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We have investigated the signaling pathways by
hich shear stress induces accumulation of endothe-

ial nitric oxide synthase (eNOS) mRNA in bovine aor-
ic endothelial cells (BAEC). Steady laminar fluid
hear stress (20 dyn/cm2) induced a time-dependent
ncrease in eNOS mRNA levels that did not require de
ovo protein synthesis and was in part transcrip-
ional. Shear responsiveness was conferred on a lucif-
rase reporter by a portion of the eNOS gene promoter
ncoding the 5*-flanking region between nt 21600 and
779. Shear-mediated induction of eNOS mRNA was
bolished by chelation of intracellular calcium
[Ca21]i) with BAPTA-AM, and inhibited by blockade of
alcium entry with SKF96535. In contrast, eNOS
RNA upregulation by shear was potentiated by

hapsigargin-mediated depletion of Ca21
i stores. Per-

ussis toxin (PTX) inhibited both the shear-induced
levation in [Ca21]i and the subsequent increase in
NOS mRNA, implicating a PTX-sensitive G-protein in
oth responses. Shear-induced upregulation of eNOS
RNA was unaffected by the calmodulin inhibitor W-7

nd by the tyrosine kinase inhibitor herbimycin A,
uggesting that neither calmodulin nor tyrosine ki-
ases are required. However, eNOS mRNA upregula-
ion was potentiated by the PI 3-kinase inhibitors
ortmannin and LY294002, suggesting that PI

-kinase inhibits the shear response. Although micro-
ubule integrity is required for the shear-induced reg-
lation of endothelin-1 mRNA and the morphological
nd cytoskeletal responses to flow, neither microtu-
ule dissolution with nocodazole nor microtubule sta-
ilization with taxol altered shear-induced [Ca21]i ele-
ation or upregulation of eNOS mRNA. In conclusion,

Abbreviations used: BAEC, bovine aortic endothelial cells;
APTA-AM, bis-(o-aminophenoxy)-ethane-N,N,N9,N9-tetraacetic acid,

etra(acetoxymethyl)-ester; CHX, cycloheximide; LY249002, 2-(4-
orpholinyl)-8-phenyl-4H-1-benzopyran-4-one; PI 3-kinase, phos-

hatidylinositol 3-kinase; TK, tyrosine kinase.
231
ate and upregulates eNOS mRNA levels by a process
hat requires calmodulin-independent [Ca21]i signal-
ng and a PTX-sensitive G-protein, is inhibited by PI
-kinase, and is independent of microtubule integrity
nd tyrosine kinase activity. © 1999 Academic Press

Key Words: G-proteins; calcium; Fura-2; mechano-
ransduction; flow; kinases; mechanical stress.

Expression of endothelial nitric oxide synthase
eNOS) is exquisitely sensitive to prevailing shear
tress both in vivo (1) and in vitro (2, 3) (see (4), (5), and
6) for recent reviews). eNOS mRNA levels increase in
irect proportion to shear duration and magnitude by a
rocess sensitive to the inhibitor of transcription, acti-
omycin D, and to the K1 channel blocker, tetraethyl-
mmonium, but not to the PKC inhibitors calphostin C
nd H-7 (3), or to the NOS inhibitor, L-NMA (2). Shear
tress rapidly increases cytoplasmic calcium concen-
ration ([Ca21]i) (7, 8) by both ATP-dependent (9, 10)
nd independent processes (8, 11) and rapidly activates
he heterotrimeric G-protein a subunits, Gq0/a11 and

ai3/a0 (12, 13). In addition, shear regulates the tyrosine
hosphorylation state of several proteins (14, 15), in-
luding src, paxillin, and FAK, and increases eNOS
erine and threonine phosphorylation by a tyrosine
inase-dependent step (16, 17). We have previously
hown that shear stress-mediated endothelial cell
lignment and actin stress fiber induction is dependent
n both [Ca21]i and tyrosine kinase (TK) activity (18).
In addition to the upregulation of eNOS gene expres-

ion, flow induces a rapid increase in NO release in a
iphasic manner; the early phase (,15 min) is depen-
ent on the rate of change of shear (19), on Ca21 and
almodulin, and on a PTX-insensitive G-protein(s). The
ater phase is dependent on shear stress magnitude
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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The F1 construct contained nt 21600 to 122 of the eNOS promoter,
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imilarly unaffected by PTX (21). NO production by
ow has been reported to be independent of the actin
ytoskeleton but potentiated by microtubule disruption
22). Although independent of [Ca21]i, the release of
O requires tyrosine kinase activity, is abolished by

taurosporine, the PKC inhibitor calphostin C, and by
a1/H1 antiporter blockade using HOE694 (15). Re-

ently, shear stress has been shown to increase the
ssociation of eNOS with the endothelial cytoskeletal
Triton X100-insoluble) fraction (23). The association of
NOS with caveolin may interfere with the association
f eNOS with calmodulin, and may thus control eNOS
ctivity (24, 25). We have examined the mechanism by
hich shear upregulates eNOS mRNA levels, focusing

n evaluation of shear stress-sensitive signaling path-
ays. We present data suggesting critical roles for
a21 signaling, PTX-sensitive G-protein(s), and PI
-Kinase activity.

ATERIALS AND METHODS

Materials. All reagents used were of the highest available grade.
ycloheximide, wortmannin, HOE694, and nocodazole were ob-

ained from Sigma Chemicals (St. Louis, MO). BAPTA-AM was pur-
hased from Molecular Probes (Eugene, OR). Pertussis toxin,
KF96365, LY294002, Calphostin C, and taxol were obtained from
albiochem. Herbimycin A was purchased from Gibco-BRL (Gaith-
rsburg, MD).

Cell culture. BAE cells (passage 6-15) were harvested from de-
cending thoracic aortas obtained from the local abattoir by collage-
ase digestion. Greater than 98% of the resulting cells displayed
ptake of Ac-LDL (Biomedical Technologies Inc., Stoughton, MA).
he cells were cultured at 37°C, 5% CO2 in a humidified incubator

n growth medium consisting of Dulbecco’s modified Eagle (DME)
edium (Gibco-BRL) supplemented with 10% fetal calf serum

Gibco), 4 mM L-glutamine, 25 mM Hepes pH 7.4, 10 units/ml of
enicillin, and 10 mg/ml of streptomycin. BAE cells were depolarized
y exposure to a modified DME medium in which 135 mM NaCl was
eplaced by equivalent KCl.

Shear stress apparatus. A cone-plate viscometer purpose-built
or the exposure of BAEC monolayers grown on commercial tissue
ulture plates was used as previously described (26). A cone of 1°
ngle was used at a steady rotational frequency of 5 rev/s to obtain
mean shear stress magnitude of 20 dyn/cm2.

RNA isolation and hybridization. Total cellular RNA was iso-
ated using RNeasy (Qiagen Inc., Los Angeles, CA). Northern blot
ybridization was performed with QuickHyb solution from (Strat-
gene Inc., La Jolla, CA) with a random-primer 32P-labeled (DECA-
rimeII kit, Ambion Inc., Austin, TX) 3.7 Kb EcoRI fragment of the
ovine constitutive endothelial nitric oxide synthase (eNOS) (kindly
rovided by Dr. Thomas Michel, Brigham & Women’s Hospital, Bos-
on, MA), and a 1.3 Kb PstI fragment of the rat glyceraldehyde-3-
hosphate dehydrogenase (GAPDH) cDNA. Following incubation,
he blots were serially washed in 2X SSC-1% SDS and 0.2X SSC-1%
DS to a final temperature of 55°C for eNOS and at 63°C for
APDH, then subjected to quantitative phosphorimager analysis

Molecular Dynamics, Sunnyvale, CA).

Promoter analysis. Subconfluent monolayers of BAE cells were
ransfected using Lipofectamine (Gibco-BRL) with a mixture of plas-
id cDNAs encoding b-galactosidase (b-gal) under the transcrip-

ional control of the RSV-promoter and one of two luciferase cDNAs.
232
nd the F4 construct contained nt 2779 to 122 of the eNOS pro-
oter (27). Transfected cells were allowed to reach confluence for 18
ours after which they were exposed to shear stress of 20 dyn/cm2 for
8 hours. Cells lysates were then harvested and luciferase and b-gal
ctivities were measured using commercially available kits
Kit#BC100L and kit#BL100P, Tropix Inc., Bedford, MA). Luciferase
ctivity was normalized to b-gal activity to control for transfection
fficiency.

Determination of cytoplasmic free calcium ion concentration
[Ca21]i ) using fura-2 ratio imaging. Fluorescence ratio imaging of
ntracellular free calcium concentrations using the indicator fura-2
M was as previously described (28, 29). The method of shear stress
xposure was as described by Ziegelstein et al. (30). Briefly, BAE
ells were seeded inside glass capillary tubes, grown to subconflu-
ncy, and then incubated in growth media containing 2 mM Fura-2-
cetoxymethyl ester (Fura-2 AM, Molecular Probes) for 30-40 min at
7°C in humidified 5% CO2. The capillary tubes were then washed in
Ca21-measurement buffer (modified Hank’s buffered saline solu-

ion) and mounted in a special chamber which enabled the steady
umping of laminar flow corresponding to 12 dyn/cm2 on the inner
urface of the microcapillary tube. [Ca21]i was measured in room air
nd at room temperature by fura-2 ratio imaging using an Image-1
igital ratio imaging system (Universal Imaging, Westchester, PA)
quipped with an Olympus IMT-2 inverted microscope, a Dage-MTI
CD7 camera, a Genesys image intensifier, a Pinnacle REO-650
ptical disk drive, and color video-printer. Fura-2 fluorescence was
onitored in cells growing along the capillary tube face adjacent to

he microscope objective. Images were acquired at 510 nm emission
ith alternating excitation at 340 and 380 nm at programmed in-

ervals during 15-20 min periods. 340/380 ratio images of individual
ells calculated on a pixel-by-pixel basis were recorded to optical
iscs for data processing. Fura-2 ratio values were calibrated in vitro
o free Ca21 concentrations ranging from 0 nM to 39.8 mM (Calcium
alibration Buffer Kit #2, Molecular Probes) using the same imaging
arameters. Kd was determined by fitting the experimental R value
t various free [Ca21] using the equation [Ca21]free 5 Kd (Sf2/Sb2) [(R 2

min)/(Rmax 2 R)], where the factor Sf2/Sb2 corrects for fura-2 ion
ensitivity at 380nm. A similar procedure was used for in situ cali-
ration, in which 2 mM of the nonfluorescent Ca21 ionophore, 4-Br-
23187 (Molecular Probes), was used to collapse Ca21 gradients
uring 15 min incubation of fura-2-loaded BAECs in a series of Ca z
GTA buffers with free [Ca21] ranging from 36 to 1270 nM. Kd in

hese conditions was 224 nM. Although calculated values of resting
Ca21]i determined by in vitro and in situ calibration curve differed
nly slightly, [Ca21]i was calculated from the in situ calibration
urve. Extracellular medium contained 1.27 mM CaCl2. Images were
tored to optical disks for subsequent replay and data sampling from
-12 individual cells for each microcapillary tube.

Immunostaining. BAE monolayers were washed three times
ith phosphate-buffered saline (PBS), fixed with 3.7% formaldehyde

n PBS for 15 min at 37°C, permeabilized in PBS containing 0.1%
riton X-100 for 15 min, then washed in PBS. The fixed and perme-
bilized cells were then incubated with monoclonal anti-tubulin an-
ibody (Boehringer-Mannheim, Indianapolis, IN) for 30 min in PBS
ontaining 1% BSA, washed with PBS for 30 min, then incubated
ith anti-mouse Cy3-conjugated IgG secondary antibody (Jackson
aboratories, West Grove, PA) for 30 min in PBS containing 1% BSA,
ashed with PBS for 30 min and fixed with Möwiol (Calbiochem, San
iego, CA). Stained cells were visualized in an epifluorescence mi-

roscope (Olympus Model BH-2) and photographed with T-Max 400
lm (Kodak, Rochester, NY).

Statistics. Data were expressed as mean 6 SEM. Analysis of
ariance (ANOVA) was used in conjunction with a Tukey-Kramer
SD correction test for all comparison pairs except as noted when

he unpaired Student’s t test was used. Statistical significance was
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ontrol with n 5 3-5 within each category.

ESULTS

Steady laminar fluid shear stress increases eNOS
RNA expression in a time-dependent fashion. To de-

ermine the optimal conditions for evaluation of the
NOS mRNA response to flow, we chose an arterial
agnitude of shear stress under steady laminar flow
sing a cone-plate viscometer and confluent BAE
onolayers. Northern blot analysis of total RNA col-

ected at 0.5, 1, 2, and 6 hours showed a steady increase
n eNOS mRNA, reaching 3-4 fold at six hours, without
iscernible change in GAPDH message (Fig. 1A). We
hose six hours for subsequent signaling experiments
o maximize signal-to-noise ratio.

Shear stress increases eNOS promoter activity. Pre-
ious work showed that actinomycin D abrogated the
nduction of eNOS mRNA by shear stress, implying a
ranscriptional mechanism. To determine whether the
9-flanking region of the eNOS gene could confer shear-
esponsiveness, we undertook transient transfection
xperiments using luciferase reporter constructs con-
aining portions of the eNOS promoter (Fig. 1B). Ly-
ates of cells transfected with the F1 construct (21600
o 122) showed a significant increase in normalized
uciferase activity (3.31 6 0.64 for shear vs 1.00 6 0.39
or static, p , 0.03) comparable to the increase in eNOS
RNA. In contrast, BAE cells transfected with the F4

onstruct (2779 to 122) showed no statistically signif-
cant induction in response to shear (1.55 6 0.36 for
hear vs 1.00 6 0.25 for static, p 5 n.s.). This finding
uggests that the increase in eNOS mRNA expression
s at least partially transcriptional, and that the shear
tress response element (SSRE) for eNOS resides in
he region between 21600 and 2779 bp of the eNOS
romoter.

Shear stress induction of eNOS mRNA does not re-
uire ongoing protein synthesis. Several cellular re-
ponses to shear stress require ongoing protein synthe-
is, including endothelial cell alignment, stress fiber
nduction, and sustained downregulation of ET-1 and
DGF-B mRNA levels at times . 4 h (18). We pre-

reated BAEC with cycloheximide (CHX, 10 mg/ml) to
nhibit protein synthesis prior to onset of shear (Fig.
C), and continued exposure during shear. Whereas
HX increased static levels of eNOS mRNA (1.70 6
.34) compared to control (1.00 6 0.02, p 5 n.s.), shear
n the presence of CHX further increased relative
NOS mRNA levels to 4.59 6 1.26 (p , 0.05) compared
o 3.11 6 0.57 for shear without CHX (p , 0.01). Thus,
he fold induction of eNOS mRNA by shear (3.1-fold)
as not significantly affected by CHX (2.7-fold). This
nding indicates that the mechanism of eNOS mRNA
pregulation by shear differs from those of ET-1 and
DGF-B mRNA downregulation (31).
233
apid intracellular calcium transients. To better de-
ne the possible role of [Ca21]i signaling in the induc-
ion of eNOS mRNA by flow, we measured [Ca21]i in
ura-2-loaded BAEC subjected to laminar shear stress

12 dyn/cm2) in a glass capillary tube system. A step-
timulus of flow induced a nearly four-fold increase in
Ca21]i (400 6 45% of the static value, p , 0.01) (Fig. 2).
retreatment with the membrane-permeable Ca21 che-

ator BAPTA-AM (30 mM) completely abolished the
hear-induced [Ca21]i increase (107 6 9% of the static
alue, p 5 n.s.) (Figs. 2A,B). Depletion of endoplasmic
eticulum Ca21 stores by pretreatment with the inhib-
tor of endoplasmic reticulum Ca21-ATPase, thapsigar-
in (3 mM), prior to onset of flow also significantly
ttenuated the increase in [Ca21]i (165 6 7% of the
tatic value, p,0.05). Exposure of BAEC to the store-
perated Ca21/cation channel inhibitor, SKF965365 (50
M) led to partial attenuation of the peak calcium
ransient (290 6 25% of the static value, p , 0.05),
uggesting that entry of extracellular Ca21 also con-
ributes to the shear-induced [Ca21]i transient.

Induction of eNOS mRNA by flow is dependent on
Ca21]i signaling and is blocked by endothelial depolar-
zation. After characterizing the pharmacological
roperties of the shear-induced elevation of [Ca21]i, we
nvestigated its role in shear-induced upregulation of
NOS mRNA. BAPTA-AM (30 mM) pretreatment and
o-incubation completely inhibited the upregulation of
NOS mRNA by shear stress (Fig. 3A). Whereas shear
ncreased normalized eNOS mRNA levels from 1.00 6
.02 to 3.1 6 0.57 (p , 0.01) in control cells, shear in
he presence of BAPTA decreased eNOS mRNA levels
rom 1.57 6 0.27 to 0.84 6 0.10 (p , 0.05). Thapsigar-
in (3 mM) treatment decreased basal normalized
NOS mRNA levels from 1.00 6 0.03 to 0.38 6 0.04
p , 0.05). Although thapsigargin had no effect on
elative eNOS mRNA levels in sheared cells (2.85 6
.49) vs that in untreated sheared cells (2.99 6 0.64,
, 0.01 vs unsheared cells), thapsigargin treatment

ncreased the fold induction of eNOS mRNA by shear
rom 2.99 in untreated cells to 7.52 (Fig. 3B).

These findings suggest that release of calcium from
ntracellular stores relying on thapsigargin-sensitive
a21-ATPases is not crucial for the induction of eNOS
RNA by shear stress. In contrast, whereas pretreat-
ent of BAEC with the calcium channel inhibitor
KF96365 (50 mM) (32) only modestly inhibited Ca21

ntry (32), and was without effect on eNOS mRNA
evels in static cells, the drug significantly inhibited
hear-mediated fold-induction of eNOS mRNA (from
.78 6 0.11 to 1.65 6 0.11). This 2.1-fold increase
eflects statistically significant partial inhibition of the
NOS response to shear compared to that in untreated
ells (Fig. 3B, p , 0.05). Exposure to the store-operated
a21 entry inhibitor, lanthanum chloride (11), for
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onger than 3 hours was toxic to BAE monolayers, and
AE detachment prevented shear studies in EGTA-

ontaining culture medium.
The previously reported shear-induced endothelial

esponses of hyperpolarization (33) via K1-channel ac-
ivation (34) prompted us to examine the consequences
o eNOS mRNA levels of cell depolarization. Cell depo-

FIG. 1. Shear stress induces upregulation of eNOS mRNA in
ndependent of de novo protein synthesis. (A) Northern blot analysis
20 dyn/cm2) for 0.5, 1, 2, and 6 hours. Hybridization with radiolabe
he absence of increase in GAPDH mRNA. (B) Transcriptional activ
o 122 (F4) of the eNOS promoter 59-flanking region, normalized to (
onstruct, confers shear responsiveness (*, p , 0.05). (C) The upre
ynthesis, since it occurs in cells pretreated with cycloheximide (10
nalysis from three separate experiments (right panel) (*, p , 0.05;
234
arization by 135 mM KCl completely inhibited the
nduction of eNOS mRNA (Fig. 3C), with shear increas-
ng normalized eNOS mRNA levels from 0.89 6 0.09
nly to 1.20 6 0.13 (p 5 n.s.) in contrast to the increase
n control DME from 1.00 6 0.05 to 2.30 6 0.27 (p ,
.01). Thus, shear-induced upregulation of eNOS
RNA differs in this respect NO release induced by

time-dependent fashion by a partially transcriptional mechanism
total RNA from BAEC exposed to steady laminar fluid shear stress
bovine eNOS cDNA shows a time-dependent increase in mRNA, in
of luciferase constructs containing nt 21600 to 122 (F1) and 2779
ransfected) b-galactosidase activity. Only F1, but not the shorter F4
ation of eNOS mRNA by shear is independent of de novo protein

/ml) as shown by Northern blot analysis (left panel). Densitometric
p , 0.01).
a
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ow or by bradykinin, in which instances membrane
epolarization was without effect (35).
A pertussis-sensitive G-protein is involved in both

Ca21]i signaling and eNOS mRNA induction in re-
ponse to shear. Heterotrimeric G proteins mediate or
odulate many signaling pathways, and directly bind

o and regulate gating of varied ion permeation path-

FIG. 2. Effect of calcium signaling modulators on shear-induced
esponse to a step increase in shear stress of 12 dyn/cm2 (upper right,
xperiments). BAPTA-AM (30 mM) abolishes the rise in intracellu
hapsigargin (3 mM) significantly attenuates the peak level of calcium
o baseline (upper right). A similar but less dramatic inhibitory effe
ight). (B) Bar graph of peak observed intracellular calcium levels ob
30 mM), thapsigargin (3 mM), or SKF96365 (50 mM) (*, p,0.05;
arentheses).
235
ays. To determine the possible involvement of Gao/ai-
roteins in the induction of eNOS mRNA, we pre-
reated BAE cells with PTX (1 mg/ml) for six hours
rior to shear stress to insure complete ADP-
ibosylation as previously described by Gudi et al. (12,
3). We first evaluated the role of PTX-sensitive
-proteins on [Ca21]i signaling and found that PTX-

racellular calcium response. (A) Typical BAEC [Ca21]i transients in
rage of 8-12 cells from a single capillary; representative of 12 similar
calcium induced by shear stress (lower right). Pretreatment with
response to shear and also prolongs the recovery duration for return
is seen in response to pretreatment with SKF96365 (50 mM, lower
ved during shear stress in the absence and presence of BAPTA-AM
p,0.01), as described in Methods, (number of samples between
int
ave
lar

in
ct
ser
**,
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retreatment of BAE cells abrogated the shear-induced
Ca21]i transient (129 6 15% of the static value, p 5
.s.), suggesting that a PTX-sensitive G-protein is re-
uired for the shear-mediated [Ca21]i transient (Fig.
A). We then evaluated the effect of PTX-pretreatment
n eNOS mRNA induction, and found that it inhibited

FIG. 3. Upregulation of eNOS mRNA by shear is abolished by in
rotein. (A) Chelation of [Ca21]i by BAPTA-AM (30 mM) completely
orthern blot analysis (left panel) and by densitometric analysis of t
retreatment with the inhibitor of endoplasmic reticulum Ca21-AT
RNA level in unsheared cells, but enhanced fold-activation by shear

n the absence of drug. Pretreatment with the calcium channel block
RNA increase by flow (*, p , 0.05). (C) BAE monolayers underwent

y K1, followed by exposure to shear stress while depolarizing condi
M [K1]o abrogates eNOS mRNA induction by shear stress (**, p ,
236
early completely the shear-induced increase of eNOS
RNA. Compared to untreated cells, in which shear

ncreased relative eNOS mRNA levels from 1.00 6 0.16
o 3.90 6 0.44 (3.9-fold, p , 0.01), PTX pretreatment
educed induction by shear to 1.7-fold, increasing rel-
tive eNOS mRNA levels from 0.77 6 0.03 to 1.34 6

cellular calcium chelation, and by inactivation of a PTX-sensitive G
rogates the induction of eNOS mRNA by shear stress as shown by
e separate experiments (right panel) (**, p , 0.01; *, p , 0.05). (B)
es, thapsigargin (3 mM), to deplete calcium stores, lowered eNOS
ding to elevated levels in sheared cells (**, p , 0.01) similar to those
KF96365 (50 mM) attenuated but did not completely abolish eNOS

asma membrane depolarization by replacement of extracellular Na1

s were maintained. The results show that depolarization using 135
01).
tra
ab
hre
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.15 (p 5 n.s. compared to static values in the absence
f PTX) (Fig. 4B).

Inhibition of PI 3-Kinase potentiates upregulation of
NOS mRNA by shear stress. The association of PI
-kinase with focal adhesion contacts and its putative
ole as a signaling mediator prompted tests of its role
n eNOS mRNA upregulation by shear in the presence
f wortmannin or LY294002. Under static conditions,
I 3-kinase inhibition with wortmannin (100 nM) dou-
led the level of normalized eNOS mRNA from 1.00 6
.10 to 1.95 6 0.41 (p , 0.05). The normalized level of
NOS mRNA after shear increased further from 3.22 6
.39 (p , 0.01) in untreated cells to 11.0 6 3.09 (p ,
.01) in wortmannin-treated cells, representing a sig-
ificant, 75% increase in the fold-induction of normal-

zed eNOS mRNA levels from 3.22-fold to 5.65-fold
Fig. 5A). To obtain further evidence for PI 3-kinase
nvolvement in shear-induced eNOS mRNA upregula-
ion, we compared the less potent PI 3-kinase inhibitor,
Y294002 (36). Consistent with the effect of wortman-
in, LY294002 (30 mM) similarly increased by 134%
he fold-induction of eNOS mRNA by shear stress,
rom 3.22-fold to 7.52-fold (n 5 3, p , 0.05). Taken
ogether, these findings suggest that PI 3-kinase activ-
ty negatively modulates the upregulation of eNOS

RNA by shear stress.

Calmodulin action is unnecessary for upregulation
f eNOS mRNA by shear. The important role of Ca21-
almodulin (CaM) in eNOS activation by displacing
he inhibitory protein, caveolin (reviewed in (37)),
rompted examination of the role of CaM activity in
he upregulation of eNOS mRNA by flow. Although

FIG. 4. Pertussis toxin inhibits both intracellular calcium increa
easurement of [Ca21]i transients in response to a step increase in s

n intracellular calcium induced by shear stress. (B) Preincubation
hear-activated induction of eNOS mRNA as shown by densitometri
237
aM has been implicated in the early NO release in
esponse to changes in flow (20), CaM inhibition with
-7 (30 mM) had no significant effect on the induction

f eNOS mRNA by shear (Fig. 5B). Shear increased
ormalized eNOS mRNA levels in control cells from
.00 6 0.4 to 4.04 6 0.60 (p , 0.01) and in the presence
f W-7 from 1.38 6 0.28 to 6.23 6 0.31 (p , 0.01); there
as no significant difference in the fold induction (4.05

or control and 4.51 for W-7 treated cells). This finding
s consistent with a previous report showing that the
nhanced NO production induced by sustained flow is
ndependent of calmodulin activity (20). Also consis-
ent with previously reported data, we found that the
rotein kinase C (PKC) inhibitor, calphostin C (3). had
o effect on the induction of eNOS mRNA by shear
3.10-fold for control vs 2.90-fold for calphostin C, p 5
.s., data not shown).

Herbimycin-sensitive tyrosine kinase activity is not
nvolved in the upregulation of eNOS mRNA by shear
tress. Shear stress has been shown to induce activa-
ion of src and increased tyrosine phosphorylation of
axillin, and FAK. This response is crucial for activa-
ion of ERK1/2 (14) and for cytoskeletal and morpho-
ogical remodeling in response to shear (18). To deter-

ine the role of increased tyrosine phosphorylation in
ow-mediated upregulation of eNOS mRNA, BAEC
onolayers were pretreated with herbimycin A (1 mM)

or six hrs prior to application of shear stress (20 dyn/
m2). In this set of experiments, shear increased nor-
alized eNOS mRNA from 1.00 6 0.02 to 2.68 6 0.41

p , 0.01) in untreated cells and from 1.14 6 0.37 to
.55 6 0.46 (p , 0.05) in herbimycin A- pretreated

nd eNOS mRNA induction by shear stress. (A) Typical time course
r stress of 12 dyn/cm2. PTX (1 mg/ml) significantly inhibits the rise
BAE cell monolayers with pertussis toxin (1 mg/ml) inhibits the

nalysis of three separate experiments (**, p , 0.01).
se a
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ells. As shown in Fig. 5C, the shear-induced fold-
nductions did not differ significantly (2.67-fold vs 2.23-
old).

Microtubule network integrity is not required either
or [Ca21]i increase or for eNOS mRNA induction by
hear stress. The requirement of microtubule integ-
ity for shear-induced endothelial cell alignment and
hape changes (18) supported the hypothesis that the

FIG. 5. Shear induction of eNOS mRNA is enhanced by PI 3-kina
inase. (A) Inhibition of PI 3-kinase by wortmannin (100 nM) or by L
RNA level by shear stress (**, p , 0.01; *, p , 0.05) as shown by

f Ca/CaM kinase by W-7 (30 mM) did not significantly change base
tress, with an unchanged fold-induction (**, p , 0.01). (C) Inhibitio
NOS mRNA expression nor its upregulation in response to shear s
238
icrotubule network (Fig. 6A, top panel) transmits, at
east in part, externally applied mechanical stresses
cross the endothelial cell plasma membrane (38). To
est the validity of this hypothesis for shear-induced
pregulation of eNOS mRNA, microtubules were dis-
upted using nocodazole (10 mg/ml) resulting in disso-
ution of the fine microtubular network (Fig. 6A, mid-
le panel), or were stabilized with taxol (10 mM) (Fig.

inhibition but is unaffected by inhibitors of calmodulin and tyrosine
4002 (30 mM) each increased the fold-induction of normalized eNOS
sitometric evaluation of three separate experiments. (B) Inhibition

e static eNOS mRNA levels and preserved responsiveness to shear
f tyrosine kinase by herbimycin A (1 mM) affected neither baseline
s (*, p , 0.05; **, p , 0.01).
se
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A, bottom panel) prior to applying flow. In untreated
ells shear increased normalized levels of eNOS mRNA
evels from 1.00 6 0.07 to 2.31 6 0.27 (p , 0.01) (Fig.
B), whereas in nocodazole-treated cells it increased

FIG. 6. Microtubules are involved in neither the shear-induced ele
A) Tubulin immunostaining of confluent BAEC monolayers treated
axol (10 mM, bottom panel). (B) Typical time course of cytoplasmic [C
ocodazole or taxol. (C) Bar graph comparing the peak values of [Ca21

y microtubule disruption or stabilization, (number of samples betwe
y shear stress after pretreatment with nocodazole or taxol, revealin
esponsiveness to shear (**, p , 0.01).
239
evels from 1.31 6 0.17 to 2.71 6 0.16 (p , 0.01), and in
axol-treated cells from 0.74 6 0.06 to 2.74 6 0.16 (p ,
.01). The fold-induction of normalized eNOS mRNA
evels by shear was unchanged by nocodazole (2.31-fold

tion of [Ca21]i nor in the resulting upregulation of eNOS mRNA level.
hout (top panel) or with nocodazole (10 mg/ml, middle panel) or with
]i measured with Fura-2 fluorescence ratio in BAEC pretreated with
easured in response to shear stress shows no significant modulation
parentheses). (D) Bar graph showing fold-induction of eNOS mRNA
inimal effect of microtubule polymerization state on eNOS mRNA
va
wit
a21

]i m
en
g m
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p , 0.05). Neither nocodazole nor taxol pretreatments
ad significant effects on the shear-mediated increase

n [Ca21]i (Fig. 6C,D).

ISCUSSION

Nitric oxide and its biosynthetic enzyme, eNOS, play
ritically important roles in the normal homeostasis
nd pathophysiology of the vessel wall including ath-
rosclerosis. eNOS mRNA transcription and levels in-
rease in response to chronic exercise (1) and were
ecently implicated in the remodeling process following
urgically induced decrease in blood flow (39). Tran-
ient transfection using eNOS promoter reporter con-
tructs showed that the F4 construct (nt 2779 to 122)
hich contains the GATA and SP1 binding sites pre-
iously shown to confer basal transcription was not
ufficient to confer shear responsiveness; this region
lso contains AP-1, AP-2, NF-1, CRE and sterol regu-
atory element sequences, although their functional
ctivity remains to be demonstrated (27). The AP1
lement mediates induction by shear stress of the
CP-1 gene (40, 41), and the SP1 element of the tissue

actor gene mediates its induction by shear stress (42).
owever, neither of these suffice to mediate eNOS
RNA induction, since the F4 construct containing
P1, SP1, and GATA sites was insufficient to confer
hear responsiveness.
In contrast, the eNOS gene promoter region between

t 21600 and 2779, was sufficient to confer shear
esponsiveness. This region contains the SSRE consen-
us sequence, GAGACC, previously shown to mediate
hear-activation of PDGF-B mRNA (43) via increased
inding to NF-kappa-B p50-p65 heterodimers (41,44).
owever, two findings suggest that induction of the

NOS gene by shear stress is not mediated by its
SRE. First, eNOS mRNA was induced by shear in the
resence of dexamethasone (2), which interferes with
F-kappa-B transactivation potential (45). Second, as-
irin, which inhibits activation of NF-k-B by prevent-
ng degradation of its inhibitor I-k-B (46, 47), had no
ffect on induction of eNOS mRNA by shear (data not
hown).
We have shown that the mechanism of eNOS mRNA

egulation by flow diverges from those of acute NO
elease in response to flow. In contrast to flow-
ediated NO release, eNOS mRNA induction was un-

ffected by inhibitors of calmodulin (20), tyrosine ki-
ase (23), protein kinase C, and microtubules (22), but
as blocked by KCl depolarization (35), and required
a21

I elevation (23) and active PTX-sensitive G-protein
21). Thus, chelation of Ca21

I with BAPTA-AM pre-
ented the shear-induced increase in eNOS mRNA
evel, consistent with a recent report (48). However,
epletion of endoplasmic reticulum Ca21 stores with
hapsigargin, potentiated, rather than inhibited, the
240
hile inhibiting most of the shear-induced elevation of
Ca21]i.

This finding suggests that the eNOS mRNA induc-
ion by shear requires Ca21 influx from the extracellu-
ar medium, a process potentiated by thapsigargin-
epletion of intracellular Ca21 stores with its con-
equent activation of store-operated Ca21 channels of
he plasma membrane (49). Although ionomycin-
ediated Ca21 influx failed to elevate eNOS mRNA

evels in unsheared cells (48), the partial inhibition of
hear-induced eNOS mRNA upregulation by SKF96365,
n inhibitor of calcium entry by pathways other than
oltage-gated Ca21 channels (32), is consistent with
his hypothesis. Inhibition of shear-induced eNOS
RNA upregulation by KCl-mediated membrane de-

olarization (reducing the electrical driving force for
a21 entry) further supports this hypothesis. The dif-

erent responses of shear-induced eNOS mRNA levels
o BAPTA, thapsigargin, SKF96365, and ionomycin,
uggest that only some routes of Ca21 entry impinge on
his signaling pathway activated by shear. Selectivity
f Ca21 entry pathways has also been reported in hip-
ocampal neurons undergoing activation of the tran-
cription factor CREB via nuclear translocation of cal-
odulin [Deisseroth, 1998 #101]. Additional insight

nto distinct functional capabilities of the various Ca21

ntry pathways of endothelial cells may derive from
he reported ability of thapsigargin to potentiate shear-
nduced generation and release of prostaglandin I2 and
O (50).
Pretreatment of BAE cells with PTX abolished both

he shear-induced acute elevation of [Ca21]i and the
ubsequent upregulation of eNOS mRNA level. These
esults suggest crucial roles for a PTX-sensitive
-protein(s) in both processes, and allow speculation

hat G-proteins may directly gate a Ca21 permeability
ctivated by shear. Recent experiments have shown
hat shear can directly activate PTX-sensitive and in-
ensitive G-proteins both in endothelial cells and in
embrane preparations (12). Further work has re-

ealed that shear can increase GTPase activity of pu-
ified G-proteins in reconstituted membrane vesicles,
n the absence of cytoskeletal protein, by a rapid (,1
ec) transmembrane process sensitive to membrane
ipid composition (13).

These findings are consistent with the lack of re-
uirement by shear-induced eNOS mRNA upregula-
ion for microtubule integrity observed in the present
tudy. Although the endothelial cytoskeleton can
ransmit externally applied stresses and has been
hown to be structurally linked to the nucleus (62), it
oes not appear to play a necessary role in the shear-
nduced increase in [Ca21]i or in the upregulation of
NOS mRNA. This result contrasts with the central
ole of microtubules in shear-induced responses of cel-
ular elongation and alignment and actin stress fiber
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uction from microtubules also differs from the re-
uirement for integrity of microtubules for the short
erm upregulation (63) and long-term downregulation
unpublished data) of endothelin-1 mRNA level.

PI 3-kinase inhibition by wortmannin (100 nM) and
y LY294002 (30 mM) each increased fold-induction of
NOS mRNA by shear, suggesting a possible inhibitory
ole for PI 3-kinase in this cellular response to shear.
ecent studies have revealed synergistic roles for PI
-kinase and PTX sensitive G-proteins in store-
perated Ca21 influx-mediated exocytosis in HL-60
ranulocytes (65). Ca21 influx and PI 3-kinase activity
re both essential for ligand-stimulated internalization
f the c-Kit receptor in DA-1 cells (66). Further work
ill be needed to determine the interactions, if any,
etween PI 3-kinase, shear-activated G-proteins, and
alcium signaling (67) in the endothelial cell exposed to
ow.
Previous studies using pharmacological inhibition of

itric oxide synthase have shown that flow-activated
O release is not required for subsequent shear-

nduced increase in eNOS mRNA level, thus ruling out
n autocrine role for NO itself (2). Calmodulin inhibi-
ion using W-7 had no effect on eNOS mRNA upregu-
ation, suggesting either the absence of or redundancy
f feedback control mechanisms involving calmodulin
and, perhaps caveolin) in response to increased cal-
ium in the regulation of eNOS mRNA induction (24,
5). Similarly, even though flow-mediated NO release
as been shown to depend on intact tyrosine kinase
ctivity (15), the latter was not critical in the eNOS
RNA induction by flow, despite increased shear-

nduced activation of src (17) and tyrosine phosphory-
ation of paxillin and FAK (14, 64), and the require-

ent of tyrosine kinase activity for shear-induced
AEC shape change and cytoskeletal remodeling.
In conclusion, we have shown that shear stress up-

egulates eNOS mRNA by a process which requires
TX-sensitive G-protein mediated [Ca21]i signaling,
oes not require thapsigargin-sensitive Ca21 stores,
nd that may be under negative regulation by PI
-kinase. Endothelial NOS mRNA induction is not
ightly coupled to endothelial cell shape, cytoskeletal
emodeling, or to endothelin-1 regulation, as it is un-
ffected by inhibitors of tyrosine kinase activity, and is
ndependent of microtubule integrity. The mechanism
f eNOS mRNA induction by shear also diverges from
hat involved in flow-mediated NO release in its inde-
endence from inhibition of protein kinase C, tyrosine
inase, and calmodulin activities. Further work is
eeded to delineate the potential interactions between
hear-activated G-proteins, calcium signaling and PI
-kinase activity in the eNOS mRNA response to
hear.
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