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monocytes suspended in the same medium. Nonadherent monocytes were removed
from the chamber by a 1O minute rinse with cell free medium. Adherent cells were
counted at 300X magnification and normalized to adherent cells per square millimeter
of endothelial cell surface area.
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Figure 1. Flow adhesion apparatus. Endothelial cells are cultured to confluence on plastic slides
coated with gelatin (left). The monolayer forms the base of a parallel-plate flow chamber (gap
width = 1OOµm). The flow chamber sits on the stage of an inverted phase-contrast microscope
(right). Flow is provided by a syringe pump and is continuous and constant at the indicated
shear stress for the duration of the expe1iment.

As seen in Figure 2, monocyte adherence was maximal at a shear stress of 1.0
dyne/cm2. As shear stress is increased, monocyte adherence decreased. At a shear
stress of 4.0 dynes/cm2, monocyte adherence to endothelial cells is low and
essentially equal to zero. These data suggest that monocyte adherence is strong
enough to withstand low shearing forces, and thus are consistent with the observation
that monocyte accumulation occurs predominantly at low·shear sites in the circulation.
If the concentration of monocytes in the perfusion medium is increased from
1x1 Q6/ml to 2x1 Q6/ml or 4x1 Q6/ml, the level of monocyte adherence increases at low
shear stresses, but not at high shear stresses (Fig 3). These data suggest that
increasing the number of monocytes exposed to the. endothelial cell surface will lead
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monocyte CD11/CD18 receptors might be involved in adhesion. To test this
hypothesis, monocytes were preincubated with an antibody to the common CD18
chain (since it is not known which of CD11a/CD18, CD11b/CD18, or CD11c/CD18
bind to endothelial ICAM receptors). As seen in Fig 5, anti-CD18 antibody inhibits
greater than 65% of the monocyte adherence.
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Figure 4. Monocytes were suspended to
1x106/ml in culture medium containing 1%
serum and adherence was quantified at a
constant shear stress of 0.5 or 1.0 dyne/cm2.
*P<0.05 adherence to anti-ICAM-1 treated vs.
untreated endothelium.

Figure 5. Monocytes were suspended to
1x1061mr in culture medium containing 1%
serum and adherence was quantified at a
constant shear stress of 0.5 or 1.0 dyne/cm2.
*P<0.05 adherence to endothelium when
monocytes preincubated with anti-CD18 vs.
untreated monocytes.

These data suggest that one mechanism by which monocytes adhere to
endothelium is via monocyte CD11/CD18 receptors binding to ICAM-1 (and possibly
ICAM-2) receptors on endothelial cells. Interestingly, the ICAM-1 dependent binding
does not appear to be invoked at the lowest shear stress tested (0.5 dynes/cm2). This
demonstrates the utility of performing studies of this type under physiologically
relevant flow conditions; since static adhesion studies could not indicate the relative
contribution of competing adherence pathways at different shear stresses.

Summarv and Future Work As outlined above, in the first year of this grant we have
modified our flow adhesion assay to investigate monocyte/endothelial cell interactions
under physiologically relevant shear conditions. The data of Figure 2 and Figure 3
suggest that a contributing factor to the localization of atherosclerosis to low shear
regions in the circulation is the local fluid dynamics for two reasons. First, monocyte
adherence appears to be maximal at low shear stresses. (In fact from Figure 1 it is
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18 May 1992
Mr. Miles J. Gibbons, Jr.
President
The Whitaker Foundation
4718 Old Gettysburg Road
Suite 405
Mechanicsburg, Pennsylvania 17055-4325
Dear Mr. Gibbons:
Enclosed please find the first progress report for the proposal entitled "The Role of
Hemodynamics and Endothelial Cell Activation in Atherosclerosis". I want to thank
you again for the support provided by The Whitaker Foundation. I think you will find
our the data to be interesting and exciting and I look forward to future interactions with
the Whitaker Foundation.
Please do not hesitate to contact me by telephone at (404) 894-8795 of by FAX at
(404) 894-2866 if you require additional information.
Sincerely yours,
Timothy M. Wick
Assistant Professor
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A. Summary of Project and Specific Aims
Atherosclerosis is a degenerative disease of the large arterial blood vessels. This disease
is characterized by lesions which develop at arterial wall sites exposed to low wall shear stresses,
oscillating flow, or separated flow. One of the earliest events in atherogenesis is attachment of
blood monocytes to vessel wall endothelial cells at lesion-prone loci. Our working hypothesis is
that increased monocyte attachment to endothelial cells in early atherogenesis is due to
alterations in the endothelium, the vessel wall, or the monocytes and that these alterations
leading to increased monocyte attachment are modulated by blood shearing forces. The overall
objective of this project is to quantify the effect of shear stress and endothelial cell agonists on
the attachment of monocytes to cultured endothelial cells in vivo. This objective will be met by
investigating the following hypotheses:
1). Adhesion only occurs when the mean shear stress is less than 4 dynes/cm2.
2). Quantitative adhesion varies between human endothelial cells maintained in low shear stress
and high shear stress environments of varying duration.
3). Adhesion is specific and receptor mediated and both monocyte (e.g. CD1 la,b,c/CD18, etc.)
and endothelial cell (e.g. ICAM-1, ICAM-2, ~LAM-1, VCAM-1, etc.) receptors are involved
in adherence under flow conditions.
4). The level of adhesion is altered when endothelial cells are exposed to chemical agonists
(such as interleukin-I, endotoxin, tumor necrosis factor).
These hypotheses will be explored through studies with the following specific aims:
1). Quantify monocyte and platelet adhesion to human endothelial cells under laminar shear
stresses ranging from 1 dyne/cm2 to 85 dyne/cm2.
2). Quantify changes in adhesion of platelets and monocytes to cultured human endothelial cells
pre-exposed to physiological shear stress for 2 to 24 hours.
3). Use monoclonal antibodies and endothelial agonists (e.g. cytokines) to identify the role of
specific receptor interactions in adhesion.

B. Results
All of our experiments are performed in a parallel-plate flow chamber apparatus in order
to study adherence under dynamic flow conditions which exist in different regions of the
circulation. These experiments employ cultured human umbilical vein endothelial cells ( 1) and
U937 monocytic cells as a model of human peripheral blood monocytes (2). As reported last
year, monocyte adherence to endothelium is shear stress dependent (specific aim #1). Adherence
is greatest at low shear stresses and decreases as shear stress is increased. At a shear stress of 4
dynes/cm2, adherence is essentially zero. Thus, adherence is apparently localized in vivo to
arterial sites exposed to low shear stresses. Also, we reported that adherence appeared to be
receptor-mediated- with the CD18-integrins on monocytes binding to unidentified endothelial
2

receptors. Anti-ICAM-1 antibody on endothelial cells did not inhibit adherence, suggesting a
CD 18-dependent, ICAM-1 independent adherence mechanism. Based on these data, our
research effort for year two were focused on further identifying monocyte/endothelial cell
adherence pathways (specific aim #3) and determining the effect of prolonged flow on
monocyte/endothelial adherence (specific aim #2).
Specific aim #2 - Proloneed exposure to shear stress alters endothelial adhesivity

Atherosclerotic lesions are primarily localized to arterial sites characterized by low shear
stresses. This observation has led to our hypothesis that the local hemodynamic environment
influences endothelial
adhesivity. In order to
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Figure 1. Monocyte adherence to endothelium is altered by shear st~
and growth substrate. HUVEC were cultured on gelatin-coated tissue
culture plastic (Permanox) or gelatin coated glass (Glass) and adherence to
endothelium presheared for 2 hrs at 2.0 (Fig la) or 10.0 (Fig lb) dynes/cm2
was compared to adherence to unsheared monolayers. Note that after shear
stress pre-exposure, monocyte adherence assays were performed at 1.0
dyne/cm2.
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Figure 2. Increased monocyte adherence to presheared
endothelium is inhibited by anti-VLA-4. HUVEC were grown on
gelatin coated Permanox and were unsheared (Control) or
presheared for 2 hrs at 2 dynes/cm2 (Pre-sheared) prior to the
dynamic monocyte adherence assay at 1.0 dyne/cm2. Anti-VLA-4 on
the monocyte (Pre-sheared+ VLA4) inhibited adherence 100%.

(3,4) and the data of Figure 2
suggest that shear stresses
between 2.0 and 10.0 dynes/cm2
increases endothelial cell VCAM1 expression as has been

previously reported for cytokines (4). In order to more directly test this hypothesis, we are
comparing monocyte adherence to shear stress activated and cytokine stimulated endothelium.
Specific aim #3 - Identify adherence pathways to stimulated and unstimulated endothelium

To further clarify the receptor-mediated pathway(s) of monocyte/endothelial cell
adherence, additional blocking studies with monoclonal antibodies were performed. The initial
adherence studies presented here were not performed on endothelial monolayers pre-exposed to
shear stress as in Figures 1 and 2. Specifically, we were interested in the possibility that
monocyte adherence would increase when endothelial cells were stimulated with proinflammatory cytokines, since endothelial cell stimulation with cytokines induces expression of
leukocyte adherence molecules, particularly ELAM-1 and VCAM-1 (3). As seen in Figure 3,
endothelial stimulation with TNF-a leads to a 2-log increase in monocyte adherence to
endothelium (at a shear stress of 1.0 dyne/cm2). Preincubation of endothelial cells with
antibodies to ELAM-1, VCAM-1 or ICAM-1 did not inhibit monocyte adherence to stimulated
endothelium. However, preincubation of monocytes with anti-CD18 or anti-VLA-4 antibody
inhibited adherence 70% and 78%, respectively (Fig 3). Several ligands for VLA-4 have been
identified: VCAM-1, fibronectin, and a ligand responsible for homotypic aggregation (4). The
lack of inhibition with anti-VCAM-1 antibody (Fig 3) suggests either that the particular antibody
utilized was non-blocking or that monocyte VLA-4 is binding to other ligands on endothelial
cells. If other VCAM-1 antibody clones also fail to inhibit monocyte adherence to activated
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endothelium, then we will explore the possibility that monocyte VLA-4 is interacting with
endothelial cell surface fibronectin (4) or other ligands.
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preincubation with anti-CD18 or anti-VLA-4 inhibited adherence
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as compared to lesion-free sites (57). Specifically, the ratio of
collagen I to collagen ill is altered
and collagen V is present in the

vessel walls of atherosclerotic plaques. Based on 'the above data and these observations, we
hypothesize that the endothelial cell substrate will alter the luminal expression of cell adhesion
molecules and thus affect the adhesivity of the endothelium. Preliminary tests of this hypothesis
have been focused on culturing endothelium on tissue culture plastic (Permanox) coated with
varying ratios of collagen I, collagen III, collagen V to approximate the composition of diseased
and unaffected vessels. Preliminary data from these experiments indicate that endothelial cells
plate more efficiently, grow more rapidly, and assume a more endothelial cell-like morphology at
confluence on collagen I, collagen ill, or combinations of collagen I and ill. Addition of
collagen V in the extracellular matrix is associated with lower plating, slower growth, and altered
morphology.

Summary and significance
In summary, in the second year of this grant, we have identified that monocytes bind to
endothelium via several pathways under flow conditions. Specifically, monocyte ~i-integrins

(the CD18 family of receptors) are involved in monocyte adherence to unstimulated and TNF-a
stimulated endothelium (Fig 3). Monocytes also adhere via a VLA-4-mediated interaction when
endothelial cells are stimulated with TNF-a (Fig 3) or shear stress (Fig 2). Furthermore, the
growth substrate influences the ability of the cell to respond to shear stress stimulation (Fig 2)
and possibly cell growth (preliminary data) and cell adhesion molecule expression (hypothesis).
The significance of these data are as follows. Sprague, et al. have recently reported that
pre-exposure of endothelial cells to 30 dynes/cm2 for six hours decreases monocyte adherence

5

(8). The observation that "low" shear stress (here defined as less that 10 dynes/cm2 but greater
that 2 dynes/cm2) upregulates endothelial cell adhesion molecule expression (Fig 2) coupled with
the observation that monocyte adherence is essentially zero at shear stresses of 4 dynes/cm2
(reported in the previous progress report) suggests multiple roles for physiological levels of shear
stress in monocyte adherence in vivo. First, shear stress is a drag force that opposes adherence.
Thus, it is anticipated from hydrodynamic considerations that monocyte adherence will only
occur in vascular regions of low shear stress. Secondly, shear stress appears capable of
modifying endothelial cell responses in a manner similar to cytokines and other endothelial
antagonists or agonists. Thus, "low" shear stress (as compared to no shear stress or "high" shear
stress) may upregulate cell adhesion molecule expression and increase endothelial cell
adhesivity. These two effects of physiological shear stress would then appear to combine
(possibly with other "biological factors" such as modified LDL, carbon monoxide, vessel wall
collagen composition, etc.) to selectively increase endothelial cell adhesivity and monocyte
accumulation in regions of "low" shear stress. This hypothesis forms the basis of our future
investigations.
Furure work

Our future experiments will be based on our reformulated working hypothesis described
at the end of the last section. This hypothesis is based on our novel data described here. The
experimental goals and protocols do not deviate from those in the original proposal (outlined
above), however we will focus our efforts in the final year of this grant on identifying (i) the
biological effect of shear stress (e.g. the role of shear stress in regulation of cell adhesion
molecule expression), (ii) the role of the extracellular matrix (e.g. collagen composition), and
(iii) the combination of shear stress and collagen composition on endothelial cell adhesion

molecule expression and monocyte adherence.
In order to demonstrate that shear stress stimulates endothelial cell expression of VCAM1 (as suggested in Fig 2), we will monitor endothelial cell expression of VCAM-1 after exposure
of endothelial cells to shear stresses ranging from 2-20 dynes/cm2 for up to 24 hours using
enzyme-linked immunosorbent assay (ELISA) and fluorescence activated cell sorting (FACS).
We have experience with both techniques and will be able to complete these experiments
successfully. Monocyte adherence studies will be performed in parallel to demonstrate that shear
stress regimens (magnitude and duration) which induce VCAM-1 expression also lead to greater
monocyte adherence. The results from these studies will indicate whether low shear stresses
induce endothelial VCAM-1 expression leading to increased monocyte adherence.
As outlined above, we are intrigued by the hypothesis that vessel wall collagen content
alters luminal endothelial cell adherence molecule expression leading to increased monocyte
6

adherence. Thus, we will investigate whether VCAM-1 expression by endothelial cells is
altered by culturing endothelial cells on varying ratios of collagen I, III, and V. Specifically, we
will determine if collagen V in the substrate increases VCAM-1 expression. If these experiments
are positive we will then determine whether monocyte adherence is different (e.g. the amount of
adherence or the strength of adherence) when endothelium are cultured on different collagen
substrates,

7
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a. General Objectives and Specific Aims

Atherosclerosis is a degenerative disease of the large arterial blood vessels. In
this disease, characteristic lesions develop at arterial wall sites exposed to low wall
shear stresses, oscillating flow, or separated flow. One of the earliest events in
atherogenesis is attachment of blood monocytes to vessel wall endothelial cells at
lesion-prone loci. Increased monocyte attachment in early atherogenesis is likely due to
alterations in the endothelium, the vessel wall, or the monocytes. Platelet adhesion also
occurs at lesion sites during the later stages of disease progression, however the role of
platelet/endothelial cell adhesion is still speculative. Given the focal nature of
atherosclerosis, hemodynamics may influence endothelial adhesiveness for platelets
and monocytes.
We propose to investigate the interrelationship between endothelial cells,
hemodynamics, and blood cells (monocytes) as they relate to increased adherence
during early atherogenesis. A central hypothesis is that adherence of monocytes to the
vascular endothelium is related to complex changes in the cell surface, the endothelium,
and the vascular mi lieu.
We propose to explore the following hypotheses:
1). Adhesion only occurs when the mean shear stress is less than 2 dynes/cm2.

2). Quantitative adhesion varies between human endothelial cells maintained in low
shear stress and high shear stress environments of varying duration.
3). The level of adhesion is altered when endothelial cells are exposed to chemical
agonists (such as interleukin-1, endotoxin, tumor necrosis factor).
These hypotheses will be explored through studies designed with the following
specific aims:
1). Quantify monocyte adhesion to human endothelial cells under laminar shear
stresses ranging from 1 dyne/cm2 to 85 dynes/cm2.
2). Quantify changes in adhesion of monocytes to cultured human endothelial cells preexposed to physiological shear stress for 2 to 24 hours.
3). Quantify monocyte adhesion to endothelial cells injured by low density lipoprotein,
interleukin-1, tumor necrosis factor, or bacterial endotoxin.
RESULTS
Specific Aim #1

To determine whether monocyte adherence to endothelial cells can withstand the
shear forces present in vivo, the adherence of U937 monocytic cells to cultured human
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umbilical vein endothelial cells was quantified under continuous flow conditions using a
parallel-plate flow chamber as shown in Figure 1. In these experiments, endothelial cell
monolayers were grown under static conditions and not exposed to shear stress prior to
the adherence assay. An adherence assay consisted of a five minute prerinse of the
endothelial cell monolayer with culture medium (RPMI with 25 mM HEPES) containing
1% serum followed by a 1O minute perfusion of monocytes suspended in the same
medium. Non adherent monocytes were removed from the chamber by a 10 minute
rinse with cell free medium. Adherent cells were counted under flow at 300X
magnification and normalized to adherent cells per square millimeter of endothelial cell
surface area. Shear stress was steady and constant for the duration of the experiment
(approximately 30 minutes).
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Figure 1. Flow adhesion apparatus. Endothelial cells are cultured to confluence on plastic slides coated with
gelatin (left). The monolayer forms the base of a parallel-plate flow chamber (gap width = 1OOµm). The flow chamber
sits on the stage of an inverted phase-contrast microscope (right). Flow is provided by a syringe pump and is
continuous and constant at the indicated shear stress for the duration of the experiment.

As seen in Figure 2, monocyte adherence to unsheared endothelium is maximal
at a shear stress of 0.5 dyne/cm2. As shear stress is increased, monocyte adherence
decreases. At a shear stress of 4.0 dynes/cm2, monocyte adherence to endothelial
cells is essentially equal to zero. If the concentration of monocytes in the perfusion
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medium is increased from 1x1 OS/ml to 2x1 Q6/ml or 4x1 Q6/ml, the level of monocyte
adherence increases at low shear stresses, but not at high shear stresses (Fig 3).
Thus, even though more monocytes interact with and adhere to the endothelium at
higher perfusion densities, the strength of the interactions is not increases as evidenced
by the fact that adherence is zero at 4.0 dynes/cm2 shear stress regardless of the
monocyte perfusion density. These data suggest that monocyte adherence to
unstimulated endothelium is strong enough to withstand low shearing forces, and thus
are consistent with the observation that monocyte accumulation occurs predominantly at
low-shear sites in the circulation.

40

Increased Shear Stress Decreases
Monocyte Adherence to Endothelium

Effect of monocyte perfusion denaltv and lncreaelng •hear 81rese on the
adherence of lJ937 monocytlc ce1r. to umbilical vein endothelial cells

1: 35

~ 30

80

-e-1 x10 6

g 25

<n=6)f

20
u

c(

,f, <n=2)

70

ui

ai
ffi
iS

Fig3

..

60

',

15
10
5

I

', I

0 ............................................................
0

1
2
3
SHEAR STRESS, dynes/cm 2

MEAN ± 95% confidence limits
\

I '.

(n=3)f

\

\

},
I

\

',

\

~~=~) \
"'

4

6

- • -2x 10
--tr-4x 108

\
'~

\'

\' t<n=2)

10

0

2

3

SHEAR STRESS, dyne/cm

Figure 2. Monocyte Adherence as a Function of
Shear Stress. Monocytes were suspended to 1x106 /ml
and adherence was quantified at 0.5, 1.0, 2.0, or 4.0
dynes/cm 2. Data are mean±SEM for three experiments.
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Figure 3. Monocyte Adherence as a Function of Cell
Number. Monocytes were suspended to 1, 2, or
4x10 6/ml and adherence was quantified at 0.5, 1.0, 2.0,
or 4.0 dynes/cm2.

Specific Aim #2

The data from specific aim #1 clearly indicate that as the shear stress of the
adherence assay increases, the number of monocytes adhering to the endothelium
decreases. Since approximately the same number of monocytes interact with the
endothelium at each shear stress (for constant monocyte perfusion density), this
decreased adherence is most likely due to the increased fluid drag force which opposes
monocyte adherence. Thus, one effect of increased shear stress is to decrease
monocyte adherence due to greater levels of physical forces.
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Extensive studies have demonstrated that shear stress alters many
morphological and physiological properties of endothelial cells, such as morphology,
permeability, synthetic capability, and response to agonists. In order to determine
whether shear stress alters endothelial cell adhesivity and monocyte adherence we also
performed monocyte adherence assays to endothelial preconditioned to various levels
of steady-laminar shear stress. For these studies, endothelial cells were presheared for
0-6 hours at a steady shear stress of 0-30 dynes/cm2. Then, monocyte adherence
assays were immediately performed on the presheared monolayers at 1.0 dyne/cm 2 as
described above. For these and all subsequent experiments, the monocyte perfusion
density was 1.ox106. As shown in Figure 4, when endothelial cells were presheared for
as little as two hours at 2.0 or 10.0 dynes/cm2 shear stress, monocyte adherence
increases more than 3-fold as compared to unsheared endothelium. Similarly,
monocyte adherence increases as the time of endothelial cell exposure to shear stress
increases (at a constant preshear stress of 2.0 dynes/cm2) (Fig 5).

Endothelial Preshear Alters
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Figure 4: Effect of Endothelial Cell Preshear on
Monocyte Adherence.
Preshearing endothelial
cells at 2 or 10 dyne/cm 2 increased monocyte
adherence 3.4±0.6-fold (mean±SEM, n=l 4,
p<0.002) or 3.2±1.0-fold (n=3), respectively.
Preshearing endothelial cells at 30 dyne/ cm2
reduced monocyte adherence 48±22% (n=3).

Figure 5: Effect of Endothelial Cell Preshear Time on
Monocyte Adherence. Endothelial cell monolayers
were presheared at 2 dynes/cm2 from 2 to 6
hours prior to monocyte adherence assay at a
shear stress of 1 dyne/cm2. Data are mean±SEM
for 2 experiments at the 4 and 6 hour time points.

Note that for these experiments (Figures 4&5), data are reported as an
adherence index (defined as the ratio of the number of monocytes adherent to
endothelial cells presheared for the indicated time and magnitude divided by the
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monocyte adherence to unsheared endothelium) to more clearly determine the effect of
shear stress on monocyte adherence.
Monoclonal antibody studies were employed to determine whether the increased
monocyte adherence in response to endothelial shear stress preconditioning could be
attributed to shear stress-induced elevation in endothelial cell adhesion molecule
expression. As shown in Figures 6a&b, either anti-a.4 antibody on monocytes or antiVCAM-1 antibody on presheared endothelium completely abolished the increased
monocyte adherence due to shear preconditioning. These data suggest that VCAM-1
expression was induced on endothelial cells by low shear stress. Increased VCAM-1
expression by shear stress was confirmed by directly measuring a 44% increase in
VCAM-1 expression on endothelial cells presheared for two hours at 2.0 dynes/cm2 by
enzyme-linked immunosorbent assay (ELISA) (data not shown), whereas ICAM-1
expression was not increased in response to low shear stress.
Thus, in addition to a drag force opposing adherence (specific aim #1 ), low shear
stress increases endothelial cell VCAM-1 expression leading to increased monocyte
adherence. This dualistic effect of shear stress on monocyte adherence may explain
the localization of monocyte adherence in vivo to arterial sites characterized by low
shear stress.
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Figure 6a. Antibody Inhibition of Shear-Induced
Monocyte Adherence. Endothelial cells were
unsheared or presheared for 2 hours at 2 dynes/cm 2
prior to the dynamic adherence assay. Incubation of
presheared endothelium with anti-VCAM-1 antibody
prior to the adherence assay totally inhibited the
increased monocyte adherence induced by preshear
(n - 3, p < 0.05).

Figure 6b. Antibody Inhibition of Shear-Induced
Monocyte Adherence.
Endothelial cells were
unsheared or presheared for 2 hours at 2 dynes/cm 2
prior to the dynamic adherence assay. Incubation of
monocytes with anti-Cl4 antibody prior to the adherence
assay totally inhibited the increased monocyte
adherence induced by preshear (n ""' 3, p < 0.03).

Page7
Anal Progress Report

llmothy M. Wick, Ph.D.
Whitaker Foundation

Specific Aim #3

Since endothelial agonists, including cytokines and bacterial endotoxins, increase
cell adhesion molecule expression, including VCAM-1, we investigated whether
monocyte adherence under flow conditions increases when endothelial cells are
activated. As shown in Figure 7, when endothelial cells are pretreated with interleukin-4
(IL-4) prior to the adherence assay, monocyte adherence at all shear stresses is
significantly greater than to untreated endothelium. However, as shear stress is
increased, monocyte adherence decreases in a manner similar to that observed for
unstimulated endothelium and is essentially zero at 6.0 dynes/cm2 (Fig 7). Endothelial
stimulation with tumor necrosis factor (TNF-a) induces an even greater increase in
monocyte adherence at all shear stresses as compared to IL-4. In contrast to IL-4
stimulation however, monocyte adherence to TNF-a activated endothelium is able to
withstand much greater shear stresses, with monocyte adherence still measurable at
shear stresses greater than 20 dynes/cm2 (Fig 7). Thus, activation of endothelium, as
might occur during immune activation and cytokine release, can increase endothelial
cell adhesion molecule expression leading to very high levels of monocyte adherence
and measurable adherence even at shear stresses approaching 20 dynes/cm2.
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Figure 7. Varied Affect of Agonists on Monocyte
Adherence to Unsheared Endothelium. Endothelial
cells were unstimulated or pretreated with IL-4 (200U/ml,
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monocyte adherence assays were performed as
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VCAM-1

E-Selectin

Figure 8. Effect of Cytokines on Endothelial Cell
Adherence Molecule Expression. Endothelial cells
were stimulated with cytokine as indicated and cell
adhesion molecule expression was measured by ELISA.
TNF-a increases expression of all three leukocyte
adherence molecules, where as IL-4 appears to be
specific for increased VCAM-1 expression.
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The data of Figure 7 indicate that IL-4 and TNF-a induce a different response of
monocyte adherence to endothelium. As compared to the unstimulated endothelial
cells, IL-4 treatment induces an upward shift in the adherence curve. However, the
slope of the wash-out curve is essentially identical to that on the unstimulated
endothelial cells and monocyte adherence to IL-4 stimulated endothelium is reduced to
zero at essentially the same shear stress (6.0 vs. 4.0 dynes/cm2). The effect of
endothelial cell stimulation with TNF-a is more dramatic (note that adherence in Figure
7 is presented on a log scale), since the washout curve is shifted both upward and to
the right. Also, with TNF-a stimulation, monocyte adherence is still significant at 20
dynes/cm2. Thus, stimulation with IL-4 apparently increases the number of endothelialmonocyte adhesion receptors without increasing the strength of the adherence. TNF-a
on the other hand, apparently increases both the number of adherence receptors and
the strength of the monocyte/endothelial cell interaction since both the number of
adherent monocytes at low shear stress and the maximum shear stress at which
monocyte adherence is measured are greater than to IL-4 stimulated endothelium.
This hypothesis is strengthened by the observation that TNF-a increases
expression of VCAM-1, ICAM-1, and E-selectin (Figure 8), known leukocyte adherence
receptors, whereas IL-4 selectively increases VCAM-1 receptor expression without
increasing of ICAM-1 or E-selectin. Thus, the increased level of adherence without an
increase in the strength of adherence induced by IL-4 likely corresponds to an increase
in the number of VCAM-1 molecules expressed on the endothelial cell surface without
increasing the number of monocyte/endothelial cell bonds. TNF-a on the other hand,
apparently increases the level and strength of monocyte adherence by invoking several
adherence pathways (e.g. VCAM-1 and ICAM-1 ). Since monocytes bind most avidly to
VCAM-1, this selective increase in VCAM-1 by IL-4 suggests that in vivo, different
cytokines could selectively recruit specific leukocytes to inflamed tissues and may
contribute to the recruitment of monocytes to atherogenic lesions.
being further explored with additional experiments.

This hypothesis is

Figure 7 also shows preliminary data testing the effect of oxidized LDL (ox-LDL)
on monocyte adherence. It is clear from these limited data that incubation of endothelial
cell monolayers with ox-LDL increases the level of monocyte adherence. However, like
IL-4, ox-LDL is apparently not able to increase the strength of monocyte adherence
because monocyte adherence to ox-LDL stimulated endothelium is essentially zero at
4.0 dynes/cm2 (Fig 7). Thus, ox-LDL apparently modulates monocyte adherence to
endothelium in a manner similar to that induced by IL-4. Our ongoing investigations are
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aimed at determining whether oxidized LDL increases endothelial cell adhesion
molecule expression and elevated monocyte adherence as shown above for IL-4.
The Big Picture

In summary, we have utilized the generous support of the Whitaker Foundation to
investigate the multiple and different roles of shear stress in regulating monocyte
adherence to endothelium. These studies, carried out using cell culture engineered
model flow system, have demonstrated that monocyte adherence to endothelium occurs
at relatively low levels of shear stress (less that 1O dynes/cm2), unless the endothelium
is maximally activated with TNF-a. Exposure of endothelial cells to shear stress
increases VCAM-1 expression, leading to increased monocyte adherence under shear
conditions. Finally, endothelial cell activation with different agonists illicits different
levels and strengths of monocyte adherence.
These observations have led us to suggest that shear stress plays a dual role in
regulating monocyte adherence in vivo.
First, in low shear stress regions,
hemodynamic drag forces opposing monocyte adherence are low. Second, low shear
stresses appear to rapidly (within two hours) induce endothelial cell expression of
VCAM-1, thus increasing endothelial cell adhesivity. These two effects are
complementary and would lead to an increased predilection of monocyte accumulation
and lesion progression at arterial sites characterized by low shear stress, the
characteristic of lesion sites in vivo.
Clearly, these exciting results help to explain the underlying mechanism(s) of
shear localization of atherogenesis. The observations that different cytokines illicit
selective upregulation of VCAM-1 may also be significant, since VCAM-1 is selective for
a4~1 expressing monocytes (since neutrophils and other leukocytes do not express
Cl4~1 ).

It is intriguing to speculate that elevated LDL levels in vivo (a known risk factor for
atherogenesis) might induce selective upregulation of endothelial cell VCAM-1 and
induce increased, selective, recruitment of monocytes to the vessel wall. This effect
likely would be in addition to the other factors which increase VCAM-1 expression (e.g.
low shear stress) and favor monocyte adherence (e.g. low drag forces). The sum of
these effects would be localized endothelial cell activation and monocyte adherence as
observed in vivo. We are currently investigating this hypothesis with additional
experiments.
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Other Research Supported by the Whitaker Grant

Effect Cell Attachment Substrate on Endothelial Cell Response to Agonists

Atherogenic lesions are marked by dramatic alterations in cell and matrix
composition in the vessel wall. Migration of intimal smooth muscle cells to the lipid core
is accompanied by elevation and alteration of collagen composition in the plaque. At
lesion sites, the ratio of type I :type Ill collagen is increased and type IV collagen is
present. Specifically, the type l:type Ill ratio is 35:65 in lesion-free arterial segments and
65:35 at lesion sites. We hypothesized that these alterations in arterial wall collagen
may increase endothelial cell adhesivity to monocytes by signaling increased luminal
cell adhesion molecule expression and monocyte adherence. Since we could not
directly test this hypothesis in vivo, we tested the alternate in vitro hypothesis that
endothelial cells cultured on substrates coated with different collagen compositions
would exhibit increased expression of cell adhesion molecules or increased sensitivity to
cytokines.
In these experiments, human endothelial cells were cultured on substrates
coated with various ratios of type l:type Ill collagen (0:100, 35:65, 65:35, 100:0 wt:wt)
and the expression of endothelial cell adhesion molecules (VCAM-1, ICAM-1 , and Eselectin) in response to various levels of cytokines was quantified. Extracellular matrix
collagen composition did not alter expression of cell adhesion molecule expressions on
unstimulated endothelial cells. However, when endothelial cells were stimulated
maximally with TNF-a (1000 U/ml for 6 hours) ICAM-1, but not VCAM-1 or E-selectin,
expression was elevated on endothelial cells grown on the 65 :35 type I :type 111 collagen
substrate. Even under minimal stimulation conditions (50 U/ml TNF-a for 2 hrs) ICAM-1
and E-selectin (but not VCAM-1) expression was increased on the endothelial cells
grown on the 65:35 type l:type Ill collagen substrate.
These data suggest that the subendothelial cell matrix can affect the ability of
endothelial cells to respond to agonists and increase expression of cell adhesion
molecules on their luminal surface. Thus, molecules in the subendothelial matrix
apparently signal different responses of the cell to stimuli on the luminal surface, likely
signaled through abluminal receptors which bind to the matrix molecules. At present
these observations are preliminary. The potential relevance of this work relates to the
observation that the collagen composition of the vessel wall is different in lesion as
opposed to lesion-free arterial sites. If luminal expression of cell adherence molecules
can be induced by alterations in subendothelial cell protein composition as lesions
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progress, then monocyte adherence and lesion progression can be accelerated by this
mechanism. Additional experiments are underway to confirm and extend these
observations in order to determine whether alterations in subendothelial cell protein
composition increases endothelial cell adhesivity for monocytes, possibly exacerbating
atherosclerotic lesion progression.
Adherence of Lymphokine-Activated Killer Cells

Activation of natural killer (NK) cells by interleukin-2 transforms these cells into
lymphokine activated killer (LAK) cells. LAK cells are cytotoxic to tumor cells in vitro
and have been utilized clinically in an attempt to eradicate tumor masses. In this
therapy, patient NK cells are harvested, purified and stimulated with IL-2 for 4 days prior
to reinjection. In theory, these cells should target tumors and eradicate the cancer cells.
However, LAK therapy is at best of limited success (reported to be 10-30% effective for
metastatic melanoma or renal cell carcinoma).
If LAK cells are to kill tumors, they must reach the tissue spaces in which tumors
are proliferating and thus must be able to adhere to the vascular endothelium prior to
extravasation. In order to test this hypothesis, we have initiated pilot studies aimed at
determining whether LAK cells from patients with preoperative breast cancer or
melanoma can adhere to the endothelium. For these studies, NK cells were isolated
from patients or normal controls and activated with IL-2 for 4 days. Then, adherence
assays were performed with the LAK cells and fresh NK cells drawn from the same
donor on the day of the experiment. Our data (presented in the enclosed abstract)
demonstrate that LAK cells derived from normal donors are more adherent to
(unstimulated) endothelium as compared to NK cells from the same donor. In contrast,
LAK cells from patients with cancer are not significantly more adherent to endothelium
(under otherwise identical flow conditions) as compared to NK cells from the same
patients. These data suggest that the efficacy of LAK cell therapy in vivo might be
compromised because the reinjected LAK cells, although capable of cytotoxicity in vitro,
are incapable of adhering to vascular endothelium under physiological shear stress.
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ABSTRACT
Hemodynamic factors, specifically wall shear stress, are thought to play a role in the locali7ation of
atherosclerotic lesions. Previous studies have shown that shear stress can directly alter vascular
endothelial function and their normal interaction with cells in the circulation and in the vessel wall.
In the present study, the relative rontribution of shear stress as a drag force opposing adhesion and

as a biological stimulant that alters endothelial adhesivity was investigated.

Adherence was

quantified in a parallel plate flow chamber at shear~ levels from 0.5 to 30 dynesfcm2. The
range of shear stresses at which monocyte adherence to endothelial cells was established and
maintained depended on the activation state of the endothelium. No adherence to resting or
unstimulated endothelial cells occurred by 4 dynesfcm2. For TNF-a stimulated cells, the range of
shear stress at which adhesive rontad: was established and maintained was wider, with no
adhesion occurring by 30 dynesfcm2. To test the direct effect of shear stress on endothelial cell
adhesivity, endothelial cells were presheared for two to six hours at 2, 10, or 30 dynes/cm2 prior
to quantifying monocyte adherence at 1 dyneJcm2. Adherence increased 340 ± 60 % or
320 ± 100 % when endothelial cells were presheared for 2 hours at 2 or 10 dynes/cm2,

respectively, as compared to unsheared endothelium. In rontrast, monocyte adherence decreased
48 ± 22 % when endothelial cells were presheared at 30 dynes/cm2.

Monoclonal antibody

blocking studies indicated that the increased adherence observed after preshearing endothelial cells
at 2 dynes/cm2 was via a VCAM-1/a4f31 mechanism. ELISA studies showed that preshearing at 2
dynes/cm2 increased endothelial VCAM-1 by 44 %. These data demonstrate that low, but not
high, levels of shear stress induce endothelial VCAM-1 and increase monocyte adherence via a
04f31NCAM-l mechanism. Thus, it appears that shear stress has a dualistic effect in regulating
monocyte adherence. Not only are drag forces on adherent cells least in low shear stress regions,
but low shear stress appears to induce endothelial VCAM-1 to increase monocyte adherence.
Conversely, in high shear regions, drag forces do not promote adhesion, in addition to reducing
endothelial adhesivity, ronditions which do not favor monocyte adherence and atherogenesis.

Key words: cell adhesion, VCAM-1, atherosclerosis, vascular endothelium, hemodynamics, shear
stress

Abbreviations:
VCAM-1

Vascular cell adhesion molecule - 1

ICAM-1

Intercellular adhesion molecule - 1

ELAM-1

Endothelial leukocyte adhesion molecule - 1

TNF

Tumor necrosis factor

IFN-y

Interferon - y

llrl

Interleukin - 1

IL-4

Interleukin - 4

LPS

Lipopolysaccharide
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INTRODUCTION

The adherence of circulating blood monocytes to vascular endothelial cells is recognized as an early
event in atherogenesis (33). Upon subsequent transmigration into the subendothelial space,
monocytes differentiate into macrophages that phagocytose accumulated lipids. These lipid laden
macrophages, called foam cells, are the precursors of the mature atherosclerotic lesion (33).

It is known that monocyte-endothelial cell interactions are mediated by cell adhesion molecules

expressed on the surface of both cells (37). The regulation and expression of these re.ceptors can
be affected by various soluble mediators such as inflammatory cytokines including TNF, IFN-y,

IL-1, and IL-4, in a dose- and time-dependent manner (41 ).

Recent reports have described

elevated or altered levels of endothelial cell adhesion molecules associated with atherosclerosis. In
rabbits fed with atherogenic diet, VCAM-1 was expressed on endothelial cells at sites of fatty
streak formation as early as two weeks after initiation of the diet (5, 15). In humans, ICAM-1 and

ELAM-1 expression appear to increase in plaques in the advanced stages of the disease
(27,28,42,45).

These data support the hypothesis that atherosclerotic lesions result from an

immune-mediated inflammatory response involving monocyte and endothelial activation through
the local release of cytokines and/or the presence of other immune reactive agents (7,11,16).

An inflammatory response, however, cannot fully explain the pathology of atherosclerosis. It is

not exactly known, for instance, why lesions are localized only to certain areas of the vasculature;
specifically around branch sites, bifurcations and regions of curvature in the aortic arch, thoracic
aorta, the abdominal aorta, the iliac, and coronary arteries (18,19,24,31). These observations
point to the involvement of hemodynamic factors where modified arterial flow patterns could affect
endothelial function and alter normal interactions with other cells, both in the circulation and within
the vessel wall. These changes oould contribute to the progression or perhaps even initiate the
formation of lesions.
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The hemodynamic environment in the vessel wall can be described by several parameters (17,23).
Of these parameters, a low level of shear stress appears to be a localizing factor in lesion formation
(10,23,31). In the human carotid bifurcation, shear stress is highest in the region of the flow
divider of the inner wall of the carotid sinus: 41 dynesfcm2 at systole, 10 dynesJcm2 at diastole,
mean of 17 dyneJcm2 (14). Intimal thickening was found to be minimal in this area (14). At the
outer wall, where intimal plaques were thickest, mean shear stress was low:

-0.5 dyne/cm2,

oscillating between -7 dynesfcm2 and +4 dyneJcm2 (14).

Extensive studies have demonstrated that shear stress alters many morphological and physiologic~1
properties of endothelial cells. (For a recent review, see (23).) Recent work has focused on the
effect of flow on the interaction of the endothelium with other cells. Sprague, et al (36) reported a
decreased number of adherent monocytes in static adhesion assays using bovine aortic endothelial
cells (BAECs) preconditioned to a shear stress of 30 dynes/cm2, compared to BAECs
preconditioned to a shear stress of less than 1 dyne/cm2. When blood flow in the carotid arteries
of rabbits was artificially reduced to produce lowered shear stress (around 3 dynesfcm2), Walpola,
et al. (44) reported the presence of adherent monocytes on the endothelial surface. On the other

hand, in arteries that had increased shear stress (around 30.5 dynesJcm2), no monocytes were
found These studies suggest a role for hemodynamic factors, specifically wall shear stress, in the
selective recruitment of monocytes to the vascular endothelium. Low shear conditions appear to
favor monocyte adherence whereas areas of high shear stress are protected from the damaging
consequences of adhesion. Here, we present evidence on two mechanisms by which shear stress
regulates monocyte adhesion to the endothelium.

The results provide insights .on bow

hemodynamic factors can modulate endothelial response and their subsequent interaction with other
cells such as monocytes. This is helpful in the ctnTent effort to understand the pathogenesis of
atherosclerosis and other related vascular diseases.
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MATERIALS AND METHODS

Endothelial Cell Culture

Human umbilical vein endothelial cells (HUVECs) were harvested from umbilical cords by an
adaptation of the methcxl of Jaff~ et al. (13). Primary cells were fed primmy medium consisting
of Medium 199 (Ml99, Sigma Chemical Co., St. Louis, MO) supplemented with 20% heat
inactivated fetal bovine serum (FBS, Intergen Co., Purchase, NY), 2 mM L-glutamine (Sigma),
and 100 U/ml penicillin, 100 µg/ml streptomycin, 0.25 µg/ml amphotericin B (Gibco BRL, Grand
Island, NY). Primaty HUVECs were grown to confluence in tissue culture flasks (Coming,
Corning, NY) coated with gelatin (0.1 % porcine gelatin [Sigma] in DPBS). Confluent monolayers
were detached from the substrate using 0.05% trypsin-EDTA (Gibco BRL) and split 1:3. Cells of
up to the fifth passage were used for experiments.

Passaged cells were fed with medium

consisting of the primary medium supplemented with 100 µg/ml heparin (Sigma) and 25 µg/ml
endothelial cell growth factor (ECGF, Boeringher Mannheim).

For the adhesion assays,

endothelial cells were grown to confluence in 0.1 % gelatin coated Permanox cell culture chambers
(Nunc, Inc., Naperville, IL). For the cytokine activation measurements with ELISA, cells were
grown to confluence in 96-well plates (C.Oming) coated with 0.1 % gelatin.

Monocyte Culture

U937 cells (CRL 1593), a human derived, monocyte-lik~ histiocytic lymphoma cell line (38) were
obtained from the American Type Culture C.Ollection (ATCC,

Rockvill~

MD) and were grown in

RPMI 1640 (Sigma) with 10% heat inactivated FCS, 2 mM L-glutamine, 100 U/ml penicillin, 100
µg/ml streptomycin, 0.25 µg/ml amphotericin B; to an optimum density of 0.8 to 1.0 x 1()6
cells/ml. Prior to using in the adhesion assay, U937 cells were fluorescently labeled with BCECFAM (Molecular Probes, Eugene, OR) using a method adapted from Pritchard, et al (29). Briefly,
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U937 cells were suspended in RPMI 1640 with 2 % FCS at 6 x 106 rells/ml. BCECF-AM (1
µg/µL in dJy DMSO [Sigma]) was added at 10 µL per ml of rell suspension. After incubation at
37°C for 30 minutes, dye loading was halted by diluting to a final concentration of 6 x 1<P
cells/ml. The cell suspension was centrifuged and the pellet was resuspended in
RPMI 1640 with 1% FCS and 25 mM HEPES (Sigma) at a density of 1x

a~y

medium of

106 cells/ml.

Monoclonal Antibodies and Cytokines

Monoclonal antibodies to ICAM-1 (Clone 84H10), VCAM-1 (Clone IGll), a.4 integrin chain
(Clone HP2/1), and E-Selectin (Clone 1.2B6) were purchased from AMAC, Inc. (Westbrook,
ME).

Peroxidase conjugated goat anti-mouse IgG used for the ELISA was from Biorad

(Cambridge, MA).

TNF-a. was a kind gift of Dr. Robert A. Swerlick, Department of

Dermatology, Emory University School of Medicine, Atlanta, GA. Human IL-4 was purchased
from Sigma.

Flow Adhesion Assay

Endothelial cells on Permanox culture chambers were assembled into a parallel plate flow chamber
and rinsed with assay medium for 3.5 minutes at 4.5 dynes/cm2 to remove serum, and other
proteins secreted during cell rulture. This short exposure of endothelial cells to this level of shear
stress did not appear to affed endothelial morphology or monocyte adherence. Fluorescently
labeled monocytes were perfused over the monolayer for 10 minutes at 1 dynelcm2, ·unless
otherwise specified. Non adherent cells were removed by an 8 minute rinse with rell-free assay
medium. With the assay medium flowing, the number of adherent monocytes were counted in at
least 12 randomly chosen miaoscope fields.

Monocytes were identified using fluorescence

microscopy. Counting required approximately 10 minutes. The number of adherent cells per field
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was normalized against the area of the field to obtain the average number of adherent cells per

mm2.

Preshearing Endothelial Cells

The parallel plate flow chamber was assembled as described above and attached to a recirculating
flow loop as shown in Figure 1.

After rinsing with assay medium for two minutes at 4.5

dynes/cm2, the shear stress was adjusted to give the desired preshear stress magnitude.

The

monolayer was presheared for 2, 4 or 6 hours at 2, 10, or 30 dynes/cm2. Immediately after
preshearing and without dismantling the flow chamber, fluorescently labeled monocytes were
perfused for 10 minutes at 1 dyne/cm2. The succeeding steps followed the adhesion assay as
described above.

For monoclonal antibody blocking studies, monocytes we.re pre-incubated with antibody
(2 µg/5 x 1 cP cells) for 1 hour prior to perfusion over the presheared monolayer. For the pre-

sheared endothelial cells, a solution of monoclonal antibody containing 40 µg/ml was delivered
into the flow chamber and flow was stopped for 10 minutes for incubation. Control experiments
showed that stopping the flow for 10 minutes had no significant effect.

Peroxidase-based EUSA for Cytokine Activated Endothelial Cells

Wells containing confluent endothelial monolayers we.re stimulated with either 1000 U/ml TNF-a
for 6 hours or 200 U/ml IL-4 for 24 hours.

Control wells received fresh medium.

After

stimulation, wells were washed twice with Hanks Buffered Saline Solution-Plus (HBSS+,
Sigma). 100 µL of primary antibody solution (anti-ICAM-1, VCAM-1 or E-Selectin) at 1 mg/ml
in HBSS+ with 53 FBS were added to the test wells. Wells that served as blanks received only
the HBSS+ with 5 3 FBS. After 1 hour incubation at 37°C, wells we.re washed twice with
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HBss+. All wells then received 100 µL of a solution of peroxidase conjugated goat anti-mouse
IgG at 1/500 by volume in HBss+ with 5% FBS and incubated for an hour. After washing with
HBSS+, 100 µL of TMB solution (made with the following: 1 ml of 10 mg/ml TMB [3,3',5,5'tetramethyl benzidine, Sigma] in Acetone, 100 ml H20, 10 µL 30% H20z) were added to the
slides and allowed to react for 5 to 6 minutes. Reaction was stopped with 25 µL of 8 N H2S04.
The plates were then loaded onto a BioTe.k Mia-opiate Reader (Winooski, VT). Optical density
(OD) was read at 450 nm.

Peroxidase-based ELISA for Presheared Endothelial Cells

A modified ELISA technique was used on pre.sheared monolayers to be able to directly measure the
expression of cell adhesion molecules on the presheared slides and avoid transferring the cells to
microtiter plates. After pre.shearing, the slide containing the endothelial monolayer was cmefully
removed from the flow chamber and reassembled to form the original cell culture chamber well.
Pre-sheared slides, as well as control slides, were washed twice with Hanks Buffered Saline
Solution-Plus (HBSS+, Sigma) prior to the addition of 1 ml primary antibody (anti-ICAM-1 or
anti-VCAM-1) at 1 mg/ml inHBSS+ with 53 FBS. Slides that served as blanks received only the
HBSS+ with 5% FBS. After 1 hour incubation at 37°C, the slides were washed twice with
HBSS+. All slides then received 1 ml of solution of peroxidase conjugated goat anti-mouse IgG at
11500 by volume in HBSS+ with 5 3 FBS and incubated for an hour.

After washing with

HB SS+, 2 ml of the TMB solution were added to the slides and allowed to react for 5 to 6 minutes.
Reaction was stopped with 500 µL of 8 N H2S04. The slides were then loaded onto the plate
reader, making sure that at least three reading holes fitted within the slide without interference.
Optical density (OD) was read at 450 nm. Similar re.suits were obtained when 125 µL of the

colored solution from the slides was transferred to microtiter plates and read
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Calculations and Statistical Analysis

Beause of endothelial cell variability, interexperiment variance can be high. In order to compare
data from several flow adhesion experiments, an adhesion index for each experiment was defined
as:
Adhesion Index

=

2

Adhesion I mm in treated slide x 100
Adhesion I mm 2 in oontrol slide

where treatment could mean cytoldne stimulation, preincubation with antibody, or preshearing.

For adherence assays, data are reported as mean ± SEM of the adhesion index for the number of
experiments indicated. A two sample t-test was performed to determine the p value of treated
slides versus controls. An analysis of variance (ANOVA) gave the same results.

For antibody blocking studies, % inhibition is calculated as:
'b' .
Adhesion index w/o MAb- Adhesion index w/ MAb
30 inhi ~00=
.
Adhesion index w/o MAb

For ELISA data on adhesion molecule expression in response to shear stress, optical density
re.a.dings from triplicate wells for one experiment were averaged. The mean from the indicated
number of experiments are reported. To determine whether the inaease in VCAM-1 expression in
response to preshearing was statistically significant, a Student's t-test or an analysis of variance
(ANOVA) was perfonned on the mean of the reix>rted number of experiments.

RESULTS

8

To quantify levels of the endothelial cell adhesion mole.cules ICAM-1, VCAM-1, and E-Sele.ctin
under different activation conditions, ELISA was performed on cells stimulated with 1000 U/ml
TNF-a for 6 hours or 200 U/ml IL-4 for 24 hours. Resting endothelial cells expresM:d significant

levels of ICAM-1 and very little or no VCAM-1 or E-Selectin (Figure 2). TNF-a induces the
coordinated

ex~ion

of all three adhesion molecules; whereas IL-4 had very little effect on the

resting levels of ICAM-1 and E-Selectin, but significantly increased VCAM-1 levels (Figure 2).
This demonstrates that different soluble mediators induce different activation patterns in endothelial

cells.

To determine the effect of shmr stress on monocyte adhesion to endothelial monolayers under flow
conditions, dynamic adherence assays were carried out using monolayers under different activation
states. This was done by using either unstimulated cells or cells stimulated as above with the
cytokines TNF-a or IL-4. Monocytes were allowed to establish and maintain adhesive contact
with the endothelial monolayer at various levels of shmr stress. In general, adherence levels were
maximum at 0.5 dynes/cm2 and decreased as shear stress increased (Figure 3). The shear stress
level at which no adhesion occurred depended on the activation state of the monolayer. No
adhesive contacts to resting endothelium were maintained at 4 dynes/cm2 whereas this did not
occur until 6 dynes/cm2 for IL-4 stimulated cells and 30 dyneslcm2 for TNF-a stimulated cells.

To determine whether prolonged exposure to shmr stress alters endothelial cell adhesivity for
monocytes, endothelial cells were preshmred for two hours at 2, 10, or 30 dynes/cm2 prior to
adherence assays at 1 dynclcm2. As shown in Figure 4, preshmring endothelial cells at 2
dynes/cm2 for 2 hours increases monocyte adherence 3.4 ± 0.6 -fold compared to endothelial
cells not pre-exposed to shear stress. Similarly, preshearing endothelial cells at 10 dynes/cm2
increases monocyte adherence 3.2 -fold (Figure 4). In contrast, preshearing the endothelial cell
monolayers at 30 dyneslcm2 decreases monocyte adherence 48 ± 22 3 (Figure 4).

The

increased monocyte adherence induced by 2 dynes/cm2 preshmr appear to be time dependent as
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shown in Figure 5 where monolayers were presheared at 2 dynes/cm2 for 2, 4 or 6 hours prior to
monocyte perfusion. The increased adherence seen when endothelial cells were presheared for two
hours at 2 dynes/cm2 was totally inhibited when monocytes were incubated with anti-a.4 antibody
(Figure 6a) or when presheared endothelial cells were incubated with anti-VCAM-1 antibody
(Figure 6b).

The data of Figure 6 suggest that exposure of endothelial cells to low shear stress induces the
expression of endothelial VCAM-1 and monocytes adhere via a VCAM-1/a4p I -dependent
mechanism. As seen in Figure 7, exposure of endothelial cells to 2 dynes/cm2 shear stress for two
hours increases VCAM-1 expression approximately 44%. Under identical conditions, ICAM-1
levels did not appear to be altered by shear stress (Figure 7). VCAM-1 upregulation by shear
stress conditioning appear less effective than upregulation by cytokines.

Figures 8 and 9 shows a romparison between the efficacy of shear stress activation versus TNF
stimulation in terms of VCAM-1 surface expression and monocyte adherence levels, respectively.
Shear stress ronditioning does not induce romparable levels of VCAM-1; the same is true for
adherence levels where TNF stimulation induces almost 300 times increase in monocyte adhesion
rompared to a 3.4-fold increase stress conditioning.
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DISCUSSION

In the present study, it was shown that shear stress has a dual effect on monocyte adherence to

endothelial cells. First, for endothelial cells not pre-ex}X>Sed to shear stress, monocyte adherence
progressively decreases as the attachment and washout shear stress increases (Figure 3). Second,
monocyte adherence under flow is higher when the endothelial cells have been presheared at low
shear stress as compared to when the endothelial cells have been presheared at high shear stress
(Figure 4). In the first case, shear stress acts as a physical force that regulates adhesion by
opposing adhesive bonds that can form between the monocyte and the endothelium. In the second
c.ase, shear stress acts like a soluble mediator, inducing the endothelium to a different activation
state so as to increase monocyte adherence. Taken together, these data suggest that the localization
of monocyte adhesion to low shear regions in the vasculature and subsequent plaque formation
seen in atherosclerosis may be due to low drag forces unable to completely oppose adhesion, as
well as causing the induction of endothelial VCAM-1 that favors increased monocyte recruitment
This dualistic nature of shear stress likely contributes to atherogenesis in vivo.

The effect of shear stress as a physical force can be understood further by analyzing adhesive
events under flow. At low shear stress, the forces opposing adhesion are lower and the probability
of establishing and maintaining adhesive bonds is higher. This probability is also affected by the
activation state of the endothelium. A low shear stress and an activated monolayer favor firm and
stable adhesions. On the other hand, at high shear stress, the opposing forces are higher and the
probability of establishing or even maintaining bonds is lower. Studies into the role of shear stress
as a physical force can also help us gain insights on the nature of the adhesive bonds between
monocytes and endothelial cells. As seen in Figure 3, there is a definite shift upwards and to the
right in the TNF shear titration curve relative to the curve for resting endothelium. A shift upward
may mean one or both of the following: There is an increase in the number of receptors or bonds
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potentially available for adhesion. This is confirmed by ELISA studies (Figure 1) where it was
found that there is a coordinated increase in ICAM-1, VCAM-1 and E-Selectin that mediate
monocyte-endothelial interactions. There could also be an inaease in the affinity or avidity of the
adhesive bonds - either bonds formed via the newly expressed receptors or bonds formed through
the oonstitutively

exp~

receptors, or both. A shift to the right relative to the unstimulated

curve gives an indication of the increase in the strength of the adhesive bonds. This increase a>Uld
be caused by a real inaease in the strength of each of the individual bonds formed with the newly

expressed receptors. It could also be brought about by an increase in the bond density (i.e.,
number of bonds per unit area of adhesive oontact) that causes an inaease in the force needed to
break the adhesion. The TNF shear titration curve (Figure 3) also implies that in vivo, even
endothelium under re1atively high shear stress will see an increase in leukocyte adhesion in the
presence of potent stimulators such as is seen during inflammatory events. This is to be expected
since inflammation can happen in any part of the body; and during such events, leukocyte
adherence has to occur independent of the hemodynamic situation in order to control the infection.

In other cases where endothelial activators are not as potent, there is still a significant shift upwards
in the shear titration curve but a minimal shifting to the right relative to the unstimulated curve.
This implies an inaease in the number and/or avidity of the endothelial receptors rather than an
increase in bond strength which means that although there will be increased levels of adherent
leukocytes, the range of hemodynamic conditions at which adhesion can occur is limited. In this
way, shear stress can regulate adherence only to certain sites of the vasculature.

The role of shear stress in directly affecting the regulation of cell adhesion molecules, and
consequently, monocyte-endothelial interactions, is not yet fully understood. We present here a
definitive link between increased monocyte adhesion and increased VCAM-1 expression on
endothelial cells exposed to low shear stress in vitro. The selective induction of VCAM-1 by low
shear ties in nicely with the fact that VCAM-1 is an adhesion molecule specific for recruiting a 4Pr
positive monocytes but not cx4 p1-negative neutrophils (41) which are not generally found in early
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lesion formations in vivo. Other groups have also demonstrated the effects of shear stress on
adhesion molecule expresion in endothelial cells. Sprague, et al. (35) reported a decrease in
VCAM-1 mRNA in BAECs preconditioned to flow prior to LPS stimulation. Our results are not
directly comparable to this report because of the different cell system and stimulation protocols.
Sampath, et al (32) have demonstrated a transient increase in ICAM-1 mRNA in human umbilical
vein endothelial cells (HUVECs) subjected to 25 dynesfcm2, returning to basal levels after 6 hours.
Nagel and co-workers (22) also reported a selective increase in ICAM-1, both at the protein and
mRNA levels, but not VCAM-1 nor E-Selectin levels when endothelial cells were presheared from
2.5-46 dynes/cm2 from 4-24 hours. They also showed that ICAM-1 induction by shear stress is
comparable to ICAM-1 induction by IL-1, a potent stimulator of the endothelium. Although our
system is apparently similar to these studies, minor differences such as endothelial cell passage,
shearing media and apparatus may explain differences in results. Ohtsuka, et al (25) have also
reported changes in VCAM-1 expression under varying shear conditions in endothelial cells
harvested from mouse lymph nodes which we.re consititutively expressing VCAM-1. There have
also been some reports on the effect of shear stress conditioning on levels of monocyte adherence.

The results of Sprague, et al (36) agree with our finding of decreased monocyte adhesion to
endothelial cells pr~exposed to high shear. In addition, Walpola, et al (44) has also reported
increased monocyte adhesion when shear stress is decreased artificially in vivo.

The mechanism by which shear stress can modulate cell adhesion molecule expression was the
subject of a study by Resnick and colleagues (30) who found a shear-stress-responsive element
(SSRE) in the promoter of the B chain of platelet derived growth factor (POOF-B) of BAECs
exposed to laminar shear stress of 10 dynesfcm2 for 4 hours. This SSRE contains a core binding
sequence that is also present in the promoters of other endothelial genes, including the human
ICAM-1 gene. This suggested that endothelial cell adhesion molecule expression can be modulated
by exposing cells to shearing stress and that the modulation appears to be at the level of gene
transcription and protein expression. In the present study, we show that exposure of endothelial
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cells to a low shearing stress induces the expression of VCAM-1 whereas a high shear stress
decreases its expression. It is possible that a SSRE-like sequence is also found in the VCAM-1
gene causing low shear forces to activate the gene through the shear stress responsive sequence
leading to the increase.d presentation of VCAM-1 at the cell surface. The involvement of low shear
stress sensitive second messengers and/or transcription factors which could tum on the VCAM-1
gene is another scenario that could lead to increase VCAM-1 protein levels. At high shear stress,
on the other hand, drag forces could cause an increase in the shedding rate of adhesion molecules
from the cell membrane or make membrane modifications such that fewer receptors are accessible
to the leukocytes. This would explain the decrease.d adhesion to endothelial cells exposed to high
shear stress.

In evaluating the in vivo significance of in vitro studies of adhesion molecule regulation by shear

stress, it is important to view the results in light of the dual nature of shear stress. Even if there is
an increased cell adhesion molecule expression when endothelial cells are preconditioned to high
shear stress as was shown by other groups, actual adhesive events may not occur at those
conditions. We have shown in Figure 2 that even when the endothelium is in a very activated state
caused by potent stimulation with 1NF-cx, no adhesive events occurred by 30 dynes/cm2. If shear
stress by itself is a less potent stimulator, then actual adhesive events will occur at a more limited
range of shear stress.

Risk factors such as high plasma cholesterol have been shown to strongly contribute to the rapid

advance of lesions. Without invoking shear stress, such known risk factors cannot fully explain
the localization of the lesions to certain sites in the vasculature. The increase.d presence of VCAM1 in lesion prone sites of hypercholesterolemic rabbits (5,15) oould be the result of a synergistic
effect of the cholesterol risk factor and shear stress as the localizing factor. The role of shear stress
must be further limited by some other factor or factors, however, since VCAM-1 is not inherently
found in all the low shear regions of the vasculature. One such limiting factor could be the nature
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of endothdial cells themselves. It is generally known that endothelial cells from different sites of
the vascular tree exhibit different morphological and physiological characteristics. For instance,
human dermal microvasrular endothelial cells harvested from neonatal foreskins have been found
to express the adhesion molecule CD36, whereas human umbilical vein endothelial cells do not (3).

It is possible, therefore, that the effect of low shear in modulating VCAM-1 expression could be
further modulated by endothelial phenotype. Endothelium in the big vessels where atherosclerotic
lesions abound could be more responsive to shear stress compared to endothelium from smaller
vessels.·

In conclusion, the dual effect of shear stress in altering monocyte adherence was described in this
study. It is likely that low drag forces favor increased monocyte recruitment to low shear regions
at the same time that the stimulatory effect of low shear cause the upregulation of adhesion
molecules on the endothelium leading to further increase in monocyte adhesion. In high shear
shear regions, on the other hand, increased drag forces prevent adhesion and could very well
oounteract any stimulatory effect on the endothelium that would otherwise favor monocyte
adhesion.
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FIGURE LEGENDS

Figure 1. Recirculating flow loop for dynamic adhesion assays.

Figure 2. Effect of cytokine stimulation on endothelial adhesion molecule expression.

Levels of ICAM-1, VCAM-1, and E-Sele.ctin were measured by ELISA on endothelial cells that
were unstimulate.d, stimulated with 1000 U/ml TNF-a for 6 hours, or stimulated with IL-4 for 24
hours. Data are mean ± 95 % limits for two experiments of four replicates.

Figure 3. Effe.ct of increasing shear stress on monocyte adherence to endothelial cells.

Monocytes were allowed to adhere and maintain adherence to resting, 'INF-stimulated or IL-4
stimulated endothelium was under continuous shear stress.

Data for adhesion to resting

endothelium are mean ± 95 % limits at least two experiments; data for adhesion to 'INF-stimulated
endothelium is from 4 experiments; and data for adhesion to IL-4 stimulated endothelium is for 2
experiments.

Figure 4. Effect of preshearing endothelial cells for 2 hours on monocyte adherence.

Endothelial cell monolayers were presheared under steady, laminar flow conditions at the indicated
shear stress for two hours. Monocyte adherence was then quantified under dynamic conditions at
a shear stress of 1 dynefcm2.

Preshearing endothelial cells at 2 or 10 dyneslcm2 increased

monocyte adherence 3.4 ± 0.6 -fold (mean± SEM, n = 14, p < 0.002) or 3.2 ± 1.0 -fold
(n=3), respectively, as compared to endothelial cells not preconditioned by shear

~.

Preshearing endothelial cells at 30 dynes/cm2 reduced monocyte adherence 48 ± 22 % (n = 3).

Figure 5. Effect of preshearing endothelial cells at 2 dynes/cm2 on monocyte adherence as a
function of time.

Endothelial cell monolayers were presheared at 2 dynes/cm2 from 2 to 6 hours prior to monocyte
adherence assay at a shear stress of 1 dyneJcm2. Data are mean ± SEM for 2 experiments at the 4
and 6 hour time points. Mean adhesion index to endothelium presheared for 4 hours was not
significantly different from the two hour time point (p > 0.05) while adhesion index to
endothelium presheared for 6 hours was signficantly different from the two hour time point
(p < 0.05).

Figure 6. Increased monocyte adherence induced by shear stress is via an

Cl4P 1NCAM-l

mechanism.

Endothelial cells were unsheared or presheared for 2 hours at 2 dynes/cm2 prior to the dynamic
adherence assay. In some experiments (a) monocytes we.re preincubated with anti-<X4 antibody or
(b) presheared endothelium were incubated with anti-VCAM-1 antibody prior to the adherence

assay. Both anti-Cl.4 antibody (n = 3, p < 0.03) and anti-VCAM-1 antibody (n = 3, p < 0.05)
totally inhibited the increased monocyte adherence induced by preshear. Ins et: results of an
experiment showing that stopping fl.ow to incubate presheared endothelium with anti-VCAM-1
antibody prior to the dynamic adherence assay does not affect monocyte adherence.

Figure 7. Endothelial VCAM-1 expression is increased in response to shear stress.

Endothelial cells were exposed to a steady laminar shear stress of 2 dynesfcm2 for two hours and
VCAM-1 or ICAM-1 levels were measured by ELISA as described in the Materials and Methods
section. Exposure of endothelial cells to 2 dynesfcm2 shear stress for two hours increased VCAM-

1 expression 443 (n = 3, p < 0.001). Under identical conditions, ICAM-1 expression was
unchanged (n = 2, p = 0.38).

Figure 8. Endothelial VCAM-1 expression in response to shear stress rompared to induction by
TNF-a.

Figure 9. Monocyte adhesion to presheared endothelium rompared to adhesion to TNFstimulated endothelial cells.
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PBMCs and LAK Cells From Nonna! Donors and Cancer Patients Exhibit
Different Adhesive Behavior to TNF-a Stimulated Endothelial Cells
91'.Am A.ND At.JTllOltS. wn1I AnlUA.TIONS AM> CXJMPU:n MAILING w••• s

Rosalia S. Gonzales•, Gregory S. Waters, MD+, John P. Wei, MD+, and Timothy
M. Wick, PhD• •School of Chemical Engineering, Georgia Institute of
Technology, Atlanta GA 30332-0100 and +Department of Smgery, BIW 442.
Medical College of Georgia, Augusta GA 30909
1bere are a number or immunotherapies that have been tested for cancer beatment. One of
these involves the use of lymphokine activated killer (LAK) cells, derived by incubation of
the patients peripheral blood mononuclear cells (PBMCs) with interleukin-2 In Yilro before
injecting them back to the patienL LAK cell therapy has met only limited succea for reasons
that are not entirely known. Presumably, a key step in LAK cell mediated killing Is lhe
adhesion to the endothelial lining near the target tumor site. We tested the hypothesis that
differences in LAK cell and PBMC adhesion to the endothelium could account for the
therapy's limited success. 1be adhesion or PBMCs and LAK cells to resting and TNF-a
stimulated human umbilical vein endothelial cells (HUVECs) was quantified using a parallel
plate flow chamber assay at 1 dyne/cm2. 1be data clearly show that adhesion of both
PBMCs and LAK cells from normal donors and PBMCs from cancer patients to TNF-a
stimulated HUVECs is significantly greater than their adhesion to unstimulated HUVECs u

shown:
N
(no. of donors)

unstimulated ECs

TNF-a Slimulat.ed ECs

(ceJls/mm2)

(cellslmm2)

pYalue

normalPBMC
13
0.001
2S
343
4
0.02
normalLAK
3
2DS
o.1s·
cancerPBMC
2
21
111
cancer LAX
6
10
27
0.20
Furthermore, the adhesion of LAK cells from cancer patients to stimulated HUVECs ii
significantly less than adhesion levels of LAK cells from normal donors (p < 0.03). This
suggests that LAK cells from cancer patients are less able to adhere to the vascular
endothelium, which could possibly acc0unt for their limited efficacy in the treatment of

cancer.
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Exposure of Endothelial Cells to Low Shear Stre~ Increases Monocyte
Adherence Under Flow Via a VLA-4 Mediated Mechanism
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ABSTRACT

Atherosclerotic lesions are localized to specific regions of the arterial circulation,
such as bifurcations, junctions and curvatures. These sites have a characteristic low
wall shear stress; suggesting that hemodynamics contributes to lesion development.
Monocyte recruitment, an early event in atherogenesis, is preferentially increased in
these lesion prone sites. We tested the hypothesis that monocyte adhesion to the
endothelium can be modulated by exposure of endothelial cells to shear stress
through the upregulation of cell adhesion molecules. Using a parallel plate flow
chamber assay, adhesion at 1 dyne/cm2 of U937 human monocytic cells to human
endothelial cells (ECs) exposed to a shear stress of 2 or 10 dynesfcm2 for 0 to 2 hours
was quantified. Monocyte adhesion increased from 50 ± 20 to 200 ± 60 cells/mm2
when ECs were pre-sheared for 2 hours at 2 dynes/cm2; and from 30 ± 10 to 130 ± 50
cellsfmm2 when ECs were presheared for 2 hours at 10 dynes/cm2. When U937 cells
were incubated prior to perfusion with a monoclonal antibody to VLA-4 (a ligand for
endothelial cell VCAM-1), this adhesion increase was totally inhibited. These data
suggest that shear stress upregulates endothelial VCAM-1 expression leading to
increased monocyte adhesion via a VLA-4NCAM-1 interaction. Thus, the
endothelium in lesion prone sites could exhibit preferential monocyte recruitment
because of shear stress upregulation of adhesion molecules.

This mat should bt- retunwd to Y'*r session cluiilWIOll no later than ten (10) ~d.s prior to tht muting at which .vour paper will btpresen1etl. Session Chairman: Please return this mat to I.he Meetings Dcpanmcnt, AIChE National Office, in accordance with I.he deadline
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INCREASED MONOCYTE ADHERENCE TO ENDOTiiELIAL CELLS
(ECs) EXPOSED TO LOW SHEAR STRESS IS VIA A VCAM-l/<X.461
MEDIATED MECHANISM. R. S. Gonzales, T. ~Wick. (SPON.: R.
M. Nerem) School of Chemical Engineering' eorgia Institute of
Technology, Atlanta GA 30332-0100
Adherence of monocytes to the vascular endothelium and subsequent
migration into the subendothelial space are early events in athero~enesis.
The arterial sites of monocyte adherence and lesion formation are
characterized by low or oscillating shear stress. To further elucidate the
relationship between shear stress and monocyte-EC adhesion, we tested
the hypothesis that low levels of shear stress upregulate expression of
endoilielial cell adhesion molecules and lead to elevated monocyte
adhesion. Human umbilical vein endothelial cells (HUVECs) were preexposed to 2 dynes/cm2 shear stress for 2 hours and then monocyte
adherence to those ECs was measured under flow conditions at
1 dyne/cm2. Adherence of monocytic U937 cells to shear exposed EC was
3.88 ± 0.90 -fold greater than to unsheared HUVEC (n = 9, p S 0.01).
Preincubation of monocytes with a monoclonal anti-<X.4 antibody blocked
95% of the adhesion to the presheared HUVECs (n = 3, p = 0.03).
Similarly, anti-VCAM-1 antibody on the HUVECs inhibited shear stress
induced monocyte adherence 93% (n =3, p =0.05). Increased VCAM-1
expression on presheared EC was verified by ELISA. These data indicate
that exposure of EC to low levels of shear stress increase monocyte
adhesion which is mediated by the integrin a4P 1 on the monocyte and its
endothelial ligand VCAM-1. This elevated adhesion appears to be the
consequence of shear stress induced increases in EC VCAM-1. These
observations suggest that low shear stress may contribute to the
localization of atherosclerotic lesions by inducing expression of EC
VCAM-1 leading to the preferential binding of monocytes to lesion prone
sites in vivo.
Supponed by the Whitaker Foundation and the NIH-NHLBI.
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sedOBdarydr}tlammatory response is initiated involving the recruitment of leukocytes
such as lymphocytes, with the continued recruitment of monocytes. We tested the
hypothesis that changes in the underlying subendothelial basement membrane
contlibutes to the increased recruitment of leukocytes and other thrombogenic blood
cells by modulating endothelial response to stimulating factors.
Specffically, we
measured levels of ICAM-1, VCAM-1, and E-Selectin cell adhesion proteins upon TNFstimulation of endothelial cells (ECs) ~own on varying ratios of Type l:Type Ill collagen.
Results show that the Type l:Type Ill collagen- ratio Siglificantly affected ICAM-1,
expression (p < 0.05) upon maximal stimulation with 1NF-a (1000 U/ml, 6 hours), but
not VCAM-1 (p < 0.13) or E-Selectin (p < 0.17).
Upon stimulation using only
50 U TNF/ml for 2 hours, ICAM-1 (p < 0.02) and E-Selectin (p < 0.01) levels but
not VCAM-1 (p < 0.43) were significantly affected by changing ratios of Type l:Type Ill
collagen. These data suggest a role for subendothelial basement membrane proteins
in the regulation of endothelial response to lumenal stimulation. Changes occuring
within the vessel wall at atherogenic sites affect EC response to stimulation presented
at the lumen through blood borne factors, such as cytokines. Our data indicate that,
depending on the degree of stimulation, the expression of heterotypic adhesion
molecules can be additionally and differentially regulated by the ratio of Type l:Type Ill
collagen in the underlying subendothelial basement membrane. This can lead to the
further degeneration of the lesion through the increased recruitment of leukocytes.
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THE DUAL EFFECT OF SHEAR STRESS IN REGULATING MONOCYTE
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The presenting author is a

Monocyte adhesion to endothelial cells plays a crucial role In atherogenesis. Such
adhesive Interactions occur in a hemodynamic mtteu. Low waif shear stress contributes
to the localization of atherosderotic lesions: In low shear regions, selective recruitment
of monocytes to the endotheUum eventually leads to lesion formation whereas lesionfree sites are often sites of high wall shear stress. We present data on the dual role of
shear stress in regulating monocyte adhesion to endothelial cells. As a force opposing
adhesion, increasing shear stress decreases the number of monocytes adhering to
resting endothelium from 35.4 ± 7 .3 cells/mm2 at 0.5 dynes/an2 down to 0.2 ± 0.1
oells/mm2 at 4 dynes/an2 • In Its role as a stimlJating fador, shear stress lncreased
adherence compared to unsheared endothelium by 3.4 ± 0.6 -fold or 3.2 ± 1.0 -fold
when endothelial cells were presheared prior to monocyte perfusion for 2 hours at 2 or
10 dynes/cm2 , respectively. In contrast, monocyte adherence decreased 48% ± 22
% of unsheared levels when cells were presheared at 30 dynes/an2 . The increased
adhesion observed after preshearing cells at 2 dynes/an2 was totalty Jnhibited by an
anti-a4 antibody on the monocytes and by an anti-VCAM-1 antibody on the
presheared endothelium. VCAM-1 protein expression increased 2-fold in endothelium
presheared at 2 dynes/cm2 compared to unsheared. These data demonstrate that low,
but not high, levels of shear stress Induce VCAM-1 expression leading to Increased
monocyte adherence via a VCAM-1/a4~1 mechanism. Thus, not only are drag forces
on adherent cells least in low shear regions, but it appears that low shear stress can
upregulate VCAM-1 to increase monoycte adherence. Conversely, in high shear
regions, drag forces do not promote adhesion, and in addition, can reduce endothelial
VCAM-1 expression.
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