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Abstract Leukocyte infiltration is a hallmark of the atherosclerotic lesion. These cells are captured by cellular
adhesion molecules (CAMs), including vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1
(ICAM-1), platelet-endothelial cell adhesion molecule (PECAM), and E-selectin, on endothelial cells (EC). We examined
the role of the actin cytoskeleton in tumor necrosis factor-alpha (TNF-a)-induced translocation of CAMs to the cell surface.
Human aortic EC were grown on 96-well plates and an ELISA was used to assess surface expression of the CAMs. TNF-a
increased VCAM-1, ICAM-1, and E-selectin by 4 h but had no affect on the expression of PECAM. A functioning actin
cytoskeleton was important for VCAM-1 and ICAM-1 expression as both cytochalasin D, an actin filament disruptor, and
jasplakinolide, an actin filament stabilizer, attenuated the expressionof theseCAMs. These compoundswere ineffective in
altering E-selectin surface expression. Myosin light chains are phosphorylated in response to TNF-a and this appears to be
regulated byRho kinase instead ofmyosin light chain kinase.However, the Rho kinase inhibitor, Y27632, had no affect on
TNF-a-induced CAM expression. ML-7, a myosin light chain kinase inhibitor, had a modest inhibitory effect on the
translocation of VCAM-1 but not on ICAM-1 or E-selectin. These data suggest that the surface expression of VCAM-1 and
ICAM-1 is dependent on cycling of the actin cytoskeleton. Nevertheless, modulation of actin filaments via myosin light
chain phosphorylation is not necessary. The regulation of E-selectin surface expression differs from that of the other CAMs.
J. Cell. Biochem. 91: 926–937, 2004. � 2004 Wiley-Liss, Inc.
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Among the earliest alterations in atherogen-
esis is the expression of cellular adhesion
molecules (CAMs) on the surface of endothelial
cells [van derWal et al., 1992;Wood et al., 1993;
Balaramet al., 1997]. These adhesionmolecules
are responsible for capturing circulating leuko-
cytes and chaperoning them though the
endothelial layer (intima) from the lumen of

the blood vessel [Libby, 2002]. The major
leukocyte involved in atherosclerosis is the
monocyte and once it enters the subendothelial
space it is transformed into a macrophage and
can accumulate lipid [Ross, 1999]. The adhe-
sion molecules include the P- and E-selectins,
which are responsible for the initial capture of
the leukocyte, vascular cell adhesion molecule
(VCAM), and intercellular adhesion molecule
(ICAM), which bind the leukocyte and allow it
to roll along the endothelium and platelet
endothelial adhesionmolecule (PECAM), which
leads the leukocyte through the endothelial
monolayer, a process called diapedesis [Libby,
2002]. Adhesion molecule transcription re-
quires the activation, and translocation to the
nucleus, of nuclear factor-kB [NF-kB; Collins
et al., 1995; Kim et al., 2001]. However, with the
exception of P-selectin [Blagoveshchenskaya
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et al., 2002], the signalingmechanisms involved
in adhesion molecule migration to the cell
surface are largely unknown.
Tumor necrosis factor-alpha (TNF-a), one of

the major proinflammatory cytokines associat-
ed with atherogenesis, exerts some of its effects
by inducing expression of adhesion molecule on
endothelial cells and by increasing endothelial
migration and the permeability of the endothe-
lial monolayer [Deli et al., 1995; Madge and
Pober, 2001; Gao et al., 2002]. The latter two
phenomena are known to be regulated by the
actin cytoskeleton and are dependent on phos-
phorylationofmyosin lightchains [Gotliebetal.,
1987; Lampugnani et al., 1990; Garcia et al.,
1995; Dudek and Garcia, 2001]. Myosin light
chain phosphorylation is regulated by two
enzymes, myosin light chain kinase, which dir-
ectly phosphorylates the light chains [Adelstein
et al., 1981; Garcia et al., 1995], andRho kinase,
which can either directly phosphorylate the
light chains [Amano et al., 1996] or phosphor-
ylate myosin phosphatase to inhibit its depho-
sphorylating action, thus, indirectly increasing
myosin light chain phosphorylation [Kimura
et al., 1996]. Phosphorylation of myosin light
chains regulates the formation of actin stress
fibers [Goeckeler and Wysolmerski, 1995; Zhao
and Davis, 1999], which are involved in cell
contraction and integrin-mediated cell adhe-
sion [Gotlieb et al., 1987; Lampugnani et al.,
1990; Garcia et al., 1995; Dudek and Garcia,
2001; Miranti and Brugge, 2002]. Importantly,
myosin light chain phosphorylation is required
for migration of leukocytes across the endo-
thelial monolayer [Garcia et al., 1998; Saito
et al., 1998, 2002]. In these studies, we investi-
gated the role of actin reorganization in TNF-a-
induced adhesion molecule expression on the
surface of human aorta endothelial cells.

MATERIALS AND METHODS

Human aortic endothelial cells (HAEC) were
obtained fromBioWhittaker (Walkersville,MD)
and grown in EGM-2media (also fromBioWhit-
taker). TNF-a was purchased from PeproTech
(Rocky Hill, NJ). Cytochalasin D, jasplakino-
lide, and Y27632 were from Calbiochem
(LaJolla, CA). Ethylenediamine tetraacetic acid
(EDTA), O-phenylenediamine, 30% hydrogen
peroxide, ML-7, and the E-selectin antibody
were obtained from Sigma Chemical Co.
(St. Louis, MO). The antibody against VCAM-1

was purchased from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA) and the antibodies
against ICAM-1 and PECAM were obtained
from R&D Systems (Minneapolis, MN). The
diphosphorylated myosin light chain antibody
was purchased from Cell Signaling Technolo-
gies (Beverly, MA) and the total myosin light
chain antibody was kindly provided by Dr. C.S.
Packer (IndianaUniversity School ofMedicine).
Secondary antibodies conjugated tohorseradish
peroxidase were from Bio-Rad (Hercules, CA)
and the secondary antibody conjugated to Texas
Red, as well as the BODIPY FL Phallacidin
were from Molecular Probes (Eugene, OR).
Vectashield mounting media containing DAPI
for fluorescent microscopy was obtained from
Vector Laboratories, Inc. (Burlingame, CA).

HAEC grown to confluence in 96-well plates
coated with 0.2% gelatin, were treated with
20 ng/ml TNF-a for various periods of time.
Inhibitors were added 30 min prior to the
addition of the TNF-a. To terminate the experi-
ment, the media was quickly removed and the
cellswerewashedwithPBS (all volumes for this
assay were 100 ml, unless otherwise stated) and
thenfixedwith2%paraformaldehyde for 10min
at room temperature. The cells were washed
and incubated with 5% BSA in PBS for 10 min
at room temperature then incubated with pri-
mary antibodies (prepared in 1% BSA in PBS)
againstVCAM-1 (10mg/ml), ICAM-1 (2.5 mg/ml),
PECAM (2.5 mg/ml), or E-selectin (50 mg/ml) for
60 min at 378C. The cells were washed three
times with PBS and anti-mouse IgG conjugated
to horseradish peroxidase (10 mg/ml) in 1% BSA
was added and the cells were incubated for
45 min at 378C. The cells were washed four
times with PBS and O-phenylenediamine
(0.4 mg/ml; with 0.4 ml/ml 30% hydrogen
peroxide added immediately before) was added.
When color developed (approximately 4 min)
the reaction was terminated with 50 ml of sul-
furic acid. The plates were read at 490 nm.

To examine phosphorylation of myosin light
chains, the cells were grown to confluence in
6-well plates and following treatment, were
washed with ice-cold PBS and harvested in
0.2 ml of extraction buffer (25 mM Tris-HCl,
pH 7.4, 5 mM EDTA, 100 mM sodium fluoride,
2 mM sodium vanadate, 10 mM sodium pyr-
ophosphate, and 1% Igepal CA-630). After cell
debris was spun down, equal quantities of pro-
tein were separated by 15% SDS–PAGE and
transferred to PVDF, detected by immunoblot-
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ting and quantified by densitometry. Total
cellular protein concentrations were measured
with thePierce (Rockford, IL) bicinchoninic acid
protein assay. Total adhesion molecule expres-
sion was assessed by separating the proteins on
non-denaturing SDS–PAGE and blotting as
described above.

For some experiments, the cells were grown
on glass coverslips and prepared for fluorescent
or confocal microscopy as we have previously
described [Neltner et al., 2000]. The fluores-
cently labeled cells were viewed with either an
epifluorescent Ziess Axioplan microscope or a
Ziess LSM-510 confocal laser-scanning micro-
scope. Objectives (64�) were used on both.

A lactate dehydrogenase assay kit (Sigma
Chemical Co.) was used to assess cell death.
None of the reagents increased cell death. All
data shown are from at least three experiments
conducted in duplicate and statistical signi-
ficance was determined by ANOVA followed by
Tukey’s test.

RESULTS

Time Course

Dose response experiments indicated that
20 ng/ml TNF-a provided a maximal surface
expression of the CAMs (data not shown). This
concentration of TNF-a led to increases in

surface expression of VCAM-1, ICAM-1, and
E-selectin but did not alter PECAM expression
at any time point examined (Fig. 1). Since
PECAM expression was unchanged in response
to TNF-a, we did not investigate it further.
The surface expression of the other three ad-
hesionmoleculeswasmaximally elevated by 4h
and remained elevated for at least 24 h if TNF-a
remained present. All subsequent experiments
were conducted with 4 h of TNF-a treatment.
These data are consistent with those reported
previously [Hahne et al., 1993].

Confocal Microscopy of
Endothelial Monolayers

To ensure that the adhesion molecules that
wewere detecting by theELISAwere on the cell
surface and not the total CAM expression, we
examined the cells with confocal microscopy.
The cells were treated exactly as for the ELISAs
except that the secondary antibody was con-
jugated to Texas Red instead of horseradish
peroxidase. Twenty five slices were recorded
(�0.3 mm thickness) for each sample and a Z
stackwas created to showasideviewof the cells.
As revealed inFigure2, all of the staining for the
CAMs is on the cell surface,mainly on the apical
membrane. When the HAEC are permeabiliz-
ed with Triton X-100 CAMs are visible in the
cytosol, indicating that with the ELISAs we

Fig. 1. Time course of adhesion molecule expression on the surface of human aortic endothelial cells
(HAEC). HAEC were treated with 20 ng/ml tumor necrosis factor-alpha (TNF-a) for the indicated times. The
reactions were terminated and adhesionmolecule expressionwas determined as described inMaterials and
Methods. *P<0.05, compared to control (no TNF-a).
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are detecting only surface and not total CAM
expression. Without TNF-a treatment, the
amount of staining on the cell surface was
barely detectable for ICAM-1andE-selectin and
undetectable for VCAM-1 (data not shown).

Filamentous Actin Disruption

The actin cytoskeleton is involved in integrin
signaling and is rearranged when leukocytes
bind to endothelial cells. We, therefore, exam-
ined the effect of TNF-a on F-actin distribution

(Fig. 3). As shown, stress fibers running across
the cells are present in untreated cells but their
number and thickness is increased by TNF-a
treatment. There is also an increase in the total
amount of F-actin in treated cells. In addition,
TNF-a causes the cells to pull apart from each
other leaving holes in the monolayer. By either
disrupting theactinfilamentswith cytochalasin
D or rigidly stabilizing themwith jasplakinolide
we were able to attenuate the TNF-a-induced
translocation of VCAM-1 and ICAM-1 to the

Fig. 2. ZsliceofHAECs stainedwith antibodies todifferent adhesionmolecules. The cellswere treatedwith
20 ng/ml TNF-a for 4 h then processed for confocal microscopy as described in Materials andMethods. The
antibodies stain vascular cell adhesion molecule (VCAM), intercellular adhesion molecule (ICAM), and E-
selectin primarily on the apical surface of theHAEC. Processing of the cells does not allowantibody entrance
into the cytosol to stain intracellular CAMs (left panels). However, when the cells are permeabilized with
0.2% Triton X-100, the CAMs are visible in the cytosol (right panels).

Fig. 3. The effect of TNF-a on filamentous actin arrangement in HAEC. HAEC were treated with 20 ng/ml
TNF-a for 4 h then fixed and permeabilized. Actin was stained with BODIPY FL Phallacidin and the nuclei
were stained with DAPI. The monolayers were examined with an epifluorescent microscope. TNF-a
treatment induced the formation of total F-actin (phallacidin only binds F-actin, not G-actin) andmore stress
fibers with thicker bundles of actin filaments (arrowheads). TNF-a treatment also resulted in holes in the
monolayer (arrow). The micrographs are at 63� magnification. The inserts are at 252�.
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HAEC surface (Fig. 4A,B). These compounds
had little or no affect on E-selectin surface
expression (Fig. 4C). As shown in Figure 5,
neither cytochalasin D nor jasplakinolide alters
basal or TNF-induced whole cell expression of
ICAM or E-selectin. However, cytochalasin D,

but not jasplakinolide, does interfere with TNF-
induced synthesis of VCAM.

Myosin Light Chain Kinase and Rho Kinase

As mentioned above, the phosphorylation of
myosin light chains is required for filamentous

Fig. 4. The effect of cytoskeletal disruption on adhesionmolecule expression. HAECwere stimulated with
20 ng/ml TNF-a for 4 h and adhesion molecule expression was determined as in Materials and Methods.
CytochalasinD (5mM)or 100nMjasplakinolidewas added30minprior to theTNF-a (A) VCAM-1, (B) ICAM-
1, and (C) E-selectin. *,P<0.05, compared to control (no TNF-a) for each inhibitor. #,P< 0.05, compared to
TNF-a treated, no inhibitor.
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actin stress fiber formation. If these stressfibers
were necessary for adhesion molecule translo-
cation to the cell surface, inhibition of myosin
light chain phosphorylation would inhibit this
process. TNF-a stimulated diphosphorylation of
myosin light chains in a biphasic manner; the
phosphorylation peaked at 1 and 4 h (Fig. 6).
This phosphorylationwasunaffectedbyML-7, a
myosin light chain kinase inhibitor, but was
abolished by the Rho kinase inhibitor, Y27632
(Fig. 7). Basal myosin light chain phosphoryla-

tion also appeared to be dependent on Rho
kinase activity.

Y27632, while completely inhibiting myosin
light chain phosphorylation, had no affect on
the expression of any of the CAMs (Fig. 8).
Conversely, ML-7, modestly inhibited the TNF-
a-induced surface expressionofVCAM-1butnot
of ICAM-1 or E-selectin (Fig. 9). These data
suggest that myosin light chain phosphoryla-
tion is not critical for conveyance of adhesion
molecules to the cell surface.

Fig. 4. (Continued )

Fig. 5. The effects of TNF-a and cytoskeletal disruption on whole cell expression of adhesion molecules.
HAEC were treated for 4 h with vehicle or 20 ng/ml TNF-a �/þ cytoskeletal disruptors as in Figure 4.
Following the incubations the proteins were separated by non-denaturing SDS–PAGE and blotted as
described in Materials and Methods. C, control (no inhibitor); CyD, cytochalasin D (5 mM); Jasp,
jasplakinolide (100 nM).
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Fig. 6. Time course of myosin light chain phosphorylation in response to TNF-a. HAEC were treated with
20 ng/ml TNF-a for 0–24 h. The reactions were stopped and processed for SDS–PAGE as described in
Materials and Methods. The PVDF membrane was probed with a diphosphorylated myosin light chain
antibody then the membrane was stripped and reprobed with an antibody that recognizes total myosin light
chains. Shown is the ratio of diphosphorylated myosin light chain to total myosin light chain. *, P<0.05,
compared to control (no TNF-a).

Fig. 7. Effect of ML-7 and Y27632 on TNF-a-induced myosin light chain phosphorylation. HAEC were
treated for 4 h with 20 ng/ml TNF-a then processed as described in Figure 6. Some cells were treated with
12 mM ML-7 or 10 mM Y27632 for 30 min before the addition of TNF-a. *, P< 0.05, compared to control
(no TNF-a) for each inhibitor. #, P<0.05, compared to TNF-a treated, no inhibitor.
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DISCUSSION

Capture and uptake of leukocytes, mainly
monocytes and T-lymphocytes, is a critical early
event in thedevelopment of atherosclerosis. The
capture of leukocytes is dependent on the ex-
pression of CAMs on the endothelial cell sur-
face. Transcription of the adhesion molecules
requires NF-kB activation. But the signaling
pathways involved in the translocation of these

proteins from the cytosol to the cell membrane
have received little attention. Several groups
have reported that protein kinase C or tyrosine
kinases are important in adhesion molecule
translocation [Lane et al., 1990; Deisher et al.,
1993; Krunkosky et al., 1996; May et al., 1996]
but, to our knowledge, the role of the cytoske-
leton has not been investigated. When leuko-
cytes bind to endothelial cells, an actin-
dependent-adhesion molecule clustering occurs

Fig. 8. The effect of Y27632 on cell surface adhesion molecule expression. HAEC were incubated with
various concentrations of Y27632 for 30 min then stimulated for 4 h with 20 ng/ml TNF-a. VCAM-1 (A),
ICAM-1 (B), and E-selectin (C) were detected by ELISA as described in Materials and Methods. Inhibition of
Rho kinasewithY27632hadno affect on the expression of any of theCAMs. *,P<0.05, compared to control
(no TNF-a) for each inhibitor. #, P<0.05, compared to TNF-a treated, no inhibitor.
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[Wojciak-Stothard et al., 1999; Matheny et al.,
2000]. This clustering is dependent on myosin
light chain phosphorylation [Garcia et al., 1998;
Saito et al., 1998, 2002] but appears to be due to
Rho kinase activation and not myosin light
chain kinase [Saito et al., 2002]. Because of the
critical role of the actin cytoskeleton in adhesion
molecule clustering and in integrin function
[Lampugnani et al., 1990; Miranti and Brugge,
2002], we disrupted the actin cytoskeleton to
determine whether this would influence adhe-
sion molecule expression.

Actin is present in cells in two forms: globular
(G)-actin, which are single subunits of actin
molecules and filamentous (F)-actin, which are
polymers of G-actin. The latter is what the
stress fibers are composed of. Cytochalasin D,
which inhibits actin polymerization, attenuat-
ed the TNF-a-induced surface expression of
VCAM-1 and ICAM-1. However, it had no effect
on E-selectin expression. Similar data were
obtained with jasplakinolide, which rigidly
stabilizes the actin filaments. These data sug-
gest that translocation of VCAM-1 and ICAM-1
requires cycling between G-actin and F-actin.
E-selectin translocation is independent (or at
least less dependent) of the actin cytoskeleton.
TNF considerably increases the synthesis of all
of these CAMs (Fig. 5). Importantly, however,
the synthesis of the CAMs is not affected by
jasplakinolide and only VCAM expression is
attenuated by cytochalasin D. This suggests
that with the exception of VCAM, the cytoske-
leton does not regulate CAM synthesis. VCAM

synthesis appears to require an intact cytoske-
leton but not the actin filament cycling that is
necessary for translocation of this protein to the
cell surface.

As shown in Figure 9, inhibition of myosin
light chain kinase attenuates VCAM expres-
sion, although it is ineffective in reducing the
surface expression of the other CAMs. Inhibi-
tion of Rho kinase does not alter the expression
of any of the CAMs. Both myosin light chain
kinase [Zhao and Davis, 1999] and Rho kinase
[Wojciak-Stothard et al., 1998] are important in
actin filament generation and reorganization of
the cytoskeleton. The concentrations of ML-7
and Y27632 we used have been shown to
completely inhibitmyosin light chain phosphor-
ylation and stress fiber formation in other
instances [Garcia et al., 1995; Katoh et al.,
2001;Petrache et al., 2001; andexcept forML-7s
lack of effect on myosin light chain phosphor-
ylation, in this study]. However, myosin light
chain kinase and Rho kinase appear to work on
different actin structures. There are two dis-
tinct pools of stress fibers in non-muscle cells.
The cortical stress fibers that are at the cell
periphery, and the central stress fibers, which
runacross the cells. The former are regulated by
amyosin light chain kinase-dependentmechan-
ism while the latter depends on Rho kinase
[Katoh et al., 2001]. Rho kinase appears to
regulate both basal and TNF-a-induced myosin
light chain phosphorylation and central stress
fiber formation in our cells but Y27632 did not
affect CAM surface expression, suggesting that

Fig. 8. (Continued )

934 VandenBerg et al.



the central stress fibers were not necessary for
CAM translocation to the membrane. On the
other hand, ML-7 modestly inhibited VCAM
surface expression and reduced the peripheral
cortical actin. However, ML-7 had no affect on
myosin light chain phosphorylation. This is
puzzling since ML-7 appears to be highly selec-
tive for myosin light chain kinase [Bain et al.,
2003], although it does suggest that cortical

actin stress fibers play an insignificant role in
CAM translocation to the cell membrane.

The transcription of the adhesion molecules
studied herein is regulated through the NF-kB
pathway [Collins et al., 1995; Kim et al., 2001].
Increased transcriptionmaymakemore protein
available for translocation to the cell mem-
brane, however, a functioning actin cytoskele-
ton appears to play an important role in

Fig. 9. The effect of ML-7 on cell surface adhesionmolecule expression. HAECwere incubated for 30 min
with different concentrations ofML-7 then stimulated for 4 hwith 20 ng/ml TNF-a. VCAM-1 (A), ICAM-1 (B),
and E-selectin (C) were detected as described in Figure 8. Incubation with ML-7, at 9–12 mM, modestly
attenuated VCAM-1 expression but had no affect on the expression of ICAM-1 or E-selectin. *, P<0.05,
compared to control (no TNF-a) for each inhibitor. #, P<0.05, compared to TNF-a treated, no inhibitor.
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delivering VCAM and ICAM-1 to the cell sur-
face. Nevertheless, there seems to be no selec-
tivity between the specific pools of stress fibers
(cortical vs. central) for this translocation.
Subtle differences in the cytoskeletal require-
ments for the translocation of these adhesion
molecules are apparent with E-selectin much
less dependent on the actin cytoskeleton.
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