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Abstract Released into the vasculature from disrupted cells or transported to the surface of adjacent effectors,
phosphatidate and related lipids may potentiate endothelial cell activation. However, the effect of these lipids on
endothelial monolayer barrier integrity has not been reported. The present study documents the induction of endothelial
monolayer permeability by phosphatidate. Both long (di-C18:1) and medium (di-C10; di-C8) chain length phosphati-
dates increased permeability of bovine pulmonary artery endothelial cell monolayers assessed using a well character-
ized assay system in vitro. Barrier disruption effected by dioctanoyl (di-C8) phosphatidate was markedly potentiated by
the addition of propranolol, an inhibitor of endothelial cell ‘‘ecto’’-phosphatidate phosphohydrolase (PAP), a lipid
phosphate phosphohydrolase (LPP) that efficiently hydrolyzes extracellular substrate. Disruption of barrier function by
phosphatidate did not result from its non-specific detergent characteristics, since a non-hydrolyzable but biologically
inactive phosphonate analog of dioctanoyl phosphatidate, which retains the detergent characteristics of phosphatidate,
did not induce permeability changes. Furthermore, neither diacylglycerol nor lyso-PA effected significant increases in
monolayer permeability, indicating the observed response was due to phosphatidate rather than one of its metabolites.
Phosphatidate-induced permeability was attenuated by preincubation of endothelial cells with the tyrosine kinase
inhibitor, herbimycin A (10 µg/ml), and enhanced by the tyrosine phosphatase inhibitor, vanadate (100 µM), implicating
a role for activation of intracellular tyrosine kinases in the response. In addition, phosphatidate increased the levels of
intracellular free Ca21 in endothelial cells and ligated specific binding sites on endothelial cell plasma membranes,
consistent with the presence of a phosphatidate receptor. Since phosphatidate generated within the plasma membrane of
adherent effectors potentially interacts with endothelial membranes, we evaluated the influence of phosphatidate-
enriched neutrophil plasma membranes on endothelial monolayer integrity. The effects of ectopic phosphatidate on
endothelial monolayer permeability were mimicked by phosphatidate confined to neutrophil plasma membranes. We
conclude that phosphatidate may be a physiologic modulator of endothelial monolayer permeability that exerts its
effects by activating a receptor-linked, tyrosine kinase-dependent process which results in mobilization of intracellular
stored Ca21 and consequent metabolic activation. J. Cell. Biochem. 75:105–117, 1999. r 1999 Wiley-Liss, Inc.
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The role of neutrophils in vascular edema
and capillary permeability has been apparent
for some time [Brigham et al., 1982; Harlan,
1985; Kaslovsky et al., 1990; Gie et al., 1990;
Hocking et al., 1990; Lewis and Granger, 1986]
but the exact mechanisms involved remain un-
defined. Several reactants derived from stimu-
lated neutrophils have been identified as bar-
rier disruptive agents, including oxidants [Lewis
and Granger, 1986; Kaslovskiet al., 1991; Va-
rani et al., 1991; Loyd et al., 1983; Newman et
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al., 1983; Welbourn et al., 1991; Goldman et al.,
1992 ], proteases [Welbourn et al., 1991; Gold-
man et al., 1992], lysosomal contents [Mavat
and Wasi, 1985], defensins [Nygaard et al.,
1993], and other cationic proteins [Rosengren
et al., 1989; Peterson et al., 1987; Peterson,
1989; Rosengren et al., 1989]. Permeability is
increased reversibly by the directed, or chemo-
tactic, migration of neutrophils through either
epithelial [Nash et al., 1987, 1989] or endothe-
lial [Huber and Weiss, 1989; Smith et al., 1991]
monolayers. Irreversible increases in permeabil-
ity result from interaction of the endothelium
with stimulated adhering neutrophils [Lum et
al., 1994; Lampugnani et al., 1993; Kurose
et al., 1994; Harlan et al., 1985; Edwards et al.,
1992], but adherence per se does not appear to
effect barrier disruption [Rosengren et al., 1989;
Rosengren et al., 1991; Siflinger-Birnoboim et
al., 1993].

There has been considerable confusion and
disagreement regarding the specific mediators
involved in permeability disruption effected by
stimulated neutrophils. For example, Kaslovsky
et al. [1991] found that neutrophils from pa-
tients with chronic granulomatous disease failed
to increase endothelial monolayer permeability
upon stimulation, indicating an involvement of
superoxide-derived free radicals and oxidants.
However, Harlan et al. [1985] previously ob-
served that cells from these patients disrupted
permeability at rates similar to that of cells
from healthy individuals upon exposure to the
chemoattractant, FMLP. In the latter in vitro
model as well as in certain biological systems,
free radical inhibitors were not effective in inhib-
iting barrier disruption [Rosengren et al., 1988],
but in other models, these agents are strongly
protective [Loyd et al., 1983; Newman et al.,
1983; Goldman et al., 1992]. The relative contri-
bution of proteases, cationic proteins, and other
intracellular reactants in neutrophil-mediated
barrier disruption is also unclear. Moreover, it
is likely that the contribution of oxidants and
other mediators to neutrophil-dependent in-
creases in permeability is highly dependent
upon the system used and the manner of cellu-
lar stimulation. Barrier disruption appears to
be a multi-faceted response, and the effect can-
not be attributed to the generation and release
of any single mediator by stimulated neutro-
phils.

Several investigators have emphasized the
importance of adherence in barrier disruption

[Lum et al., 1994; Lampugnani et al., 1993;
Kurose et al., 1994; Harlan et al., 1985; Ed-
wards et al., 1992; Rosengren et al., 1988, 1991;
Siflinger-Birnoboim et al., 1993; Goldman et
al., 1992; Williams et al., 1984; Fingar et al.,
1992], but in the absence of stimulation, adher-
ence alone does not result in increased perme-
ability. However, when adherence is inhibited,
the ability of stimulated neutrophils to increase
permeability is markedly attenuated, if not com-
pletely lost. Adherence may increase the perme-
ability disruptive potential of stimulated neutro-
phils in two ways. First, adherence obviously
provides an efficient mechanism to localize in-
flammatory mediators generated and released
by stimulated neutrophils close to the surface
of attached targets, where the toxic effects of
the released reactants are enhanced. Second,
adherence brings membrane components of the
two cell types together, where they can interact
to trigger cell function. Thus, during attach-
ment, endothelial cell membranes become inti-
mately exposed to components of the mem-
brane of stimulated neutrophils. Presented in
this manner, membrane-bound agonists can fo-
cus their effects efficiently while limiting the
area of stimulation, thereby increasing the effi-
cacy and efficiency of the inflammatory re-
sponse [Zimmerman et al., 1993; Siddiqui et al.,
1994].

Apotential agonist generated in cellular mem-
branes upon metabolic stimulation is phospha-
tidate, which is generated by cellular processes
activated during the inflammatory response
[English et al., 1996; English, 1996]. The pre-
sent study explores the permeability enhancing
properties of phosphatidate and related lipids,
and investigates the mechanism of this effect.
Our finding that phosphatidate enhances endo-
thelial monolayer permeability increases our
understanding of the mechanisms of neutrophil-
mediated permeability and provides new in-
sights into mechanisms by which adherent cells
potentially disrupt the integrity of endothelial
monolayers, an early event in the inflammatory
response.

MATERIALS AND METHODS
Reagents

Chemicals and reagents including Hanks’bal-
anced salt solution, ficoll-Hypaque, HEPES, d,l
propranolol, sodium fluoride, N-ethylmaleimide,
herbimycin-A, and Streptomyces chromofuscus
phospholipase D were obtained from Sigma
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Chemical Company (St. Louis, MO). Lipids were
fromAvanti Polar Lipids (Alabaster,AL). Fura-2
acetoxymethyl ester was from Molecular Probes
(Eugene, OR). A nonhydolyzable phosphonate
analogue of diC8 phosphatidate, phosphonate
1, was prepared as described in [English et al.,
1997] by Dr. Theodore Widlanski, Indiana Uni-
versity (Bloomington, IN) for use in this study.
32P-dioctanoyl phosphatidate was prepared by
the phosphorylation of dioctanoylglycerol with
ATP-g-32P (3,000 Ci/mmol; New England
Nuclear, Boston, MA) as previously described
[English et al., 1991]. Silica gel thin layer chro-
matography plates (type K6F, 20 3 20 cm) were
from Whatman, Inc. (Clifton, NJ). Bovine pul-
monary artery endothelial cells (BPAEC) were
from theAmerica Type Culture Collection (Rock-
ville, MD). Transwell chambers used for assays
of endothelial monolayer permeability were
from Costar, Inc. (Cambridge, MA).

Bovine Pulmonary Artery Endothelial Cell
Culture and Permeability Assays

Endothelial cells were cultured within a hu-
midified atmosphere of 5% CO2 in air as de-
scribed previously [Garcia et al., 1995; Verinet
al., 1995].After 16–20 passages in gelatin coated
T-75 flasks, the cells were trypsinized and
seeded onto 0.45 µm pore size polycarbonate
filters at the base of inserts of 6.5 mm diameter
Transwell chambers at an average density of
approximately 104 cells/well. The inserts were
returned to wells containing 0.5 ml of endothe-
lial cell growth media and cultured until conflu-
ence was obtained (3–5 days). The permeability
characteristics of the resulting confluent mono-
layers were assessed by following the diffusion
of albumin-conjugated Evan’s blue dye from the
upper to lower compartments of the Transwell
chambers, as described previously [Garcia et
al., 1995]. After addition of dye, stirred cham-
bers were allowed to equilibrate for 10–30 min
at 37°C. After equilibration, stimuli were added
and dye levels in lower compartments intermit-
tently assayed by spectrophotometric analysis.
Results reflect those obtained within individual
experiments which were repeated at least twice
for confirmation.

Phosphatidate Dephosphorylation

Endothelial cell phosphatidate phosphohydro-
lase (PAP), which has recently been renamed
lipid phosphate phosphohydrolase (LPP) [see
Brindley and Waggoner, 1998], was assayed by

following the release of 32Pi from 32P-labeled
dioctanoyl phosphatidate in the absence of de-
tergent as previously described [English et al.,
1997]. Hydrolysis of medium chain phosphati-
dates such as dioctanoyl (C8) phosphatidate
effected by intact cells in the absence of deter-
gent is mediated by a plasma membrane associ-
ated ‘‘ecto’’-enzyme that has been well-character-
ized on neutrophilic leukocytes [English et al.,
1997; Perry et al., 1993]. This activity is neither
Mg21-dependent nor inhibited by N-ethylma-
leimide, differentiating it from the cytosolic PA-
Pase, PAP-1. Plasma membrane PAPases, for-
merly referred to as a collection of as PAP-2
enzymes, are Mg21-independent and resistant
to inhibition by millimolar levels of N-ethylma-
leimide [Brindley and Waggoner, 1998]. The
ability of these enzymes to hydrolyze lipids
other than phosphatidate, including LPA, sphin-
gosine phosphate and ceramide phosphate, as
well as their unknown function and physiologi-
cal substrates has promoted application of the
new name, LPP [Brindley and Waggoner, 1998].
While several LPP subtypes exist, it is clear
that at least some of these enzymes are able to
hydrolyze substrates presented extracellularly
in the absence of detergent, consistent with the
view that they are functional ecto-enzymes
which may regulate cellular responses to either
their substrates or their products.

LPP was quantified using either intact or
sonically disrupted cells in suspension or cul-
tured endothelial monolayers. Suspensions of
endothelial cells were prepared by washing
monolayers in Ca21 and Mg21 free Hanks’ bal-
anced salt solution followed by addition of 10
mM EDTA. Cation depleted monolayers were
disrupted with a rubber policeman and drawn
through a 1 ml pipette tip several times to
produce single cell suspensions, which were
resuspended in Ca21 and Mg21 free Hanks’ bal-
anced salt solution at a concentration of 107

cells/ml in the absence of EDTA. Where indi-
cated, resuspended cells were disrupted by three
short (5 sec) bursts of sonic energy delivered
from the microtip of a fisher Dismembrator
Model 300. LPP assays of suspended or dis-
rupted cells were carried out in a total volume
of 100 µl and initiated by addition of 10 µl of
radiolabelled substrate used at a final concen-
tration of 100 µM unless indicated otherwise.
Assays were terminated with 0.5 ml of chloro-
form/methanol/HCl (30/60/1). For assays of
phosphatidate hydrolysis by intact cells within
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endothelial monolayers, cells were grown on
22 3 22 mm glass cover slips until confluent,
and assays were performed after flooding the
slips with 90 µl of LPP assay buffer (10 mM
HEPES in 0.15 M NaCl, pH 7.0). Reactions
were initiated with 10 µl of radiolabelled sub-
strate and terminated with chloroform/metha-
nol/HCl. After phase separation effected by ad-
dition of 0.5 ml water and 0.5 ml chloroform to
the chloroform/methanol/HCl extracts, water
soluble material was isolated and assayed for
radioactivity by Cherenkov counting. The iden-
tity of the radioactive species in the aqueous
extracts as 32Pi was confirmed by molybdenum
extraction and anion exchange HPLC, as de-
scribed previously [English et al., 1997].

Metabolic Activation

Ca21 mobilization in endothelial cells was as-
sayed by fluorescence after loading the cells
with fura-2 [Garcia et al., 1993]. For assays of
Ca21 mobilization within intact endothelial
monolayers, cells were cultured on 5 3 22 mm
plastic strips cut from 22 3 22 mm plastic
microscopic cover slips. Ca21 mobilization of
cells in suspension was performed using 5 3
105 cells/ml of HEPES buffered Hanks’ BSS
containing approximately 120 µM Ca21 at 37°C.
The concentration of free Ca21 was maintained
at 120 6 20 µM by using 2 mM EGTA and 1.25
mM CaCl2 in Hanks’ BSS that was otherwise
free of Ca21 and other cations. The concentra-
tion of free Ca21 in the resultant buffers was
routinely monitored by aequorin chemilumines-
cence [Siddiqui and English, 1997]. Cell suspen-
sions were assayed for fluorescence at 340 nm
excitation and 510 nm emission using a ther-
mostatted Perkin Elmer LS50B spectrofluorom-
eter, as described previously [Siddiqui and En-
glish, 1997]. After baseline fluorescence values
were established, agonists were added as indi-
cated and fluorescence was monitored continu-
ously for approximately 5 min to determine
relative changes in intensity. In some experi-
ments, Ca21 mobilization within cultured endo-
thelial monolayers was determined by analysis
of 340/380 fluorescence ratios [Natarajan et al.,
1998]. After incubation of monolayers grown on
glass cover slips with 5 µM fura-2 AM for 15
min at 37°C, cells were rinsed and submerged
in Ca21 assay buffer. Baseline fluorescence ra-
tios were determined and cells were stimulated
as indicated below.

For assays of tyrosine phosphorylation, endo-
thelial monolayers were extracted with buffer
containing 20 mM Tris (pH 7.4), 137 mM NaCl,
100 mM NaF, 2 mM Na3VO4, 10% glycerol, 1%
Nonidet P-40, 2 mM PMFS, 1 µg/ml leupeptin
and 0.15 units/ml aprotinin, as previously de-
scribed. In some experiments, extracts were
immunoprecipitated with anti-focal adhesion
kinase antibody, using conditions described by
Natarajan et al. [1998]. Extracts (100 µl) or
immunoprecipitates recovered from extracts of
approximately 5 3 106 cells were partitioned
into wells of precast 8% SDS polyacrylamide
gels, resolved electrophoretically, and trans-
ferred onto PVDF (Millipore Corp., Bedford,
MA). Membranes were blocked with TTBS (50
mM Tris, pH 7.4, 150 mM NaCl, 0.05% Tween
20) containing 2% bovine serum albumin (BSA),
incubated with anti-phosphotyrosine (clone
4G10, 1:1000 in 1% BSA in TTBS) for 3 h at
room temperature, rinsed, and incubated with
alkaline phosphatase or horseradish peroxidase-
conjugated goat anti-mouse IgG (1:1,000 dilu-
tion in 1% fetal calf serum). After rinsing, alka-
line phosphatase localization was determined
by developing blots with NBT/5-bromo-4-chloro-
3-indolyl phosphate color reagent and horserad-
ish peroxidase was localized by enhanced chemi-
luminescence.

Phosphatidate-Binding Assays

Binding of phosphatidate to endothelial cells
was assessed using ‘‘carrier free’’ 32P-labeled
dioctanoyl phosphatidate (3,000 Ci/mmol) in
the presence and absence of varying concentra-
tions of unlabelled dioctanoyl phosphatidate.
High specific activity 32P-phosphatidate was
prepared by the diglyceride kinase mediated
phosphorylation of dioctanoyl glycerol in the
presence of high specific activity 32P-g-ATP
(3,000 Ci/mM, New England Nuclear) without
any additional unlabeled phosphatidate [En-
glish et al., 1997]. Binding was assessed in 50 3
13 mm glass tubes containing 100 µl of binding
buffer (10 mM HEPES, pH 7.4 in 150 mM
NaCl) above 5 3 105 endothelial cells, deposited
at the base of each tube by centrifugation of
monolayer suspensions prepared as described
above for assays of LPP activity. Binding tubes
were gently positioned in a 37°C water bath
and equilibrated for 2 min prior to addition of
32P-labeled phosphatidate in the absence and
presence of unlabeled carrier to assess total
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and non-specific binding, respectively. LPP in-
hibitors were added to binding assays to pre-
vent degradation of the radioactive ligand as
indicated.After addition of phosphatidate, bind-
ing was allowed to proceed for various times
and supernatants were carefully and com-
pletely removed by aspiration. 32P remaining
with cell pellets was determined by Cherenkov
counting. Specific binding was assessed by sub-
traction of non-specific binding (assessed in the
presence of excess unlabelled phosphatidate)
from total binding as described in the results.

Phosphatidate-Enriched Plasma Membrane
Preparations

Plasma membranes were prepared from neu-
trophilic leukocytes that had been treated to
alter the content of phosphatidate on the outer
leaflet of the plasma membrane using a well
characterized sucrose density gradient centrifu-
gation method [Graves et al., 1992]. Prior to
disruption and fractionation, neutrophils (1.0
ml, 3 3 107 cells/ml of Hanks’ BSS containing
1.0 mM Ca21 and 1.0 mM MgCl2) were preincu-
bated for 90 min at 37°C with 50 U of Streptomy-
ces chromofuscus phospholipase D in the pres-
ence and absence of 10 mM NaF, added to
inhibit neutrophil plasma membrane LPP [En-
glish et al., 1997]. For reference values, neutro-
phils were incubated with NaF alone or with no
agent. After incubation, cell suspensions were
cooled on melting Ice and the cells disrupted by
sonication, as previously described. After a brief
centrifugation to remove intact cells and debris
(250g, 2 min), disrupted cells (1.0 ml) were
layered onto a cushion of 40% sucrose in 3 3 15
mm plastic ultracentrifuge tubes and centri-

fuged for 20 min at 45,000g in a Beckman desk
top TL 100 Ultracentrifuge. Following centrifu-
gation, the plasma membrane rich area at the
top of the sucrose layer was rinsed several
times with water and the membranes in the top
third of the sucrose cushion recovered for subse-
quent analysis. Phosphatidate levels in recov-
ered membrane preparations was estimated
after organic extraction and thin layer chroma-
tography as previously described [Siddiqui and
English, 1997].

RESULTS
Effect of Phosphatidate on Monolayer

Permeability

Phosphatidate was found to induced pro-
found alterations of endothelial monolayer per-
meability, as assessed using a well character-
ized assay for monolayer integrity (Fig. 1a).
These effects were optimally induced by dide-
canoyl (diC10) phosphatidate. Long chain phos-
phatidate (diC18:1) was also effective in induc-
ing monolayer permeability, but not as effective
as didecanoyl phosphatidate (not shown). Di-
octanoyl (diC8) phosphatidate also induced
changes in barrier function, again somewhat
less effectively than diC10 phosphatidate (Fig.
1a). The response to diC8 PA was markedly
potentiated by propranolol, an effective LPP
inhibitor. Propranolol had little effect on perme-
ability induced by longer chain phosphatidates
(not shown), which are hydrolyzed much less
efficiently than diC8 phosphatidate by ecto-
LPP [English et al., 1997]. Thus, the ability of
certain phosphatidates to increase endothelial
cell monolayer permeability may be regulated
by substrate hydrolysis effected by ecto-LPP.

Fig. 1. Induction of endothelial monolayer permeability by phosphatidate. Transport of Evans Blue dye across
endothelial monolayers was continuously assessed at 37°C. A: monolayers were exposed to 20 µM of the indicated
phosphatidate in the presence or absence of 0.5 mM propranolol. B: Cells were exposed to 40 µM diC8-
phosphatidate, phosphonate 1 (analogue), 1-octanyl-2-lysophosphatic acid (LPA) or 1,2 dioctanyl-rac-glycerol (DAG).
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Experiments were undertaken to assess the
presence of endothelial cell ecto-LPP directly.
Exogenous diC8 phosphatidate was rapidly hy-
drolyzed by intact endothelial cells in suspen-
sion (Table I), suggesting the presence of ecto-
LPP. Sonication of suspended cells increase LPP
activity only slightly, demonstrating that most
of the total cellular activity was available for
hydrolysis of extracellular substrate. Viable cells
grown on confluent monolayers also effectively
hydrolyzed diC8-phosphatidate (Table I). This
activity was not inhibited by 5 mM N-ethylma-
leimide. Thus, endothelial cells in cultured
monolayers expressed N-ethylmaleimide-insen-
sitive ecto-LPP, consistent with the hypothesis
that the enzyme’s active site is exposed on the
luminal surface of blood vessels, where it poten-
tially influences the ability of phosphatidate or
related lipids to effect alterations in vascular
permeability. Diacylglycerol, the hydrolysis
product generated by the action of LPP on exog-
enous phosphatidate, did not induce significant
alterations in membrane monolayer permeabil-
ity (Fig. 1B). LPA and a non-hydrolyzable ana-
logue of phosphatidate, phosphonate 1, were
also ineffective (Fig. 1B).

Induction of Ca21 Mobilization and Tyrosine
Kinase Activation in Endothelial Cells

Experiments were undertaken to define cellu-
lar processes activated by extracellular phos-
phatidate that result in increased monolayer
permeability. We first assessed the influence of
phosphatidate on Ca21 mobilization in cultured
endothelial monolayers. Exogenous phosphati-

date rapidly induced a pronounced increase in
intracellular free Ca21 in monolayer endothe-
lial cells (Fig. 2). Permeability induction by
phosphatidate was attenuated by preincuba-
tion of endothelial cells with herbimycin A and
enhanced by the tyrosine phosphatase inhibi-
tor vanadate, implicating a role for activation of
intracellular tyrosine kinases in the response
(Table II). To further explore the role of tyrosine
kinases activation in the response of endothe-
lial cells to phosphatidate, tyrosine phosphory-
lation in endothelial cells exposed to phosphati-
date was assessed by Western analysis of
tyrosine phosphorylated proteins. Phosphati-
date activated tyrosine kinases in cultured en-
dothelial cells as assessed by anti-phosphotyro-
sine immunoblotting. Several proteins including
a dominant band at approximately 125 kDa in
extracts of cells exposed to diC10 phosphati-
date displayed enhanced reactivity with anti-
phosphotyrosine antibody (Fig. 3A). Long chain
(diC18:1) phosphatidate also effectively in-
duced tyrosine phosphorylation of high molecu-
lar weight substrates in endothelial cells. One
of these substrates was p125 focal adhesion
kinase, as demonstrated by the dose dependent
phosphorylation of this substrate in immunopre-
cipitates of endothelial cells exposed to diC18:1
phosphatidate (Fig. 3B).

TABLE I. Phosphatidate Hydrolysis by Intact
and Disrupted Endothelial Cells*

Cell
preparation Addition PA hydrolysis

Intact EC None 2.53 6 0.28
Disrupted EC None 3.13 6 0.13
Monolayer cells None 3.14 6 0.31
Monolayer cells 5 mM NEM 3.31 6 0.35

*Endothelial cells grown in wells in 24-well culture dishes
(approximately 3 3 104 cells/well) were tested for phospho-
hydrolase activity after treatment with EDTAand resuspen-
sion (intact EC) or in intact monolayers (monolayer cells).
Cells were incubated with 224 µM [32P]-diC8 phosphati-
date (PA) for 15 min at 37°C. PA hydrolysis indicates nmol
Pi released/15 min. Results are means and standard devia-
tions of three determinations of one experiment that was
repeated twice. NEM, N-ethylmaleimide.

Fig. 2. Ca21 mobilization in endothelial cells exposed to
phosphatidate. Cells grown on a cover slip and pre-incubated in
a buffer containing 2.0 mM EGTA and 0.5 mM Ca21 were
stimulated with diC10 phosphatidate as indicated by the arrow.
The ratio of fluorescence excited at 340 and 380 nm is shown.
Under the conditions used, the concentration of free Ca21 in the
extracellular media was approximately 100 µM. The results
shown were repeated twice for verification.
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Specific Binding of Phosphatidate to Endothelial
Cell Membranes

Experiments were undertaken to determine
if we could demonstrate specific binding of phos-
phatidate to endothelial cell membranes, a pre-
requisite for implicating receptor binding in
functional activation. Initial experiments re-
vealed several problems in analysis of phospha-
tidate binding to endothelium. First, binding
could not be demonstrated at low temperatures
(,4°C). Thus, rapid metabolism of the ligand
by cellular enzymes presented a potential prob-
lem. Second, neither simple centrifugation nor
filtration effectively separated free from bound
ligand, due to micelle formation and the absor-
bent properties of the substrate. An assay was
therefore developed which allowed measure-
ment of [32P]-phosphatidate incorporation onto
endothelial cells deposited at the base of wells
within a 96-well culture plate. Using this assay,
little activity became cell associated over an
extended time interval in the absence of LPP
inhibitors. However, in the presence of LPP
inhibitors, saturable binding of phosphatidate
by endothelial cells was readily apparent (Fig.
4), as demonstrated by decreased incorporation
of radiolabeled ligand in the presence of increas-
ing concentrations of competing, non-labeledA

B

Fig. 3. Induction of tyrosine phosphorylation in endothelial
cells exposed to phosphatidate. A: Cells were exposed to 0, 10,
20, and 40 µM diC10 phosphatidate for 5 min at 37°C. B: Cells
were exposed to 0, 1, 5 1n 10 µM diC18:1 phosphatidate for 10
min at 37°C. After stimulation, monolayers were extracted,
separated by SDS polyacrylamide gel electrophoresis, trans-
ferred to nitrocellulose and probed with anti-phosphotyrosine
antibodies. The arrow in B indicates the migration position of
p125 focal adhesion kinase (FAK).

TABLE II. Influence of Herbimycin
and Vanadate on Phosphatidate-Induced

Permeability*

Stimulus
Vanadate
(100 µM)

Herbi-
mycin A

(10 µg/ml)

Permeability
response

(nl albumin/min)

None 2 2 49.8 6 4.4
20 µM

diC10 PA 2 2 125.1 6 9.3
20 µM

diC10 PA 1 2 261.6 6 17.2
40 µM

diC10 PA 2 2 203.3 6 11.5
40 µM

diC10 PA 1 2 347.9 6 29.4
40 µM

diC10 PA 2 1 118.4 6 33.0

*Endothelial monolayer permeability was assessed by fol-
lowing the transport of Evans blue dye conjugated to albu-
min across intact monolayers. Results are expressed as the
average rate of albumin transport (6S.D., n 5 3) deter-
mined over a 60 min period.

Fig. 4. Specific binding of phosphatidate by endothelial cells.
Cells were deposited at the base of wells within a 96-well
culture dish without or with indicated concentrations of addi-
tional carrier in the presence or absence (control) of 5.0 mM
propranolol, added to inhibit LPPases (left panel). After incuba-
tion with gentle agitation, the media above the cells was aspi-
rated and free and bound radioactivity determined by liquid
scintillation counting. Binding kinetics (right panel) were as-
sessed by incubating cells with ‘‘carrier free’’ [32P]-diC8 phospha-
tidate in the presence of 5.0 mM propranolol for the indicated
time intervals at the temperatures shown. After incubation,
supernatants were removed, the cells recovered and assayed for
radioactivity by liquid scintillation counting. Results are means
of duplicate determinations which varied from one another by
,10%. The experiments shown were repeated twice for verifica-
tion.
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substrate. Binding occurred rapidly at 37°C,
and was considerably slowed by temperature
reduction (Fig. 4). In the experiment shown,
total and non-specific binding were assessed by
determination of the kinetics of [32P]-phosphati-
date association with cells in the absence and
presence of excess, non-radioactive substrate,
respectively. Specific binding (total-nonspecific
binding) was evident within minutes after addi-
tion of ligand at 37°C. Little if any specific
binding was observed at 4°C.

Responses of Endothelial Cells to
Phosphatidate-Enriched Plasma Membranes

In biological systems, endothelial cells may
be exposed to phosphatidate confined to the
plasma membrane of neutrophilic leukocytes
responding to infectious or inflammatory
stimuli. While phosphatidate is presumably
generated on the inner leaflet of neutrophil
membranes by the activation of phospholipase
D or diglyceride kinase, it may readily translo-
cate to the outer leaflet when plasma mem-
brane phospholipid asymmetry collapses as a
result of cellular activation, cytotoxicity, or ex-
posure to inflammatory mediators [Zwaal and
Schroit, 1997]. We therefore investigated the
ability of phosphatidate-enriched neutrophil
plasma membranes to alter permeability of cul-
tured endothelial monolayers. We used a well-
characterized discontinuous density gradient
method to isolate plasma membranes from dis-
rupted neutrophils. Membranes were isolated
from untreated cells and from cells preincu-
bated with exogenous phospholipase D to in-
crease outer leaflet phosphatidate levels. No
phosphatidate band was observed in chromato-
graphs of extracts of membranes (,10 mg pro-
tein) from untreated cells, indicating a phospha-
tidate concentration of ,100 ng/mg membrane
protein. Membranes from cells pretreated with
50 U of Streptomyces chromofuscus phospholi-
pase D for 90 min at 37°C displayed only a
moderate elevation in phosphatidate levels, evi-
dent as a faintly detectable band judged to
reflect phosphatidate levels of between 100–
150 ng/mg membrane protein. Addition of 10
mM NaF to inhibit membrane LPPases in-
creased phosphatidate levels in resultant mem-
brane preparations of over 200 ng/mg mem-
brane protein. Fluoride alone also potentiated
phosphatidate levels to between 150–200 ng/mg
protein, perhaps because of its ability to di-
rectly activate neutrophil phospholipase D [En-

glish et al., 1991] as well as its ability to inhibit
LPP activity (English et al., 1997].

Plasma membranes isolated from neutro-
phils treated with phospholipase D in the pres-
ence of NaF were remarkably effective in en-
hancing the permeability characteristics of
cultured endothelial monolayers (Fig. 5). The
permeability enhancing characteristics of mem-
branes of cells treated with phospholipase D
alone were not markedly greater than those of
membranes of resting cells. Membranes from
cells treated with fluoride alone possessed inter-
mediate permeability enhancing characteris-
tics.

Preliminary experiments were undertaken
to explore biochemical responses induced by
phosphatidate enriched plasma membranes in
order to determine if these responses resulted
from activation of the signaling pathway in-
duced by ectopic phosphatidate. We explored
Ca21 mobilization in stimulated endothelial
cells, since this response presumably plays a
key role in transducing signals transmitted by
phosphatidate. Like phosphatidate, phosphati-
date-enriched plasma membranes induced a
rapid rise in free Ca21 levels in cells within
cultured endothelial monolayers (Fig. 6). This
response was inhibited by addition of the tyro-
sine kinase inhibitor herbimycin A (5 µg/ml),
and in this respect was similar to the character-
istics of the permeability response induced by
exogenous phosphatidate. Thus, phosphatidate
confined to plasma membranes may exert its

Fig. 5. Induction of endothelial monolayer permeability by
neutrophil plasma membranes. Neutrophils were exposed to
phospholipase D to cause phosphatidate generation on the
outer leaflet of their plasma membranes in the presence and
absence of the phosphatidate phosphohydrolase inhibitor, NaF
(10 mM). After treatment, cells were cooled, washed and dis-
rupted by sonication. Plasma membranes were prepared from
the sonicates by sucrose density gradient centrifugation and
washed extensively. Graphs show permeability changes ob-
served when these membranes were added to endothelial mono-
layers. In the experiment shown, 300 µg of membrane protein
were added to each 800 µl permeability chamber.

112 English et al.



influence on membrane monolayer permeabil-
ity by activating the same signalling pathway
that is activated by exogenous phosphatidate, a
pathway which appears to be initiated by recep-
tor ligation and driven by the activation of a
tyrosine kinase-dependent process which re-
sults in Ca21 mobilization and consequent cellu-
lar activation.

DISCUSSION

Phosphatidate and LPA are biologically ac-
tive phospholipids that play diverse roles in
cellular signaling. Released from activated
platelets and other cells, LPA induces cellular
proliferation, differentiation, and migration by
activating a G-protein receptor linked signal-
ling system which results in activation of key
intracellular mediators, Ca21 mobilization and
cellular function [Jalink et al., 1990; 1994].
While the influence of both phosphatidate and
LPA has been carefully examined in a number
of physiologically relevant systems, little pub-
lished information documents the effects of
these lipids on endothelial cell structure and
function. Cross et al. [1996] demonstrated the
tyrosine kinase-dependent activation of endo-
thelial cell phospholipase D by LPA, an event
that resulted in intracellular phosphatidate ac-
cumulation and actin stress fiber formation.
Addition of phosphatidate to these cells also
resulted in stress fiber formation by a process
that was sensitive to inhibition by both tyrosine
kinase inhibitors and micro-injected C3 exo-
toxin, a potent inhibitor of the small molecular

weight G protein, Rho. Rho activation is becom-
ing increasing recognized as a key event in
signalling pathways which regulate endothe-
lial cytoskeletal changes and alterations in bar-
rier function in response to a diverse array of
physiological agonists [Cross et al., 1996; Hip-
penstiel et al., 1997; Wojciak-Stothard et al.,
1998; Aepfelbacher et al., 1997].

The present report demonstrates the induc-
tion of endothelial monolayer permeability by
phosphatidate. This response was not induced
by LPA or the product of ecto-PAPase mediated
phosphatidate hydrolysis, diacylglycerol, consis-
tent with the hypothesis that phosphatidate
and not one of its metabolites was the activat-
ing ligand. Moreover, the response appeared to
be susceptible to regulation by endothelial cell
ecto-LPP, since the LPP inhibitor propranolol
potentiated permeability produced by medium
chain (diC8) phosphatidate. Short and medium
chain phosphatidates are preferentially hydro-
lyzed by ecto-LPP’s in other systems, as a con-
sequence of the increased solubility of these
substrates in comparison to longer chain phos-
phatidates [English et al., 1997]. Cellular re-
sponses to medium chain phosphatidates may
therefore be limited by substrate hydrolysis
effected by ecto-LPP. The present report pro-
vides direct experimental evidence that con-
firms the existence of LPP that can hydrolyze
extracellular substrates on cultured endothe-
lial cells. Thus, intact cells in suspension and in
cultured monolayers were able to hydrolyze
extracellular phosphatidate. This response was
not Mg21 dependent nor was it inhibited by
N-ethylmaleimide, properties associated with
plasma membrane ecto-LPP of other cells
[Brindley and Waggoner, 1998]. Inhibition pro-
files and kinetic considerations further attest to
the similarity of endothelial cell ecto-LPP to
previously described enzymes. Thus, endothe-
lial cells possess a potent ecto-PAP that may
regulate responses of the endothelium to phos-
phatidate and related lipids. Since endothelial
cells in cultured monolayers expressed phospha-
tidate hydrolyzing activity, ecto-LPP may regu-
late the ability of phosphatidate and related
lipids to enhance permeability of intact blood
vessels.

The signalling pathway initiated when endo-
thelial cells are exposed to phosphatidate is not
entirely defined, but appears to involve activa-

Fig. 6. Induction of Ca21 mobilization in endothelial cells
exposed to phosphatidate-enriched plasma membranes. Endo-
thelial cells were loaded with fura-2 and Ca21 mobilization
induced by neutrophil plasma membranes prepared as de-
scribed in the legend to figure 5 was assessed by following
fluorescence changes excited at 340 nm. Membrane prepara-
tions were used at a final concentration of approximately 350 µg
membrane protein/ml. The experiment shown was repeated
once for verification.
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tion of a tyrosine kinase-dependent process that
results in Ca21 mobilization and cellular activa-
tion. The tyrosine phosphorylation of several
endothelial cell proteins including p125 focal
adhesion kinase (FAK) was enhanced upon ex-
posure of the cells to phosphatidate. In addition
to FAK, phosphatidate enhanced the tyrosine
phosphorylation of several smaller proteins,
which possibly correspond to lower molecular
weight intracellular mediators that, upon tyro-
sine phosphorylation, govern the responses of
neutrophils and other cells to phosphatidate
and related lipids. Work is currently underway
to identify these proteins and determine their
relationship to the tyrosine and lipid kinases
we have shown to direct neutrophil migratory
responses to phosphatidate [Siddiqui and En-
glish, 1997].

Phosphatidate may initiate this permeability-
disrupting signalling cascade in endothelial cells
by ligating a specific plasma membrane recep-
tor. If so, it may share another unique character-
istic with neutrophilic leukocytes, namely the
presence of a phosphatidate receptor. Many
other cell types, including fibroblasts, neurons
and certain tumor cells appear to be specifically
responsive to LPA as compared to phosphati-
date [Jalink et al., 1990, 1994]. In contrast,
neutrophils appear to be quite unresponsive to
LPAadministered under a variety of experimen-
tal conditions, a fact which led early workers to
discount the existence of an LPA receptor on
neutrophilic leukocytes [Jalink et al., 1990].
Our research has confirmed this early conclu-
sion [Siddiqui and English, 1997], and ex-
tended them by demonstrating specific binding
of phosphatidate by neutrophil plasma mem-
branes [Siddiqui and English, 1996]. In the
present study, endothelial cells displayed spe-
cific binding of phosphatidate under activating
conditions. Thus both endothelial cells and neu-
trophils may possess a plasma membrane recep-
tor for phosphatidate. The failure of the non-
hydrolyzable phosphatidate analog phosphonate
1 to induce permeability does not negate this
hypothesis, since ligand hydrolysis may be nec-
essary for receptor recycling and maximal bio-
logical activity. In this respect, it is of interest
that non-hydrolyzable phosphonate analogs of
lysophosphatidate possess markedly less bio-
logical activity than their parent compounds
[Jalink et al., 1995]. Further work needs to be
done to confirm or negate this hypothesis. It is

noteworthy that unlike neutrophils, endothe-
lial cells do appear to possess LPA receptors.
While our results shown little or no response to
LPA as assessed by permeability increases and
Ca21 mobilization, the cells vigorously respond
to LPA with Rho-dependent phospholipase D
activation and stress fiber formation [Cross et
al., 1996]. In addition, LPA apparently acti-
vates processes in endothelial cells which re-
sult in strengthening rather than disruption of
the permeability barrier [Alexander et al., 1998].
Thus, PA and LPA appear to activate different
signaling pathways in endothelial cells which
result in markedly divergent effects on endothe-
lial monolayer permeability.

The physiological manner of presentation of
phosphatidate to the endothelium in biological
systems is unknown. Unlike LPA, phosphati-
date is not known to be released as a soluble
mediator by activated cells, preferring instead
to remain confined to cellular membranes. How-
ever, like other anionic phospholipids, phospha-
tidate may translocate between plasma mem-
brane leaflets as a result of either the activation
or inhibition of specific transporting enzymes.
In most viable mammalian cells, phosphatidyl-
serine and other phospholipids are not nor-
mally found on the outer membrane leaflet
because they are rapidly moved to the inner
leaflet by the continuous activity of specific
transporting enzymes that function to main-
tain plasma membrane phospholipid asymme-
try [Zwaal and Schroit, 1997; Seigneuret and
Devaux, 1984; Williamson et al., 1992; Fadoket
al., 1992]. Processes activated during cellular
stimulation as well as processes inactivated by
cell death or diminished vitality can rapidly
compromise the efficiency of these transporting
systems, resulting in the collapse of phospho-
lipid asymmetry and the exposure of anionic
phospholipids to the cells’ exterior. Indeed, one
of the earliest events associated with apoptosis
is appearance of reactive phosphatidylserine in
the outer leaflet of cellular plasma membranes
[Fadoket al., 1992; Martin et al., 1995]. It is
therefore likely that internally generated phos-
phatidate also appears on the outer leaflet of
stimulated, damaged, or dying cells, including
neutrophilic leukocytes. While our experiments
do not demonstrate this directly, they do show
that phosphatidate confined to cellular mem-
branes is biologically active; membrane bound
phosphatidate appeared to efficiently disrupt
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endothelial monolayer integrity. This effect was
associated with the ability of these plasma mem-
brane preparations to mobilize intracellular
Ca21. Like responses to ectopic phosphatidate,
Ca21 mobilization effected by membrane-bound
phosphatidate was inhibited by the tyrosine
kinase inhibitor herbimycin A, indicating simi-
lar signaling pathways may be involved. Re-
cently, endothelial barrier properties were
linked to tyrosine kinase dependent cellular
activation [Gilbert-McMlain et al., 1998]. Thus,
membrane-associated phosphatidate may acti-
vate endothelial cell phosphatidate receptors,
initiating a tyrosine kinase-dependent process
that culminates in Ca21 mobilization and cellu-
lar activation. The phosphatidate that causes
this effect may be generated within stimulated
neutrophils and other cells by phospholipase D
and transported to the outer leaflet of the
plasma membrane as a result of cellular stimu-
lation, cytotoxicity or apoptosis. This method of
cellular communication potentially operates
during the inflammatory process to increase
the permeability characteristics of endothelial
monolayers and regulate the egress of cells,
fluids and mediators from the vasculature to
sites of infection, tissue damage, and inflamma-
tory reactivity.
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