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Guillermo Garcia-Cardena In the circulation, flow-responsive endothelial cells (ECs) lining the lumen of blood ves-
Michael A. Gimbrone, Jr.1 sels are continuously exposed to compl_ex hem_odynamic forces. To ipcrease our under-
standing of EC response to these dynamic shearing forces, a novel in vitro flow model was
developed to simulate pulsatile shear stress waveforms encountered by the endothelium in
the arterial circulation. A modified waveform modeled after flow patterns in the human
Brigham and Women's Hospital ab_dominal aorta was used to e_valuate the t_)iological_ responsiveness of human umbilical
and Harvard Medical School, vein ECs to this new type of stimulus. Artt_arlal pulsatile flow for_ 24 hours was c_ompared
Boston. MA 02115 to an equivalent time-average steady laminar shear stress, using no flow (static) culture
' conditions as a baseline. While both flow stimuli induced comparable changes in cell
shape and alignment, distinct patterns of responses were observed in the distribution of
actin stress fibers and vinculin-associated adhesion complexes, intrinsic migratory char-
acteristics, and the expression of eNOS mRNA and protein. These results thus reveal a
unique responsiveness of ECs to an arterial waveform and begin to elucidate the complex
sensing capabilities of the endothelium to the dynamic characteristics of flows throughout
the human vascular tree[DOI: 10.1115/1.1486468
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Introduction sense shear stress stimuli, but also discriminate among distinct

In the human circulatory system, blood flow in arteries is highlgiOes of flow patterns. It is becoming more apparent that the exact

dynamic and variable. For a typical waveform, the contraction ofture of the flow stimulug vitro regulates EC phenotyfjd4]

the heart during systole forces blood to accelerate through tRBd IS hypothesized that the local hemodynamic environriment
arteries within 100-200 milliseconds. As the heart expands Y#/0 can contribute to regional differences in EC phenoty/fs.
collect blood during diastole, arterial flow will decelerate in 200— Recently, several models have attempted to simulate an arterial-
300 milliseconds, briefly reverse in direction, and then reverd&e flow environment by imposing aortic pressure waves or con-
again and continue distally to a low forward basal flow until thérolled flow rates onto an endothelialized tubular mgde&—18.

next cycle. The velocity characteristics of an arterial waveformhese models inherently contain a combination of stimuli that are
(e.g., peak amplitude, flow reversal, pulsation frequeacy vari-  interdependente.g., flow, pressure, strairwhich influences the
able throughout the vasculature and are dependent on local ge@#fiut or response of another stimuli. Although this model incor-
etry, elasticity of the artery wall, peripheral vascular resistancgerates similar flow characteristics encountered by an intact ves-
and heart rat¢1]. As a result of these dynamic flow patterns, &g \yhich may be important in endothelial response, a shear stress

complex set of mechanical force_ée.g., Sh.eaf stress, hydrostatlcﬂow model provides a more exact relationship between a well
pressure, and hoop strésse continuously imposed on the endo—

thelial lining of these vessels. Endotheiial celECS have been defined biomechanical force and a measurable biological response

shown to be highly responsive to these biomechanical fdizps Without the influence of a deformable substrate. Langilgf was
and recent studies have provided insights into several mechanidhffirst to demonstrate in a parallel rotating disk madel, shear
involved in mechanotransducti¢@—5]. stress only the application of an arterial-like waveform on the
Over the past twenty years, various models have been desigﬁé’dothelium of dog aortic tissue. This model, which exposed the
to simulate the effects of the blood flow environment on culturedssue to a linear spatial gradient in shear stress, investigated the
ECs in an effort to understand their response to biomechanigafluence of high levels of shear stre@s to 2000 dyn/crf) on
forces. These devices are designed to generate either a single #tpgothelial injury, adhesion strength, and thrombogenic response.
of stimulus(e.g., shear stress, hydrostatic pressure, hoop stessMore recent models demonstrate the ability to deliver complex
a combination of stimuli2]. Models investigating the influence Ofpulsatile flows[20,21], though a systematic study evaluating the

shear stress alone on EC response have simulated steady lamif@t.s of arterial-like shear stress patterns on EC response has yet
[6], sinusoidal(net forward with and without reversing@nd os- to be conducted

cillatory [7-9], disturbed(.e., spatial-varying[10], and turbulent In an effort to better approximate the actual wall shear stresses

(i.e., random temporal and spatial varyjrfpws[11-13. Results . d by ECs i ial S q d
from these studies demonstrate the ability of the EC not only gxperienced by S In grterla geometr'gw'\’o‘ and to under-
stand how these stimuli affect endothelial phenotype, we have

IMichael A. Gimbrone, Jr., M.D., Vascular Research Division, Department C}Hndertaken th_e design a_nd development Of_a novel co_ne-_plate flow
Pathology, Brigham and Women's Hospital, 221 Longwood Avenue, BMRC-408yStem to deliver pulsatile shear stresses in an arterial-like wave-
Boston, MA 02115; Email: mgimbrone@rics.bwh.harvard.edu form that mimics similar characteristics of flow in different human
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havior, adaptation of cytoskeletal-associated proteins, and th — z-axis ~
regulation of endothelial nitric oxide syntha@NOS mRNA and (@ micrometers
protein expression.

/timing belt
Methods = T T T

] T A

The Dynamic Flow System(DFS). The dynamic flow sys-

tem (DFS) is a multi-component cone and plate device that com- D
prises a culture well environment and main drive uiibne as-
sembly and motor The design of this system is a modification of . 1>

a previously described modg21]. The complete system mounts
onto a microscope stage and, with a transparent ¢0ri¢ cone

angle and plate surfac€10.8 cm-diameter the cells are visual- sﬁgf’:rr
ized under dynamic flow conditions via phase microscpig.
19). Real-time changes may also be monitor using fluorescenc \ ) ]
video microscopy to detect fluorescently tagged proteins or indi- circulation ports
cators(e.g., to monitor intracellular pH or calciym

Velocity waveforms generated by the drive system are con-(p)
trolled with microstepper motor technologyParker Hannifin, 6
Rohnert Park, CA Through software(Compumotor 6000, 5 | 120
Rohnert Park, CA the fluid dynamics can be programmed to 2 + 16
simulate waveforms ranging from uniform laminar flows to more 8 5 4 1123 %
complex arterial waveforms. Precise control of the motor permits L3 37 ER
real-time, or “on-the-fly” changes in acceleration/deceleration 8§83 24 N /\u ’\w N8 g2
rates and flow directions, which are important features for repli- RS 11 14 >3
cating arterial-type flows. The precision at which the programmec < ¢
waveforms are replicated by the motor-s0.02% (reported by 01 e
the manufacturgr As documented in a previous report, the iner- -1 , . . -4
tial effects for the startup problerti.e., a ramp and hold flow 0 1 2 3 4
condition in a cone and plate geometry were negligible with Thie-(88667k8)
minimal lag time at the greatest radii and acceleration times on th
order of 10 milliseconds, thus demonstrating that the shear stres
on the plate surface maps, in a temporal manner, that of the cone(© Ultrasound Dynamic Flow System
velocity [21]. s 6

The device also includes several features critical for maintain- 8 42 @
ing a physiological environment. Two access ports in the well 3 4] | o8 g
permit constant exchange of fresh media. These ports can be us i @
to introduce pharmacological agents without disturbing the ex- ’§ T 9| 14 2

. . . o o
periment or flow environment. An external heatétlantic Ther- E o o
mal Co., Hopedale, MAis configured to control the culture tem- Z 0 AILANSLA 0 g
perature at 37°C, and a plastic enclosure over the apparatt = V_ V-V 1)
maintains the internal environment at 5% i@ humidified air. g 2 ‘ ‘ 14 ?2
Experiments validating the DFS demonstrated that the material ; 0 1 2 3
used to fabricate and sterilize the well environment were non- B ) T & & .
Time (seconds) Time (seconds)

toxic to an endothelial cell monolayer up to 5 days in culture.

Development of Arterial Shear Stress Waveform. Blood
flow patterns in large arterie®.g., thoracic, abdominal, carotid,
brachial arteries share similar time-varying characteristicsrig. 1 Schematic of the Dynamic Flow System and plot of
throughout a cardiac cycle. To develop an arterial-like shear stresstor-generated arterial waveforms.  (a) The DFS is a cone and
waveform that would incorporate similar characteristics, we selate device that mounts on to a microscope stage and permits
lected as a model a previously defined waveform captured frafitect visualization of the cells adhered to the plate surface.
the abdominal aorta of a normal human subject using phadéie rotation of the cone is controlled via a timing belt connec-
encoding magnetic resonance imaging techn{@2 This wave- tion to the programmable stepper motor. ~_ (b) An arterial wave-
form encompass several common temporal features found in Ia@@“’ developed from phase-encoding MRI of a previously

. : . aracterized human abdominal aorta  [22], was programmed
arteries(e.g., acceleration/deceleration rates, flow reversal, f%‘to DFS and used to assess the biological response of ECs for

ward basal flow. i ) all experiments in this study. Measurements from the DFS are

To translate this waveform from medaicenterling velocity represented for multiple cardiac cycles. Characteristics of this
measurements in the aorta to shear stress values at the vessel walleform include, a peak shear stress of 20 dyn  /cm? during
the equation oftircular Poiseuille flow was used to approximatesystole, flow reversal during diastole to a maximum of
shear stress. It is important to note that the Womersley Number foB dyn/cm?, an equivalent time-average of 7.5dyn /cm? (de-
this vessel is approximately 10(Based on a mean lumen diam-picted by the solid horizontal line ), and a pulsation frequency
eter of 17 mm, a blood viscosity of 4 cP, and frequency of }, Hzof 1Hz. (¢) A blood flow waveform acquired by ultrasound from
indicating there is a significant influence of the transient inerti#fe brachial artery of a normal human subject  (left panel ) was
forces in this region of the aorta. Therefore, theoretically, Pgprogrammed into and measured from the DFS  (right panel ).
seuille’s Law would underestimate the shear stress values. HoytS "ePresent multiple cardiac cycles of the waveform, and

h d ) d mini h (} e programmed waveform is modeled at a frequency of 1Hz.
ever, the computed maximum and minimum shear stress 19§, yhe measured waveforms, (b) and (c, right ), values of the

this  waveform using. Poisegillg’s Layv(~30 dyn/cni and angular velocity (rev/sec) were measured directly from the mo-
—7.5dyn/cni, respectively coincided with the range of near tor, and values of shear stress  (dyn/cm?2) were computed at the
wall shear stress measurements made in {&24). Initial flow plate surface.
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experiments in this model demonstrated that high shear stréise cone was manually lowered into position. The cells were then
rates (SSR (>300 dyn/cni/sec) compromised the integrity of exposed to a steady laminar shear steSS) of 7.5 dyn/cn3 or

the monolayer at the end of 24 hour pulsatile flow experiments. & arterial pulsatile flofART) with an equivalent time-average

a result, the shear stress values of this waveform was modifieddhear stress of 7.5 dyn/émand a frequency of 1Hz for 24 hours
decreasing the maximum shear stress during systole (fig. 1b). At the start of each experiment, flow was automatically
20 dyn/cnt (SSR~200 dyn/cné/sec) and increasing the shearamped up using a linear profile to a “steady” waveform in 5
stress during the diastolic phase in order to maintain a physiologtinutes. For ART flow, the amplitude of the arterial function in-
cal level of time average shear stress (7.5 dyrjcii3,24. In creased linearly with time over the initial 5 minut@st shown.
defining the time history of the shear stress waveform relative ksesh complete media containing 2% dextran was exchanged
the blood flow velocity pattern, Ling et aJ25] previously had through the side ports at a volume flow rate of 0.07 ml/min, which
demonstrated that temporal patterns in blood flow in the thorasiorresponded to one complete exchange of the medium each hour.
aorta of a dog approximate the time-varying shear stress pattem?mmunofluorescence and Confocal Imaging. To prepare
as computed from the full Navier-Stokes equations. Other factors :

which would influence the actual wall stress magnitude and ter%t_élls for immunofluorescence staining, cultures were immediately

poral histories, such as vessel wall compliance, were taken i nsed twice in warm (37°C) PHEM buffé60mM PIPES, 25mM

: . PES, 10mM EGTA, 2mM MgGl, and pH 6.9. For plectin,
account in the latter computatid26]. Therefore, the temporal 8 . ' .
characteristics of the wav?aformdus}ed in this report werg reprS'?"s were fixed in 4% paraformaldehyde in DPBS for 10 minutes

o L : o T i .
duced from the blood flow patterns of the model waveform. THa 3/ < and permeablized in 0.2% Triton X-100 for 5 minutes at
Ram temperature. For vinculin, cells were initially permeabilized

values of shear stress were converted to angular velocity using - . o
following equation for a cone and plate viscomenter,uw/a, #or 2 minutes with a modified PHEM buff¢PHEM pH 6.9, 2:M

i € S L . hallacidin (Sigma, 20uM taxol (Sigma, 1mM GTP (Sigma,
wherer=shear stresgy=dynamic viscosityw=anglular velocity, p . . ) ;
and a=cone angle(0.5°, 0.00873 radians The waveform was 0.75% TritonX-100 and fixed in 4% paraformaldehyde in DPBS

. ) ; . ! taining 5mM MgCJ and 10mM EGTA for 10-minutes. Cells
segmented into discrete time steps and programmed via a pom\fv%g;e then rinsed in 0.1% bovine serum alburt@SA) in DPBS

point method into the DFS. To validate this waveform directl . 0 . i .
from the apparatus, an encod®anaher Controls, Gurnee, )IL )é_nd incubated in 1% BSA for 40 minutes to block non-specific
binding. Monolayers were incubated with antivinculin antibody

agc:ed:gg t?)cggasdtilr%nssggg selr:)slgg?ilmioagt' aVancouver, WA (1:100, mouse monoclonal V9131, Signma antiplectin antibody
' (1:500, guinea pig polyclonal, Research Diagnostics) Iftz. 1hr
Validation of Fluid Mechanics. To validate the fluid dynam- at room temperature, rinsed well with 0.1% BSA in DPBS, and
ics of the DFS under steady and time-varying aspects of the ardecked for 30 minutes with 2% goat serum in DPBS. Secondary
rial flow, 10 um fluorescentFITC) latex microspheregl:125 in  antibodies, goat anti-mougé:200, Alexa Fluor 546, Molecular
water; Polysciences, Inc., Warrington, PAere used as a marker Probe$ for vincluin and goat anti-guinea pid:200, Alexa Fluor
for tracking the dynamic motions of the fluid. Image sequencé88, Molecular Probésfor plectin, were incubated for an addi-
were acquired at video frame rat#/30 se¢ using a high-speed tional 1 hr at room temperature, rinsed in DPBS, and mounted
video recorder(Sony and a fluorescence microscogglikon using Gel-Mount(Biomedia.
TE300, Nikon with an FITC filter. For visualizing actin, fixed and permeablized cells were incu-
. . bated with Oregon green 514 phalloiditx20, Molecular Probgs
Cell Culture and Experimental Protocol. Human umbilical ¢4 1 hr at room temperature, rinsed three times in DPBS, incu-

vein ECs(_HUVEC) isolated from normal term cords and poole_doated with sytox orangé0.01%, Molecular Probggor 2 minutes
from multiple (5 to 7) donors were cultured in complete mediag stain nuclei. and mounted in Gel-Mount.

(Medium 199 with 25mM HEPES$Biowhittaken, 20% fetal calf A | gica TCSNT confocal laser-scanning microscope was used
serum(Gibco) and supplemented with 2mM L-glutamif@ibco), 14 acquire serial sections of images as previously descfibéld

50 pg/ml endothelial cell growth suppleme(Biomedical Tech- pgiiefly images were taken sequentially in the z-axis from the
nologies, 100 ug/ml heparin(Sigma, and 100 unit/ml penicillin- apical to basal surface at 0ggn increments and a 0.2m pixel
G+100 ug/ml streptomycin (Biowhittaken) and incubated at gj;e resolution with a 4@ oil immersion lens and a 1.5 times
37°C in 5% CQ in humidified air. digital zoom. For actin and plectin, sytox stained nuclei were used

For the flow experiments, high molecular weight dextt®h. a5 figciary markers to identify the center of the nucleus. The

~460 kD; Sigma was used to increase media viscosity, whicfl, e corresponding to the nuclei with the highest intensity was

Wtas rgeaskl:c_relt(:ij E”or. to each Lextg)erlrtne_nt ulsmg (:Sane-p;:?te V'S;Oéﬂbsen as the centerline, or reference image. To evaluate the api-
eter (Brookfie ngineering Laboralories, inc., Stoug on, M cal structures of these proteins, five sequential images starting

I A : Qfith centerline image and moving toward the apical surface were
ity in order to achieve a consistent shear stress output. The m(?ﬁlglrged to represent am thick apical section. For vinculin, a

viscosity for all experiments was 2.2D.05 cP(n=30). : : :
For each experimental set. HUVEC were plated from thselngle image was acquired at the basal surface of the monolayer.

same pooled batch(subculture 1 at an initial density of  Image Analysis. Time-lapse images of the endothelium were
70,000 cells/crh onto a 0.1% gelatinSigma coated 100 mm acquired(Image Pro Plus, Media Cybernetics, Rockville, M&x
culture dish for static controls and a custom designed 10.8 @minute intervals for static and 24 hr flow experiments using a
diameter polystyrene plate surfa¢Blaskolite, Inc., Columbus, 4 X objective and phase optics. A custom macro was applied to the
OH) for flow experiments. To eliminate potential shear-inducethovie sequence to:) sub-sequence the movie into 6 minute time
wounding of the endothelium at the center of the plate, a silicomgervals, 2 apply a series of routines to optimize cell border
rubber plug(class VI medial-grade, 3.18 cm diameteras used contrast, and Bskeletonize the resulting sequence using a pruning
to void the center of any cell adhesion or growth. The plug wdsature that traces the boundaries of each cell. As a result, each
removed just prior to the start of an experiment. Confluent mononage was transformed into tracings of the cell borders. These
layers were maintained for 48 hours in complete medium amghages were then superimposed onto the sub-sequenced phase
stored at 37°C in 5% CQin air. images to confirm accurate tracings of the cell perimeters. For
At the start of the experiment, static control cells and cells ieach image, Image Pro Plus assigned an object number to each
the cultured well apparatus were rinsed once with w&iT’C) cell. Using the image analysis software, x-y centroid of each cell
Dulbecco’s phosphate buffer salif®PBS then submerged in (objec) and the mean aspect ratio in the imaging field was mea-
complete media containing 2% (w/v) dextran. The well wasured and exported to an Excel spreadsheet for further analysis.
placed into a custom base mounted on the microscope stage, antb evaluate cell migration, a custom program was developed in
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MatLab (MathWorks, Natick, MA to trace the paths of single ously defined waveform of the human abdominal aorta of a
cells over the 24 hour time period from the resultant x-y data. Thigealthy volunteer that was well characterized by both magnetic
was necessary since object numbers were reassigned among sgpnance and ultrasound imaging techniglzg. A modified
cessive images. The program then evaluated the coordinatesviersion of this waveform was translated into a shear stress wave-
subsequent time intervals using a minimum distance traveled f¥rm and programmed into the DFS. Figuteshows this velocity
gorithm. The resultant cell path matrix yielded x-y coordinates dsmce measured directly from the stepper motor and depicts mul-
a function of time, which was converted from pixels to spatidiple cardiac cycles of the waveform. Values of angular velocity
distances in micrometers. A sub-program read in the cell patfev/ses were converted into units of shear stress (dyrficat
matrix and evaluated two intrinsic migratory characteristics, thte plate surface. The waveform includes several major character-
root mean squarRMS) cell speed, S, and directional persistencastics, including a maximum shear stress of 20 dyrf/auring
P. Computation of these two values was based on the equatjshk systole, flow reversal during diastole that reaches
derived for the mean square displaceme(is), as describe by —3 dyn/cn?, a time-average shear stress of 7.5 dyrfjcen fre-
Dunn[27], quency of 1Hz, and an oscillatory shear ind&g] of 0.098. The

(DZ): SPPATIP—1+e TP biom(_achanical limits of _this waveforiti.e., maximum, mi_nimum,

and time-average amplitude of shear streggee well with pub-

where, T equals the time intervals t{&?) was calculated over. A lished results of near wall shear stress computations in the supra-
non-linear least squares curve-fit routine was used to solve fenal and infrarenal region of the abdominal aorta using MRI
these two coefficients. These values were evaluated for individdathniques, in which maximum shear stress during systole ranged
cells and are representative of the migratory behavior for the egetween 30 to 60 dyn/cm minimum shear stress during flow
tire 24 hours of the experiment. reversal was—4 to —13 dyn/cnf, and mean(time-averaged
shear stress ranged between 3 to 7 dyﬁ/ﬁlﬁ,23,24. The wave-

ately rinsed twice in cold4°C) DPBS at theermination of the fo_rm in Figure 1b is used for all the arterial flow experiments in
experiment. Protein was extracted in cald°C) lysis buffer this study. .
(50mM Tris pH 7.5, 1% TritonX-100, 0.1% deoxycholate To further demonstrate the utlllt_y of the DFS to emulate com-
(Sigma, 50mM NaCl, 20mM leupeptin, 40uM aprotinin, 10ug/m|plex flow patterns in different regions of the vasculature, blood
PMSB, scraped, collected, and sonicated on ice. Samples wéiv measurements in the brachial artery of a normal human sub-
rotated at 4°C for 1 hour prior to and following sonication, andECt Were acquired by ultrasouriBowervision 8000 Toshiba; Fig.
then centrifuged at 14,000 rpm for 20 minutes at 4°C. The supéf !eft). In comparison to Figuretd the complexity of this wave-
natant was collected and the protein concentration was evaluatgn Shares many characteristics with the waveform from the ab-
using the Bio-Rad P protein assayBio-Rad, Hercules, CA For dominal aorta. The flow pattern was translated into a shear stress
each sample, 5y of protein was added to8denaturing sample Waveform, as described in the methods, and programmed into the
buffer (0.5M Tris-HCI pH 6.8, 9% SDS, 9mM EDTA, 3.6% DFS. Figure & (right) shows the velocity trace acquired directly
B-mercaptoethanpl boiled for 5 min, and then loaded and reffom the stepper motor and depicts multiple cardiac cycles at a
solved in a 7.5% polyacrylamide gel. Protein was subsequenffgquency of 1Hz. The characteristics of this measured waveform
transferred from the gel onto a nitrocellulose membrane, block¥gre similar to those measured from ultrasound. Waveforms ac-
for 2 hours in 5% milk in Tris-buffered salin€BS), incubated quired from other vascular regiois.g., human coronary and ca-
with anti-eNOS monoclonal antibodZlone H32 in 5% milk in  rotid artery have been successfully modeled and programmed
TBS for 2 hours, rinsed thoroughly in TBS, incubated with horsddto the DFS(data not shown _
radish peroxidase-conjugated goat-anti-mo{is&0,000, Jackson To validate the fluid mechanics of this system and demonstrate
Laboratoriel and rinsed again in TBS. Protein bands were vistihe dominance of viscous forces under steady and arterial flow, 10
alized using ECL chemiluminescent®mersham Pharmacia Bio- #m fluorescent microspheres were visually tracked in the media
tech and developed with Biomax filfKodak). The intensity of through time. At steady state, laminar streaklines were observed
each protein band per condition were assessed by densitoméffpughout the fluid at constant speeds. This observation is con-
and normalized to time-matched static controls. sistent with the computed modified R&, calculated at the maxi-

) ) mum radius, indicating the flow is within the laminar regime and
_ Gene Expression Analysis. After exposure to the approp- that secondary flows, computed from laminar flow theory, can be
riate stlmulus,_ cell_s were rinsed twice _W|th ice-cold DPB%egIected, as previously describ§80,31,21. For the arterial
and scraped in TrizolGibco. RNA was isolated by ethanol waveform(Fig. 1b), the microspheres were observed to track the
precipitation and further purified and DNase-treated. RNRQomplex flow characteristics with no apparent effects of inertia
was transcribe using a MultiScribe based RT reaction. The f%ata not shown

lowing primers and Tagman probe were used: forward 14 eyaluate the temporal and geometric limits in which shear
primer, S-CGGCATCACCAGGAAGAAGAC-3; reverse pri- gyress tracks the input waveform for unsteady flow conditions,
mer, 5-TCACTCGCTTCGCCATCAC-3 and Tagman probe giokes first and second problem were solved. Stokes first problem
5'-TGGCCAACGCCGTGAAGATCTCC-3 reactions were per- gefines the diffusive time for the momentum of the fluid to reach
formed in a GeneAmp 5700 sequence detection sysfplied 5 perpendicular distance 6£0.05 cm(the maximum height be-
Biosystems tween the cone and the plate at max radius, 0.5° cone angle, 10.8

Statistics. Statistical differences among experimental group@m diameter surfagefor an impulsively starting plate to be30
were evaluated either using a one-way ANOVA for post-hoc confdilliseconds. However, the value of the lag time is less for a
parisons or the Student's t-test at a 95% confidence level afi@fined acceleration as demonstrated in CFD solution by Black-

Protein Isolation for Immunoblotting. Cells were immedi-

assuming equal variances. man et al.[21] for a ramp and hold function. Therefore, in this
system the tracking of shear stress at the plate surface, which
RESULTS scales with the radial distance, can be neglected for acceleration

and deceleration features of the waveform greater than an accel-
Generation of Arterial Waveforms and Validation of the eration or deceleration time of 20 milliseconds. For steady state
Fluid Mechanics. The goal of this study was to develop an conditions of a pulsatile function, Stokes second problem indi-
vitro flow model to simulate shear stress patterns similar to thosates that the diffusive distan¢g) from the cone is constant, and
experienced by the endothelium in different regions of the vascipr the parameters of the DFS i80.566 cm(d=4 v/ ws; kine-
lature and evaluate the effects of this complex stimulus on E@atic viscosity(v) of 0.02 cnf/sec and a frequencyy) of 1 Hz).
response. An arterial-like waveform was selected from a prev&ince this solution is based on a sinusoidal function, a Fourier
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Series analysis was performed on the experimental wavefornm

(Fig. 1b. This revealed that the waveform can be completely (a)
described within the first 10 harmoni¢s 90% of the magnitude

up to the fifth harmonic At the highest frequency component of

this flow pattern, which is equivalent to the tenth harmonic, or 10

Hz, the diffusive distance would be 0.178 cm. Since this value is

greater than the maximum height between the cone and the plate t=0
this further supports the mapping of shear stress at the (#ate

dothelia) surface as of function of time as that defined by the

input waveform under these temporal and geometric conditions.

Morphological and Migratory Response to Arterial Flow. :
Endothelial shape change vitro, as well as established cell mor- — - ——
phologiesin vivo, prove to be faithful correlates of the nature of \ W \\‘\W
applied fluid shear stred82,6,33,1. To test the characteristic N u\‘!\*l\:\\“
morphological response of an endothelial monolayer exposed tc 18 \ \-"\\"‘.’.\IJ ,
steady flow and to determine the corresponding mechanical adap \ / WAV
tation to this newin vitro arterial flow condition, HUVEC were LSS \ l‘)_"'
exposed to either 7.5 dyn/émof steady laminar shear stre$sSS) 24h ‘,‘*,(‘ |
or arterial pulsatile flon(ART) with an equivalent time-averaged
shear stress (7.5 dyn/@nat a frequency of 1 Hz for 24 hours
(Fig. 1b). After 24 hours, the cells exposed to LSS reoriented from
a static monolayer of polygonal-shaped cells, with no preferred
orientation, to a well characterized morphology in which the cells
were elongated and aligned with the flow directigtig. 2a, top 1 NI
vs. middle panel This elongation and alignment response seen S\ 1IN ANENURL RN
for LSS also was observed for ECs exposed to AlRig. 2a, \ L}
bottom paneél From time-lapse video microscopy, cell shape
change, in terms of the aspect ratice., length of major axis/
length of minor axiy was evaluated as a function of time. Within ART
the first hour of flow onset, an immediate contractile response 24h
(i.e., cell rounding in shape, and a decrease in aspec) rate
observed among individual cells within the monolayer, however,
the integrity of the monolayer was maintained under both shear
conditions. After 1 hour, the aspect ratio increased with the expo-

A

sure time up to 18 hours of both LSS and ART, and reached VA CA NN RSAUS et NN
maximum elongation in the direction of flow between 18 to 24 :

hours (24 hours: LSS, 2.080.07 vs. ART, 1.9%0.14, p>0.05; (b) 22

Fig. 2b). Temporal changes in the aspect ratio were similar for — ART

both flow conditiongp>0.05. These data suggest that cell shape
change is dependent on the time-average shear stress, or net ¢
rection and magnitude of the flow vector, rather than temporal
gradients in shear stress.

To gain further insight into how distinct flow patterns can in-
fluence cellular response, characteristics of cell migration were
assessed under these two flow conditions. A baseline was firs

Aspect Ratio
-

established by evaluating the migration patterns of confluent 14 ' : .

HUVEC under statiqno flow) conditions for 24 hours. The ex- ’

perimental conditions for these static controls were identical to 0 6 12 18 24
controls used for the shear counterparts, except instead of bein Time (hours)

stored in the incubator, the cells were enclosed in an incubator

mounted on the microscope stage and maintained at 37°C and g0 »  shear stress induced morphological changes in endo—

CO, in humidified air. Figure & (left pane} shows the migratory thelial cells. (a) Images of HUVEC were acquired at the start of

pattern of multiple cells in a confluent monolayer under statige experiment (t=0) and following 24 hours of LSS and ART.

conditions. HUVEC were observed to migrate in random patterfide arrow points in the direction of net flow. Images are repre-

over 24 hours. In comparison, Figura @niddle and right pangl sentative of 3 independent experiments per condition. (b) Time-

shows the representative migration patterns of individual cells gfpse video and image analysis techniques  (see Methods ) were

posed to LSS and ART conditions for 24 hours. Cells exposed {§ed to evaluate changes in EC aspect ratio as a function of

LSS had a smoother migratory pattern and translated greater (ﬁ'f‘rg’-‘zR(Te"gL{VGesm\x‘é‘rt:Zgnfgr'g;‘gé”goﬁ t%%uﬁe(:negggsgtr?att?oﬁrs

tances compared to c_eIIs exposed ART. ART induced greater kch time point (LSS, n=3; ART, n=3). Standard error bars are

rectional chapges_ in its motion compared to LSS, a'th‘?ugh B tted every 2 hours between 12 and 24 hours to illustrate

total cumulative distances traveled by these cells were similar f@§n-significant differences among the LSS (black) and ART

each conditiondata not shown Observations made from time- (gray) curves (p>0.05).

lapse video microscopy showed that a majority of cells migrated

in the direction of net flow and displayed continuous treading, or

ruffling activity at the cell periphery, which lasted the duration of

all three experimental conditions. properties. Here we used the methods described by D2ifinto
Although studies visualizing cell behavior under flow have foevaluate root mean squat@MS) cell speed and directional per-

cused on shape change or migratory pattern, none have charadistence from the mean square displacemé@sslescribed in the

ized these spatial movements in the context of intrinsic migratidlethods. Directional persistence is defined as the average time
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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 t=0), 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  =SE. ** p<0.005, *** p<0.0001, n.s.=not significant.

between successive directional changes and can yield informattbat transverse the length of the cell, which were linearly oriented
regarding the generation of spatial movements. The static contwith its long axis, and were homogenously present in cells
was used again to acquire a baseline for this study. The basal Rifough the monolayefFig. 4a, center panel In contrast, ECs

cell speed was found to be 0:88.02 um/min with P equal to exposed to ART exhibited a heterogeneous staining pattern of
35.43+7.07 minutes, validating the frequent directional changegress fibers within the morphologically oriented monolayer. A
seen in its migration patter(Fig. 3a). The RMS cell speed of majority of these cells displayed fewer or no apical stress fibers,
HUVI.E'C was significantly reduced when exposed to elthgr ﬂo“é(lthough many exhibited a thin cortical fiber structdfég. 4a,
conodglgg (LdSS'O 8'020650'01 an_d lA.RI':I'_, 0'2%0“01 ,um/m(ljn, right pane). Vinculin, which localizes to focal adhesion sites on
2\<RT. migrg?e dp(slig.;htly é|gevigf§\c/)eog alr?c.it%/itheas d?gg?t?calf)? the basal surface of cells and aides in the linkage of stress fibers to
reduced persistence time compared to cells under (ESBART, g};glj;ns ﬁ;trtjhcéu&zss[tf:imwsail(je rg;a(l)zr(t:esde;t(%ot)gglltzelg% ;rr]\gar

50.99+9.16 vs. LSS, 140.0827.74 minutes, #0.005; Fig. 3B. > .
The directional persistence can be visually confirmed by the fré€!l Periphery[36]. A detergent extracted protocol was used prior

quent jagged transitions in the migratory patterns of cells exposifixation to remove diffuse cytosolic staining of vinculin in order

ART in comparison to the longer persistence time and smootHér clearly visualize detergent-resistant vinculin complexes. Here
trajectories under LSS. vinculin orients into strong linear adhesion plaques localized

. throughout the cel(Fig. 4b, center pangland co-localized with
Shear Stress Induced :_?emofdﬁllng OL letosfkeIeltaI- the ends of stress fibers after 24 hours of LE&ta not shown
Associated Proteins. Remodeling of the cytoskeleton, focal ad-pq, 5erig) flow, however, these vinculin-stained plaques were

hesions, and associated structural proteins in response t flow |3 &\ ctate and diffuse within cells, and the linear plaques
highly dynamic process that is dependent on the flow environmen

and plays an essential role in the temporal activation of mechar{égre smaller, sparse and heterogeneous throughout the monolayer

sensitive signaling pathway®,14]. To further characterize the ig. 4b, right panel. Similar staining patterns .Of vmcglln com-
mechanical adaptation of the endothelium to arterial ﬂovpllexes were also observed when cells were fixed prior to being

structural-associated proteins, actin, plectin, and vinculin, weRgrmeablizeddata not shown While differences in staining pat-
immunostained following 24 hours of LSS and ART. Confocalern were observed for the above proteins, staining of the abun-
immunofluorescence microscopy was used to evaluate the api@ant cytoskeletal protein linker, plectin, showed no qualitative dif-
stress fibers and plectin in audm thick region above the center ofference in staining pattern or distributidfig. 49. The plectin

the nucleus, and vinculin in the basal compartment. LSS for 34ructure remodeled from a random, non-oriented pattern under
hours demonstrated a characteristic increase in apical stress filsgasic conditions to a more linear pattern along the cell’s major
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Arterial Flow

Actin
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B Static Steady Flow Arterial Flow

Vinculin

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.

axis following exposure to LSS and ART for 24 hours. Otherelative to static control cell$ART 6 h, 1.14+0.13, 24 h, 1.81
proteins such as vimentin and microtubules also showed no dif0.21). For this time course, these data demonstrate that arterial
ference in staining patterfdata not shown flow does not alter the amount of eNOS protein up to 24 hrs of

eNOS is Modulated by Distinct Shear Stress Patterns. En- ﬂOV.V‘ th_ough gene expression was upregl_JIated by 24 hours. Earlier
dothelial cell production of nitric oxide has been shown to b ctivation Of th_e gene was more sensitive to_ steady flow rather
highly responsive to the flow environmeint vitro andin vivo, ~than dynamic time-varying pulsatile flow at this frequency.

reflecting immediate changes in enzymatic activity and short andpjscyssion. For the past twenty years, research has aimed at
long-term mcrzasr(]eshln egdl\?;\hel'zl nitric OT'd% SyTheﬁdOS modeling various flow conditions on endothelitumnvitro in order
expression at both the m and protein leidg—41. To ex- 4, nderstand how biomechanical fordes., shear stressffect

ﬁqrgg]seurtgg éﬁgﬂIg‘éfri'nogrg{\é(i?]saﬁépgzsr]séogxg?eésl?;\{'ggé;Ng Orcsﬂular responses. Although these studies have identified many
hours of ART or LSS relative to static controls. Figura $hows flow responsive pathways, most have focused on modeling the

no change in the amount of protein following 6 hours of LSS of}(.)‘.N environm_ent with steady, sinusoidal, or turpulent flqw con-
ART (LSS 0.83-0.40 vs. ART 1.4%0.09 arbitrary units, ditions [_2], Whlch do not possess the complex tlme-varylng_ fea-
p=0.23. In contrast, a significant increase in eNOS protein wdsres ofin vivo blood flow[1]. In the present study, we described
observed for LSS after 24 hours, but not for ARSS 4.03-0.60 the development of a novéh vitro model to simulate the shear
vs. ART 1.35-0.46, p<0.05. Evaluation of gene expression re-Stress component of human blood flow waveforms on cultured
vealed a different trend. An increase in eNOS gene expression v@alothelial cells. An arterial-like shear stress waveform modified
observed following 6 hours of steady floii.73+0.028 that was from a previously characterized blood velocity measurements
sustained through 24 hou(2.10+0.28; Fig. %). Endothelial cells from the abdominal aorta of normal human subjed| was suc-
exposed to ART, however, had a modest increase in expressiocegsfully modeled in our DFS and tested by evaluating the bio-
6 hrs, which increased to values similar to LSS after 24 houlsgical response of ECs to this new type of flow profile.
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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  ug of protein,
and blots are representative of 3 independent experiments per
condition (Densitometry analysis normalized to static experi-
ment: LSS 6h 0.83 +=0.40 vs. ART6h 1.41 £0.09 arbitrary units,
p=0.23; LSS 24h 4.03*0.60 vs. ART 24h 1.35 *+0.46 arbitrary
units, p <0.05). (b) Relative mRNA levels of eNOS following 6
and 24 hours of LSS and ART were measured by real-time PCR
(Tagman). 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 =SE (LSS: 6h, n =3, 24h, n=3; ART: 6h, n =3, 24h,
n=4). *p<0.05.

Endothelial morphology and orientation in arteriesvivo cor-
relates with the local hemodynamic environmg3®2,33. Similar

cause cells to change shape in a similar manner over 24 hours,
from a polygonal morphology to one that is aligned with the di-
rection of flow(Fig. 2b), similar to ECs in straight non-bifurcating
arterial segmen{32]. This result is in agreement with several
studies indicating that cell shape change, up to 24 hours, is depen-
dent on the magnitud@.e., time-average shear stregsather than
temporal gradients in shear strd3s9]. However, in some cases

of non-reversing and reversing sinusoidal flows, the time course
of realignment is slower compared to its steady, time-averaged
counterpart, although cell shape by 24 hours is compaiafjle
This general finding does not hold for turbulent flow where the
shape of the cells remains relatively polygonal in comparison to
an equivalent LSS stimuly41], thus indicating the importance of
the direction and magnitude of the flow vector. The conclusion
that cell morphology at 24 hours is dependent on the time-average
shear stress was based on pulsatile flow studies conducted at fre-
quencies of 1 Hz. To accurately develop this concept into a work-
ing hypothesis, work is currently underway to evaluate the effect
of frequency on cell shape response.

Evaluating endothelial migration patterns and characteristics
under static and distinct fluid shear stress conditions has revealed
interesting results that may provide insight into the activation of
mechanisms involved in cell motility and mechanotransduction.
Here we show that ECs under LSS (7.5 dyrfgmnd ART expe-
rienced a~20% and~30% decrease in RMS cell speed, respec-
tively, relative to a static confluent monolayer over the same 24
hour time period. Although this observation has not been previ-
ously reported, a dramatic decrease in spatial fluctuation around
the mean trajectories of bovine ECs had been observed following
the onset of steady flow causing a reduction in random movement
[43]. The reduction in RMS cell speed, in general, suggests that
shear stress is activating mechanisms that lead to the resistance in
motion. Two such mechanisms could include an increase in the
engagement of integrins or activation of proteins decreasing actin-
based motility. Focal adhesiofigA) in ECs continuously remodel
under static conditions, which most likely contributes to their ran-
dom migratory patterns seen graphically in Figure 2a, but the rate
of FA remodeling does not significantly change following the ex-
posure to flow up to 24 houfgl4]. Even though integrin ligation
is an early mechanically induced evdBbi, the data reported by
Davies et al[44] suggests there is no net change in the number of
adhesions being made. The observed decrease in speed may there-
fore reflect an increase in vinculin association with FA rather than
an increase in integrin adhesion. An increase in vinculin expres-
sion in 3T3 cells increases FA and stress fiber formation and re-
duces cell motility 45], which is reversible with an antisense gene
to decrease vinculin expressi¢A6]. Additional evidence from
vinculin deficient cells demonstrates a decrease in mechanical
stiffness that increases when vinculin is expressed into these cells
[47]. When vinculin localizes to FA, it recruits adaptor proteins
that facilitates its linkage from integrins to stress fibers creating a
mechanical connection to the extracellular matf8d]. These
findings support the hypothesis that an increase in association of
vinculin to FA increases the resistance to motion by providing an
increase in mechanical strength between the extracelluar matrix
and cytoskeleton. Actin dynamics at the leading edge of a cell is
another mechanism essential for cell migration. A recent report
using a wound assay of BAECs found that actin filament turnover
rate positively correlates with RMS cell speed in E@8]. This
result suggests that distinct shear stress patterns can modulate the
activity of proteins critical in actin-based motility and may ex-
plain differences in RMS cell speed reported here as well as dif-
ferences observed in velocity measurements in EC exposed to
defined spatial gradients of shear stress, elsewldé&ie

results have also been observed with steady and pulsatile shegnother interesting observation is cells exposed to arterial flow
stress patternisi vitro [6,42]. Here we show ECs exposed to eitheexperienced a 15% reduction in cell speed compared to LSS and a
arterial flow or the equivalent time-average steady shear strég¥6 reduction in persistence time. Although an obvious math-
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ematical relationship links these two variables, future studies dbata from this work has revealed differential responses in signal-
warranted to investigate the cellular mechanisms responsible fog molecules[42,62 and the expression of proteins and genes
dramatic differences seen between them. In this study, S andh@t depend on the temporal gradient of shear stf63s-65.
were computed over 24 hours, however, a more detailed analystgese results may provide insight into similar features, such as the
is underway to assess these intrinsic variables at a finer resolutibvear stress rate, that associate with more complex waveforms of
(e.g., every 3 brto provide greater temporal detail for short andan arterial flow function. We are actively using this model to
long term cell migration and determine how this may influencéavestigate mechanisms sensitive to the temporal characteristics of
mechanotransduction and correlate with changes in cell phenmsteady flow in order to understand the rate sensitivity of the
type. This study demonstrates that the flow environment, per ssdothelium.
influences intrinsic migratory properties of HUVEC.

In vivo studies have demonstrated a correlation between c@bnclusion

shape, actin stress fibers, and the hemodynamic environment, ihis study, we have presented the groundwork for a irew
[50,51 as well as demonstrated a direct effect of altered flow QR0 model used to simulate the shear stress componantdio
cell morphology and stress fil_Jer distributi®2]. Similar fi_ndings blood flow on ECs in culture. The DFS does not, however, incor-
have been reported for E@svitro exposed to LSS in which there jy5ate the additional stress components, hydrostatic pressure and
is an increase in the number of parallel oriented stress fibers tﬁ%bp stress, encountered by the endotheliurivo, A more com-
span the length of the cell's major axi§3,54 and the apical prehensive model, which imposes all three stress components,
region of the nucleus, as shown in this study, and previdus.  nay facilitate our understanding of the complex regulation of
Here we show ECs exposed to ART exhibit a significant reductiqRese forces on EC response in an intact vessel. In order to under-
in the number of centrally oriented stress fibers in the apical rgrand the relative contribution of the complex shear stress compo-
gion of cells following 24 hours of flow with an overall heterogenent of arterial flows on EC response, we have developed, as a
neous distribution of stress fibers within the monolayer relative st step, this arterial shear stress model to provide a more exact
LSS. Similar heterogeneity has been obseriredivo [55,52,  relationship between a well-defined biomechanical force and a
however this pattern is unlike any previously reportedvitro. measurable biological response. As a starting point, we set out to
Cells exposed to pulsatile flows, such as, sinusoidal flows exhikifily characterize this new type of arterial-like waveform on the
stress fiber staining similar to LSS, but form thicker fibersyjological response of HUVEC. Here we show that the exposure
whereas ECs exposed to oscillatory flows either havg7oor of ECs to ART caused changes in intrinsic cell migratory proper-
random-oriented, central fibef8]. Together, these data indicateties, distribution of actin stress fibers and vinculin cytoskeletal
that shear stress can modulated actin stress fiber structure gfidctures, and regulation of eNOS mRNA and protein expression,
strengthens the argument that the exact nature of the shear stggfsnot cell shape change or RMS cell speed compared to an
waveform is an important predictor of stress fiber formation anghuivalent LSS. This study represents the initial report character-
distribution, which may have implications to its function in sheatizing the biological responses of ECs to an arterial-like shear
stimulated ECs. stress flow environment. Future studies are aimed at evaluating
eNOS plays a critical role in maintaining the contractile, rethe effect of arterial frequency and amplitude on EC response in
modeling and homeostatic environment of artef#857 and has order to understand how ECs sense shear stress and decode vari-
been shown to be highly responsive to flawvitro. We evaluated ous componentée.g., amplitude, frequency, flow reversaf an
the regulation of eNOS mRNA and protein expression by arteriatterial waveform. These data further support observations that the
shear stressn vitro and compared it to the well studied LSSendothelial cells can not only sense, but also discriminate among
stimulus. In this study, a significant increase in eNOS mRNA watistinct shear stress stim{ili2—14 and demonstrate the utility of
detected after 6 hours of LSS and sustained at the same level uproarterial flow model to provide greater insight into the coordi-
24 hours. However, a significant increase in protein expressination of mechanisms involved in mechano-sensing and modula-
was only observed at 24 hours, similar to a previous ref88f tion of endothelial phenotype.
Arterial flow showed a modest increase in eNOS mRNA at 6
hours and greater increase at 24 hours, though protein eXpreS%(HknOWbdgmentS
remained unchanged at both time points relative to static controls. )
These data suggest that the regulation of eNOS mRNA in HUVEC The authors would like to thank P. Morley and A. Gallant from
is more sensitive to steady rather than arterial pulsatile shear stré¥s MIT machine shop for the fabrication of the Dynamic Flow
at earlier times(i.e., 6 hours and possibly dependent on theSystem and Dr. M. Gerhard, Vascular Diagnostics Laboratory,
equivalent time-average shear stress or a continual exposuré3figham and Women’s Hospital for ultrasound measurements.
flow at longer time pointsi.e., 24 hours In support of these data, This study was supported by grants from the National Heart,
recent work in bovine aortic ECs demonstrated a greater increds#g, and Blood Institute, National Institutes of HealtR50-
in eNOS mRNA at 6 hours of LSS (20 dyn/&mcompared to an HL56985, R37-HL511509
oscillatory waveform(sinusoidal, =+ 20 dyn/cnf, 1 Hz), with in-

creasing trends for each condition up to 9 hof§8]. The tran- Nomenclature

sient increase in MRNA levels with pulsatile flow is a trend not a = cone angle
observed by turbulent flow in which there is no change in eNOS u = dynamic viscosity
MRNA at 6 hourd12] and 24 hour$13]. This demonstrates that r = shear stress

the regulation of eNOS mRNA is dependent on the type of shear v = kinematic viscosity
stress waveform, perhaps reflecting its acceleration/deceleration » = angular velocity
components. As for eNOS protein levels, a sustained increase in ¢, = frequency

N
I

MRNA appears to be necessary for the increase in protein as re- (D
ported for LSS (20 dyn/ch) at 4 and 8-hourg59] and LSS
(15 dyn/cnt) [38,60 and forward oscillatory flow (3 to root mean squaréms) cell speed
9 dyn/cnf, 1 Hz, with pulse pressuyé61] at 24 hours. = time interval

Recent investigations have focused on modulating the temporal ART = arterial pulsatile flow

= mean squared displacement
= directional persistence time

—n T
Il

component of shear stress functiofesg., trapezoidal or sinu- cP = centipoises

soidal function as a means of examining the unsteady component DFS = dynamic flow system

of shear stress patteritsvivo and identifying rate sensitive signal EC = endothelial cell

pathways and mechanotransduction mechanisms inik@gro. eNOS = endothelial cell nitric oxide synthase
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