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Endothelial outgrowth cells (EOCs) have garnered much attention as a potential autologous endothelial source
for vascular implants or in tissue engineering applications due to their ease of isolation and proliferative ability;
however, how these cells respond to different hemodynamic cues is ill-defined. This study investigates the
inflammatory and thrombotic response of baboon EOCs (BaEOCs) to four hemodynamic conditions using the
cone and plate shear apparatus: steady, laminar shear stress (SS); pulsatile, nonreversing laminar shear stress
(PS); oscillatory, laminar shear stress (OS); and net positive, pulsatile, reversing laminar shear stress (RS). In
summary, endothelial nitric oxide synthase (eNOS) mRNA was significantly upregulated by SS compared to OS.
No differences were found in the mRNA levels of the inflammatory markers intercellular adhesion molecule-1
(ICAM-1), E-selectin, and vascular cell adhesion molecule-1 (VCAM-1) between the shear conditions; however,
OS significantly increased the number of monocytes bound when compared to SS. Next, SS increased the anti-
thrombogenic mRNA levels of CD39, thrombomodulin, and endothelial protein-C receptor (EPCR) compared to
OS. SS also significantly increased CD39 and EPCR mRNA levels compared to RS. Finally, no significant
differences were detected when comparing pro-thrombotic tissue factor mRNA or its activity levels. These
results indicate that shear stress can have beneficial (SS) or adverse (OS, RS) effects on the inflammatory or
thrombotic potential of EOCs. Further, these results suggest SS hemodynamic preconditioning may be optimal
in increasing the efficacy of a vascular implant or in tissue-engineered applications that have incorporated EOCs.

Introduction

Endothelial outgrowth cells (EOCs), a subpopulation
of endothelial progenitor cells, have been proposed as an

autologous cell source for the endothelialization of a vascular
implant including their use in tissue engineering applica-
tions. The interest in their use is due to (1) their relative ease
of isolation compared to mature vascular endothelial cells
that require harvesting tissue for isolation and (2) the ability
for rapid expansion in vitro.1–4 Many studies on EOCs have
centered on their origin and marker profile, their response to
various cytokine exposures, their role in disease, as well as
similarities and differences among mature endothelial cells
and EOCs5–10; however, there are few studies that have in-
vestigated the effects of differing hemodynamic conditions
on EOCs. Of these studies, most, such as Ensley et al., have
focused on the use of steady, laminar shear stress to pre-
condition a vascular graft before implant.11–17

The endothelium is exposed to various mechanical, bio-
chemical, and extracellular cues that are critical in main-

taining vascular homeostasis.18–21 Shear stress, the frictional
force created by blood flow on the vascular endothelium, is a
mechanical cue that mediates the phenotype of an endothelial
cell.21,22 In the vasculature, areas that are exposed to oscillat-
ing and low mean shear stresses are prone to atherosclerotic
development, such as the carotid sinus,23 while areas that are
exposed to unidirectional, nonpathological high shear stresses,
such as the common carotid, remain relatively healthy.18,24

Further in vitro studies show that oscillatory shear stresses
increase the inflammatory and thrombotic potential of endo-
thelial cells.18,21,22,25 Interestingly, EOCs have been shown to
have distinct shear stress responses when compared to mature
endothelial cells.12,13 Before EOCs can be used for a vascular
implant or in tissue-engineered applications, their response to
varying hemodynamic environments, such as shear stress,
must be determined. Further, by determining how EOCs re-
spond to differing fluid shear stresses, a set of hemodynamic
conditions should be determined to optimally precondition
EOCs for use on a vascular implant or in tissue engineered
applications to increase their efficacy.
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Two pathways that will be important in determining the
efficacy of EOCs for a vascular implant are the inflammatory
and thrombotic pathways. In this study, we used a cone and
plate apparatus to study the effects of four different hemo-
dynamic environments (steady, laminar shear stress [SS];
pulsatile, nonreversing laminar shear stress [PS]; oscillatory,
laminar shear stress [OS]; and net positive, pulsatile, re-
versing laminar shear stress [RS]) on baboon EOCs (BaEOCs)
in terms of the inflammatory and thrombotic pathway acti-
vation. Our objective was to better understand the following
three questions: First, how does steady, laminar flow, clas-
sically used in endothelial shear stress studies, compare to
pulsatile shear stress with the same average magnitude in
BaEOCs? Second, does oscillatory shear stress change
BaEOCs’ inflammatory and thrombogenic profiles as com-
pared to steady shear stress? Lastly, would BaEOCs exposed
to a reversing flow, but with a net positive mean shear stress,
behave similarly to a steady shear or an oscillatory shear
condition? To answer these questions we chose to investi-
gate well-known pro-inflammatory markers (intercellular
adhesion molecule-1 [ICAM-1], vascular cell adhesion
molecule-1 (VCAM-1), MCP-1, E-Selectin, P-Selectin26–28),
pro-thrombogenic marker (tissue factor29) and anti-throm-
bogenic markers (thrombomodulin, endothelial protein-C
receptor [EPCR], CD39, and TFPI15,16,30,31), as well as a well-
known shear responsive gene important in atherosclerotic
inhibition (endothelial nitric oxide synthase [eNOS]18,22,32).

Materials and Methods

Cell isolation

BaEOCs were isolated using fresh anti-coagulated blood
drawn from male juvenile baboons.1,12 The blood was then
subjected to a modified isolation procedure as shown previ-
ously.1,33 Briefly, using density centrifugation the mononuclear
cells were isolated from the peripheral blood. The cells were
then seeded on fibronectin-coated plates and cultured in en-
dothelial cell growth media (EGM) media (Lonza) supplement
with 18% fetal bovine serum (FBS). The media was exchanged
daily for 7 days, after which it was replaced every other day.
The endothelial colonies were then isolated and placed on
collagen-coated plates and fed with EGM supplement with 8%
FBS. The cells were passaged and at passage 2 the EOCs were
isolated using a CD31 antibody and magnetic beads (Invitro-
gen).1 All experiments were completed using BaEOCs at pas-
sage 5. Cells were expanded in a modified EGM-2 bullet kit
(Lonza) supplemented with 1% l-glutamine (Cellgro�), 1%
penicillin–streptomycin (Cellgro), and 10% FBS.

Shear stress application

BaEOCs were subjected to four different hemodynamic
environments using the cone and plate shear apparatus as
previously described.34,35 Briefly, shear stress waveforms
were entered into a computer that controlled a servo motor
to rotate the cone as previously described.34 A nondimen-
sional parameter, R-tilde (R*hr2oa2/12n; where r is radius;
o, angular velocity of the cone; a, cone angle in radians; and
n, kinematic viscosity), was used to characterize the inertial
and viscous forces of the fluid flow.35 Experimentally,
Sdougos et al. found that R-tilde values less than 0.5 yielded
concentric and laminar fluid flow while R-tilde values

greater than 4 yielded fluid flow that was turbulent. For R-
tilde values between 0.5 and 4.0, flow was laminar in nature
but included secondary flow.35 In our system, maximum R-
tilde values, at the outer radius of the cone were 0.1 and thus
we classify all of our waveforms as laminar. The cells were
exposed to one of the following conditions (Fig. 1): steady,
laminar shear stress (SS, 10 – 0 dynes/cm2); pulsatile, non-
reversing laminar shear stress (PS, 10 – 10 dynes/cm2); os-
cillatory, laminar shear stress (OS, 0 – 10 dynes/cm2); net
positive, pulsatile, reversing oscillatory laminar shear stress
(RS, 2 – 10 dynes/cm2); or static (no shear stress). Shear stress
was applied to cells for 24 h. Before the application of shear
stress, cells were seeded onto a tissue culture-treated 100 mm
dish (Corning) coated with 3.6 mg/cm2 of collagen type I (rat
tail; Millipore). Cells were allowed to grow to confluence
under static conditions for 48 h. One hour before shear stress
application, growth medium was replaced with shear me-
dium (EBM-2, 5% FBS, EGF [0.0005 mg/mL], bFGF [0.002 mg/
mL], 1% penicillin streptomycin [Cellgro], 1% l-glutamine
[Cellgro], 13% Hyskon).

Immunocytochemistry

To determine the effects of shear on the elongation of
BaEOCs, immunocytochemical staining for the junctional
protein VE-Cadherin was performed following shear stress
exposure. Briefly, BaEOCs were washed with HBSS with
calcium and magnesium (Cellgro) and fixed in 4% formal-
dehyde. Following fixation, cells were blocked for 1 h with
donkey serum, and then incubated with a VE-cadherin an-
tibody (Santa Cruz) overnight. Following overnight primary
staining, cells were washed four times with HBSS for 5 min,
and then a secondary antibody Alexa Fluor 488 (Invitrogen)
was incubated for 1 h. Cells were then counterstained for
nuclei using DAPI (Invitrogen). Cells were then imaged us-
ing an epifluorescent microscope (Nikon Eclipse Ti). Cell
perimeter and areas were then determined manually using
ImageJ. Cell elongation was then calculated as previously
described method, where a circle would have a value of 1,
while a straight line would have a value of 0.36

Quantitative real-time polymerase chain reaction
and analysis

Following shear exposure, BaEOCs were rinsed with
HBSS with calcium and magnesium (Cellgro), and imaged.
RNA was then isolated using a commercially available RNA
isolation kit (Qiagen) and following the manufacturer’s re-
commended protocol with DNase digestion (Qiagen). Fol-
lowing RNA isolation, RNA amount and quality were
measured using the NanoDrop 1000 (Thermo Scientific).
cDNA was then made from 1 mg of RNA using a commer-
cially available SuperScript� III First-Strand Synthesis Sys-
tem (Invitrogen) for real-time polymerase chain reaction
(RT-PCR). The cDNA was diluted 1:10 and RT-PCR was then
run using an Applied Bioscience Step One Plus PCR ma-
chine. Primer pairs are described in Table 1. Furthermore,
18S, used as a housekeeping gene, was found not to be af-
fected by shear stress, and due to its abundance, a 1:1000
dilution of the cDNA was used.

The D-DCt method described by Pfaffl37 was used to de-
termine fold regulation between different hemodynamic
conditions. More specifically, this method uses the efficiency
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of the primer pair rather than using the idealized efficiency
of 2. Efficiency values for each primer pair were determined
by at least 3 standard curves.

Western blot analysis

Following shear stress application, cells were washed with
phosphate-buffered saline and lysed in RIPA buffer con-
taining phosphatase and proteinase inhibitors (Roche) and
collected from the dish. Protein samples were sonicated and
then a BCA protein assay was performed (Pierce). Cell ly-
sates were then loaded and separated on a 10% SDS-PAGE.
Protein was then transferred to a nitrocellulose membrane.
Following a 1 h blocking period, membranes were incubated
with the primary antibodies (ICAM-1 [Abcam], E-Selectin
[Proteintec], VCAM-1 [Novus]) overnight. Following pri-
mary incubation, membranes were incubated with the cor-
responding secondary antibody (Li-Cor). Membranes were
then imaged using an Li-Cor Odyssey� imaging system.

Total protein concentration was then quantitated using Scion
Image.

Monocyte adhesion

Following shear stress application, Tamm-Horsfall pro-
tein-1 (THP-1) monocytes were statically incubated with
sheared cells using a protocol modified from Tsao et al.38

Briefly, monocytes were concentrated to 106 cells/mL and
incubated with 5 mL/mL of 2¢,7¢-bis-(2-carboxyethyl)-5-(and-
6)-carboxyfluorescein, acetoxymethyl ester (BCECF-AM;
Invitrogen) for 30 min in serum-free RPMI media to fluor-
escently label the monocytes. The shear-conditioned BaEOCs
were washed three times with HBSS with calcium and
magnesium, and then 6 mL of monocytes was incubated
with the shear-conditioned BaEOCs at a final concentration
of 0.5 · 106 monocytes/mL in serum-free RPMI media. After
30 min, the unbound monocytes were washed away four
times with HBSS with calcium and magnesium and the

FIG. 1. Shear stress wave-
forms. Four hemodynamic
conditions were applied in
this study: steady laminar
shear stress (A, SS, 10 – 0
dynes/cm2), pulsatile, non-
reversing laminar shear stress
(B, PS, 10 – 10 dynes/cm2),
oscillatory laminar shear
stress (C, OS, 0 – 10 dynes/
cm2), and net positive, pul-
satile, reversing oscillatory
laminar shear stress (D, RS,
2 – 10 dynes/cm2).

Table 1. Quantitative Real-Time Polymerase Chain Reaction Primer Sequences

Gene Forward Reverse

CD39 AGTGATTCCAAGGTCCCAGCACC TCCTGAGCAACCGCATGCCT
eNOS ATCTCCGCCTCGCTCATG AGCCATACAGGATTGTCGCCT
EPCR CACCCTGCAGCAGCTCAATGC ACATCGCCGTCCACCTGTGC
ICAM-1 GCAGTCAACAGCTAAAACCTTCCT GCAGCGTAGGGTAAGGTTCTTG
PECAM-1 CAGCCTTCAACAGAGCCAACC CACTCCGATGATAACCACTGC
Tissue factor CACCGACGAGATTGTGAAGGAT TTCCCTGCCGGGTAGGAG
TFPI GACTCCGCAATCAACCAAGGT TGCTGGAGTGAGACACCATGA
Thrombomodulin GGTGGACGGCGAGTGTGTGG GGTGTTGGGGTCGCAGTCGG
VCAM-1 GGGAAGATGGTCGTGATCCTT TGAGACGGAGTCACCAATCTG

EPCR, endothelial protein-C receptor; ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1.
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BaEOCs with the adhered monocytes were fixed. The bound
monocytes were then imaged using an epifluorescent mi-
croscope (Nikon Eclipse Ti). For each monocyte adherence
study, eight random images were taken throughout the plate
and averaged to obtain a value for the individual plate. For
each experiment, there were two technical replicates (i.e.,
plates). The values for the two plates were then averaged to
determine the value for number of the monocytes bound per
condition per experiment. Five donors were used in these
experiments.

Factor Xa activity assay

To quantify the effect of shear stress on tissue factor ac-
tivity, a Factor Xa assay was performed. Following shear, a
solution of Factor VIIa (20 nM; Enzyme Research Labora-
tories) and Factor X (200 nM; Enzyme Research Laboratories)
was incubated with the BaEOCs for 1 h. Following the hour
incubation, the sample activity levels were colorimetrically
determined using Spectroenzyme FXa (0.667 nM; American
Diagostica) and compared to a standard curve of Factor Xa
(American Diagnostica). Samples were visualized every 31 s
for 20 min at 37�C. EDTA was added during the 20 min in-
cubation period to stop the conversion of Factor X to Factor
Xa. Sample amounts were determined by the maximum
slopes of the colorimetric curves. The samples were then
normalized to total DNA content as determined by a Pico-

Green� assay according to the manufacturer’s specifications
(Invitrogen).

To minimize the use of expensive enzymes, suspension
cell culture 100-mm plates (Corning) were used with 9-mm-
diameter collagen type I spots adsorbed to the plate surface
for 1 h. BaEOCs were seeded on these collagen type I regions
for 1 h. Growth medium was then placed in the dish, and
BaEOCs were allowed to grow to confluency and sheared.
Following shear, a 15.6-mm-diameter cylinder was placed
around the cellular growth area to contain reagents of the
Factor Xa assay.

Statistical analysis

All analysis was performed on experiments using the
statistical analysis program JMP v.9. More specifically,
analysis of variance and Tukey’s post hoc testing were per-
formed regarding a p-value < 0.05 as significant. Ad-
ditionally, all experiments were independently performed
with an n-value of greater than or equal to three baboon
donor cell lines.

Results

Cellular elongation of BaEOCs under shear stress

As seen in Figure 2, BaEOCs elongated under SS, i.e.,
steady laminar shear (Fig. 2A, E), and PS, that is, pulsatile

FIG. 2. Baboon endothelial outgrowth cells (BaEOC) elongation under shear stress. Bright-field image at an original ob-
jective of 5 · and immunocytochemistry staining of VE-Cadherin at an original objective of 10 · of BaEOCs after exposure to
SS (A, E), OS (B, F), PS (C, G), RS (D, H), and static (I). Cellular elongation of the cells was determined through immuno-
cytochemical staining for VE-Cadherin (E–I) and quantification can be seen in ( J). BaEOCs aligned in response to flow in SS,
PS, and RS conditions, while OS maintains the cobblestone-like morphology of the static BaEOCs. S, static. Values are
mean – standard error of the mean (SEM) with an ndonor = 3. *p < 0.05 in S and OS versus SS, PS, and RS. Scale bars represent
200 mm for (A–D) and 100 mm for (E–I).
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shear (Fig. 2B, F), while maintaining their cobblestone mor-
phology under OS, that is, oscillatory shear (Fig. 2C, G)
conditions. Interestingly, even BaEOCs exposed to RS, that
is, reversing shear (Fig. 2D, H), elongated. To quantify the
elongation, BaEOCs were stained with an antibody against
the junctional protein VE-Cadherin, and the perimeter and
the area of the cell was calculated using ImageJ. We found
that cells exposed to SS, PS, and RS were significantly more
elongated than cells exposed to static or OS (Fig. 2I).

Steady, laminar and pulsatile, laminar shear stress
increased eNOS mRNA in BaEOCs while not affecting
pro-inflammatory gene or protein levels

To determine if BaEOCs react in a similar manner to
temporal varying shear stress waveforms as mature endo-
thelial cells, eNOS, a well-known shear responsive gene,22

was analyzed (Fig. 3A). Exposure of EOCs to SS significantly
increased eNOS mRNA over that of OS (2.5-fold). Interest-
ingly, RS caused eNOS mRNA levels to fall in between SS
and OS levels.

Next, the effect of shear stress on the pro-inflammatory
molecules ICAM-1, PECAM-1 VCAM-1, E-Selectin, P-Se-
lectin, and MCP-1 was determined (Fig. 3B–G). It was found
that the differing hemodynamic conditions had no effect on
the mRNA levels of ICAM-1, PECAM-1, VCAM-1, E-Selectin,
or MCP-1. Interestingly, mRNA levels of P-Selectin were

decreased by OS when compared to SS. To determine if the
protein levels of the adhesion molecules changed with shear,
western blot analysis was performed. The protein levels of
VCAM-1 and E-Selectin, similar to the mRNA levels, were
not affected by shear stress application (Fig. 4). ICAM-1 was
also investigated, but the protein levels were below the level
of detection by western blotting. Inflammation at the func-
tional level was investigated using a monocyte adhesion
assay. OS was found to significantly increase the number of
monocytes bound to the endothelium when compared to SS
(2.5-fold; Fig. 5A). The monocyte binding level in BaEOCs
exposed to PS and RS fell between SS and OS levels.

Laminar shear stress increased anti-thrombotic
gene responses while not affecting
pro-thrombotic responses

To determine how shear stress affected the thrombotic
pathway activation the anti-thrombotic molecules thrombo-
modulin, CD39, tissue factor pathway inhibitor (TFPI), and
EPCR were investigated. TFPI was found to be the only anti-
thrombotic molecule that was not significantly affected by
shear stress application (Fig. 6D). Thrombomodulin (Fig.
6A), EPCR (Fig. 6B) and CD39 (Fig. 6C) were all significantly
upregulated when compared to OS (three-, two-, and five-
fold, respectively). Furthermore, CD39 and EPCR levels un-
der SS were significantly higher when compared to RS.

FIG. 3. Laminar and pulsatile shear stress increased eNOS mRNA while not affecting inflammatory markers of BaEOCs.
eNOS (A), PECAM-1 (B), intercellular adhesion molecule-1 (ICAM-1) (C), vascular cell adhesion molecule-1 (VCAM-1) (D),
P-Selectin (E), E-Selectin (F), and MCP-1 (G) mRNA levels were determined by using quantitative real-time polymerase
chain reaction (RT-PCR). mRNA was quantified and compared between shear conditions. Values are mean – SEM with an
ndonor = 5. *p < 0.05 in OS versus SS.
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To examine how shear stress affected tissue factor, a
marker of pro-thrombotic pathway activation, expression,
and activity were measured (Fig. 7). No significant shear
regulation at the mRNA level of tissue factor was observed
(Fig. 7A). To verify this finding, an assay that measures tis-
sue factor activity through the activation of Factor X to
Factor Xa was used. Similar to the tissue factor mRNA,
no significant shear regulation of the conversion of Factor X
into Factor Xa was found (Fig. 7A). Interestingly, we found

that static levels were higher than all shear conditions (data
not shown).

Discussion

In this study, the modulation of the inflammatory and
thrombotic pathways in BaEOCs was investigated using four
different hemodynamic environments. In summary, it was
found that (1) there was an increase in monocyte adhesion in
BaEOCs between oscillatory shear stress and steady shear
stress; (2) steady, laminar shear stress increased eNOS
mRNA levels when compared to oscillatory, shear stress; (3)
the five inflammatory markers, ICAM-1, PECAM-1, VCAM-
1, E-Selectin, and MCP-1, were not significantly affected by
shear stress at the mRNA level, and, in additional, protein
levels of E-Selectin and VCAM-1 were not altered by shear
stress; (4) the anti-thrombotic markers CD39, EPCR, and
thrombomodulin mRNAs were increased under laminar
shear stress when compared to oscillatory shear; (5) tissue
factor mRNA and activity was not significantly affected by
shear stress. At this point, we are unable to explain the
mechanism responsible for the increase in monocyte adhe-
sion, but in what follows is a discussion of possible mecha-
nisms and future research directions to explore.

The first marker to be investigated in this study was the
well-known, shear-responsive mRNA eNOS.18,22 eNOS is
typically present in healthy endothelial cells and produces
the vasodilator molecule NO.31,39 eNOS has also been shown
to play an important role in inhibiting platelet aggregation.
NO produced in ECs can affect circulating platelets by acti-
vating protein kinase A, which then can diminish platelet
aggregation.31,40–43 Additionally, NO affects leukocyte–
endothelial interactions, causes vasodilation, and inhibits
smooth muscle cell proliferation.44 eNOS knockout mice
have increased risk for atherosclerosis, stroke, and throm-
bosis while also being hypertensive.44 It is believed that low
levels of eNOS, and, in turn, low levels of NO cause endo-
thelial dysfunction and eventual vascular pathology.44 It was
found that eNOS (Fig. 3A) was significantly increased in cells
exposed to SS when compared to OS. The response under RS
was similar to that of OS. This result agrees with other
findings in EOCs and mature endothelial cells where eNOS is
significantly increased by laminar shear stress as compared

FIG. 4. Shear stress does
not affect the protein levels of
the inflammatory markers
VCAM-1 and E-Selectin.
VCAM-1 (A) and E-Selectin
(B) were determined by
western blotting. Actin was
used as a loading control.
Protein levels were deter-
mined by densitometry. n = 4.

FIG. 5. Laminar shear stress decreased the inflammatory
potential of BaEOCs. Monocyte binding assay was per-
formed and the number of bound monocytes was quantified
(A) and normalized by static levels of monocyte binding. (B–
F) are representative images of fluorescently labeled mono-
cytes. Values are mean – SEM with an ndonor = 5. S, static.
*p < 0.05 in SS versus OS. Original magnification of 10 · .
Scale bars represent 200 mm.
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to static conditions.3,4,12,13,17 Interestingly, Hinds et al. have
shown that BaEOCs have decreased eNOS levels in com-
parison to mature baboon endothelial cells, but even though
eNOS levels are low, the gene is still shear-responsive.1

This study agrees with previous shear studies published in
mature endothelial cells looking at differences between SS
and OS.45

The inflammatory markers ICAM-1, PECAM-1, VCAM-1,
E-Selectin, P-Selectin, and MCP-1 were investigated in
BaEOCs under the four shear stress conditions. Only P-
Selectin mRNA was found to be changed by shear stress
application (Fig. 3E), while the other inflammatory markers
were not affected at the mRNA or protein level. This agrees
with previous studies performed in human EOCs investi-
gating VCAM-1 and ICAM-1 when comparing SS versus
static conditions13,14,17,46 and in Mazzolai et al., which com-
pares VCAM-1 in bidirectional flow versus static condi-
tions.14 There is, however, one study that found an increase
in ICAM-1 under laminar, shear stress compared to static
conditions.13 In this study, E-selectin was not affected by
shear stress application at mRNA or protein levels. Inter-
estingly, E-selectin in EOCs has been shown to be increased
by SS exposure in one study13 but not another.14 Finally, P-
Selectin mRNA was down-regulated by OS when comparing
to SS and PS. A previous study found that P/E-Selectin
knockout mice have less atherosclerotic development.47

The monocyte adhesion assay was performed to deter-
mine the overall inflammation level of the BaEOCs (Fig. 4),
and as noted earlier BaEOCs exposed to OS had more
monocytes bound than SS (2.5-fold) agreeing with results
seen in mature endothelial cells (Fig. 5A).25,48 Interestingly,
one of the inflammatory makers shown here can have both
inflammatory and anti-inflammatory actions. PECAM-1
has been found to have pro-inflammatory activities, such
as facilitating the leukocyte transendothelial migration,
and anti-inflammatory properties such as suppression of

FIG. 6. Laminar shear stress
increased the anti-thrombo-
genicity of BaEOCs. Throm-
bomodulin (TM) (A),
endothelial protein-C recep-
tor (EPCR) (B), CD39 (C), and
TFPI (D) mRNA levels were
determined by using quanti-
tative real-time PCR. mRNA
was quantified and com-
pared between shear condi-
tions. Values are mean – SEM
with an ndonor = 5. *p < 0.05.

FIG. 7. Shear stress had no significant effect on tissue factor
mRNA or activity in BaEOCs. Tissue factor mRNA (A) was
determined by using quantitative real-time PCR. mRNA was
quantified and compared between shear conditions. Tissue
factor activity was determined by conversion of Factor X to
Factor Xa through Spectroenzyme FXa and was normalized
by total DNA by a PicoGreen� assay. Values are mean – SEM
with an ndonor = 5 (A) or ndonor = 4 (B).
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inflammatory cytokines and lowering leukocyte activation.49

The dual nature of this molecule may provide potential
mechanism by which monocyte adhesion is occurs. Ad-
ditionally, localization of inflammatory markers (VCAM-1,
E-Selectin) may provide clues to why monocyte adhesion
increases under OS when compared to SS. Finally, other
molecules, such as ICAM-2, may mediate monocyte adhe-
sion and should be investigated.

Endothelial markers for the thrombotic pathway were
measured to understand the ability of the EOCs to mediate
thrombus formation. The anti-thrombotic markers throm-
bomodulin, CD39, EPCR, and TFPI (Fig. 6) were examined.
Here, no differences in the mRNA level of TFPI for any of the
shear conditions were found (Fig. 6D); however, SS signifi-
cantly increase thrombomodulin mRNA (threefold) over OS
(Fig. 6A). This result agrees with previous findings showing
thrombomodulin increased in EOCs; however, in those
studies, SS values were compared only against the static le-
vel expression of the gene.11–13 Additionally, there was a
trend of an increase in thrombomodulin (twofold, p < 0.06)
when comparing SS to RS. Similarly CD39 mRNA levels
were significantly increased under SS conditions when
compared to OS and RS (Fig. 6). Additionally, a trend for
increased CD39 ( p < 0.1) was observed when comparing PS
to OS. Finally, EPCR showed the same response as CD39,
where SS was significantly higher than OS and RS (Fig. 5).
Interestingly, in human umbilical vein endothelial cells, SS
was shown to decrease EPCR, highlighting the need for more
EOC specific shear studies.50

Although CD39, EPCR, and thrombomodulin are anti-
thrombotic and membrane-bound, each acts through a dis-
tinct mechanism. CD39 is an ecto-nucleosidase51 that inhibits
platelet activation by the hydrolysis of ADP and ATP to
AMP.52 AMP is then degraded to adenosine by CD73.53

Adenosine is a strong inhibitor of platelet aggregation.31

Thrombomodulin is a cofactor for the activation of protein C
by thrombin. When thrombin is bound to thrombomodulin,
the activation of protein C is increased 20,000-fold compared
to free thrombin-protein C activation.30,54 EPCR acts as an
enhancer for the activation of protein C. It is located next to
the thrombin-thrombomodulin complex on the cell mem-
brane and binds protein C. When bound to EPCR, the acti-
vation for protein C by thrombin is increased 6-fold in vitro55

and 20-fold in vivo.56 Taken together, SS increases the anti-
thrombogenic potential of the BaEOCs through cofactors of
activation of protein C (EPCR, thrombomodulin), which
agrees with previous work,12 and through molecules that
help in the inhibition of platelet aggregation (eNOS, CD39).
Additionally, a previous study has found other molecules,
such as tissue plasminogen activator, to be increased by SS in
human EOCs, which can further increase the EOC anti-
thrombogenic potential.15 These results suggest that SS will
increase activated protein C levels over that of OS, which
warrants further investigation.

The pro-thrombotic activity of the BaEOCs was investi-
gated by looking at tissue factor mRNA and activity (Fig. 7A,
B). Mazzolai et al. have previously shown that tissue factor
mRNA and activity are increased under bidirectional flow in
human EOCs cultured in a tubular construct.14 Additionally,
Lund et al. have shown that exposure to steady, laminar
shear stress decreases tissue factor mRNA and activity, al-
though not significantly, from static conditions in human

EOCs.17 Here, similar results to Lund et al. were found where
tissue factor mRNA and activity were decreased by SS when
compared to OS; however, it was not significantly differ-
ent.17 In addition, no changes were observed when investi-
gating PS and RS conditions.

It is important to note that some of the differences seen
between the results shown here and previous studies may be
due to differences in species and cell source. Two of the
studies cited use human umbilical cord blood for the isola-
tion of the EPCs, while the study presented here used juve-
nile baboon blood for EOC isolation.13,14 Additionally, the
extracellular matrix used can have impact on endothelial cell
biology. Some of the previous studies used fibronectin as the
extracellular matrix, while in this study collagen type I was
used.13 Cells cultured on fibronectin and exposed to shear
stress have different signaling mechanisms than cells ex-
posed to other matrices, such as collagen. Specifically, en-
dothelial cells cultured on fibronectin and exposed to shear
stress showed increased NF-kB activation.19,57,58 Ad-
ditionally, a limitation of this study is the simplified model
system of shear stress; however, the shear stress magnitudes
used in this study are on the same magnitude of order found
in the human vasculature.59–61 While it would be interesting
to determine the EOC response to physiological waveforms,
the goal of this article is to determine the best and worst case
shear condition for preconditioning of vascular grafts. Fi-
nally, because this is a simplified model system of shear
stress, the manner in which the cells react in vivo in a vas-
cular graft where they are subjected to complex shear stress
waveforms, chemical cues, and cyclic stretch may be differ-
ent. Interestingly, studies of a vascular graft lined with ovine
endothelial progenitor cells resisted the attachment of blood
elements (i.e., platelets, red blood cells) when preconditioned
with cyclic pressure and steady shear stress (13 dynes/
cm2).62 In this study, they found increased expression of
eNOS and prostaglandin I synthase when steady shear and
cyclic stress was applied when compared to steady shear
stress alone.

Taken together, these results suggest that shear stress ap-
plication can have beneficial or adverse effects on the
inflammatory and thrombotic potential of BaEOCs. The results
show that SS increases the anti-inflammatory and anti-
thrombogenic environments in BaEOCs. Additionally, OS in-
creases the inflammatory and decreases the anti-thrombogenic
environment when compared to SS. Finally, RS decreased the
anti-thrombogenic environment when compared to SS, and
had few differences when compared to OS. These results
suggest that SS may be the optimal shear condition for
hemodynamic preconditioning of a vascular implant or
in tissue-engineered applications with incorporated EOCs.
Additionally, our results suggest that the in vivo hemody-
namic environment should be taken into account before
using EOCs, as it may have an adverse effect on the func-
tional characteristics of a vascular implant endothelialized
with EOCs.
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