 1981.

Suen, J., F. W. Luscinskas, A ConnoLwy, C. F. DEWEY, Jr., and M. A. GIMBRONE, Jr, Fluid
shear stress modulates cytosolic free caleium in vascular endothelial cells, Am. J. Physiol,
262 (Cell Physiol. 31): C384-380, 1982,

SiveH, T. M., M. H. Kapowakt, 3. Gragov, and C. K. Zarms. Role of Fibrinopeptide B in
Farly Atherosclerntic Lesion Formation. Amer. J, Surg. 160: 156-163, 1580,

WHITE, G. E., M, A. GIMBRONE, JR., and K. Fuyiwara. Factors Influencing the Expression of
Stress Fibers in Vascular Endothelial Cells In Situ. J. Ceil Biol. 97: 416-424, 1983.
YaKAGISAWA, M., A. INOUE, Y. Taruwa, Y. Mrrsul, M. Koeavashl, and T. MASAKL The Human
Preproendothelin-1 Gene: Possible Regulation By Endothelial Fhosphoinositide Turnover
Signaling, /. Cardiovasc. Pharmacol. 13: 813-17, 1389,

YaNAGISAWA, M., H. KuRiHARA, 5. KiMURA, Y. ToMOBE, M. Kosavagnl, Y. MiTsul, Y. Yazaxi,
K. GoTo, and T. Masakl. A Novel Potent Vasoconstrictor Peptide Produced by Vascular
Endothelial Cells. Noture 332: 411-415, 1988,

. YosHizumi, M., £T v, Interleukin 1 Increases the Production of Endothelin-1 by Cultured

Endothelial Cells, Biochem. Biophys. Res. Comm. 166: 324328, 1990.

Yosmzum, M., H Kumiass, T, Sucivama, F. TAKARD, M. Yanacisawa, T. Masakl, and
Y. Yazaki, Hemodynamic Shear Stress Stimulates Endothelin Production by Cultured
Endothelial Cells. Biochem. Biophys. Res. Comm, 161: 355864, 1989,

Yu, J. C. M., and A. 1. GoTLies, Disruption of Endothelial Aetin Microfilaments by Protein
Kinase C Inhibitors. Mierovase. Res, 43: 100-111, 1892,

ZARINS, C. K., D.P, GIopENs, B, K. BHARavAS, V. 8. SoTTivRal, R. F. Mason, and 8. Gragov,
Carotid Bifurcation Atherosclerosis: Quantitative Correlation of Plaque Localization with
Flow Velocity Profiles and Wall Shear Stress. Circ, Res. 53: 502-512, 1983,

Zamms, C. K., M. A, ZaTiNa, D. P, Giooens, D N, Ku, and 8. GLacov. Shear Stress Regu-
lation of Artery Lumen Diameter in Experimental Atherogenesis. J. Vese. Surg. 5: 413-
420, 1987,

. ZWOLAK, R. M., M. C. Apams, and A, W. CLowgs, Kinetics of Vein Graft Hyperplasia: Asso-

ciation with Tangential Stress. J. Vasc. Surg. 5: 126-136, 1987,

5

Flow Effects on Endothelial Cell Signal
Transduction, Function, and Mediator Release

FRANCOIS BERTHIAUME AND JOHN A. FRANGOS

The circulation in animals has evolved to reduce the diffusional distance be-
tween Fhe nutrient supply and the cells constituting the organism. Depending
on el_'lwrorunental changes and the activity performed by the animal, the met-
‘ahohc demand by the different tissues can vary significantly. For a long time
it was generally accepted that there were two different control mechanisms f01:
controlling blood flow within the circulation in animals: a systemic control by
the central nervous system via the sympathetic neuronal network and by hor-
mones from the adrenal gland, and a local control mediated by the metabolism
of the organs. The role of flow as a potential factor for local regulation of vas-
cu}ar function has been recognized more recently. There is now considerable
evidence that the size of blood vessels and vascular tone are dependent on the
local level of wall shear stress in the vasculature, and that endothelial cells
me_diate the response of vessels to changes in flow conditions (74, 89, 98, 91
125, 149, 150, 173, 183). In other words, endothelial cells, which are in di,rect’
contact with the flowing blood, act as flow sensors and generate signals to
trigger the appropriate response by the vessels. Given the large amount of data
showmg that various agonists stimulate endothelial cells to secrete various
vagoactive and mitogenic substances (for review, see [57]), it appears likely
that flow-induced effects on vessel size and tone, which are generally effected
by the underlying smooth muscle cells, may also be mediated by substances
released by the endothelium.

In this chapter, we summarize the results of various investigators that
have‘ reported the effects of flow on endothelial cell mediator production. Most
of th1§ work has been performed with cultured endothelial cells from a variety
of ar?unal sources. In the first sections, the effect of flow on each mediator
studied is analyzed; the emphasis is placed on the biochemical pathways in-
volved in these responses. A section on the effect of flow on second messe;lgers
has been included where the early events in flow signal transduction are dis-
cussed. Finally, we conclude by summarizing this information in the context
of the role of these mediators in the control of vascular tone, diameter, and
peérmeability, ’
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