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Substances released by platelets during blood clotting are essential participants in events that link hemostasis and
angiogenesis and ensure adequate wound healing and tissue injury repair. We assessed the participation of sphingosine
1-phosphate (Sph-1-P), a biologically active phosphorylated lipid growth factor released from activated platelets, in the
regulation of endothelial monolayer barrier integrity, which is key to both angiogenesis and vascular homeostasis. Sph-1-
P produced rapid, sustained, and dose-dependent increases in transmonolayer electrical resistance (TER) across both
human and bovine pulmonary artery and lung microvascular endothelial cells. This substance also reversed barrier
dysfunction elicited by the edemagenic agent thrombin. Sph-1-P–mediated barrier enhancement was dependent upon
Giα-receptor coupling to specific members of the endothelial differentiation gene (Edg) family of receptors (Edg-1 and
Edg-3), Rho kinase and tyrosine kinase-dependent activation, and actin filament rearrangement. Sph-1-P–enhanced TER
occurred in conjunction with Rac GTPase- and p21-associated kinase–dependent endothelial cortical actin assembly with
recruitment of the actin filament regulatory protein, cofilin. Platelet-released Sph-1-P, linked to Rac- and Rho-dependent
cytoskeletal rearrangement, may act late in angiogenesis to stabilize newly formed vessels, which often display
abnormally increased vascular permeability.
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Introduction
An increase in vascular permeability is a cardinal fea-
ture of inflammation and an essential component of
tumor metastasis, angiogenesis, and atherosclerosis.
Proteins and lipids released after platelet activation
have long been appreciated as enhancing the integrity
of the microcirculation in vivo and in vitro (1, 2). In
contrast, a reduction in circulating platelets in humans
accelerates capillary leakage and tissue edema forma-
tion, results verified in studies of platelet depletion in
animals (3, 4). Although the exact mechanism under-
lying the effects of thrombocytopenia have not been
clearly defined, this compromise in the endothelial bar-
rier can be reversed either with platelet infusions or by
the systemic administration of platelet-released prod-
ucts (5). Several platelet-derived lipids have emerged as
important signaling molecules that exert their effects
by inducing endothelial cell activation (6). For exam-
ple, lysophosphatidic acid (LPA), a lipid released from
thrombin-activated platelets, has stabilizing effects on
vascular integrity (7, 8). However, recent studies suggest
that only small amounts of LPA are generated in stim-
ulated platelets (9), and LPA has also been implicated
in increased neuronal endothelial monolayer leakiness
(10), an effect that calls into question its proposed role

in decreasing vascular permeability. Thus, the physio-
logical role of LPA as an important regulator of vascu-
lar barrier permeability remains controversial.

There has been considerable interest in diverse
endothelial cell responses, including angiogenesis, to
other platelet-derived phospholipids, including phos-
phatidic acid (PA) (11) and more recently sphingosine
1-phosphate (Sph-1-P) (6, 8, 12–16), which, unlike LPA,
is generated and released in abundant quantities by
platelets (9). Angiogenesis is a multifaceted process
that begins with increases in vascular permeability in
order to liberate endothelial cells from existing vessels
and terminates with stabilization of permeability char-
acteristics of newly formed vessels. The initial step, that
is, increased permeability, is thought to be driven by lib-
eration of endothelial cells from established monolay-
ers, a process that may involve metalloproteinases (17).
Endothelial cells then migrate chemotactically to their
final destination, proliferate in response to angiogenic
factors, and undergo capillary morphogenesis. Angio-
genic differentiation, a process that may be induced by
the same factor or by different factors that drive
chemotactic migration, results in morphogenic alter-
ations and the formation of new capillaries, which are
rather leaky and therefore not fully functional (18, 19).
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We have hypothesized (8) that other factors, including
those released by stimulated platelets, impinge upon
these newly formed vessels to enhance their integrity
and thereby impart functionality, the final feature of
the angiogenic response.

Sph-1-P has been demonstrated to be a remarkably
effective endothelial cell agonist that induces prolifer-
ation, calcium mobilization, adhesion molecule expres-
sion, and suppression of apoptosis (6, 14, 20–22). Pre-
sent in nanomolar to micromolar concentrations in
human and animal serum (22), Sph-1-P is avidly
released by stimulated platelets and binds to G pro-
tein–coupled receptors encoded by members of the
endothelial differentiation gene (Edg) family of recep-
tors (14–16). Edg-1 was cloned from RNA expressed in
endothelial cells stimulated to undergo angiogenic
responses in vitro (23) and, together with Edg-3, -5, and
-6, appears to be a high-affinity Sph-1-P receptor
(24–26). In contrast, LPA preferentially binds Edg-2, -4,
-7, and -8, and perhaps other unidentified members of
this family of receptors (6, 25, 26). Recent reports,
including our own, have unequivocally demonstrated
that Sph-1-P evokes diverse cell-specific responses,
including endothelial cell mitogenesis and chemotaxis
(8, 12–15, 26, 27). We have found that Sph-1-P released
from platelets during clotting is the major source of the
endothelial cell chemoattractant activity of serum, and
after migration induces endothelial cells to proliferate
avidly and differentiate forming capillary-like multi-
cellular structures indicative of early blood vessel for-
mation (12). In vivo, Sph-1-P was strikingly effective in
avian chorioallantoic membranes (6), in Matrigel-
implanted plugs in mice (14), and in the avascular
mouse cornea (12). These studies demonstrate that
blood coagulation initiates angiogenic responses
through the release of Sph-1-P, which exerts optimal
effects in concert with protein growth factors.

Despite this rapid increase in our understanding of
Sph-1-P involvement in several defined steps in the
angiogenic process, the effect of Sph-1-P on vascular
barrier function has not been investigated. Therefore,
we examined the effect of Sph-1-P on endothelial cell
permeability and demonstrate that at physiologically
relevant concentrations Sph-1-P exhibits potent barrier
protection via Edg receptor ligation and Giα-linked Rho-
and Rac GTPase-dependent cytoskeletal alterations.
Sph-1-P may be involved in a critical linkage between
coagulation, inflammation, and angiogenesis working
in concert with other factors to initiate neovasculariza-
tion and to potentiate the function of newly formed ves-
sels by optimizing endothelial barrier integrity.

Methods
Reagents. Chemicals, including synthetic Sph-1-P, were
obtained from Sigma Chemical Co. (St. Louis, Mis-
souri, USA), unless noted otherwise. Metabolic
inhibitors including genistein, LY-294002, ML-7, 
SB-203580, PP2, UO126 and 1,2-bis (aminophenoxy)
ethane-N,N,N′,N′-tetraacetic acid tetrakis (acetoxy-

methylester) (BAPTA-AM) were from Calbiochem-Nov-
abiochem Corp. (La Jolla, California, USA) and were
dissolved in DMSO at a concentration of 1–10 mM.
Pertussis toxin (Calbiochem-Novabiochem Corp.) was
dissolved in water at 500 µg/ml. FBS was acquired from
HyClone Laboratories (Logan, Utah, USA). Tissue cul-
ture media and growth supplements were obtained
from Life Technologies Inc. (Grand Island, New York,
USA). The Rho kinase inhibitor, Y27632, and Rac activ-
ity assay kit were obtained from Upstate Biotechnolo-
gy Inc. (Lake Placid, New York, USA). FuGENE6 trans-
fection reagent was purchased from Boehringer
Mannheim Biochemicals Inc. (Indianapolis, Indiana,
USA). Lipofectamine and Opti-MEM were from Life
Technologies Inc. (Rockville, Maryland, USA). All the
reagents used for immunofluorescence studies were
from Molecular Probes Inc. (Eugene, Oregon, USA).
Polyclonal rabbit anti-HA tag Ab, monoclonal mouse
anti–c-myc tag Ab, and anti–p21-associated kinase
(anti–PAK-1) Ab were purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, California, USA). Spe-
cific anti-monophosphorylated myosin light chain
(MLC) antisera were kindly provided by Michael T.
Crow (NIH, Baltimore, Maryland, USA). Dominant
negative myc-tagged PAK-1 construct and constitu-
tively active HA-tagged Rac construct (Rac V12) were
kindly provided by M. Nicolic (Harvard Medical
School, Boston, Massachusetts, USA). Anti-myosin IIa
Ab was purchased from BAbCO (Richmond, Califor-
nia, USA), and anti-cofilin Ab was purchased from
Cytoskeleton Inc. (Denver, Colorado, USA).

Human and bovine pulmonary artery endothelial cell cul-
tures. Bovine pulmonary artery endothelial cells were
obtained from American Type Culture Collection
(Manassas, Virginia, USA) and bovine microvascular
endothelium from Cell Systems (Kirkland, Washing-
ton, USA). Both cell types were cultured in complete
DMEM supplemented with 20% (vol/vol) FCS, 
15 µg/ml endothelial cell growth supplement, 1%
antibiotic and antimycotic solution (penicillin, 10,000
U/ml; streptomycin, 10 µg/ml; and amphotericin B, 
25 µg/ml), and 0.1 mM nonessential amino acids, as
previously described (27, 28). Human pulmonary artery
endothelial cells were obtained from Clonetics Corp.
(Walkersville, Maryland, USA) and cultured in EBM-2
complete medium (Clonetics Corp.). Endothelial cell
cultures were maintained at 37°C in a humidified
atmosphere of 5% CO2-95% air and grown to contact-
inhibited monolayers with typical cobblestone mor-
phology. Cells from each primary flask were detached
with 0.05% trypsin, resuspended in fresh culture medi-
um, and passaged into eight-well ECIS electrode arrays
for electrical resistance determinations, 100-mm2 dish-
es for transfection or 12-well plate (with cover glasses)
for immunofluorescent analysis.

Measurement of endothelial cell electrical resistance.
Endothelial cells were grown to confluence in poly-
carbonate wells containing evaporated gold micro-
electrodes (surface area, 10–3 cm2) in series with a large
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gold counter electrode (1 cm2) connected to a phase-
sensitive lock-in amplifier as described previously (29,
30, 31). Measurements of transendothelial electrical
resistance (TER) were performed using an electrical
cell-substrate impedance sensing system (ECIS)
(Applied BioPhysics Inc., Troy, New York, USA).
Briefly, current was applied across the electrodes by a
4,000-Hz AC voltage source with amplitude of 1 V in
series with a 1 MΩ resistance to approximate a con-
stant current source (∼1 µA). The in-phase and out-of-
phase voltages between the electrodes were monitored
in real time with the lock-in amplifier and subse-
quently converted to scalar measurements of
transendothelial impedance, of which resistance was
the primary focus. TER was monitored for 30 minutes
to establish a baseline resistance (R0) which, for
bovine pulmonary endothelium, was typically
between 8 to 12 × 103 Ω (wells with R0 < 7 × 103 Ω were
rejected). As cells adhere and spread out on the micro-
electrode, TER increases (maximal at confluence),
whereas cell retraction, rounding, or loss of adhesion
is reflected by a decrease in TER (32). These measure-
ments provide a highly sensitive biophysical assay that
indicates the state of cell shape and focal adhesion
(29). Values from each microelectrode were pooled at
discrete time points and plotted versus time as the
mean ± SE of the mean.

Treatment of endothelial cells with Edg-1 and Edg-3 anti-
sense oligonucleotides. Phosphothioate oligonucleotides
specific for Edg-1 and Edg-3, as well as control oligonu-
cleotides (sense or scrambled sequence), were synthe-
sized by the DNA Analysis Facility at Johns Hopkins
University (Baltimore, Maryland, USA) based upon the
published human Edg-1 and Edg-3 sequences (23) and
their specificity determined previously by our labora-
tory (27). Bovine pulmonary artery endothelial cells
grown to 80–90% confluence in ECIS plates were treat-
ed for 4 hours with 10 µg/ml (approximately 1.8 µM)
of oligonucleotides complexed with 10 µg/ml of Lipo-
fectamine in Opti-MEM as we described previously
(27). An equal volume of complete endothelial growth
media containing 10% FBS was then added directly to
the wells, and the cells were incubated for 20 hours. The
medium was then replaced by M199 containing 
10 µg/ml oligonucleotides, and the cells were incubat-
ed for 24 hours followed by incubation with complete
culture medium containing 10 µg/ml oligonucleotides
for additional 24 hours before TER measurements. In
parallel studies, cell lysates were harvested after Edg-1
and scrambled oligonucleotide challenge and subject-
ed to Western blot analysis using Edg-1 antisera (27).

Cotransfection of specific plasmids with enhanced green fluo-
rescent protein. To obtain high transfection efficiencies for
functional analysis, cells were cotransfected with plas-
mids expressing the selectable green fluorescent protein
(GFP) and the plasmid of interest. Briefly, endothelial
cells grown to 50–60% confluence in 100-mm dishes
were transiently transfected with enhanced green fluo-
rescent protein (pEGFP) in combination with one of a

variety of plasmids, including those encoding the G pro-
tein βγ-binding domain of βARK1 (27), the Giα2 inhibito-
ry minigene (13, 27), and Edg-1, -3, and -5 receptors. The
βARK minigene plasmid (pRK-βARK1-495-689) con-
tains the carboxyl terminus of the β-adrenergic receptor
kinase (the G βγ-binding domain) and was kindly pro-
vided by Walter J. Koch (Duke University, Durham,
North Carolina, USA). The Giα1/2 minigene encodes a
peptide corresponding to the last 11 residues of Giα1/2

carboxyl terminal (344-354), and the peptide inhibits
specific receptor-Gi protein interactions (33). Edg recep-
tor plasmids were generously provided by Nicholas
Aniellin (University of Connecticut, Storrs, Connecticut,
USA) and encode complete Edg receptor sequences (14).
Cells were incubated with DNA/FuGENE6 mixture pre-
pared as follows: 50 µl FuGENE6 was diluted in 1 ml
Opti-MEM, incubated at room temperature for 15 min-
utes, and added to 5 µg DNA containing 1 µg pEGFP
and 4 µg of either βARK1; Giα2; Edg-1, -3, or –5; or their
respective vector controls. The mixtures were then incu-
bated at room temperature for 30 minutes and added to
dishes containing 10 ml fresh complete medium. After
24-hour incubation, cells were trypsinized, centrifuged,
and resuspended in complete medium. Cells expressing
GFP were isolated by FACS using a FACStarplus cell sorter
(Becton Dickinson Immunocytometry Systems, San
Jose, California, USA). As described previously, approxi-
mately 60–90% of cells selected in this manner carry the
cotransfected plasmid of interest along with the selec-
table GFP plasmid (13), whereas transfection efficiencies
were considerably lower than 20% in the absence of cell
sorting. The selected GFP-positive cells were placed in
ECIS wells and cultured for 2 days followed by TER.

Immunofluorescence microscopy. Endothelial cells grown
on gelatinized cover slips were incubated with Sph-1-P
or vehicle control, fixed in 4% paraformaldehyde for 10
minutes, washed three times with PBS, permeabilized
with 0.2% Triton X-100 in PBS for 5 minutes, and
blocked with 2% BSA in PBS for 30 minutes. Incuba-
tions with primary Ab’s of interest (myosin heavy
chains, PAK-1, cofilin, phosphorylated MLC) were per-
formed in blocking solution (2% BSA in PBS) for 1
hour at room temperature. After three washes with
PBS, cells were incubated with appropriate secondary
Ab’s conjugated to immunofluorescent dyes (Alexa 488
for green fluorescence or Alexa 546 for red fluores-
cence) in blocking solution for 1 hour at room temper-
ature. Actin filaments were visualized by staining cells
with Texas red–conjugated phalloidin for 1 hour at
room temperature. After three washes with PBS, the
cover slips were mounted using Slow Fade kit (Molec-
ular Probes Inc.). Analyses of immunofluorescent
staining were performed using a Nikon Eclipse TE 300
microscope with ×60 objective lens and Sony Digital
Photo camera DKC 5000.

Determination of Rac GTPase activity. Endothelial cells
grown in 100-mm dishes were incubated with agonist for
indicated time periods in serum-free M199. Cells were
lysed in 500 µl lysis buffer and homogenized by pipetting.
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After a brief centrifugation to remove the cell debris, 300
µl of supernatants were incubated with human p21-bind-
ing PAK-1 domain (residues 67-150), conjugated with
agarose (10 µg, 30 minutes; Upstate Biotechnology Inc.).
The agarose beads were washed with the lysis buffer (five
times) and resuspended in 30 µl of 2× SDS gel loading
buffer. The samples were subjected to electrophoresis in
15% gel, and protein was detected using anti-Rac mAb.
For total Rac detection, 5 µl of the original cell lysates was
subjected to electrophoresis.

Results
Sph-1-P enhances endothelial cell barrier properties. Sph-1-P
strikingly and consistently enhanced transmonolayer
electrical resistance (TER) across human and bovine
endothelial cell monolayers in a dose-dependent man-
ner consistent with barrier protection (Figure 1). Max-
imal protection was obtained with 1 µM of Sph-1-P
with TER measurements that peaked after approxi-
mately 10–20 minutes and remained above baseline val-
ues for several hours (Figure 1, a and b). Substantially
higher concentrations of Sph-1-P (up to 50 µM) did
not further increase TER but were variably followed by
significant declines in barrier integrity after 30 minutes
(data not shown). Sph-1-P evoked comparable TER
responses in both bovine and human pulmonary artery
endothelium (Figures 1, a, c, and d) as well as in bovine
microvascular lung endothelial cells (Figure 1b). In
addition to the direct effect of Sph-1-P on human
endothelial cell TER values, simultaneous treatment
with Sph-1-P and the potent edemagenic agent, throm-
bin, significantly attenuated the approximately 40%
decline in TER typically observed after thrombin stim-
ulation (Figure 1c). Furthermore, Sph-1-P fully
restored vascular barrier integrity when added subse-
quent to thrombin challenge (Figure 1d). Thus, the
phospholipid growth factor Sph-1-P not only increas-
es the barrier integrity of untreated human and bovine

endothelial monolayers, but also effectively protects
endothelial cell monolayers from the barrier disruptive
effects of edemagenic agents such as thrombin.

Sph-1-P–mediated endothelial cell barrier protection involves
Edg receptor ligation and Giα protein coupling. We undertook
experiments designed to define the basic elements of the
cellular signaling pathways by which Sph-1-P exerts its
barrier-protective effects on the vascular endothelium.
Indeed, Sph-1-P may enter cells through their plasma
membranes where it may act intracellularly by activating
cytosolic enzymes or membrane-bound constituents.
Alternatively, extracellular Sph-1-P may exert effects via
receptor-dependent as well as by receptor-independent
mechanisms (26, 34, 35). Figure 2 provides several lines
of evidence that implicate Edg receptor ligation in the ini-
tiation of Sph-1-P–dependent signal transduction path-
ways that lead to endothelial barrier enhancement. Our
previous studies of Edg receptor expression in human
pulmonary artery endothelial cells using RT-PCR demon-
strated the abundant expression of Edg-1, very modest
expression of Edg-3, and no expression of Edg-5 (27). Spe-
cific downregulation of either Edg-1 (Figure 2a) or 
Edg-3 receptor expression by antisense oligonucleotides,
which we have shown to inhibit Sph-1-P–induced
endothelial cell chemotaxis (27), significantly attenuated
Sph-1-P–induced increases in TER (Figure 2b). We next
examined endothelial cells transfected with plasmids
expressing Edg-1, Edg-3, or Edg-5 receptors and found
that whereas neither Edg-1 nor Edg-3 overexpression
altered TER responses to Sph-1-P, Edg-5 overexpression
significantly enhanced Sph-1-P–stimulated TER respons-
es in bovine endothelium (Figure 2c). These results sug-
gest that sufficient Edg-1 and -3 receptors exist to assure
Sph-1-P enhancement of endothelial cell barrier integri-
ty by igniting a signaling cascade after primary ligation
to Edg-1 and possibly Edg-3. Ligation of Edg-5, although
not normally expressed, also appears to be linked to bar-
rier-protective signaling pathways.
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Figure 1
Sph-1-P enhances endothelial cell barrier properties.
Endothelial cells were plated on gold microelectrodes to
measure TER and were cultured to confluence. Growth medi-
um was replaced with serum-free M199, and after equilibra-
tion and stabilization, cells were challenged with agonist
(Sph-1-P or thrombin). Data are representative of multiple
independent experiments (minimum of three). Shown are the
responses to increasing concentrations of Sph-1-P in bovine
pulmonary artery endothelial cells (BPAEC) (a) and in bovine
lung microvascular endothelial cells (BLMVEC) (b). (c) The
effect of Sph-1-P on thrombin-induced barrier dysfunction in
human pulmonary artery endothelial cells (HPAEC). In these
experiments, endothelial cells were simultaneously treated
with Sph-1-P (1 µM, 30 minutes) and with the potent
edemagenic agent thrombin (100 nM) (38). Sph-1-P consis-
tently elicits a significant increase in TER, which returns to
baseline control values in the presence of thrombin but does
not exhibit the 40% decline below control values produced by
thrombin alone. Furthermore, Sph-1-P rapidly and consis-
tently restores human endothelial cell barrier integrity in cells
stimulated previously with thrombin (d).



We, and others, have reported that Sph-1-P increases
endothelial cell chemotaxis and other angiogenic
responses in a pertussis toxin-sensitive (PTX-sensitive)
fashion, consistent with Edg-Giα protein-coupled recep-
tor signaling (12, 26, 27, 35, 36). Similar PTX treatment
(2 hours, 200 ng/mL) abolishes Giα-mediated signaling
via complete ADP ribosylation of PTX G protein sub-
strates (27, 28) (Figure 2d) and completely attenuated
the ability of Sph-1-P to increase TER (100% inhibition),
consistent with Giα coupling to the Edg receptor, which
confers the barrier-enhancing response (Figure 2d). We
next used two transfection strategies to further charac-
terize signaling events driven by Edg receptor ligation.
First, endothelial cells were transduced with a minigene
plasmid that encodes an 11 mer that effectively uncou-
ples receptors from Giα1/2-mediated signaling (27, 33).
In these experiments, whereas Sph-1-P produced dra-
matic 0.3- to 0.5-unit increases in TER (vector alone),
the magnitude of this increase was partially reduced in
cells transfected with the Giα1/2 minigene (∼40% inhibi-
tion) (Figure 2d), consistent with a role for Giα1/2 in the
endothelial cell barrier protective response to Sph-1-P.
Transfection with either Gs- or Gq-specific minigenes
failed to alter Sph-1-P–induced TER (data not shown)
and the Giα1/2 minigene failed to alter the TER decline
evoked by ligation of the proteolytically activated
thrombin receptor whose reductions in TER do not
involve Giα coupling (data not shown) (37). Finally, tran-
sient transfection of a gene expressing the βARK pep-
tide that retards βγ subunit signaling by competing for
βγ subunits, also partially attenuated Sph-1-P–induced
TER alterations (∼20% inhibition) (Figure 2d). Togeth-
er, these results are strongly indicative of a signaling
pathway that involves Sph-1-P ligation of Edg receptors
coupled to Giα, but do not exclude additional stimu-
lus/coupling mechanisms, which lead to endothelial
cell barrier enhancement.

Regulation of Sph-1-P–induced barrier protection by specific
signaling pathways. Signal transduction via MAP kinases
plays a key role in a variety of cell functions, including sev-
eral models of endothelial cell permeability (38). We
demonstrated recently that Sph-1-P rapidly increases the
activity of the p42/p44 (ERK) and p38 MAP kinases in
lung endothelium by ligation of a PTX-sensitive receptor,
presumably Edg-1 (27). To examine whether MAP kinase
activation is involved in Sph-1-P–induced barrier protec-
tion, endothelial cell monolayers were pretreated with
pharmacologic inhibitors of either ERK kinase (MEK)
(UO126) or p38 MAP kinase (SB203580). Inhibition of
each MAP kinase pathway failed to alter the ability of
Sph-1-P to enhance endothelial cell TER (Figure 3) under
conditions that significantly reduce PMA-mediated
declines in TER as noted previously (38). Similarly, the
phosphatidylinositol PI-3′-kinase inhibitor LY294002, or
the p60src inhibitor PP2, had no effect on Sph-1-P–medi-
ated increases in TER (Figure 3), consistent with their fail-
ure to inhibit endothelial chemotaxis (27). In contrast,
treatment of endothelial monolayers with the generalized
tyrosine kinase inhibitors genistein (but not its inactive
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Figure 2 
Role of Edg family receptors and heterotrimeric G proteins in Sph-1-
P–mediated endothelial cell barrier regulation. (a) Subconfluent
bovine endothelial cells were incubated with Edg-1 antisense or their
respective control scrambled oligonucleotides (10 µg/ml, 48 hours).
This treatment reduced Edg expression by approximately 50%, where-
as control oligonucleotide was without effect. (b) In similar experi-
ments, Edg-1 and Edg-3 antisense (AS) oligonucleotides significant-
ly attenuated the Sph-1-P–induced TER response. Sph-1-P–induced
TER increased from baseline normalized resistance level of 1.0 to a
level of 1.5 to 1.75 in control oligo-treated cells. Data are presented
as percentages of Sph-1-P–induced TER in AS-treated cells to Sph-1-
P–induced TER in control oligonucleotide–treated cells (mean ± SE, 
n = 3, P < 0.05). Inset: ECIS tracing reflecting the reduction of the 
Sph-1-P response in Edg-1–AS treated cells. Tracing number 1, cells
with control oligo; number 2, cells with control oligo and stimulated
with Sph-1-P; number 3, cells with Edg-1 antisense; and number 4,
cells with Edg-1 antisense and stimulated with Sph-1-P. (c) Bovine
endothelial cells were cotransfected with pEGFP and a plasmid encod-
ing either Edg-1, Edg-3, Edg-5, or the empty vector. GFP-positive cells
were isolated by flow cytometry (13) and subjected to TER measure-
ments. The percentage of changes of resistance in Edg-transfected
cells relative to the vector-transfected cells were calculated. Over-
expression of Edg-5, but not Edg-1 or Edg-3, augmented Sph-1-
P–induced increases in TER. Data are presented as percentage of 
Sph-1-P–induced TER in cells overexpressing Edg receptors to Sph-1-
P–induced TER in cells transfected with vector control (mean ± SE, 
n = 3, P < 0.05). Inset: ECIS tracing to show the augmentation of 
Sph-1-P response in cells expressing Edg-5. In tracing number 1 cells
are transfected with the empty vector; in tracing number 2 cells are
transfected with the empty vector and stimulated with Sph-1-P; in
tracing number 3 cells are transfected with Edg-5; and in tracing num-
ber 4 cells are transfected with Edg-5 and stimulated with Sph-1-P.
(d) Bovine endothelium were either incubated with PTX (200 ng/ml,
2 hours) or transfected with plasmids encoding G protein inhibitory
peptides βARK or Giα2 using pEGFP cotransfection and cell-sorting
strategies described for c. Each G protein manipulation, that is, PTX,
βARK, and Giα1/2 expression, significantly attenuated the Sph-1-P
response (mean ± SE, n = 3, P < 0.05). Inset: Time-dependent ADP
ribosylation of G protein in bovine endothelial monolayers incubated
with PTX followed by in vitro ADP-ribosylation. PTX treatment before
cell lysis completely inactivated Gi protein via ADP-ribosylation as we
have described previously (27, 28).



analogue), herbimycin, and erbstatin, significantly
reduced Sph-1-P–evoked increases in TER (Figure 3a),
findings supported by the increase in endothelial phos-
photyrosine proteins after Sph-1-P (Figure 3b). These
results reinforce our hypothesis that Sph-1-P enhances
barrier integrity and reverses established barrier dysfunc-
tion via specific cellular signaling pathways potentially
involved in the final steps of the angiogenic response.

Sp1-P induces endothelial cell cortical cytoskeletal rearrange-
ment. The endothelial cell cytoskeleton is a critical deter-
minant of vascular integrity and barrier regulation
(39–41) and known to be influenced by tyrosine phos-
phorylation (32). We examined the effect of Sph- 1-P on
the spatial localization and polymerization of actin and
myosin by immunofluorescent microscopy. Consistent
with the observed increase in endothelial cell monolay-
er integrity reflected by transmonolayer electrical resist-
ance, Sph-1-P (1 µM) produced rapid and dramatic
enhancement of polymerized F-actin and myosin heavy
chain A staining that was spatially confined to the cor-
tical cytoskeletal ring (Figure 4). These findings
occurred in conjunction with evidence of lamellipodia
formation, but without the appearance of increased
stress fibers or paracellular gaps, features evoked by
edemagenic agents such as thrombin (Figure 4). To sig-
nificantly link actin cytoskeletal changes to the physio-
logic effects of Sph-1-P, we employed three complemen-
tary approaches. First, we pretreated human endothelial
cell monolayers with the actin depolymerizing agent
cytochalasin B, which produced a prompt decline in
TER (Figure 5a). Unlike the protective response to 
Sph-1-P challenge after established thrombin-induced
barrier dysfunction (Figure 1d), Sph-1-P failed to in-
crease TER when added after cytochalasin challenge,
indicating a critical requirement for dynamic cytoskele-
tal rearrangement and an intact actin cytoskeleton for
Sph-1-P barrier-enhancing effects (Figure 5a). Secondly,
we used latrunculin B, which, unlike cytochalasin, does
not induce actin depolymerization, but inhibits actin
polymerization. Similar to the results observed with
cytochalasin, latrunculin reduced basal TER while pre-
venting the prompt increase in TER typically observed
after Sph-1-P. Finally, we employed a model of micro-
tubule disruption with nocodazole, a potent cause of
barrier disruption produced without actin disassembly.
Figure 5c demonstrates that nocodazole failed to alter
the Sph-1-P–mediated TER response, indicating the spe-
cific requirement for actin dynamic assembly/disassem-
bly in the Sph-1-P–mediated barrier-enhancing response.
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Figure 3
Signaling events involved in Sph-1-P–mediated endothelial cell barrier
enhancement. (a) Bovine endothelial cells were incubated with tyrosine
kinase inhibitors genistein (Gen; 100 µM, 30 minutes), herbimycin A
(Herb; 5 µM, 8 hours), or erbstatin analog (Erb; 20 µM, 1 hour); the
PI-3′ kinase inhibitor LY294002 (LY; 25 µM, 30 minutes), p42/p44 MAP
kinase inhibitor UO126 (UO; 10 µM, 30 minutes), the p38 MAP kinase
inhibitor SB203580 (SB; 20 µM, 30 minutes), or p60 src inhibitor PP2
(10 µM, 30 minutes), followed by stimulation with Sph-1-P (1 µM).
TER was continuously measured for 3 hours and the maximal Sph-1-P
response (10–15 minutes after stimulation) were employed for deter-
mining the effect of the inhibitors on Sph-1-P–induced barrier
enhancement. Data are presented as mean ± SE, n = 3, P < 0.05. Genis-
tein, herbimycin A, and erbstatin analogues did not significantly alter
the basal TER, but inhibited Sph-1-P–induced increases in TER, indi-
cating the involvement of tyrosine kinases in Sph-1-P–mediated modu-
lation of endothelial cell barrier integrity. (b) Endothelial cells were incu-
bated with Sph-1-P (1 µM) for indicated times, followed by Western
analysis using an phosphotyrosine Ab. Sph-1-P stimulated tyrosine
phosphorylation of multiple proteins as indicated by arrows.

Figure 4
Effect of receptor agonists on bovine endothelial cell
cytoskeletal structure. Cells were treated with either
vehicle (a and d), Sph-1-P (1 µM for 5 minutes) (b
and e), or thrombin (100 nM for 15 minutes) (c and
f). F-actin staining was assessed with Texas red phal-
loidin (a–c) and myosin staining evaluated with anti-
myosin IIa polyclonal Ab (d–f). Thrombin induces dis-
solution of the cortical cytoskeleton, prominent stress
fiber formation, and formation of intercellular gaps.
In contrast, Sph-1-P significantly enhances cortical
actomyosin staining, which correlates with enhance-
ment of endothelial cell barrier function.



We next investigated whether increases in MLC phos-
phorylation, an event associated with the synergistic
action of MLC kinase (MLCK) and Rho kinase, partic-
ipate in the enhanced TER measurements induced by
Sph-1-P. Immunofluorescent staining with antisera
specific for MLCs that have been phosphorylated on
Ser 19 revealed a clear increase in phospho-MLC
immunoreactivity in confluent and subconfluent cells,
which was restricted to the dense peripheral band after
Sph-1-P challenge when compared with controls. In
contrast, phospho-MLC staining was profound after
thrombin challenge but observed in the prominent
cytosolic stress fibers formed (Figure 6), suggesting the
spatially defined and peripherally distributed increas-
es in MLC phosphorylation after Sph-1-P may not be
catalyzed by increased MLCK activity. Consistent with
these results and studies of Sph-1-P–induced endothe-
lial cell migration (27), both inhibition of MLCK activ-
ity with ML-7 (20 µM, 30 minutes) (Figure 7) and pre-
treatment with BAPTA-AM to chelate intracellular Ca2+

(data not shown), dual processes known to abolish
MLCK activity (41, 42), failed to alter the Sph-1-
P–mediated barrier-enhancing responses
(Figure 7). The thrombin response, how-
ever, was significantly reduced, arguing
against the contribution of Ca2+-depend-
ent processes (including MLCK activity)
to Sph-1-P–mediated barrier regulation.
Figure 7 also demonstrates the sensitivity
of TER measurements to Rho kinase inhi-
bition after either Sph-1-P or thrombin
challenge. Consistent with our previous
endothelial chemotaxis data (27), two Rho
kinase inhibitors, Y27632 (Figure 7) and
HA-1077 (data not shown), partially
attenuated the barrier protective effects of
Sph-1-P (∼30%). We further noted that the
increase in cortical actin that persisted for
up to 2 hours after Sph-1-P challenge was
only marginally affected by Rho kinase

inhibition, although the level of cytosolic stress fibers
normally present in unstimulated monolayers was
entirely eliminated (data not shown). These results sug-
gest that while Rho kinase actively participates in
endothelial cell barrier regulation, Sph-1-P influences
endothelial cell cortical actin assembly through Rho-
independent mechanisms that result in localized acto-
myosin remodeling in a temporal fashion consistent
with barrier enhancement.

Role of Rac GTPase and PAK in Sph-1-P–mediated actin
rearrangement. Previous studies have implicated the par-
ticipation of Rac GTPase in lamellipodia formation
and cortical cytoskeletal reorganization (43). Indeed,
we found Sph-1-P to rapidly activate Rac GTPase (1
minute) in a PTX-sensitive manner (Figure 8a), and
transient transfection with a plasmid encoding consti-
tutively active Rac (V12) reproduced changes in the cor-
tical actin similar to those evoked by Sph-1-P (Figure 8,
b–g). Immunofluorescent studies further demonstrat-
ed that Sph-1-P–induced cortical rearrangement may
involve a cytoskeletal signaling sequence that includes
the known Rac GTPase target, the p21-associated
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Figure 5
Effect of cytoskeletal alterations on Sph-1-P–induced endothelial cell barrier protection. (a) Bovine endothelium, grown on gold microelec-
trodes, was pretreated with either vehicle or cytochalasin B (CytB; 25 µg/ml, 60 minutes), followed by stimulation with Sph-1-P (1 µM).
Actin depolymerization and disruption of microfilament structure decreases TER and completely prevented the effect of Sph-1-P on TER.
(b) Human endothelial cells were pretreated with either vehicle or latrunculin A (Lat; 0.1 µM, 40 minutes), followed by stimulation with Sph-
1-P (1 µM). Inhibition of actin polymerization decreases basal level TER and prevented Sph-1-P–mediated TER. (c) Bovine endothelial cells
were incubated with either vehicle or the microtubule-disrupting agent, nocodazole (ND; 2.5 µM, 30 minutes), followed by stimulation with
Sph-1-P (1 µM). Disruption of microtubule decreases TER, but failed to alter Sph-1-P–induced increases in TER.

Figure 6
Effect of receptor agonists on bovine endothelial cell MLC phosphorylation. Cells
were treated with either vehicle (a), Sph-1-P (1 µM for 5 minutes) (b), or thrombin
(100 nM for 15 minutes) (c). Phospho-MLC staining was assessed with specific anti-
monophospho MLC Ab. Sph-1-P challenge locally increases MLC phosphorylation
in the cortical actin ring. In contrast, thrombin significantly enhances phospho MLC
staining, which appears to colocalize with cytoplasmic actin stress fibers.



Ser/Thr kinase (PAK), whose binding of Rac results in
the phosphorylation and activation of LIM kinase and
the subsequent inactivation of the LIM kinase target,
cofilin, an actin-severing protein (44). Figure 9 demon-
strates the rapid translocation of both PAK and cofilin
to the cortical actin cytoskeleton after Sph-1-P chal-
lenge. More importantly, transient transfection of
human endothelium with a PAK-1 dominant negative
construct dramatically reduced Sph-1-P–induced
increases in the cortical distribution of polymerized
actin as compared with vector alone (Figure 10) and
abolished cofilin translocation (data not shown). We
next evaluated the role of PAK/LIM kinase in Sph-1-
P–induced actin rearrangement response by overex-
pressing the actin depolymerizing factor known as
cofilin, a recognized substrate for PAK/LIM kinase
phosphorylation. Adenoviral-mediated cofilin overex-
pression did not alter baseline electrical impedance, but

significantly blunted the barrier-enhancing effects of
Sph-1-P (Figure 11). Immunofluorescence studies
revealed a more poorly developed cortical actin ring in
Sph-1-P–challenged cells transfected previously to over-
express wild-type cofilin compared with nontransfect-
ed cells or cells transfected with empty vector. Togeth-
er, these studies indicate the critical role for the cortical
actin rearrangement in Sph-1-P–mediated endothelial
cell barrier integrity.

Discussion
The maintenance of the normal endothelial cell barrier
and the integrity of the microcirculation is a critical
component of fluid and protein homeostasis and a ter-
minal event of new blood vessel formation. This process
involves platelets and their products that preserve cap-
illary integrity, although the mechanism of this barrier
protective action has not yet been precisely elucidated.
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Figure 7
Effect of Rho kinase and MLCK inhibition on Sph-1-P–mediated changes in TER. (a)
Confluent bovine pulmonary artery endothelium grown on gold microelectrodes were
pretreated with either vehicle control, Rho kinase inhibitor, Y27632 (10 µM), or the
MLCK inhibitor, ML-7 (20 µM) for 60 minutes, followed by stimulation with Sph-1-P
(1 µM) or thrombin (Thr, 100 nM). The maximal Sph-1-P–induced endothelial barri-
er enhancement observed at 10–15 minutes was attenuated by the reduction of Rho
kinase activity, but not affected by the inhibition of MLCK activity, whereas maximal
thrombin-induced endothelial barrier disruption (30 minutes) was significantly blocked
by both Rho kinase and MLCK inhibition. Data are mean ± SE, n = 3, P < 0.05.

Figure 8
Role of Rac GTPase in Sph-1-P–mediated endothelial actin rearrangement and barrier regulation. (a) Bovine pulmonary artery endothelium
were incubated with vehicle (v) Sph-1-P (1 µM), for indicated periods of time, or pretreated with PTX (1 µg/ml, 2 hours) and subsequently
incubated with Sph-1-P for 1 minute. Cells were lysed, centrifuged, and supernatants were collected. The activated GTP-bound Rac was pre-
cipitated by agarose-conjugated human PAK-1 p21-binding domain and immunoblotted by anti-Rac mAb as described in Methods. Total
Rac content was detected using cell lysates. These results indicate rapid Sph-1-P–induced Rac activation, which was completely abolished
by PTX. (b–g) Bovine endothelium was transfected with either an empty vector (b and e) or a constitutively active HA-tagged Rac construct
(Rac V12) (c, d, f, and g) as described in Methods. Shown are subsequent immunofluorescence images (×100) of endothelial cells stained
with either Texas red phalloidin for F-actin (b–d) or anti-HA tag Ab for identification of transfected cells (e–g). b and e, c and f, d and g rep-
resent matched images. Overexpression of constitutively active Rac V12, but not control vector, significantly enhances polymerized actin
staining (arrows) within the cortical ring with the degree of enhancement dependent upon the level of Rac V-12 overexpression.



We were the first to report a direct effect of platelet-
derived phospholipids, such as Sph-1-P, on endothelial
cell activation (45). However, since that report, much
attention has been directed to defining the potential
role of platelet-released phospholipids on vascular
integrity and angiogenesis. We reported that PA direct-
ly perturbed endothelial cell barrier function (11) and
began to extend our interest to other platelet products
with potentially vasoactive properties. Alexander and
Haselton first demonstrated (7), and we confirmed (8),
that LPA has a weak but consistent enhancing effect on
endothelial cell barrier integrity in vitro. This effect of
LPA may be tissue specific since LPA has been noted to
increase the permeability of brain microvessels (10). LPA
and Sph-1-P are structurally related lysophospholipids,
which have the capacity to evoke similar physiological
and pathophysiological responses (26). We reported
recently that Sph-1-P is a potent lung endothelial cell
chemoattractant and the primary angiogenic factor
present in serum where it is generated by platelets dur-
ing clotting (12, 27). Sph-1-P directly induces angio-
genesis in avian chorion (6) while potentiating peptide
growth factor–mediated angiogenesis in vivo (14),
including the avascular mouse cornea model (12). The

effect of Sph-1-P on endothelial cell permeability, an
activity shared by several angiogenic agents, has not
been reported previously.

Our results demonstrate that Sph-1-P is a potent and
direct endothelial monolayer- stabilizing agent that can
reverse barrier disruption induced by edemagenic
agents such as thrombin. Thus, while Sph-1-P is found
in low levels in blood plasma, its release into serum dur-
ing clotting allows it to participate in angiogenesis and
in the critical development of functional integrity of
newly formed blood vessels. Recently, Edg-1–deficient
mouse embryos were noted to display significant abnor-
malities in vascular development, rendering the newly
formed vessels leaky, resulting in fluid extravasation
and hemorrhage (18). Our data are consistent with the
attractive hypothesis that Sph-1-P directly impinges
upon newly formed cells to increase barrier properties,
thereby abolishing vascular leak and the resultant
edema, a property recently described for angiopoietin-1
(19), while promoting vessels to mature normally. We
have attempted to provide preliminary information
regarding the signaling mechanisms by which Sph-1-P
accomplishes barrier protection and to identify poten-
tial downstream mediators, since these may be useful
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Figure 9
Effect of Sph-1-P on cofilin and PAK subcellular localization.
Human endothelial cells were treated by either media (two left
panels), or Sph-1-P (two right panels) for 5 minutes. PAK-1 stain-
ing (a and b) was assessed with specific anti-PAK 1 Ab as
described in Methods. Cofilin staining (c and d) was assessed with
specific anti-cofilin Ab. Sph-1-P caused rapid translocation of
both cofilin and PAK-1 to the cell periphery (translocated proteins
shown by arrows). Inset: Western blot demonstrating increased
cofilin content in the membrane fraction. Human endothelial cells
were challenged with vehicle or Sph-1-P for 5 minutes. Cell lysates
then underwent detergent fractionation and the membrane and
cytosol fractions (10 µg/lane) separated by SDS PAGE and
stained with anti-cofilin Ab.

Figure 10
Effect of PAK inhibition on Sph-1-P–induced endothelial cell
cytoskeletal rearrangement. Bovine endothelial cells were
transfected with either empty vector (a and b) or dominant
negative c-myc-tagged PAK-1 construct (c and d) as
described in Methods, followed by challenge with either
media (a and c) or 1 µM Sph-1-P (b and d) for 5 minutes.
Shown are subsequent merged immunofluorescence images
(×100) of endothelial cells stained with Texas red phalloidin
for F-actin (red) and anti–c-myc tag Ab for identification of
PAK-1 overexpressing cells (green). Overexpression of dom-
inant negative PAK-1 but not empty vector significantly
inhibited Sph-1-P–induced actin cortical ring enhancement
(F-actin staining in transfected cells after merging green and
red images appears as yellow). Arrows point to the increased
cortical actin band in the Sph-1-P–treated cells.



therapeutic targets in the regulation of the angiogenic
responses and barrier dysfunction. Our data addressing
barrier regulation are consistent with the literature that
most in vitro and in vivo angiogenic activities elicited by
Sph-1-P are inhibited by Edg-1 and Edg-3 antisense
oligonucleotides (14, 15). Antisense oligonucleotides
directed at Edg-1 and, to a lesser degree, Edg-3, reduced
but did not abolish Sph-1-P–mediated enhanced TER,
which we believe reflects incomplete reduction in 
Edg-1 and Edg-3 expression by our antisense strategies
(Figure 2a) (27). Because Edg-5 expression was not
detected (27), overexpression of Edg-5, but not Edg-1
and Edg-3, would be expected to increase TER if all
three receptors are linked to the signaling pathway that
leads to vascular integrity potentiation. The role of 
Edg-5 in the angiogenic and chemotactic responses
remains questionable. However, given the remarkable
effect of Edg-5 overexpression on endothelial cell barri-
er protection (Figure 2c), it would be of interest to more
fully evaluate the role of Edg-5 in angiogenesis as a
receptor that may be transiently expressed in vivo dur-
ing critical phases of blood vessel formation.

Although Edg receptors have been variably described
as coupled to three heterotrimeric G proteins, Gi,
G12/13, and Gq (26, 46), several lines of evidence indicate
that Sph-1-P signals involved in endothelial barrier
function are transduced primarily via Edg-Giα cou-
pling. Sph-1-P–mediated increases in endothelial cell
TER were completely abolished by PTX and reduced by
complementary molecular strategies to interrupt G
protein signaling (specific Gia1/2 and βARK minigenes).
These results are particularly intriguing when coupled
with our previous report indicating that Giα inhibition

by PTX directly increases endothelial cell permeability
and intercellular gap formation while reducing TER
via intrinsic ADP ribosyltransferase activity (47). Given
the prominent role we now demonstrate for Sph-1-
P–Edg coupling in barrier regulation and its ability to
reverse thrombin-mediated permeability (Figure 1), it
is tempting to speculate that the stimulus/coupling
sequence of Sph-1-P-Edg-Giα, occurring under home-
ostatic conditions or at sites of localized coagulation,
may represent a physiologically relevant, barrier-pro-
tective signaling pathway triggered as a consequence
of hemostasis and platelet aggregation. Although Edg
receptors are linked to tyrosine kinase activities such
as p60src and Sph-1-P has been reported to activate
p60src in a PTX-dependent fashion (26, 46), this barri-
er-enhancing pathway does not appear to involve MAP
kinases or p60src (Figure 3), findings remarkably simi-
lar to our studies of Sph-1-P–mediated endothelial cell
migration (27). In contrast, generalized tyrosine kinase
inhibitors such as genistein, herbimycin, and erbstatin
each produced a significant reduction in Sph-1-
P–enhanced TER response (Figure 3).

Our data strongly suggest the critical participation of
active actin cytoskeletal rearrangement linked to
increased extracellular matrix tethering in the barrier
protection induced by Sph-1-P (Figure 4 and 5). Our
recent results confirm the critical role of Rho family
GTPases in regulating the cytoskeleton (Rho and Rac)
and confirm their critical participation in endothelial
chemoattractant responses (27). Strategies to reduce
Rho activities also decreased Sph-1-P–stimulated
endothelial cell chemotaxis, whereas the migration
response to VEGF was not affected, suggesting both
overlapping and distinct pathways for accomplishing
cell locomotion (27). Rho GTPase, while involved in
endothelial cell migration, does not appear to be the sole
mechanism involved in either Sph-1-P–mediated corti-
cal cytoskeletal rearrangement or barrier-protective
responses. Rho kinase inhibition produced only partial
(∼30%) attenuation of Sph-1-P–mediated increases in
TER. Sph-1-P–mediated tyrosine phosphorylation of the
cytoskeletal docking protein Crk-associated substrate,
Cas, occurred in a Rho kinase-independent manner (48),
whereas tyrosine phosphorylation of focal adhesion
kinase (FAK) occurred in endothelium in a Rho kinase-
dependent fashion (49). Further studies are required to
evaluate the exact role of Rho kinase in the barrier-
enhancing cytoskeletal signals evoked by Sph-1-P.

An important aspect of our work is defining a role of
the cortical cytoskeleton in the novel Sph-1-P–medi-
ated barrier enhancement. Regulation of this response
is complex and, as noted above, is quite different from
migration regulation. Our results support a role for
the Rac GTPase in the remarkable enhanced integrity
of the endothelial cytoskeleton and barrier function
after Sph- 1-P. Rac was rapidly activated and molecu-
lar manipulations of Rac V12 GTPase activity repro-
duced Sph-1-P–induced increases in actin rearrange-
ment (Figure 8). Our previous studies, but not all
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Figure 11
Cofilin overexpression significantly attenuates Sph-1-P–mediated
increases in TER. Approximately 80% confluent human endothelial
cells grown on gold microelectrodes were infected with recombi-
nant adenovirus expressing a GFP-tagged wild-type xenopus
ADF/cofilin (XACwt) or vector control that expresses GFP only.
Cells were cultured in complete medium for 72 hours, followed by
stimulation with Sph-1-P (1 µM). Shown is a representative trac-
ing. Although basal TER was unaffected by cofilin overexpression,
the increases in TER (percentage over basal) stimulated by Sph-1-
P were significantly attenuated in the XACwt virus-infected cells. (b)
The results pooled from four independent experiments. Data rep-
resent TER values obtained 10-15 minutes after Sph-1-P addition
(mean ± SD, P < 0.05).



reports (50), did not demonstrate that Sph-1-P pro-
duces biochemical evidence of generalized increases in
bovine pulmonary artery endothelial cell MLC phos-
phorylation (27), and inhibition of the novel endothe-
lial cell MLCK isoform (42) did not alter either Sph-1-
P–induced chemotaxis (27) or protective TER
responses (Figure 7). However, as shown in Figure 6,
there were clear spatially defined increases in Ser 19
phosphorylation within the cortical actin ring after
Sph-1-P. Recently, several kinases, in addition to
MLCK, have been described to phosphorylate MLC on
Ser 19 in vitro, including Rho kinase (51) and PAK
(52). We believe our immunofluorescent data provides
convincing evidence that PAKs, a class of Rac-depend-
ent Ser/Thr kinases (53) directly stimulated by sphin-
gosine (54), functions to modulate the activity of the
endothelial actin-myosin cytoskeleton, to increase cor-
tical actin, and to enhance endothelial cell barrier
properties. PAK was recently described to phosphory-
late smooth muscle MLCK, thereby inhibiting MLCK
activity (55); however, whether this mechanism is oper-
ative for the endothelial cell MLCK isoform closely
regulated by Ser/Thr (42) and Tyr phosphorylation
(56) is not known. Although actin assembly/disas-
sembly is a very complex process, consistent with
reports of PAK localization at cortical actin structures
in growth-stimulated cells (57), we demonstrate that
Sph-1-P increases immunoreactivity in the cortical
actin ring of PAK, the Ser/Thr kinase known as LIM
kinase (data not shown), and the actin-binding pro-
tein, cofilin. PAK dominant negative constructs com-
pletely abolished Sph-1-P–mediated actin rearrange-
ment (Figure 10) as well as cofilin translocation to the
cortical actin ring (data not shown). Unphosphorylat-
ed cofilin severs and depolymerizes actin filaments in
vitro, promoting rapid actin filament turnover in vivo
(58–61), whereas phosphorylation of cofilin at Ser 3
catalyzed by LIM kinase, a PAK phosphorylation tar-
get, reverses cofilin-induced actin depolymerization
and leads to accumulation of actin filaments (44, 61,
62). We overexpressed the LIM kinase target, cofilin, in
endothelial monolayers and subsequently analyzed
barrier properties by measuring electrical impedance.
Cofilin overexpression did not alter baseline perme-
ability, but blunted the barrier-enhancing effects of
Sph-1-P treatment and produced a more poorly devel-
oped cortical actin ring in Sph-1-P–challenged cells
compared with nontransfected cells or cells transfect-
ed with either empty vector or the A3 mutant. We
hypothesize that the overexpression of wild-type cofil-
in upsets the essential balance of F-actin polymerizing
and depolymerizing factors necessary for critical cor-
tical actin rearrangement and subsequent permeabili-
ty changes. These results are consistent with previous
studies of the effects of wild-type cofilin and the A3
cofilin mutant on enhanced neurite outgrowth, where
wild-type cofilin expression markedly increased
growth rates (40–60%) while the A3 mutant gave only
slightly enhanced outgrowth, which was not statisti-

cally significant over that of controls (63). We hypoth-
esize that the ability to phosphorylate and dephos-
phorylate cofilin is an important property in regulat-
ing their ability to enhance actin turnover (i.e.,
phosphocycling of AC). Since the A3 protein cannot
participate in phosphocycling, it is less effective in pro-
moting actin dynamics, although it can promote
depolymerization of filaments and increase the
sequestered monomer pool. Thus, under normal con-
ditions Sph-1-P would stimulate the Rac pathway and
activate LIM kinase via PAK, resulting in a net increase
in actin polymerization dynamics—if the phosphatase
pathway was coordinately activated—or a net phos-
phorylation of AC leading to an increase in assembled
F-actin and net decrease in actin dynamics. If the lat-
ter occurred, then overexpressing wild-type cofilin
could restore the increase in actin turnover and defeat
the net effects of Sph-1-P. These new results show a
critical role for cortical actin rearrangement in Sph-1-
P–induced endothelial barrier function.

The observation that Sph-1-P has profound effects
on seemingly divergent biologic responses, for exam-
ple, enhancing both cell migration as well as mono-
layer integrity, is interesting. We speculate that the
cytoskeletal response to Edg ligation exhibits a degree
of specificity depending upon whether cells are in
confluent monolayers or in a promigratory, loosely
adherent phenotype. We have found that chemotaxis
increases if endothelial cells are allowed to adhere to
the substratum before exposure to the chemoattrac-
tant, suggesting that perhaps, adherence may be a
fundamental component of the chemotactic response
of endothelial cells.

However, it is possible that Sph-1-P chemotaxis-pro-
moting characteristics and adherence-promoting char-
acteristics are driven by the same basic mechanism.
While agents that increase endothelial cell permeabili-
ty are somewhat chemotactic (e.g., VEGF), their
response pales when compared with that induced by
Sph-1-P (27). It is conceivable, and perhaps likely, that
adherence plays a fundamental role in the chemotactic
response. Of potentially greater importance is the fact
that Sph-1-P very effectively promotes both migration
and barrier integrity, two key aspects of the angiogenic
response. Thus, vessels formed in response to Sph-1-P
may be less “leaky” than those formed in response to
VEGF or other angiogenic factors. Our previous stud-
ies (12), and other seminal work (14), demonstrate that
Sph-1-P promotes angiogenesis optimally in conjunc-
tion with protein growth factors. The exact role of each
individual factor in the response, and indeed the iden-
tity of all the factors involved in the response, have not
been clarified, but an endothelial cell chemoattractant
that promotes vascular integrity may certainly play a
key role in the response.

In summary, we have demonstrated that Sph-1-P, a
recognized potent endothelial cell agonist and angio-
genic factor, directly contributes to the maintenance of
the integrity of the vascular endothelium. Acting
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through paracrine, autocrine, or juxtacrine pathways,
Sph-1-P mediates this important response through
Edg receptors that are coupled by a PTX-sensitive G
protein to downstream effectors that include Rho and
Rac GTPases. Our results suggest that Edg receptor lig-
ation results in a spatially defined, barrier-regulatory
signaling cascade that may involve Rac GTPase, PAK-1,
and LIM kinase translocation and activation, and the
subsequent phosphorylation of cofilin, which reduces
actin severing, thereby allowing cortical actin thicken-
ing and lamellipodia formation. While our signaling
studies are preliminary, they remain secondary to the
main finding of this study: that a biologically active
mediator released from activated platelets has a dra-
matic effect on the permeability function of the vascu-
lar endothelium. Sph-1-P may be added to a growing
list of key endothelial cell growth factors that regulate
vascular function and homeostasis and to a very select
list of agonists that promote the integrity of the vascu-
lar bed. The participation of this novel, biologically
active lipid in platelet-endothelial cell interactions may
be critical to understanding the complexity of coagu-
lation, wound healing, and angiogenesis, as well as
pathogenic macrovascular damage.
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