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ABSTRACT

Objective: Atherosclerosis is a focal disease that develops at sites of low and oscillatory shear stress
in arteries. This study aimed to understand how endothelial cells sense a gradient of fluid shear stress
and transduce signals that regulate membrane expression of cell adhesion molecules and monocyte
recruitment. Methods: Human aortic endothelial cells were stimulated with TNF-« and simultaneously
exposed to a linear gradient of shear stress that increased from 0 to 16 dyne/cm?. Cell adhesion molecule
expression and activation of NFk B were quantified by immunofluorescence microscopy with resolution
at the level of a single endothelial cell. Monocyte recruitment was imaged using custom microfluidic
flow chambers. Results: VCAM-1 and E-selectin upregulation was greatest between 2—4 dyne/cm?
(6 and 4-fold, respectively) and above 8 dyne/cm? expression was suppressed below that of untreated
endothelial cells. In contrast, [CAM-1 expression and NF« B nuclear translocation increased with shear
sire%s up to a maximum at 9 dyne/c :m?. Monoc yte recruitment was most efficient in regions where

E-selectin and VCAM-1 expression was greatest. Conclusions: We found that the endothelium can
sense a change in shear stress on the Ordor of 0.25 dyne/cm? over a length of ~10 cells, regulating
the level of protein transcription, cellular adhesion molecule expression, and leukocyte recruitment

during inflammation.
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INTRODUCTION

Atherosclerosis is an inflammatory disease of arter-
ies that occurs preferentially within characteristic ge-
ometries, such as curvatures and bifurcations, which
corr eldte with disturbed flow characteristics, IlOLdbl\
low time average shear stress (SS) and non- ~uniform
gradients of SS [11. 24]. Shear stress imparted by the
viscous flow of blood plays a significant role in the
homeostasis of vascular structure and function in part
through the action of the mechanically-responsive
endothehum Endothelial cell (EC) phenotypic het-
erogeneity is observed over spatial scales on the or-
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der of millimeters in vivo where disturbed flow pro-
files can result in an enhanced inflammatory response

129].

A hallmark of atherogenesis is the upregulation of
endothelial cell adhesion molecules (CAMs) and con-
comitant recruitment of monocytes [30]. Promot-
ing upregulation of CAMs are cytokines such as tu-
mor necrosis factor-alpha (TNF-a) that elicit expres-
sion of intercellular adhesion molecule-1 (ICAM-1),
vascular cell adhesion molecule-1 (VCAM-1), and
E-selectin [1, 4, 5, 22]. The extent of monocyte re-
cruitment is no“htlv regulated by the level of cytokine
stimulation and the magm‘rude of fluid SS [35, 46].
The underlying mechanisms are not well understood
since the magnitude of SS varies within vascular sites
of disturbed flow where spatial gradients exist. For
instance, regions of low SS and lal ge spatial gradi-
ents exhibit amplified upregulatlon Of VCAM- 1 and
E-selectin, which in turn increase monocyte capture
even at a lov& concentration of cytokine stimulation
[25]. Studies in which the SS is varied in order to
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correlate the inflammatory response have generally
been performed at a constant magnitude. Elevated
levels of SS as observed in arteries of healthy hu-
man subjects (i.e., 12-17 dyne/cm?) are shown to
be atheroprotective [12]. This has been in part at-
tributed to attenuation of VCAM-1, despite the fact
that ICAM-1 expression is upregulated at high SS.
Conversely, preconditioning EC at low SS (i.e., 2—
4 dyne/cm?) as associated with regions of flow distur-
bance, results in pro-atherogenic conditions. These
include membrane upregulation of VCAM-1 and
E-selectin and increased efficiency of monocyte re-
cruitment on inflamed EC [9, 14, 24, 25]. Thus, dif-
ferential regulation of CAM transcription could result
in changes that are both pro- and anti-inflammatory
in the context of leukocyte recruitment [4, 5, 37, 39].

Spatial heterogeneity in the phenotype of EC in vitro
as reported by Chen etal. [3] and White et al. [44] has
been attributed to changes in shear direction or mag-
nitude within a step flow chamber. Currently, there
is a lack of information on the fundamental issue:
how is CAM transcription/expression and concomi-
tant leukocyte recruitment regulated on inflamed en-
dothelium alonﬂ a continuously varying SS field?
Previous studles have not mvestlcated with sufficient
spatial resolution how EC funcuon is regulated in re-
sponse to SS and inflammation. Since atherosclerosis
is a focal disease that typically develops in a steep
SS gradient, a detailed study of how CAM expression
and monocyte recruitment maps on inflamed EC is

needed.

Studies performed in conventional parallel-plate flow
chambers (PPFC) typically assay the response to
a constant magnitude of SS over the length of the
chamber by infusion at a defined flow rate. A range
of SS is achieved by varying the flow rate in sepa-
rate experiments [4, 5, 25, 39]. Here, we employed
soft lithography techniques to create a modified ver-
sion of a PPFC that delivers a linear decrease in SS
from the inflow to the outflow. This made it possible
to study EC function within a single chamber over
a physiological range of SS with high spatial reso-
lution while maintaining a constant shear gradient
[42]. This chamber was applied to determine the rel-
ative importance of the magnitude versus the rate of
change of SS as EC respond to TNF-« stimulation.
We measured activation of NFxB and membrane up-
regulation of vascular CAMs (ICAM-1, VCAM-1 and
E-selectin) and leukocyte recruitment efficiency to
human aortic endothelium (HAEC) over a linear gra-

dient of SS.

MATERIALS AND METHODS

Microfluidic Flow System: Linear Shear Stress Flow
Chamber

The design of the flow chamber was adapted from
Usami et al. based on Hele-Shaw flow theory [42].
A linear decrease in SS magnitude along the center-
line of the channel, parallel to the longitudinal axis.
was achieved by designing the sidewalls of the flow
chamber to coincide with the streamlines of a two
dimensional stagnation flow and making the end of
the channel shaped to match the iso-potential lines
(Fig. 1a). The channel width (w) is a function of axial
distance (x), and it becomes wider toward the flow
outlet:

,where wiis the entrance width, L is the
total length of the channel, x is the distance measured
from the channel entrance. The generated wall SS
(t.) along the center line is then described as:

o6u O 1 %
Tw = 7= - P
h2un L

where ( is the volumetric flow rate, u is the viscos-
ity of the flow medium, and /% is the height of the
channel. The dimension of the flow chamber used in

w = uw LL
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Figure 1. [ele-Shaw linear shear stress gradient paral-
lel plate flow chamber. (A) PDMS mold of the linear shear
flow chamber and surrounding vacuum network that seals
the chamber to the HAEC monolayer on a cover slip. (B)
Shear stress decreases linearly from entry to exit. (C) Flow
chamber assembled over the HAEC monola\ er. (D) Ultra-
sonic flow imaging measurements on a scaled- -up version
of the flow chamber with a w/L ratio of 3 mm/150 mm
reveal a close correlation between the measured and esti-
mated shear stress values (R2 = 0.99).



this study consists of the following parameters: & =
100 pm, wy = 2 mm, L = 20 mm. The linearity of
SS with distance down the flow chamber, as defined
by Equation 2 and depicted in Fig. 1b, was previ-
ouslv validated experimentally bdbed on streamline
dIlleblb by Usami, et al. [42]. In a companion study,
we apphed an ultrasonic flow imaging technique on a
scaled-up model of the flow Chamber with a wq/Lra-
tio of 3 mm/150 mm. As expected, the wall SS along
the short axis is constant due to the symmetry of the
flow profile at the cross sectional plane of the flow
chamber. A high degree of correlation (R? = .99)
was observed between the measured and computed
SS values as plotted in Fig. 1d. The negative bias in
ultrasound measurements is attributed to the spatial
resolution of the ultrasound technique [38].

The design of the flow device consists of two major
components: (I) the linear SS flow chamber and (1II)
the vacuum channel network. As shown in Fig. 1a,
the spider web-like pattern is a network of vacuum
channels that serves to seal the flow chamber to the
cell-seeded cover slip surface in an aqueous environ-
ment in the absence of adhesives. The pattern on
a silicon wafer was created using soft lithography
and then served as a master for fabricating poly-
dimethylsiloxane (PDMS) molds. The PDMS flow
chamber is transparent and can be placed under a
microscope for real time monitoring of the flow ex-
periment, as recently described in detail [33].

Shear Flow Experiments

Primary HAEC isolated from a 16 year old Caucasian
female (Cascade Biologics, Portland, Oregon, USA)
at passage 6—7 were seeded on glass cover slips coated
with 1% gelatin (Sigma-Aldrich, St. Louis, Missouri,
USA) and grown to confluence in static culture within
3 days. The flow chamber was then placed and sealed
onto the HAEC monolayer as described preVlouslv
(Fig. 1¢). HAEC were expo&,ed to fluid SS ranging
from 0 to 16 dyne/cm? for 4 hours, an interval pre-
viously shown to exert a prominent shear effect on
CAM expression [5]. The nature of spatial variation
in the shear field was such that EC over a length of
125 um were exposed to a ~0.1 dyne/cm? drop in
SS.

Fluid flow was driven by a syringe pump (Harvard
Apparatus, Holliston, Massachusetts, USA) operated
in infuse mode. In order to stimulate the inflamma-
tory response in selected experiments, TNF-o (R&D,
Minneapolis, Minnesota, USA) at the concentration
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of 0.3 ng/mL was delivered to the HAEC in the flow
medium. Leibovitz-15 medium (GIBCO, Grand Is-
land, New York, USA) mixed with 0.2% fetal bovine
serum (Cascade Biologics) was used as the flow
medium so that the pll could be properly maintained
in the absence of CO2 supply. Fifteen percent (wt/v)
Ficoll PM 70 (Amersham biosciences, Piscataway.
New Jersey, USA) was added to the flow medium to
increase the viscosity to 3.26 £ 0.14 cp at 37°C ,
which approximates the viscosity of blood (3.2 ¢p) in
large arteries [32]. Notably, the use of Ficoll at this
concentration in previous studies did not affect leuko-
cyte function, including the adhesiveness to unstim-
ulated EC [13]. Flow rates of 0.1 and 0.07 mL./min
were used to generate two different spatial SS gradi-
ents that differed in steepness by ~30%.

Immunofluorescence Microscopy

For microscopic visualization of cell surface-
associated proteins in situ, cells were incubated with
fluorescently-labeled monoclonal antibodies (mAb)
and followed by a secondary labeling using Qdot 605
(Quantum Do, Hayward, Cahformd USA) to pro-
vide a better image contrast. HAEC monolavers were
then fixed in 2% paraf(n maldehyde (Sigma- Aldric h).

The quantitative mean fluorescence intensity (MFI)
from each field of view (250 x 250 pm) was (,dptured
via immunofluorescence microscopy and estimated
using Image-Pro Plus (Media Cybernetics, Bethesda,

Marvland USA). This MFI was then used to compare
shear-mediated CAM expression.

Detection of NFxB Nuclear Translocation

For microscopic visualization of nuclear phospho-
p65, HAEC were exposed to a linear gradient of
SS ranging from 0 to 16 dyne/cm? for 60 min-
utes while TNF-a at 1 nﬂ/mL was delivered in the
flow medium. Immedlalel\ following treatment, the
flow chamber was removed from t]le glass cover b]lp7
and the cell monolayer was then fixed and perme-
abilized with 1% paraformaldhyde and 40 pg/mL
lysophosphatidylcholine (LPC) (Sigma-Aldrich) for
15 minutes at 4°C. Following fixation, the mono-
layer was incubated 2.5% human serum al-
bumin (Gemini, Sacramento, California, USA) for
15 minutes at 25°C to block non-specific bind-
ing. In order to image the onset of inflammatory
activation, monolayers were incubated with 4 pg/ ml.
anti- phospho NF«B p65 (Cell Signaling, Danvers,
Massachusetts, USA) for 1 hour at ZSOC I*oﬂowmo
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primary antibody treatment, monolayers were incu-
bated with 50 pg/ml R-phycoerythrin goat anti-
mouse lgG (Martek, Columbia, Maryland, USA) for
1 hour at 25°C. The cover slip was then sealed to a
glass slide, and fluorescent images were then taken
of the monolayer. Three representative 400 x 400
pum fields (containing 60-80 cells each) from five
representative SS magnitudes were sampled, and the
MFT of each nucleus was estimated using Image-Pro
Plus. The threshold MFI for cell activation was set
to a value such that only 15% of the non-TNF-«
treated HAEC under static conditions were consid-
ered activated.

Leukocyte Isolation and Recruitment Assay

Heparin anticoagulated whole blood was collected
via a protocol approved by the UC Davis Institu-
tional Review Board from healthy volunteers who
gave informed consent. Neutrophils and monocytes
were isolated using sedimentation over Ly mphoscp
density separation medium (MP, Aurora, Ohio, USA)
as pr ev10u%lv described [14]. Monocytes were further
purified using a negative isolation method with mag-
net beads (D_\ﬂdL Brown Deer, Wisconsin, USA). The
final working concentration was controlled at 10°
leukocytes/mlL.

In order to observe the effects of SS and inflam-
matory stimulus on leukocyte recruitment efficiency,
leukocv‘res perfused over pre-sheared EC at a con-
stant flow rate. To accomplish this, two additional
PDMS molds that consisted of three separate PPIFC
(width 300 um [w,) x depth 100 pm [/, ]) were fab-
ricated to create uniform shear fields. In the first set of
experiments, the original linear shear flow chamber
was removed after 4 hours of shearing. The PPFCs
were placed perpendicular to the original flow direc-
tion, such that they corresponded to lateral cross-
sections of constant SS magnitude in the original
chamber. Thus, leukocyte recruitment assays on re-
gions of HAEC pre-sheared at defined magnitude
were performed independently (Fig. 6a). We also con-
sidered the possible influence of spatial heterogeneity
in shear-mediated CAM expression on EC-leukocyte
interactions. Therefore, the PPFCs used in the sec-
ond set of experiments were aligned parallel to the
original shearing direction (Fig. 7a). The resulting
SS when a leukocyte flows though the flow channel
can be estimated via:

(WLQL

w, w b2 5
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The viscosity of the leukocyte solution pzwas approx-
imately to that of water (1 ¢p), and with an input flow
rate ()7, of 6 ul./min, it generated a shear field of 2
dyne/cm?. For each flow channel, 5 image sequences
(1 minute each) were recorded at a refresh rate of 2
frames per second. The images were manually ana-
lyzed offline.

Statistical Analysis

Analyses of the data were performed using Graph-
Pad Prism version 4.0 software (GraphPad Software
Inc, San Diego, California, USA). All data are re-
ported as mean + SEM, from 3 to 6 independent
experiments as indicated. Data were analyzed by re-
peated measures ANOVA and secondary analysis for
significance defined as p < 0.05 with Newman-Keuls
post tests.

RESULTS

Endothelial CAM expression was measured as a func-
tion of distance down the flow (hdrme]./ in which SS
decreased linearly from 16 dyne/cm? at the inlet to
essentially zero at the exit (Flg. 2). This SS range
was chosen to model the transition from atheropro-
tective (i.e., >12 dyne/cm?) to athero-prone (i.e.,
<4 dyne/em?) arterial regions as defined in previ-
ous studies [24]. Representative images of [CAM-
1, VCAM-1 and E-selectin immunofluorescence de-
picted in Fig. 2 correspond to distances 3. 6, 12 and
18 mm downstream of the chamber inlet. Elongation
or realignment of HAEC over the 4 hour duration of
SS was not apparent. CAM expression after 4 hours of
TNF-« in the presence of laminar SS was quantified
by image analysis over distinct ~1 mm? regions, cor-
responding to an area on the monolayer containing
~50 HAEC. The relative change in CAM expression
as a function of the magnitude of SS over discrete ar-
eas is plotted in Fig. 3 as the percent of unstimulated
EC MFI under static conditions. Addition of TNF-«
(0.3 ng/mL) under static conditions stimulated up-
regulation of VCAM-1 by ~350%, and ICAM-1 and

E-selectin by 150% and 250%, 1especuvel\ Shear
dlone elicited a 100% increase in [CAM-1 expression
at high SS, whereas VCAM-1 and E-selectin expres-
sion was not significantly upregulated at any position
along the gradient.

In the presence of SS and TNF-a, ICAM-1 expression
increased linearly with SS rising to 450% of the un-
stimulated static condition, be[me reaching a plateau
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Figure 2. Representative immunofluorescence images of cell adhesion molecule (ICAM-1, VCAM-1, and E-selectin)
surface expression down a linear shear field. Images are oriented parallel to the flow stream lines and are sampled from

regions as indicated in the schematic: (A) 0 (B) 2 (C) 6 and (D) 12 dyne/em?.

at ~9 dyne/em?(Fig. 3a). VCAM-1 and E-selectin
exhibited a very different response in that maximal
upregulation of 600% and 400% were detected at
positions corresponding to 2 and 4 dyne/amZv re-
spectively (Fig. 3b, ¢). With increasing SS. VCAM-
1 and E-selectin decreased such that at 8 dyne/cm?
expression was suppressed to a level below that in-
duced by TNF-o stimulation under static condi-
tions. These data indicate that SS has a potent
and differential effect on expression of CAMs during
inflammation.

Spatial mapping of shear-mediated CAM expres-
sion indicated that HAEC can regulate transcription
and/or translation by sensing changes in SS on the
order of 1 dyne/ em?. In order to determine more
precisely the spatial acuity of this inflammatory re-
sponse, immunofluorescence of CAM expression was
analyzed at a 10-fold higher spatial resolution along
the shear gradient (Fig. 3d-f). Images were collected
at 180 um increments down the channel, correspond-
ingtoa0.17 dyne/ em? decrease in SS over the area of
HAEC analyzed. Analysis was focused on the regions
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Figure 3. CAM expression as a function of shear stress down the Hele-Shaw chamber. (A) IGAM-1, (B) VCAM-1 and
(C) E-selectin. (D-F) The corresponding CAM expression acquired at higher magnification over the indicated shear
stress regimes. Data are presented as percentage of unstimulated static control EC MFI and shown as mean £ SEM
from 3 to 6 independent experiments. *p < 0.05 versus TNF-a stimulated static ECs. + p < 0.05 versus the condition

exposed to the lowest shear stress shown in the plots.

(a) ICAM-1 (b) VCAM-1 (c) E-selectin
5= 2
=L ] ® 0.82 dyne-cm™/mm
§ Eo 7007 i 7001 A 0.57 dyne-cm%/mm
23 500
X8 300{® Iﬁi& o ¥
=3 100
ST -1001 0

0 5§ 10 15 0 5 10 15 0 5 10 15

Shear Stress(dyne/cm?)

Figure 4. Spatial CAM regulation is dependent on the magnitude and not gradient of applied shear stress. Two distinct
spatial shear gradients 0.82 and 0.57 dync/cm" per mm were applied. Varying spatial gradients in shear stress shows
no significant alteration in CAM expression. Data are presented as percentage of unstimulated static control EC MFI

and shown as mean & SEM from 3 independent experiments.



of the flow channel, in which the greatest rate of
change of CAM expression was observed in Fig. 3a—
c. ICAM-1 expression measured over a range of 4—
6.5 dyne/cm? revealed a linear increase at a rate of
~25-—2

Tymejo? (Fig. 3d). By comparison, between 1.0—4

dyne/ecm?, VCAM-1 exhibited a much faster rate of
decrease in expressmn ~200 m (Fig. 3e). Be-

tween 7-9 dvne/ cm?, E-selectin decreased at a rate
ﬁ (FlGr 3f). These data indicate that
dyne/cm

VCAM-1 expr ession is regulated with the highest spa-
tial acuity in response to small fluctuations in SS. For
instance, we measured a 50% drop in VCAM-1 ex-
pression over a distance of ~300 wm down the chan-
nel, which corresponds to ~10 EC responding to a
decrease in SS of 0.25 dyne/cm?.

of ~55

To determine if HAEC would regulate CAM expres-
sion in a similar manner in a less steep SS gradi-
ent, we decreased the input volumetric flow rate by
30%. Thus, the maximum SS magnitude dropped
from 16 to 11 dyne/cm? as defined by Equation 2,
and the gradient was reduced from 0.82 to 0.57 dyne-
em™2/mm. CAM expression over the shallower spatial
gradient was measured and the relative change from
static conditions was plotted in Fig. 4, at positions
corresponding to the same SS as in Fig. 3 (a-c). Re-
markably, no significant difference in shear-mediated
CAM expression was observed. Thus, HAEC inflam-
matory response is more sensitive to changes in the
magnitude of SS rather than the spatial variation with
respect to regulation of CAM expression.

To elucidate the mechanism by which the CAM ex-
pression is upregulated in the case of ICAM-1, yet
down-regulated for E-selectin and VCAM-1 with in-
creased 59 magnitude, we measured nuclear translo-
cation and activation of NFkB, a promoter of many
inflammatory genes [6]. The intensity of activated
NF«B (phospho-p65) in the nucleus of individ-
ual HAEC as a function of SS down the channel
was measured following 1 hour of 1 ng/mL TNF-
a co-stimulation. We again employed antibody im-
munofluorescence to quantify HAEC activation ex-
pressed as the % of unstimulated static controls.
As depicted in Fig. 5, the pattern of phospho-p65
nuclear translocation at 1 hour is similar to that
of 1CAM-1 upmguldtion detected at 4 hours. At
SS above 9 dvne/cm the percentage of activated
HAEC is twice that of unstimulated static contr ols
Phospho-p65 translocation at SS below 6.5 dyne/cm?
were not significantly different from HAE C stimu-
lated with Tl\F -a under static conditions indicat-
ing that E-selectin and VCAM-1 upregulation at low
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Figure 5. TNF-o induced NFkB activation with shear
stress in the Hele-Shaw chamber. Nuclear translocation
of phospho-p65 in HAEC after 1 hour of 1 ng/mL TNI'-«
treatment with concurrent shear stress was acquired by im-
munofluorescence microscopy. Data are presented as per-
centage of unstimulated static control EC MFI and shown
as mean = SEM from 4 independent experiments. *p <
0.05 versus 6.5, 4, 1.5, and 0 dyne/cm?.

SS does not correlate with the level of p65 acti-
vation at 1 hour of cytokine superposed with fluid
shear.

[t is well established that monocytes are recruited
to sites of atherosclerosis with much higher effi-
ciency than neutrophils [23]. Monocytes are en-
riched at vascular sites of plaque formanon but the
role of SS and differential regulation of C AM ex-
pression on recruitment elhuenc\ remains obscure.
Thus, we measured the multi-step process of leuko-
cyte recruitment on HAEC that were stimulated with
TNF-a and continuously exposed to a SS gradi-
ent in the same manner as described above. In or-
der to assess leukocyte recruitment at a constant
SS of 2 dy‘ne/cmzv a second flow chamber con-
sisting of 3 independent rectangular flow channels
was assembled to shear leukocytes perpendicularly
across the HAEC monolayer (Fig. 6a). This facil-
itated imaging of leukocyte adhesion kinetics over
regions pre- (ondmoned (l e., differential CAM ex-
})I‘LSSIOII) at mean SS of 2, 6, and 12 dync/omz,
as well as the static condition. Adhesion dynamics
were obtained from five random fields for each re-
gion of the channel allowing quantification of the
number of leukocytes engaging in slow rolling, cell
arrest, and transmigration to a position under the
HAEC monolayers. Rolhno monocytes were arrested
with greater efﬁmencv ‘rhan rolhno neutrophils for
all regions. The recruitment efhcwncyv defined as the
ratio of leukocyte arrest to those rolling, was ~1:1
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Figure 6. Leukocyte recruitment on inflamed HALC pre-
conditioned over a linear gradient of shear stress. (A)
Leukocytes at 10°/ml. were perfused perpendicular to the
direction that monolayers were pre-sheared at positions
corresponding to 0, 2, 6 and 12 d\n(‘/(‘m2 The number of
(B) monocytes (MN( ) and (C) neuirophrls (PMN) interact-
ing with the endothelium were counted. Data are shown as
mean £ SEM from 3 independent experiments. *p < 0.05
versus ECs in static condition.

for monocytes, whereas it was 1:3 for neutrophils
over all regions, except at 12 dyne/ em? where rolling
numbers decreased and arrest efficiency mcreased
(Fig. 6b, ¢). Efficiency of recruitment for mono-

cytes reached 85% within region I and only slightly
declined within regions pre-sheared at higher mag-
nitude (i.e., 80% at 6 dyne/cm? and 70% at 12
dyne/cm?). In contrast, neutrophil recruitment ef-
ficiency was ~20%, even though rolling frequency
was greatest Wlthln region L. Ncutlophll adhesion
effimency reached ~()6% within region III. These
differences were observed despite the fact that the
total number of neutrophils and monocytes interact-
ing with the HAEC was similar within all regions
pl“(LOIldlthIl(,d at different SS magnitudes. Interesi-
ingly. monocyte recruitment and transmigration was
comparable on HAEC stimulated under static con-
ditions or pre-sheared at 6 dvne/cm In contrast,
neutrophil recruitment elhuene\ increased at hwher

SS.

In a separate set of experiments, we examined mono-
cyte recruitment flowing in a direction parallel to
that of shear preconditioning, thereby, analyzing ef-
fects on EC in a geometr\ that more dosel\ mimics
leukocyte recruitment in the vasculature. As depicted
in Fig. 7a, the flow channels were aligned parallel
to the direction of SS preconditionmg in which
HAEC were exposed to 0-16 dyne/cm= (Fig. 7a).
Monocytes were again infused at a constant SS 0[
2dy ne/em?, , and ddheswe interactions over five fields
were video recorded. Previous studies have shown
that ECs start to elongate and align with the di-
rection of laminar flow after only 3 hours of shear
[21]; however, no difference in monocyte-EC inter-
actions were detected for monocyte interaction with
EC parallel to the direction of shear precondition-
ing (Fig. 7b). This suggests the initial modification
in EC morphology or interactions along the gra-
dient of CAM have minimal impact on monocyte
recruitment.

A final analysis focused on how monocyte recruit-
ment efficiency varies with position down the flow
channel (Fig. 7¢). This essentially provides a map of
recruitment efficiency as a function of the differential
expression of CAMs induced by cytokine and SS. A
SS of ~7 dyne/cm? emerged as a critical value for
altering CAM expression and favoring monocyte ar-
rest, as recruitment efficiency increased significantly
below this threshold. This observation is consistent
with the fact that both E-selectin and VCAM-1 ex-
pression are elevated within this shear range. Signifi-
cantly, E-selectin reached the greatest rate of Chang(‘
in expression between 6-9 dvne/ em?. Thus, HAEC
ligands that support monocyte capture and arrest are
critical for optimum transition to stable adhesion and
transmigration.
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Figure 7. Monocyte recruitment as a function of precon-

ditioning shear stress. (A) Monocytes (10°/ml.) were per-
fused at 2 dyne/cm? in the flow channels aligned parallel
to the original flow direction on the EC monolayer. (B) The
monocyte-endothelium interactions are plotted for specific
pre-shearing magnitudes. Data are shown as mean & SEM
from 3 independent experiments. *p < 0.05 versus ECs
in static condition. (C) The number of monocytes firmly
arrested along the rectangular channel as a function of pre-
conditioning sh(*ar stress. Data is from one representative
experiment.

DISCUSSION

In arteries, maintenance of steady stdte SS within
a narrow range (i.e., 15-20 dvne/< m?) appears to
be critical for mamtammo vessel homeostasis. The
anti-inflammatory action is attributed to mechan-
otransduction palh\\ ays that regulate the transcrip-
tional response to L_Vt()](l]leb |he focal nature of
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atherosclerosis associated with regions of low fluid
shear and complex flow disturbances implies a cen-
tral role for SS, and possibly the spatial heterogeneity
of the shear field in EC dysfunction contributing to
atherogenesis. In this study, we examined how FC
spatldllv sense fluid SS and r(‘spond to inflammatory
stimuli employing a custom fabricated microfluidic
PPFC capable of exposing a HAEC monolayer to a
linear gradient of SS. The linearity of the gradient
and magnitude of SS at several locations within the
flow chamber were characterized employing an ultra-
sonic flow imaging technique which reported a high
degree of correlation (R? = .99) between measured
and predicted SS. This model allowed us to discrim-
inate between the effects of the magnitude and gra-
dient of SS on EC inflammation. W‘ discovered thdt
regulation of CAM expression in the inflamed HAEC
was most responsive to the magnitude of SS but in-
sensitive to a 30% decrease in the spatial gradient of
SS. The transition in shear-mediated CAM expression
from atherogenic to atheroprotective (reflected by
low E-selectin and VCAM-1 membrane expression)
occurred within a narrow range of ~2-8 dyne/ em?2.

It was discovered that an incremental change in SS
on the order of 0.25 dyne/cm? can be sensed by as
few as ~10 EC to elicit a ~50% change in VCAM-
1 expression. Nuclear translocation of phospho-p65
stimulated by TNF-a was a good predictor of the spa-
tial regulation of ICAM-1 expression, increasing up
to a maximum at ~9 dyne/cm?. Monocyte recruit-
ment, a key step in atherogenesis? increased in direct
proportion to the level of VCAM-1 and E-selectin but
was independent of ICAM-1 expression. In contrast,
the efficiency of neutrophil recruitment was several-
fold less than that for monocytes, except within re-
gions of high SS precondluomnd where [CAM-1 ex-
pression was greatest. The implication is that these
leukocyte subtvpe% are differentially recruited at vas-
cular reglonq as a function of shear regulated CAM
expression.

Mappin(I the response of TNF-« stimulated CAM ex-
pression as a function of the distance down the lin-
ear shear flow channel with high spatial resolution
(~100 pm) revealed that each adhesion molecule ex-
hibited a distinct expression pattern along the gradi-
ent of SS. Applying shear in the absence 0[ cy tokme
exerted a subtle increase only in ICAM-1 expres-
sion and not the other CAMs. Our observations of
cytokine-stimulated CAM expression in response to
high fluid SS are consistent with that of Chiu [5]
and Tsao [37], where attenuation in E-selectin and
VCAM-1 expression was found after shearing the



Shear regulation of vascular inflammation
320 J K Tsou et al.

human umbilical vein endothelial cell monolayers
at constant high shear (20 and 12 dyne/em?). The
results for low- shear mediated CAM expressmn also
agree with the findings of Mohan et al. [25]. where
amplification in VCAM-1 expression was reported af-
ter shearing EC monolayer at low SS (2 dyne/cm?).
A similar upregulation pattern of ICAM-1 expression
with an increase in SS was reported by Tsuboi et al.
[39]. It is noteworthy that these studies were con-
ducted at discrete magnitudes of SS over a range of
0-20 dyne/ cm? using conventional PPFC delivering
a uniform shear field [5, 25, 37, 39]. We present the
first data of CAM expression mapped at the level of
a single EC as a function of laminar SS on a single
continuous endothelial monolayer using a microflu-
idic channel that accommodates a lower number of
EC and smaller reagent volumes (~uL).

The greatest change in CAM PXI)IPS‘SIOII on inflamed
HAEC occurred Wlthm the low range in SS from 2-

4 dyne/cm?,correlating with SS Vd]ueb found within
vascular regions prone to atherogenesis [24]. In con-
trast, TNF-a stimulated CAM expression was invari-
ant at SS greater than 10 dyne/cm?, which reflects the
quiescence of inflammatory response within straight-
unperturbed arterial regions (i.e., 12-17 dyne/em?).
The rate of change of CAM expression was steepest
between 2-8 dyne/em?, which suggests a mechan-
otransduction slgnahn pathway that modulates in-
flammation within this range of SS. Although the
precise mechanisms by which SS superposes with cy-
tokine to regulate inflammatory gene expression have
yet to be dctu mined, it is clear that they act through
dlsnmt often converging pathways to modulate the
activity of transcription fa(“rors associated with in-
flammation including NFx B, AP-1, GATA, specificity
protein-1 (SP-1), dnd IFN Leguldtory fd(/tor 1 (IRF-
1) [8, 20, 26, 28, 41, 43]. Activation of these factors
and their binding to distinct promoter regions result
in the induction and in some cases the suppression of
inflammatory genes.

NF«B (p65/p50 heterodimer) is known to bind cis-
acting shear stress responsive element and mediates
expression of many cytokine induced genes active
during vascular inflammation and atherogenesis [0,
15, 17]. The pattern of phospho-p65 translocation
most closely matched upregulation of ICAM-1, since
both increased along the SS gradient. This pattern of

regulation may be cxpcctcd as the ICAM-1 gene has
functional binding sites for NF«B [20. 43]. Remark-
ably, phospho-p65 levels were not elevated at lower
SS (1 e., 1.5-4 dyne/cm?®) (ompdred to static control
even thou gh this was the region over which VCAM-1

and E-selectin upregulation was greatest. This was
surprising since both VCAM-1 and E-selectin pro-
moters contain binding sites for NFkB [16, 26, 28,
34]. However, this observation is congruent with Ya-
mawaki et al., who reported that SS mediated down
regulation of VOAM-1 expression did not correspond
with changes in NF« B activity, but instead correlated
with down regulation of JNK and p38 MAP Kinases
[45]. One possibility is that NFxB dependent VCAM-
1 and E-selectin expression occur over different time
scales than ICAM-1 expression. What is more proba-
ble is that NF«kB plays a role in expression of all three
CAMs, but control of ICAM-1 transcription is most
sensitive to NFx B activation. This notion is supported
by a study showing that over-expression of p65 in
HUVEC trdnsa(twdted an NF«B binding site within
the promoter region of ICAM-1 [20].

Additional insight into the mechanisms by which in-
flammatory CAM expression are reﬂulated by dis-
tinct transcriptional programs is [ound in a recent
report showing that phenyl methimazole dramati-
cally inhibits TNF-o induced VCAM-1 expression
[8]. However, this inhibitor exerted a modest effect
on E-selectin upregulation and no effect on ICAM-
1 expression on HAEC. The mechanism involved
reduction in IRF-1 binding activity to the VCAM-
1 promoter. Relevant to the current studies is the
finding that phenyl methimazole also significantly
reduc ed TNF-« activated monocytic cell adhe%mn to
HAEC under shear flow conditions. This is in agree-
ment with our data which revealed a decrease in
TNF-a induced monocyte recruitment on monolay-
ers conditioned at high SS where VCAM-1 expression
was decreased.

In addition to IRF-1 and NF«B, the VCAM-1 pro-
moter contains binding sites for AP-1, SP-1, and
GATA [16, 26-28], while E-selectin contains bind-
ing sites for NFxB and HOXAO9 [2, 34]. Shear stress
has been shown to increase AP-1 binding activity
and is involved in the negative transcriptional reg-
ulation of the VCAM-1 gene, perhaps through an
upstream silencer on the promoter [18, 19]. Further-
more, HOXAO expression in EC has been shown to be
dependent on the magnitude and duration of SS [31].
A simple mechanistic view for the differential CAM
regulation we observed is that SS differentially acti-
vates NFkB, as well as other factors such as HOXA‘)
AP-1, IRF- 1 and MAP kinases. We hypothesize thdt
within regions of relatively high SS (=8 dyne/cm?),
in the presence of TNF -« stlmulatlon HOXA9
and IRF-1 have less transcriptional activity on
the promoters of E-selectin and VCAM-1, whereas



ICAM-1 is acutely promoted by activation of NFxB
and less sensitive to the inhibitory effect of these
factors.

Inflamed HAEC stimulated with TNF-a and ex-
posed to low SS were more effective at recruiting
monocytes, than neutrophils. Gonzales et al. [14]
reported a similar result for EC preconditioned at
2 dyne/ecm? where monocyte adhesion increased 3-
fold above static culture [14]. Our data are the first
to show that neutrophils are preferentially recruited
within regions of inflamed HAEC pre-exposed to a
high SS of 12 dyne/cm?. Leukocyte adhesive inter-
actions are dependent on the relative level of CAMs
expressed on the EC membrane and the correspond-
ing integrins and selectin receptors on the ]euko—
cytes [30]. LFA-1, VLA-4, and PSGL-1 expressed on
monocytes are known to recognize [CAM-1, VCAM-
l and E-selectin, respectively, on the HAEC surface.
E-selectin is requned for cell tethering and rolling,

whereas [CAM-1 and VCAM-1 are receptors that me—
diate leukocyte arrest and transmigration [10]. "
efficiency of monocyte arrest corrclatod directly Wlth
VCAM-1 but not ICAM-1 expression, 1mplymg that
VCAM-1 is the primary ligand mediating arrest. On
the other hand, neulrophlls )redommantl\ express
[LFA-1, which bmds with hmh affinity to ICAM-1.
This was consistent with the obschdtlon that the ef-
ficiency of neutrophil recruitment was positively cor-
related to [CAM-1 expression pattern. The efficiency
of capture and rolling for monocytes and neutrophlls
were both closely Lorreldted to the expression pattern
of E-selectin. Our findings that monocyte recruit-
ment efficiency varied dlrcctlv with shear-regulated
VCAM-1 expression may PXplEllIl VCAM-1’s cen-
tral role in atherotrenems [7] and why recruitment
of monocytes occurs preferentially over neutrophils
[23]. The high sensitivity of VCAM-1 expression to
small perturbations in SS over small distances (~170
um) also underscores the focal nature of atheroscle-
rosis in which plaque formation maps to regions of

low SS [12].

In evaluating our results, we considered the possibil-
ity that HAEC in regions of low shear downstream
of HAEC exposed to high SS may be influenced via
paracrine signaling to induce an anti-inflammatory
phenotype. However, the magnitude of the changes
induced by SS compared to cytokine treatment alone
in the downstream region of the chamber coupled
with the dramatic drop in VCAM-1 expression over
a very small distance led us to conclude that any re-
sponse to paracrine signaling was small compared
to cytokine and mechano-signaling in our chamber
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and did not play a significant role in the observed
responses.

Intercellular communication through gap and ad-
herens junctions is another means by which a neigh-
boring EC may influence responses to shear []0\\
For (‘deplc De Paola et al. [11] reported that
EC exposed to flow separation and recirculation up-
regulated gap junction protein connexin 43 (Cx43)
transeripts and led to disorganization of Cx43 pro-
tein resulting in impaired communication [11]. Inter-
cellular communication through adherens junctions
containing PECAM-1, VE- Cd,dhcrln, and VEFR2 has
also been reported for ECs under SS. These junctional
protein% are known to activate cytoskeletal remodel-
ing, WOW-1 binding, NF«kB, AKT, PI(3)K, and Src

in [llOIlOld_\ ers exposed to constant SS [40].

We also considered the possibility that injury or dam-
age to EC brought about by the placement of the sec-
ond chamber over the pre-sheared monolayer would
release soluble mediators affecting subsequent in-
flammatory responses. Although we would expect
such mediators to equally dﬁb(‘t EC across the mono-
layer, notably, we have yet to observe any markers
of EC inflammation followmﬂ placement of the flow
chamber in the absence of cy tokme.

A significant finding is that CAM expression is domi-
Ildt(,d by the absolute magnitude of SS rather than
the spatlal gradients in the unidirectional laminar
SS. However, one must consider that this relation-
ship might be different in vivo where shear gradients
can be greater [11], and there is the potential for
more complex cellular interactions, such as influence
from intima and smooth muscle cells [4]. Although
the design of the flow chamber allowed us to map
the endothelial response over regions of well defined
gradients, we note that one limitation of the Hele-
Shaw channel is that we cannot independently vary
at any position both the SS magnitude and its gradi-
ent. Nonetheless, others have also observed that the
spatial gradient in SS is not a predominant factor in
EC proliferation, despite the fact that a different flow
profile was applied [44]. Additionally, monocyte re-
cruitment data reported by Chen et al. [3] support
the concept that the spatial shear gradient is not the
primary factor affecting monocyte arrest on the en-
dothelium.

In summary, we present the first study which maps
CAM regulation, NF«B activation and leukocyte re-
cruitment as a function of unidirectional laminar SS

over a spatial gradient. The data show that EC can
sense changes on the order of 0.25 dyne/cm?, and this
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has a direct influence

e on protein transcription and

CAM expression during inflammation. VCAM-1 ex-
pression most closely correlated with the efficiency of
monocyte recruitment, which increased mdrkedlv on

/\l* G pretredted below a threshold level of ~7 d\ ne/

(Hl

. We conclude that the magnitude of shear force

as sen%ed by endothelium Wl‘rhm vascular regions of
disturbed blood flow is a critical determinant in the
spatial regulation of the inflammatory response and
atherogenesis.
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