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A New In Vitro Model to Evaluate
Differential Responses of
Endothelial Cells to Simulated
Arterial Shear Stress Waveforms
In the circulation, flow-responsive endothelial cells (ECs) lining the lumen of blood
sels are continuously exposed to complex hemodynamic forces. To increase our
standing of EC response to these dynamic shearing forces, a novel in vitro flow mode
developed to simulate pulsatile shear stress waveforms encountered by the endothe
the arterial circulation. A modified waveform modeled after flow patterns in the hu
abdominal aorta was used to evaluate the biological responsiveness of human um
vein ECs to this new type of stimulus. Arterial pulsatile flow for 24 hours was comp
to an equivalent time-average steady laminar shear stress, using no flow (static) c
conditions as a baseline. While both flow stimuli induced comparable changes in
shape and alignment, distinct patterns of responses were observed in the distribut
actin stress fibers and vinculin-associated adhesion complexes, intrinsic migratory
acteristics, and the expression of eNOS mRNA and protein. These results thus re
unique responsiveness of ECs to an arterial waveform and begin to elucidate the co
sensing capabilities of the endothelium to the dynamic characteristics of flows throug
the human vascular tree.@DOI: 10.1115/1.1486468#
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Introduction
In the human circulatory system, blood flow in arteries is high

dynamic and variable. For a typical waveform, the contraction
the heart during systole forces blood to accelerate through
arteries within 100–200 milliseconds. As the heart expands
collect blood during diastole, arterial flow will decelerate in 200
300 milliseconds, briefly reverse in direction, and then reve
again and continue distally to a low forward basal flow until t
next cycle. The velocity characteristics of an arterial wavefo
~e.g., peak amplitude, flow reversal, pulsation frequency! are vari-
able throughout the vasculature and are dependent on local g
etry, elasticity of the artery wall, peripheral vascular resistan
and heart rate@1#. As a result of these dynamic flow patterns,
complex set of mechanical forces~e.g., shear stress, hydrostat
pressure, and hoop stress! are continuously imposed on the endo
thelial lining of these vessels. Endothelial cells~ECs! have been
shown to be highly responsive to these biomechanical forces@2#,
and recent studies have provided insights into several mechan
involved in mechanotransduction@2–5#.

Over the past twenty years, various models have been desi
to simulate the effects of the blood flow environment on cultu
ECs in an effort to understand their response to biomechan
forces. These devices are designed to generate either a single
of stimulus~e.g., shear stress, hydrostatic pressure, hoop stres! or
a combination of stimuli@2#. Models investigating the influence o
shear stress alone on EC response have simulated steady la
@6#, sinusoidal~net forward with and without reversing! and os-
cillatory @7–9#, disturbed~i.e., spatial-varying! @10#, and turbulent
~i.e., random temporal and spatial varying! flows @11–13#. Results
from these studies demonstrate the ability of the EC not only
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sense shear stress stimuli, but also discriminate among dis
types of flow patterns. It is becoming more apparent that the e
nature of the flow stimulusin vitro regulates EC phenotype@14#
and is hypothesized that the local hemodynamic environmenin
vivo can contribute to regional differences in EC phenotype@15#.

Recently, several models have attempted to simulate an arte
like flow environment by imposing aortic pressure waves or c
trolled flow rates onto an endothelialized tubular model@16–18#.
These models inherently contain a combination of stimuli that
interdependent~e.g., flow, pressure, strain!, which influences the
input or response of another stimuli. Although this model inc
porates similar flow characteristics encountered by an intact
sel, which may be important in endothelial response, a shear s
flow model provides a more exact relationship between a w
defined biomechanical force and a measurable biological resp
without the influence of a deformable substrate. Langille@19# was
the first to demonstrate in a parallel rotating disk model~i.e., shear
stress only! the application of an arterial-like waveform on th
endothelium of dog aortic tissue. This model, which exposed
tissue to a linear spatial gradient in shear stress, investigated
influence of high levels of shear stress~up to 2000 dyn/cm2! on
endothelial injury, adhesion strength, and thrombogenic respo
More recent models demonstrate the ability to deliver comp
pulsatile flows@20,21#, though a systematic study evaluating th
effects of arterial-like shear stress patterns on EC response ha
to be conducted.

In an effort to better approximate the actual wall shear stres
experienced by ECs in arterial geometriesin vivo, and to under-
stand how these stimuli affect endothelial phenotype, we h
undertaken the design and development of a novel cone-plate
system to deliver pulsatile shear stresses in an arterial-like w
form that mimics similar characteristics of flow in different huma
arteries. The responsiveness of ECs to an arterial-like shear s
stimulus is evaluated in terms of cell morphology, migratory b
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havior, adaptation of cytoskeletal-associated proteins, and
regulation of endothelial nitric oxide synthase~eNOS! mRNA and
protein expression.

Methods

The Dynamic Flow System„DFS…. The dynamic flow sys-
tem ~DFS! is a multi-component cone and plate device that co
prises a culture well environment and main drive unit~cone as-
sembly and motor!. The design of this system is a modification
a previously described model@21#. The complete system mount
onto a microscope stage and, with a transparent cone~0.5° cone
angle! and plate surface~10.8 cm-diameter!, the cells are visual-
ized under dynamic flow conditions via phase microscopy~Fig.
1a!. Real-time changes may also be monitor using fluoresce
video microscopy to detect fluorescently tagged proteins or in
cators~e.g., to monitor intracellular pH or calcium!.

Velocity waveforms generated by the drive system are c
trolled with microstepper motor technology~Parker Hannifin,
Rohnert Park, CA!. Through software ~Compumotor 6000,
Rohnert Park, CA!, the fluid dynamics can be programmed
simulate waveforms ranging from uniform laminar flows to mo
complex arterial waveforms. Precise control of the motor perm
real-time, or ‘‘on-the-fly’’ changes in acceleration/decelerati
rates and flow directions, which are important features for re
cating arterial-type flows. The precision at which the programm
waveforms are replicated by the motor is;0.02% ~reported by
the manufacturer!. As documented in a previous report, the ine
tial effects for the startup problem~i.e., a ramp and hold flow
condition! in a cone and plate geometry were negligible w
minimal lag time at the greatest radii and acceleration times on
order of 10 milliseconds, thus demonstrating that the shear s
on the plate surface maps, in a temporal manner, that of the co
velocity @21#.

The device also includes several features critical for mainta
ing a physiological environment. Two access ports in the w
permit constant exchange of fresh media. These ports can be
to introduce pharmacological agents without disturbing the
periment or flow environment. An external heater~Atlantic Ther-
mal Co., Hopedale, MA! is configured to control the culture tem
perature at 37°C, and a plastic enclosure over the appar
maintains the internal environment at 5% CO2 in humidified air.
Experiments validating the DFS demonstrated that the mate
used to fabricate and sterilize the well environment were n
toxic to an endothelial cell monolayer up to 5 days in culture.

Development of Arterial Shear Stress Waveform. Blood
flow patterns in large arteries~e.g., thoracic, abdominal, carotid
brachial arteries! share similar time-varying characteristic
throughout a cardiac cycle. To develop an arterial-like shear st
waveform that would incorporate similar characteristics, we
lected as a model a previously defined waveform captured f
the abdominal aorta of a normal human subject using ph
encoding magnetic resonance imaging technique@22#. This wave-
form encompass several common temporal features found in l
arteries~e.g., acceleration/deceleration rates, flow reversal,
ward basal flow!.

To translate this waveform from mean~centerline! velocity
measurements in the aorta to shear stress values at the vesse
the equation ofcircular Poiseuille flow was used to approxima
shear stress. It is important to note that the Womersley Numbe
this vessel is approximately 10.6~based on a mean lumen diam
eter of 17 mm, a blood viscosity of 4 cP, and frequency of 1 H!,
indicating there is a significant influence of the transient iner
forces in this region of the aorta. Therefore, theoretically, P
seuille’s Law would underestimate the shear stress values. H
ever, the computed maximum and minimum shear stress
this waveform using Poiseuille’s Law~;30 dyn/cm2 and
27.5 dyn/cm2, respectively! coincided with the range of nea
wall shear stress measurements made in vivo@23,24#. Initial flow
398 Õ Vol. 124, AUGUST 2002
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Fig. 1 Schematic of the Dynamic Flow System and plot of
motor-generated arterial waveforms. „a… The DFS is a cone and
plate device that mounts on to a microscope stage and permits
direct visualization of the cells adhered to the plate surface.
The rotation of the cone is controlled via a timing belt connec-
tion to the programmable stepper motor. „b… An arterial wave-
form, developed from phase-encoding MRI of a previously
characterized human abdominal aorta †22‡, was programmed
into DFS and used to assess the biological response of ECs for
all experiments in this study. Measurements from the DFS are
represented for multiple cardiac cycles. Characteristics of this
waveform include, a peak shear stress of 20 dyn Õcm2 during
systole, flow reversal during diastole to a maximum of
À3 dyn Õcm2, an equivalent time-average of 7.5 dyn Õcm2

„de-
picted by the solid horizontal line …, and a pulsation frequency
of 1Hz. „c… A blood flow waveform acquired by ultrasound from
the brachial artery of a normal human subject „left panel … was
programmed into and measured from the DFS „right panel ….
Plots represent multiple cardiac cycles of the waveform, and
the programmed waveform is modeled at a frequency of 1Hz.
For the measured waveforms, „b… and „c, right …, values of the
angular velocity „rev Õsec … were measured directly from the mo-
tor, and values of shear stress „dyn Õcm2

… were computed at the
plate surface.
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experiments in this model demonstrated that high shear s
rates ~SSR! (.300 dyn/cm2/sec) compromised the integrity o
the monolayer at the end of 24 hour pulsatile flow experiments
a result, the shear stress values of this waveform was modifie
decreasing the maximum shear stress during systole
20 dyn/cm2 (SSR;200 dyn/cm2/sec) and increasing the she
stress during the diastolic phase in order to maintain a physiol
cal level of time average shear stress (7.5 dyn/cm2! @23,24#. In
defining the time history of the shear stress waveform relative
the blood flow velocity pattern, Ling et al.@25# previously had
demonstrated that temporal patterns in blood flow in the thora
aorta of a dog approximate the time-varying shear stress pat
as computed from the full Navier-Stokes equations. Other fact
which would influence the actual wall stress magnitude and t
poral histories, such as vessel wall compliance, were taken
account in the latter computation@26#. Therefore, the tempora
characteristics of the waveform used in this report were rep
duced from the blood flow patterns of the model waveform. T
values of shear stress were converted to angular velocity using
following equation for a cone and plate viscomenter,t5mv/a,
wheret5shear stress,m5dynamic viscosity,v5anglular velocity,
and a5cone angle~0.5°, 0.00873 radians!. The waveform was
segmented into discrete time steps and programmed via a po
point method into the DFS. To validate this waveform direc
from the apparatus, an encoder~Danaher Controls, Gurnee, IL!
and digital acquisition unit~US Digital Corp., Vancouver, WA!
were used to acquire speed versus time data.

Validation of Fluid Mechanics. To validate the fluid dynam-
ics of the DFS under steady and time-varying aspects of the a
rial flow, 10 mm fluorescent~FITC! latex microspheres~1:125 in
water; Polysciences, Inc., Warrington, PA! were used as a marke
for tracking the dynamic motions of the fluid. Image sequen
were acquired at video frame rate~1/30 sec! using a high-speed
video recorder~Sony! and a fluorescence microscope~Nikon
TE300, Nikon! with an FITC filter.

Cell Culture and Experimental Protocol. Human umbilical
vein ECs~HUVEC! isolated from normal term cords and poole
from multiple ~5 to 7! donors were cultured in complete med
~Medium 199 with 25mM HEPES~Biowhittaker!, 20% fetal calf
serum~Gibco! and supplemented with 2mM L-glutamine~Gibco!,
50 mg/ml endothelial cell growth supplement~Biomedical Tech-
nologies!, 100mg/ml heparin~Sigma!, and 100 unit/ml penicillin-
G1100 mg/ml streptomycin ~Biowhittaker!! and incubated at
37°C in 5% CO2 in humidified air.

For the flow experiments, high molecular weight dextran~Mw.
;460 kD; Sigma! was used to increase media viscosity, whi
was measured prior to each experiment using cone-plate visc
eter ~Brookfield Engineering Laboratories, Inc., Stoughton, MA!.
This value was used to calculate the corresponding angular ve
ity in order to achieve a consistent shear stress output. The m
viscosity for all experiments was 2.1160.05 cP~n530!.

For each experimental set, HUVEC were plated from
same pooled batch~subculture 1! at an initial density of
70,000 cells/cm2 onto a 0.1% gelatin~Sigma! coated 100 mm
culture dish for static controls and a custom designed 10.8
diameter polystyrene plate surface~Plaskolite, Inc., Columbus
OH! for flow experiments. To eliminate potential shear-induc
wounding of the endothelium at the center of the plate, a silic
rubber plug~class VI medial-grade, 3.18 cm diameter! was used
to void the center of any cell adhesion or growth. The plug w
removed just prior to the start of an experiment. Confluent mo
layers were maintained for 48 hours in complete medium
stored at 37°C in 5% CO2 in air.

At the start of the experiment, static control cells and cells
the cultured well apparatus were rinsed once with warm~37°C!
Dulbecco’s phosphate buffer saline~DPBS! then submerged in
complete media containing 2% (w/v) dextran. The well w
placed into a custom base mounted on the microscope stage
Journal of Biomechanical Engineering
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the cone was manually lowered into position. The cells were t
exposed to a steady laminar shear stress~LSS! of 7.5 dyn/cm2 or
an arterial pulsatile flow~ART! with an equivalent time-averag
shear stress of 7.5 dyn/cm2 and a frequency of 1Hz for 24 hour
~Fig. 1b!. At the start of each experiment, flow was automatica
ramped up using a linear profile to a ‘‘steady’’ waveform in
minutes. For ART flow, the amplitude of the arterial function i
creased linearly with time over the initial 5 minutes~not shown!.
Fresh complete media containing 2% dextran was exchan
through the side ports at a volume flow rate of 0.07 ml/min, wh
corresponded to one complete exchange of the medium each

Immunofluorescence and Confocal Imaging. To prepare
cells for immunofluorescence staining, cultures were immedia
rinsed twice in warm (37°C) PHEM buffer~60mM PIPES, 25mM
HEPES, 10mM EGTA, 2mM MgCl2 , and pH 6.9!. For plectin,
cells were fixed in 4% paraformaldehyde in DPBS for 10 minu
at 37°C and permeablized in 0.2% Triton X-100 for 5 minutes
room temperature. For vinculin, cells were initially permeabiliz
for 2 minutes with a modified PHEM buffer~PHEM pH 6.9, 2mM
phallacidin ~Sigma!, 20mM taxol ~Sigma!, 1mM GTP ~Sigma!,
0.75% TritonX-100! and fixed in 4% paraformaldehyde in DPB
containing 5mM MgCl2 and 10mM EGTA for 10-minutes. Cells
were then rinsed in 0.1% bovine serum albumin~BSA! in DPBS
and incubated in 1% BSA for 40 minutes to block non-spec
binding. Monolayers were incubated with antivinculin antibo
~1:100, mouse monoclonal V9131, Sigma! or antiplectin antibody
~1:500, guinea pig polyclonal, Research Diagnostics Inc.! for 1hr
at room temperature, rinsed well with 0.1% BSA in DPBS, a
blocked for 30 minutes with 2% goat serum in DPBS. Second
antibodies, goat anti-mouse~1:200, Alexa Fluor 546, Molecular
Probes! for vincluin and goat anti-guinea pig~1:200, Alexa Fluor
488, Molecular Probes! for plectin, were incubated for an add
tional 1 hr at room temperature, rinsed in DPBS, and moun
using Gel-Mount~Biomedia!.

For visualizing actin, fixed and permeablized cells were inc
bated with Oregon green 514 phalloidin~1:20, Molecular Probes!
for 1 hr at room temperature, rinsed three times in DPBS, in
bated with sytox orange~0.01%, Molecular Probes! for 2 minutes
to stain nuclei, and mounted in Gel-Mount.

A Leica TCSNT confocal laser-scanning microscope was u
to acquire serial sections of images as previously described@14#.
Briefly, images were taken sequentially in the z-axis from t
apical to basal surface at 0.2mm increments and a 0.2mm pixel
size resolution with a 403 oil immersion lens and a 1.5 time
digital zoom. For actin and plectin, sytox stained nuclei were u
as fiduciary markers to identify the center of the nucleus. T
image corresponding to the nuclei with the highest intensity w
chosen as the centerline, or reference image. To evaluate the
cal structures of these proteins, five sequential images sta
with centerline image and moving toward the apical surface w
merged to represent a 1mm thick apical section. For vinculin, a
single image was acquired at the basal surface of the monola

Image Analysis. Time-lapse images of the endothelium we
acquired~Image Pro Plus, Media Cybernetics, Rockville, MD! at
2 minute intervals for static and 24 hr flow experiments using
43objective and phase optics. A custom macro was applied to
movie sequence to: 1! sub-sequence the movie into 6 minute tim
intervals, 2! apply a series of routines to optimize cell bord
contrast, and 3! skeletonize the resulting sequence using a prun
feature that traces the boundaries of each cell. As a result,
image was transformed into tracings of the cell borders. Th
images were then superimposed onto the sub-sequenced p
images to confirm accurate tracings of the cell perimeters.
each image, Image Pro Plus assigned an object number to
cell. Using the image analysis software, x-y centroid of each
~object! and the mean aspect ratio in the imaging field was m
sured and exported to an Excel spreadsheet for further analy

To evaluate cell migration, a custom program was develope
AUGUST 2002, Vol. 124 Õ 399
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MatLab ~MathWorks, Natick, MA! to trace the paths of single
cells over the 24 hour time period from the resultant x-y data. T
was necessary since object numbers were reassigned among
cessive images. The program then evaluated the coordinate
subsequent time intervals using a minimum distance traveled
gorithm. The resultant cell path matrix yielded x-y coordinates
a function of time, which was converted from pixels to spat
distances in micrometers. A sub-program read in the cell p
matrix and evaluated two intrinsic migratory characteristics,
root mean square~RMS! cell speed, S, and directional persistenc
P. Computation of these two values was based on the equa
derived for the mean square displacements,^D2&, as describe by
Dunn @27#,

^D2&5S2P2~T/P211e2T/P!

where, T equals the time intervals that^D2& was calculated over. A
non-linear least squares curve-fit routine was used to solve
these two coefficients. These values were evaluated for individ
cells and are representative of the migratory behavior for the
tire 24 hours of the experiment.

Protein Isolation for Immunoblotting. Cells were immedi-
ately rinsed twice in cold(4°C) DPBS at thetermination of the
experiment. Protein was extracted in cold(4°C) lysis buffer
~50mM Tris pH 7.5, 1% TritonX-100, 0.1% deoxychola
~Sigma!, 50mM NaCl, 20mM leupeptin, 40uM aprotinin, 10ug/m
PMSF!, scraped, collected, and sonicated on ice. Samples w
rotated at 4°C for 1 hour prior to and following sonication, a
then centrifuged at 14,000 rpm for 20 minutes at 4°C. The su
natant was collected and the protein concentration was evalu
using the Bio-Rad DC protein assay~Bio-Rad, Hercules, CA!. For
each sample, 50mg of protein was added to 33 denaturing sample
buffer ~0.5M Tris-HCl pH 6.8, 9% SDS, 9mM EDTA, 3.6%
b-mercaptoethanol!, boiled for 5 min, and then loaded and r
solved in a 7.5% polyacrylamide gel. Protein was subseque
transferred from the gel onto a nitrocellulose membrane, bloc
for 2 hours in 5% milk in Tris-buffered saline~TBS!, incubated
with anti-eNOS monoclonal antibody~Clone H32! in 5% milk in
TBS for 2 hours, rinsed thoroughly in TBS, incubated with hor
radish peroxidase-conjugated goat-anti-mouse~1:10,000, Jackson
Laboratories!, and rinsed again in TBS. Protein bands were vi
alized using ECL chemiluminescence~Amersham Pharmacia Bio
tech! and developed with Biomax film~Kodak!. The intensity of
each protein band per condition were assessed by densitom
and normalized to time-matched static controls.

Gene Expression Analysis. After exposure to the approp
riate stimulus, cells were rinsed twice with ice-cold DPB
and scraped in Trizol~Gibco!. RNA was isolated by ethano
precipitation and further purified and DNase-treated. RN
was transcribe using a MultiScribe based RT reaction. The
lowing primers and Taqman probe were used: forwa
primer, 58-CGGCATCACCAGGAAGAAGAC-38; reverse pri-
mer, 58-TCACTCGCTTCGCCATCAC-38; and Taqman probe
58-TGGCCAACGCCGTGAAGATCTCC-38, reactions were per-
formed in a GeneAmp 5700 sequence detection system~Applied
Biosystems!.

Statistics. Statistical differences among experimental grou
were evaluated either using a one-way ANOVA for post-hoc co
parisons or the Student’s t-test at a 95% confidence level
assuming equal variances.

RESULTS

Generation of Arterial Waveforms and Validation of the
Fluid Mechanics. The goal of this study was to develop anin
vitro flow model to simulate shear stress patterns similar to th
experienced by the endothelium in different regions of the vas
lature and evaluate the effects of this complex stimulus on
response. An arterial-like waveform was selected from a pre
400 Õ Vol. 124, AUGUST 2002
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ously defined waveform of the human abdominal aorta o
healthy volunteer that was well characterized by both magn
resonance and ultrasound imaging techniques@22#. A modified
version of this waveform was translated into a shear stress w
form and programmed into the DFS. Figure 1b shows this velocity
trace measured directly from the stepper motor and depicts m
tiple cardiac cycles of the waveform. Values of angular veloc
~rev/sec! were converted into units of shear stress (dyn/cm2) at
the plate surface. The waveform includes several major chara
istics, including a maximum shear stress of 20 dyn/cm2 during
peak systole, flow reversal during diastole that reac
23 dyn/cm2, a time-average shear stress of 7.5 dyn/cm2, a fre-
quency of 1Hz, and an oscillatory shear index@28# of 0.098. The
biomechanical limits of this waveform~i.e., maximum, minimum,
and time-average amplitude of shear stress! agree well with pub-
lished results of near wall shear stress computations in the su
renal and infrarenal region of the abdominal aorta using M
techniques, in which maximum shear stress during systole ran
between 30 to 60 dyn/cm2, minimum shear stress during flow
reversal was24 to 213 dyn/cm2, and mean~time-averaged!
shear stress ranged between 3 to 7 dyn/cm2 @29,23,24#. The wave-
form in Figure 1b is used for all the arterial flow experiments
this study.

To further demonstrate the utility of the DFS to emulate co
plex flow patterns in different regions of the vasculature, blo
flow measurements in the brachial artery of a normal human s
ject were acquired by ultrasound~Powervision 8000 Toshiba; Fig
1c, left!. In comparison to Figure 1b, the complexity of this wave-
form shares many characteristics with the waveform from the
dominal aorta. The flow pattern was translated into a shear st
waveform, as described in the methods, and programmed into
DFS. Figure 1c ~right! shows the velocity trace acquired direct
from the stepper motor and depicts multiple cardiac cycles a
frequency of 1Hz. The characteristics of this measured wavef
were similar to those measured from ultrasound. Waveforms
quired from other vascular regions~e.g., human coronary and ca
rotid artery! have been successfully modeled and programm
into the DFS~data not shown!.

To validate the fluid mechanics of this system and demonst
the dominance of viscous forces under steady and arterial flow
mm fluorescent microspheres were visually tracked in the me
through time. At steady state, laminar streaklines were obse
throughout the fluid at constant speeds. This observation is c
sistent with the computed modified Re!1, calculated at the maxi-
mum radius, indicating the flow is within the laminar regime a
that secondary flows, computed from laminar flow theory, can
neglected, as previously described@30,31,21#. For the arterial
waveform~Fig. 1b!, the microspheres were observed to track t
complex flow characteristics with no apparent effects of ine
~data not shown!.

To evaluate the temporal and geometric limits in which sh
stress tracks the input waveform for unsteady flow conditio
Stokes first and second problem were solved. Stokes first prob
defines the diffusive time for the momentum of the fluid to rea
a perpendicular distance of;0.05 cm~the maximum height be-
tween the cone and the plate at max radius, 0.5° cone angle,
cm diameter surface! for an impulsively starting plate to be;30
milliseconds. However, the value of the lag time is less for
defined acceleration as demonstrated in CFD solution by Bla
man et al.@21# for a ramp and hold function. Therefore, in th
system the tracking of shear stress at the plate surface, w
scales with the radial distance, can be neglected for accelera
and deceleration features of the waveform greater than an a
eration or deceleration time of 20 milliseconds. For steady s
conditions of a pulsatile function, Stokes second problem in
cates that the diffusive distance~d! from the cone is constant, an
for the parameters of the DFS is;0.566 cm~d54Ay/v f ; kine-
matic viscosity~y! of 0.02 cm2/sec and a frequency (v f) of 1 Hz!.
Since this solution is based on a sinusoidal function, a Fou
Transactions of the ASME
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Series analysis was performed on the experimental wavef
~Fig. 1b!. This revealed that the waveform can be complet
described within the first 10 harmonics~;90% of the magnitude
up to the fifth harmonic!. At the highest frequency component o
this flow pattern, which is equivalent to the tenth harmonic, or
Hz, the diffusive distance would be 0.178 cm. Since this valu
greater than the maximum height between the cone and the p
this further supports the mapping of shear stress at the plate~en-
dothelial! surface as of function of time as that defined by t
input waveform under these temporal and geometric conditio

Morphological and Migratory Response to Arterial Flow.
Endothelial shape changein vitro, as well as established cell mo
phologiesin vivo, prove to be faithful correlates of the nature
applied fluid shear stress@32,6,33,7#. To test the characteristic
morphological response of an endothelial monolayer expose
steady flow and to determine the corresponding mechanical a
tation to this newin vitro arterial flow condition, HUVEC were
exposed to either 7.5 dyn/cm2 of steady laminar shear stress~LSS!
or arterial pulsatile flow~ART! with an equivalent time-average
shear stress (7.5 dyn/cm2) at a frequency of 1 Hz for 24 hour
~Fig. 1b!. After 24 hours, the cells exposed to LSS reoriented fr
a static monolayer of polygonal-shaped cells, with no prefer
orientation, to a well characterized morphology in which the ce
were elongated and aligned with the flow direction~Fig. 2a, top
vs. middle panel!. This elongation and alignment response se
for LSS also was observed for ECs exposed to ART~Fig. 2a,
bottom panel!. From time-lapse video microscopy, cell sha
change, in terms of the aspect ratio~i.e., length of major axis/
length of minor axis!, was evaluated as a function of time. With
the first hour of flow onset, an immediate contractile respo
~i.e., cell rounding in shape, and a decrease in aspect ratio! was
observed among individual cells within the monolayer, howev
the integrity of the monolayer was maintained under both sh
conditions. After 1 hour, the aspect ratio increased with the ex
sure time up to 18 hours of both LSS and ART, and reac
maximum elongation in the direction of flow between 18 to
hours ~24 hours: LSS, 2.0360.07 vs. ART, 1.9760.14, p.0.05;
Fig. 2b!. Temporal changes in the aspect ratio were similar
both flow conditions~p.0.05!. These data suggest that cell sha
change is dependent on the time-average shear stress, or n
rection and magnitude of the flow vector, rather than tempo
gradients in shear stress.

To gain further insight into how distinct flow patterns can i
fluence cellular response, characteristics of cell migration w
assessed under these two flow conditions. A baseline was
established by evaluating the migration patterns of conflu
HUVEC under static~no flow! conditions for 24 hours. The ex
perimental conditions for these static controls were identica
controls used for the shear counterparts, except instead of b
stored in the incubator, the cells were enclosed in an incub
mounted on the microscope stage and maintained at 37°C an
CO2 in humidified air. Figure 3a ~left panel! shows the migratory
pattern of multiple cells in a confluent monolayer under sta
conditions. HUVEC were observed to migrate in random patte
over 24 hours. In comparison, Figure 3a ~middle and right panel!
shows the representative migration patterns of individual cells
posed to LSS and ART conditions for 24 hours. Cells expose
LSS had a smoother migratory pattern and translated greater
tances compared to cells exposed ART. ART induced greate
rectional changes in its motion compared to LSS, although
total cumulative distances traveled by these cells were similar
each condition~data not shown!. Observations made from time
lapse video microscopy showed that a majority of cells migra
in the direction of net flow and displayed continuous treading
ruffling activity at the cell periphery, which lasted the duration
all three experimental conditions.

Although studies visualizing cell behavior under flow have
cused on shape change or migratory pattern, none have char
ized these spatial movements in the context of intrinsic migra
Journal of Biomechanical Engineering
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properties. Here we used the methods described by Dunn@27# to
evaluate root mean square~RMS! cell speed and directional per
sistence from the mean square displacements~as described in the
Methods!. Directional persistence is defined as the average t

Fig. 2 Shear stress induced morphological changes in endo–
thelial cells. „a… Images of HUVEC were acquired at the start of
the experiment „tÄ0… and following 24 hours of LSS and ART.
The arrow points in the direction of net flow. Images are repre-
sentative of 3 independent experiments per condition. „b… Time-
lapse video and image analysis techniques „see Methods … were
used to evaluate changes in EC aspect ratio as a function of
time „every 6 minutes … following 24 hours of exposure to LSS
or ART. Curves were generated from the mean aspect ratio for
each time point „LSS, nÄ3; ART, nÄ3…. Standard error bars are
plotted every 2 hours between 12 and 24 hours to illustrate
non-significant differences among the LSS „black … and ART
„gray … curves „pÌ0.05….
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Fig. 3 Migration patterns and characteristics of HUVEC exposed to steady and arterial flow.
„a… Migratory patterns of four individual ECs „per plot … were tracked for 24 hours under static
„no flow …, LSS, and ART conditions. Traces of the cell’s spatial movements are representative
of the general migratory behaviors observed for that defined condition and were assessed
from 3 independent experiments per condition. All distances were computed relative to a given
cell’s original centroid „at tÄ0…, which is defined here as the origin. The arrow „right side …

points in the direction of net forward flow for LSS and ART. „b… Intrinsic migratory character-
istics, RMS cell speed „left … and directional persistence „right …, were computed for 24 hours of
static, LSS, and ART conditions from the equation describing the mean square displacements.
Calculations were made from a total of 30 cells pooled from three independent experiments per
condition. Bars represent the mean ÁSE. ** pË0.005, *** pË0.0001, n.s.Änot significant.
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between successive directional changes and can yield informa
regarding the generation of spatial movements. The static con
was used again to acquire a baseline for this study. The basal R
cell speed was found to be 0.3360.02 mm/min with P equal to
35.4367.07 minutes, validating the frequent directional chang
seen in its migration pattern~Fig. 3a!. The RMS cell speed of
HUVEC was significantly reduced when exposed to either fl
condition ~LSS, 0.2660.01 and ART, 0.2260.01 mm/min,
p,0.005 and p,0.0001, respectively; Fig. 3b!. Cells exposed to
ART migrated slightly slower~p.0.05! and with a dramatically
reduced persistence time compared to cells under LSS~P: ART,
50.9969.16 vs. LSS, 140.08627.74 minutes, p,0.005; Fig. 3B!.
The directional persistence can be visually confirmed by the
quent jagged transitions in the migratory patterns of cells expo
ART in comparison to the longer persistence time and smoo
trajectories under LSS.

Shear Stress Induced Remodeling of Cytoskeletal
Associated Proteins. Remodeling of the cytoskeleton, focal ad
hesions, and associated structural proteins in response to flow
highly dynamic process that is dependent on the flow environm
and plays an essential role in the temporal activation of mecha
sensitive signaling pathways@2,14#. To further characterize the
mechanical adaptation of the endothelium to arterial flo
structural-associated proteins, actin, plectin, and vinculin, w
immunostained following 24 hours of LSS and ART. Confoc
immunofluorescence microscopy was used to evaluate the a
stress fibers and plectin in a 1mm thick region above the center o
the nucleus, and vinculin in the basal compartment. LSS for
hours demonstrated a characteristic increase in apical stress
, AUGUST 2002
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that transverse the length of the cell, which were linearly orien
with its long axis, and were homogenously present in ce
through the monolayer~Fig. 4a, center panel!. In contrast, ECs
exposed to ART exhibited a heterogeneous staining pattern
stress fibers within the morphologically oriented monolayer.
majority of these cells displayed fewer or no apical stress fib
although many exhibited a thin cortical fiber structure~Fig. 4a,
right panel!. Vinculin, which localizes to focal adhesion sites o
the basal surface of cells and aides in the linkage of stress fibe
integrin structures@34#, was reported to localize into linea
plaques in the upstream side of ECs exposed to LSS@35,8# and
cell periphery@36#. A detergent extracted protocol was used pr
to fixation to remove diffuse cytosolic staining of vinculin in ord
to clearly visualize detergent-resistant vinculin complexes. H
vinculin orients into strong linear adhesion plaques localiz
throughout the cell~Fig. 4b, center panel! and co-localized with
the ends of stress fibers after 24 hours of LSS~data not shown!.
For arterial flow, however, these vinculin-stained plaques w
more punctate and diffuse within cells, and the linear plaq
were smaller, sparse and heterogeneous throughout the mono
~Fig. 4b, right panel!. Similar staining patterns of vinculin com
plexes were also observed when cells were fixed prior to be
permeablized~data not shown!. While differences in staining pat
tern were observed for the above proteins, staining of the ab
dant cytoskeletal protein linker, plectin, showed no qualitative d
ference in staining pattern or distribution~Fig. 4a!. The plectin
structure remodeled from a random, non-oriented pattern un
static conditions to a more linear pattern along the cell’s ma
Transactions of the ASME
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Fig. 4 Remodeling of cytoskeletal-associated structures following 24 hours of arterial and
steady shear stress. Confocal immunofluorescence micrographs show the distribution of „a…
actin and plectin in the apical „supranuclear … compartment, and „b… vinculin, in basal compart-
ment, in HUVEC after exposure to static „left …, LSS „middle …, and ART „right … for 24 hours. Actin
stress fibers „top … are stained green and the nuclei counterstained with SYTOX „red …. Images
are representative of four independent experiments per condition.
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axis following exposure to LSS and ART for 24 hours. Oth
proteins such as vimentin and microtubules also showed no
ference in staining pattern~data not shown!.

eNOS is Modulated by Distinct Shear Stress Patterns. En-
dothelial cell production of nitric oxide has been shown to
highly responsive to the flow environmentin vitro and in vivo,
reflecting immediate changes in enzymatic activity and short
long-term increases in endothelial nitric oxide synthase~eNOS!
expression at both the mRNA and protein levels@37–41#. To ex-
amine the regulation of eNOS expression by ARTin vitro, we
measured changes in protein and gene expression after 6 o
hours of ART or LSS relative to static controls. Figure 5a shows
no change in the amount of protein following 6 hours of LSS
ART ~LSS 0.8360.40 vs. ART 1.4160.09 arbitrary units,
p50.23!. In contrast, a significant increase in eNOS protein w
observed for LSS after 24 hours, but not for ART~LSS 4.0360.60
vs. ART 1.3560.46, p,0.05!. Evaluation of gene expression re
vealed a different trend. An increase in eNOS gene expression
observed following 6 hours of steady flow~1.7360.028! that was
sustained through 24 hours~2.1060.28; Fig. 5b!. Endothelial cells
exposed to ART, however, had a modest increase in expressi
6 hrs, which increased to values similar to LSS after 24 ho
echanical Engineering
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relative to static control cells~ART 6 h, 1.1460.13, 24 h, 1.81
60.21!. For this time course, these data demonstrate that art
flow does not alter the amount of eNOS protein up to 24 hrs
flow, though gene expression was upregulated by 24 hours. Ea
activation of the gene was more sensitive to steady flow ra
than dynamic time-varying pulsatile flow at this frequency.

Discussion. For the past twenty years, research has aimed
modeling various flow conditions on endotheliumin vitro in order
to understand how biomechanical forces~i.e., shear stress! affect
cellular responses. Although these studies have identified m
flow responsive pathways, most have focused on modeling
flow environment with steady, sinusoidal, or turbulent flow co
ditions @2#, which do not possess the complex time-varying fe
tures ofin vivo blood flow @1#. In the present study, we describe
the development of a novelin vitro model to simulate the shea
stress component of human blood flow waveforms on cultu
endothelial cells. An arterial-like shear stress waveform modifi
from a previously characterized blood velocity measureme
from the abdominal aorta of normal human subject@22# was suc-
cessfully modeled in our DFS and tested by evaluating the b
logical response of ECs to this new type of flow profile.
AUGUST 2002, Vol. 124 Õ 403
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Endothelial morphology and orientation in arteriesin vivo cor-
relates with the local hemodynamic environment@32,33#. Similar
results have also been observed with steady and pulsatile s
stress patternsin vitro @6,42#. Here we show ECs exposed to eith
arterial flow or the equivalent time-average steady shear st

Fig. 5 Shear stress induced regulation of eNOS protein and
mRNA expression in HUVEC. „a… Western blot for eNOS protein
following 6 and 24 hours of LSS and ART flow. Static samples
represent no flow time-matched controls for each experimental
condition. Samples were equally loaded with 50 mg of protein,
and blots are representative of 3 independent experiments per
condition „Densitometry analysis normalized to static experi-
ment: LSS 6h 0.83 Á0.40 vs. ART6h 1.41 Á0.09 arbitrary units,
pÄ0.23; LSS 24h 4.03Á0.60 vs. ART 24h 1.35 Á0.46 arbitrary
units, p Ë0.05…. „b… Relative mRNA levels of eNOS following 6
and 24 hours of LSS and ART were measured by real-time PCR
„Taqman …. Measurements were made in duplicate from three
independent experiments. Results were normalized using b2
microglobulin, a gene not regulated by these stimuli. Bars rep-
resent mean ÁSE „LSS: 6h, n Ä3, 24h, nÄ3; ART: 6h, n Ä3, 24h,
nÄ4…. * pË0.05.
404 Õ Vol. 124, AUGUST 2002
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cause cells to change shape in a similar manner over 24 ho
from a polygonal morphology to one that is aligned with the
rection of flow~Fig. 2b!, similar to ECs in straight non-bifurcating
arterial segment@32#. This result is in agreement with sever
studies indicating that cell shape change, up to 24 hours, is de
dent on the magnitude~i.e., time-average shear stress! rather than
temporal gradients in shear stress@7,9#. However, in some case
of non-reversing and reversing sinusoidal flows, the time cou
of realignment is slower compared to its steady, time-avera
counterpart, although cell shape by 24 hours is comparable@7#.
This general finding does not hold for turbulent flow where t
shape of the cells remains relatively polygonal in comparison
an equivalent LSS stimulus@11#, thus indicating the importance o
the direction and magnitude of the flow vector. The conclus
that cell morphology at 24 hours is dependent on the time-ave
shear stress was based on pulsatile flow studies conducted a
quencies of 1 Hz. To accurately develop this concept into a wo
ing hypothesis, work is currently underway to evaluate the eff
of frequency on cell shape response.

Evaluating endothelial migration patterns and characteris
under static and distinct fluid shear stress conditions has reve
interesting results that may provide insight into the activation
mechanisms involved in cell motility and mechanotransducti
Here we show that ECs under LSS (7.5 dyn/cm2) and ART expe-
rienced a;20% and;30% decrease in RMS cell speed, respe
tively, relative to a static confluent monolayer over the same
hour time period. Although this observation has not been pre
ously reported, a dramatic decrease in spatial fluctuation aro
the mean trajectories of bovine ECs had been observed follow
the onset of steady flow causing a reduction in random movem
@43#. The reduction in RMS cell speed, in general, suggests
shear stress is activating mechanisms that lead to the resistan
motion. Two such mechanisms could include an increase in
engagement of integrins or activation of proteins decreasing ac
based motility. Focal adhesions~FA! in ECs continuously remode
under static conditions, which most likely contributes to their ra
dom migratory patterns seen graphically in Figure 2a, but the
of FA remodeling does not significantly change following the e
posure to flow up to 24 hours@44#. Even though integrin ligation
is an early mechanically induced event@5#, the data reported by
Davies et al.@44# suggests there is no net change in the numbe
adhesions being made. The observed decrease in speed may
fore reflect an increase in vinculin association with FA rather th
an increase in integrin adhesion. An increase in vinculin expr
sion in 3T3 cells increases FA and stress fiber formation and
duces cell motility@45#, which is reversible with an antisense gen
to decrease vinculin expression@46#. Additional evidence from
vinculin deficient cells demonstrates a decrease in mechan
stiffness that increases when vinculin is expressed into these
@47#. When vinculin localizes to FA, it recruits adaptor protei
that facilitates its linkage from integrins to stress fibers creatin
mechanical connection to the extracellular matrix@34#. These
findings support the hypothesis that an increase in associatio
vinculin to FA increases the resistance to motion by providing
increase in mechanical strength between the extracelluar m
and cytoskeleton. Actin dynamics at the leading edge of a ce
another mechanism essential for cell migration. A recent rep
using a wound assay of BAECs found that actin filament turno
rate positively correlates with RMS cell speed in ECs@48#. This
result suggests that distinct shear stress patterns can modula
activity of proteins critical in actin-based motility and may e
plain differences in RMS cell speed reported here as well as
ferences observed in velocity measurements in EC expose
defined spatial gradients of shear stress, elsewhere@49#.

Another interesting observation is cells exposed to arterial fl
experienced a 15% reduction in cell speed compared to LSS a
64% reduction in persistence time. Although an obvious ma
Transactions of the ASME
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ematical relationship links these two variables, future studies
warranted to investigate the cellular mechanisms responsible
dramatic differences seen between them. In this study, S an
were computed over 24 hours, however, a more detailed ana
is underway to assess these intrinsic variables at a finer resol
~e.g., every 3 hr! to provide greater temporal detail for short an
long term cell migration and determine how this may influen
mechanotransduction and correlate with changes in cell ph
type. This study demonstrates that the flow environment, per
influences intrinsic migratory properties of HUVEC.

In vivo studies have demonstrated a correlation between
shape, actin stress fibers, and the hemodynamic environm
@50,51# as well as demonstrated a direct effect of altered flow
cell morphology and stress fiber distribution@52#. Similar findings
have been reported for ECsin vitro exposed to LSS in which ther
is an increase in the number of parallel oriented stress fibers
span the length of the cell’s major axis@53,54# and the apical
region of the nucleus, as shown in this study, and previously@14#.
Here we show ECs exposed to ART exhibit a significant reduc
in the number of centrally oriented stress fibers in the apical
gion of cells following 24 hours of flow with an overall heterog
neous distribution of stress fibers within the monolayer relative
LSS. Similar heterogeneity has been observedin vivo @55,52#,
however this pattern is unlike any previously reportedin vitro.
Cells exposed to pulsatile flows, such as, sinusoidal flows exh
stress fiber staining similar to LSS, but form thicker fibe
whereas ECs exposed to oscillatory flows either have no@7#, or
random-oriented, central fibers@9#. Together, these data indica
that shear stress can modulated actin stress fiber structure
strengthens the argument that the exact nature of the shear
waveform is an important predictor of stress fiber formation a
distribution, which may have implications to its function in she
stimulated ECs.

eNOS plays a critical role in maintaining the contractile, r
modeling and homeostatic environment of arteries@56,57# and has
been shown to be highly responsive to flowin vitro. We evaluated
the regulation of eNOS mRNA and protein expression by arte
shear stressin vitro and compared it to the well studied LS
stimulus. In this study, a significant increase in eNOS mRNA w
detected after 6 hours of LSS and sustained at the same level
24 hours. However, a significant increase in protein expres
was only observed at 24 hours, similar to a previous report@38#.
Arterial flow showed a modest increase in eNOS mRNA a
hours and greater increase at 24 hours, though protein expre
remained unchanged at both time points relative to static cont
These data suggest that the regulation of eNOS mRNA in HUV
is more sensitive to steady rather than arterial pulsatile shear s
at earlier times~i.e., 6 hours! and possibly dependent on th
equivalent time-average shear stress or a continual exposu
flow at longer time points~i.e., 24 hours!. In support of these data
recent work in bovine aortic ECs demonstrated a greater incr
in eNOS mRNA at 6 hours of LSS (20 dyn/cm2) compared to an
oscillatory waveform~sinusoidal,620 dyn/cm2, 1 Hz!, with in-
creasing trends for each condition up to 9 hours@58#. The tran-
sient increase in mRNA levels with pulsatile flow is a trend n
observed by turbulent flow in which there is no change in eN
mRNA at 6 hours@12# and 24 hours@13#. This demonstrates tha
the regulation of eNOS mRNA is dependent on the type of sh
stress waveform, perhaps reflecting its acceleration/decelera
components. As for eNOS protein levels, a sustained increas
mRNA appears to be necessary for the increase in protein a
ported for LSS (20 dyn/cm2) at 4 and 8-hours@59# and LSS
(15 dyn/cm2) @38,60# and forward oscillatory flow ~3 to
9 dyn/cm2, 1 Hz, with pulse pressure! @61# at 24 hours.

Recent investigations have focused on modulating the temp
component of shear stress functions~e.g., trapezoidal or sinu
soidal function! as a means of examining the unsteady compon
of shear stress patternsin vivo and identifying rate sensitive signa
pathways and mechanotransduction mechanisms in ECsin vitro.
Journal of Biomechanical Engineering
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Data from this work has revealed differential responses in sig
ing molecules@42,62# and the expression of proteins and gen
that depend on the temporal gradient of shear stress@63–65#.
These results may provide insight into similar features, such as
shear stress rate, that associate with more complex waveform
an arterial flow function. We are actively using this model
investigate mechanisms sensitive to the temporal characteristi
unsteady flow in order to understand the rate sensitivity of
endothelium.

Conclusion
In this study, we have presented the groundwork for a newin

vitro model used to simulate the shear stress component ofin vivo
blood flow on ECs in culture. The DFS does not, however, inc
porate the additional stress components, hydrostatic pressure
hoop stress, encountered by the endotheliumin vivo. A more com-
prehensive model, which imposes all three stress compone
may facilitate our understanding of the complex regulation
these forces on EC response in an intact vessel. In order to un
stand the relative contribution of the complex shear stress com
nent of arterial flows on EC response, we have developed,
first step, this arterial shear stress model to provide a more e
relationship between a well-defined biomechanical force an
measurable biological response. As a starting point, we set ou
fully characterize this new type of arterial-like waveform on t
biological response of HUVEC. Here we show that the expos
of ECs to ART caused changes in intrinsic cell migratory prop
ties, distribution of actin stress fibers and vinculin cytoskele
structures, and regulation of eNOS mRNA and protein express
but not cell shape change or RMS cell speed compared to
equivalent LSS. This study represents the initial report charac
izing the biological responses of ECs to an arterial-like sh
stress flow environment. Future studies are aimed at evalua
the effect of arterial frequency and amplitude on EC respons
order to understand how ECs sense shear stress and decode
ous components~e.g., amplitude, frequency, flow reversal! of an
arterial waveform. These data further support observations tha
endothelial cells can not only sense, but also discriminate am
distinct shear stress stimuli@12–14# and demonstrate the utility o
an arterial flow model to provide greater insight into the coor
nation of mechanisms involved in mechano-sensing and mod
tion of endothelial phenotype.
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Nomenclature

a 5 cone angle
m 5 dynamic viscosity
t 5 shear stress
n 5 kinematic viscosity
v 5 angular velocity

v f 5 frequency
^D2& 5 mean squared displacement

P 5 directional persistence time
S 5 root mean square~rms! cell speed
T 5 time interval

ART 5 arterial pulsatile flow
cP 5 centipoises

DFS 5 dynamic flow system
EC 5 endothelial cell

eNOS 5 endothelial cell nitric oxide synthase
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HUVEC 5 human umbilical vein endothelial cells
LSS 5 laminar shear stress
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