Protein, not adenosine or adenine nucleotides, mediates
platelet decrease in endothelial permeability
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273 (Heart Circ. Physiol. 42): H2304—H2311, 1997.—Plate-
lets and platelet-conditioned medium (PCM) decrease endo-
thelial protein permeability in vitro. Adenosine and a
>100-kDa protein have previously been implicated as the
soluble factors released from platelets that decrease endothe-
lial permeability. The objective of this study was to further
investigate the role of adenosine in this platelet response.
Measurements of adenosine and its precursor adenine nucle-
otides by high-performance liquid chromatography were cor-
related with the assessment of permeability by 1?5I-labeled
albumin clearance and electrical resistance across endothe-
lial cell monolayers derived from the bovine pulmonary
artery. PCM contained micromolar concentrations of AMP,
ADP, and ATP, but adenosine was below detectable levels
(=0.1 pM). Adenosine deaminase, an enzyme that converts
adenosine to inactive inosine, or an adenosine-receptor antago-
nist did not block the platelet- or PCM-mediated decrease in
endothelial permeability. A <3-kDa fraction of PCM that
contained micromolar concentrations of AMP and ADP did
not affect endothelial permeability, whereas a >3-kDa frac-
tion that contained much reduced levels of AMP and ADP
significantly decreased permeability. This activity of PCM
was sensitive to insoluble trypsin. This study rules out
adenosine and adenine nucleotides as primary factors in the
platelet-induced decrease in endothelial permeability and
suggests that the active factor is a protein.

high-performance liquid chromatography; albumin clear-
ance; electrical resistance; adenosine deaminase; adenosine-
receptor antagonist; trypsin

BLOOD PLATELETS PLAY a central role in hemostasis.
Platelets also appear to contribute to the maintenance
of the vascular endothelium as a semipermeable mem-
brane to the passage of water and protein. Experimen-
tal and clinical evidence show that thrombocytopenia
(platelet count 50,000/ul or less) results in disruption of
the microvascular endothelium in such a way as to
cause nontraumatic petechial and purpuric hemor-
rhages in the skin and mucous membranes (10, 15) and
to increase protein permeability in the lung (17), ear
(2), thyroid (12), and coronary microvasculature (18). A
transfusion of platelets reverses these abnormalities
(2,12, 15, 17, 18). Three major theories have been put
forth to explain the platelet effect: 1) platelets physi-
cally block pores or gaps in the vascular lining (9), 2)
platelets or platelet components promote the growth of
endothelial cells (8), and 3) platelets release soluble
factors that modulate the permeability of the vascular
lining cells (13, 22, 24). Although it is recognized that
these theories are not mutually exclusive, the present
paper focuses on evaluating and defining the last
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theorized mechanism. Platelet-conditioned medium
(PCM), which contains releasate from platelet gran-
ules, can replicate the permeability-decreasing effect of
whole platelets (22, 24). Three potential factors in PCM
have been proposed to decrease endothelial permeabil-
ity, i.e., a low-molecular-weight factor, possibly adeno-
sine (22); a <10-kDa molecule (29); and a >100-kDa
protein (13).

There is evidence in the literature both for and
against the role of adenosine as the primary factor
responsible for the permeability-decreasing activity of
platelets on the vascular endothelium (13, 22). Adeno-
sine, a potent vasodilator, is known to decrease endothe-
lial protein permeability in vitro and in vivo (1, 14, 22).
This response is mediated primarily by A,-purinergic
receptors on endothelial cells that, when activated,
increase the intracellular level of adenosine 3',5'-cyclic
monophosphate (1, 14). Adenosine deaminase, which
metabolizes adenosine to inactive inosine, has been
used in two studies to determine the importance of
adenosine in the permeability-decreasing activity of
platelets. Paty et al. (22) blocked this activity of plate-
lets after treatment with 100 U/ml of adenosine deami-
nase, whereas Haselton and Alexander (13) showed
that PCM retained its activity after treatment with 2.5
U/ml of the same enzyme.

The objective of the present study was to determine
further whether adenosine is the primary factor re-
leased from platelets that decreases the vascular endo-
thelial permeability to protein. The ability of PCM to
decrease endothelial permeability, as assessed by the
clearance of 125]-labeled albumin and electrical resis-
tance across cell monolayers, was tested after incuba-
tion with adenosine deaminase and an adenosine-
receptor antagonist, after separation of PCM by dialysis
or microconcentration into <3- and >3-kDa fractions,
and after incubation with insoluble trypsin. Analytic
reverse-phase high-performance liquid chromatogra-
phy (HPLC) was used to determine the concentration of
adenosine in PCM, the dose of adenosine deaminase
sufficient to metabolize 10 uM adenosine added exog-
enously to PCM, the retention of adenine nucleotides in
the <3-kDa fraction, and the lack of adenine nucleo-
tides in the >3-kDa fraction.

METHODS

Platelet isolation. Platelets were isolated by a modification
of the methods of Corash et al. (7) and Moon et al. (21) from
either whole human blood or fresh, nonirradiated platelet
packs purchased from the local blood bank. This method
produced platelet concentrates containing 1-4 X 10° platelets/
ml. The effective concentration of platelets that decreased
albumin clearance by ~40-60% of the control level and
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increased electrical resistance by 30% was 2-10 X 107
platelets/ml.

Preparation and fractionation of PCM. Isolated platelets
were brought to a concentration of 1 X 10° platelets/ml in
modified (Ca2*-Mg?*-free) Tyrode buffer (0.137 M NacCl, 0.003
M KCI, 0.012 M NaHCO;, 0.006 M glucose, and 0.004 M
NaH,POQ,, pH 7.4), incubated in a plastic, round-bottom tube
for 2 h at room temperature, and centrifuged at 600 g for 20
min. The supernatant was designated PCM. PCM was sepa-
rated into fractions based on molecular mass by microconcen-
tration or dialysis. Amicroconcentrator (Amicon, Beverly, CA)
with a 3-kDa molecular-mass cutoff was used to fractionate
the PCM. The PCM (2—-4 ml) was also dialyzed 1:100 against
modified Tyrode buffer at 4°C for 3 days with Spectra/Por
dialysis membranes (Spectrum Medical Industries, Los Ange-
les, CA) with molecular-mass cutoffs of 3.5, 12—-14, 50, and
100 kDa. After separation by microconcentration or dialysis,
the PCM was aliquoted and stored at —80°C before use.

HPLC. The presence of adenosine and the adenine nucleo-
tides ATP, ADP, and AMP in PCM was determined with
isocratic reverse-phase HPLC with a Waters Resolve Cig
(5-um, spherical) column (Millipore, Milford, MA) (28). Indi-
vidual 1072 M stock solutions of adenosine, ATP, ADP, AMP,
and inosine (Calbiochem, La Jolla, CA) were prepared and
volumetrically diluted in Milli-Q water. The moving-phase
buffer was degassed with 0.22 M phosphate buffer (pH 6.8).
The column was monitored by absorption at 259 nm, and the
flow rate was 1 ml/min. Individual standard curves for
adenosine, ATP, ADP, AMP, and inosine were constructed
with the use of known concentrations of standards injected
versus the observed chromatographic peak areas. Retention
time and peak areas were used to identify and quantify,
respectively, the generated ATP, ADP, AMP, adenosine, and
inosine.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Analytic sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) was done with 4-15% gradient poly-
acrylamide minislab gels (Bio-Rad Mini-Protean Il system,
Hercules, CA) according to the method of Laemmli (16).
Protein samples were diluted 1:2 in reducing and nonreduc-
ing sample buffers and added in a final volume of 20-40
ul/lane. Molecular-mass determinations were made with the
following markers (from GIBCO BRL): myosin (200 kDa),
phosphorylase B (97.4 kDa), bovine serum albumin (68 kDa),
ovalbumin (43 kDa), carbonic anhydrase (29 kDa), B-lactoglobu-
lin (18.4 kDa), and lysozyme (14.3 kDa).

Experimental treatments of PCM. PCM was incubated with
adenosine deaminase, BW-A1433U83 (an adenosine-receptor
antagonist), and insoluble trypsin and separated into <3- and
>3-kDa fractions as described in Preparation and fraction-
ation of PCM.

The ability of 2.5 U/ml of adenosine deaminase to metabo-
lize within 30 min a known concentration (10 uM) of adeno-
sine to inactive inosine was verified by HPLC. The biological
activity of this adenosine deaminase (2.5 or 10 U/ml)-treated
PCM was assessed in endothelial cell monolayers within a
30-min experimental period by the clearance of 1251-labeled
albumin and electrical resistance. The adenosine-receptor
antagonist BW-A1433U83 [dissociation constant (Kp) ~0.1
UM; Burroughs Wellcome, Research Triangle Park, NC] (4)
was added to PCM at a 10-fold molar excess in the presence of
0.1 and 1 pM adenosine or PCM to determine whether
antagonism of the adenosine receptor prevented the perme-
ability-decreasing activity of PCM. BW-A1433U83 is a p-
phenylcarboxyl-substituted derivative of 1,3-dipropyl-8-
phenylxanthine. It is 100 times more potent as a blocker of
adenosine receptors than as an inhibitor of phosphodiesterase
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activity (4). Insoluble trypsin was added to the PCM to
determine whether a protein was the permeability-decreas-
ing factor in the PCM. Trypsin cross-linked to beaded agarose
(20 U/ml) was washed with Ca2*-Mg?*-free Tyrode buffer and
then incubated with PCM for 10 min. Trypsin was removed by
centrifugation, and the supernatant was designated as tryp-
sin-treated PCM. As a sham control, trypsin was added to
Tyrode buffer and removed by centrifugation. Trypsin was
also added to endothelial cells and not removed by centrifuga-
tion to demonstrate its effect on endothelial permeability.

Cell culture. The bovine pulmonary artery endothelial cell
line CCL-209 was obtained at the 16th passage from the
American Type Culture Collection (Rockville, MD). These
cells were grown in a complete culture medium consisting of
Dulbecco's modified Eagle's medium (DMEM), 20% fetal
bovine serum, 10 mM nonessential amino acids (all from
GIBCO, Grand Island, NY), and 50 pg/ml of gentamicin
sulfate (Bioproducts, Walkersville, MD). Endothelial cells
were seeded at the 19th—24th passages onto sterilized Tran-
swell filters (75,000 cells onto 0.33-cm? and 0.4-um pore
filters; Costar, Cambridge, MA) for protein permeability
experiments, onto 1% gelatin-coated gold electrodes (40,000
cells onto 0.5-cm? wells; Applied Biophysics, Troy, NY) for
electrical resistance measurements, or onto 35-mm petri
dishes (300,000 cells) for HPLC experiments and were then
grown to confluence (3—4 days). Confluence of cell monolayers
was tested routinely by fluorescent staining with calcein
acetoxymethyl ester (Molecular Probes, Eugene, OR), a cyto-
plasmic vital dye that diffuses into the cytoplasm and is
cleaved by intracellular esterases to release the polar, fluores-
cent compound calcein.

Measurement of 1251-labeled albumin clearance. The experi-
mental apparatus used allowed for the measurement of the
transendothelial clearance of '2°I-labeled albumin in the
absence of hydrostatic and oncotic pressure gradients and
resembled a modified chemotaxis chamber (6, 19, 20). A
luminal chamber (1 ml) contained the confluent, endothelial
cell monolayer seeded on a polycarbonate membrane. This
luminal chamber was kept afloat by a styrofoam collar in a
stirred 25-ml abluminal chamber. A concentration gradient of
125]-labeled albumin was established across the endothelial
cell monolayer by placing 160 pl of DMEM containing tracer
albumin, 20 mM N-2-hydroxyethylpiperazine-N’-2-ethanesul-
fonic acid, and 0.5% albumin into the luminal compartment.
The experimental protocol consisted of adding 40 pl of either
Tyrode buffer (medium) or the desired mediator(s) and then
taking 400-pl samples from the lower compartment every 5
min for the 30-min duration of the experiment. Three twenty-
five-microliter samples were obtained from the 1?5I-labeled
albumin stock at the beginning of each experiment to deter-
mine the initial radioactivity. Radioactivity of the samples
was measured in a gamma counter (LKB/Wallace, Gaithers-
burg, MD). Albumin clearance was expressed as the volume of
the luminal chamber that was cleared of albumin tracer into
the abluminal chamber. The clearance of albumin over time
was determined as described by Cooper et al. (6) with a
weighted least squares nonlinear regression (BMDP Statisti-
cal Software, Berkeley, CA). The baseline clearance of albu-
min across endothelial cell monolayers ranged between 0.01
and 0.04 pl/min.

Bovine serum albumin was radioiodinated with the chlora-
mine-T procedure as described by Bocci (3). After iodination,
the 1?5I-labeled albumin was separated from free 1251 by
dialysis against normal saline (0.9%). Free 251 was <0.1% in
the luminal compartment at the beginning of the experiment
as determined by comparing isotope stock with filtrate
(CF 30; 30,000-molecular mass cutoff; Amicon).
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Measurement of the resistive portion of electrical imped-
ance. Measurement of the electrical impedance of endothelial
cells grown as a monolayer is based on a technique developed
to study the dynamic behavior of cells in culture. This novel
methodology is known as electric cell-substrate impedance
sensor (ECIS) (11, 26). Endothelial cells are cultured on small
gold electrodes (10~3 ¢cm?), and culture medium is used as the
electrolyte. The small gold electrode, covered by confluent
endothelial cells, and a larger gold counterelectrode are
connected to a phase-sensitive, lock-in amplifier. A 1-V,
4,000-Hz alternating current signal is supplied through a
1-MQ resistor to approximate a constant-current source of 1
MA. Treating the cell-electrode system as a simple series
resistance-capacitance circuit, the measured changes in elec-
trical impedance can be partitioned into a measured in-phase
voltage proportional to the resistance and an out-of-phase
voltage proportional to capacitive reactance. Voltage and
phase data are stored and processed with a personal com-
puter. The same computer controls the output of the amplifier
and switches the measurement to different electrodes in five
different wells during the course of an experiment. Endothe-
lial cells were grown in each of five wells containing the small
gold electrode. ECIS wells were placed in the ECIS incubator
for 30 min to equilibrate to 37°C and 5% CO, and then
incubated with the desired mediators. The measurement of
electrical impedance was obtained every minute for 30 min
after treatment of the endothelial cells and reported, in the
present study, as the resistive portion of electrical impedance.

Statistics. Each protein permeability study consisted of at
least three experiments done on different days with five to
eight cell monolayers per group per experiment. Each electri-
cal resistance study consisted of at least five different experi-
ments with one cell monolayer per group per experiment. The
data were analyzed by a two-way analysis of variance (27).
Differences between treatments or groups from the control
group were analyzed with the least significant difference test.
With those data that were normalized, the Shapiro-Wilk’s
test was used to confirm standard normal distribution of each
of the dependent variables. When appropriate, log transfor-
mation was conducted on normalized data before analysis
with analysis of variance. Statistical significance was set at
P < 0.05.

RESULTS

HPLC was used initially to quantitate the amount of
adenosine and adenine nucleotides present in PCM.
The PCM profile on the chromatogram showed micromo-
lar concentrations of the adenine nucleotides AMP
(1.72 pM), ADP (5.12 pM), and ATP (0.56 uM), but no
adenosine was detected (Fig. 1A). It is possible that the
PCM itself has some adenosine deaminase that would
metabolize any adenosine into inactive inosine. To test
this possibility, 10 uM exogenous adenosine was added
to the PCM, but it remained unmetabolized for 30 min
(data not shown). These experiments demonstrate that
adenosine was not present at detectable levels in PCM
(=0.1 uMm).

Because it is possible that an amount of adenosine
below the sensitivity of our measurements (<0.1 pM)
could be present in PCM or be generated when PCM
was incubated with cell monolayers for 30 min, adeno-
sine deaminase was added to metabolize adenosine to
inactive inosine. HPLC experiments demonstrated that
2.5 U/ml of adenosine deaminase were sufficient to
metabolize the 10 uM exogenously added adenosine to
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Fig. 1. A: as demonstrated by high-performance liquid chromatogra-
phy (HPLC), concentration of adenine nucleotides in platelet-
conditioned medium (PCM) was 1.72 uM AMP, 5.12 uM ADP, and 0.56
UM ATP. Note absence of adenosine. B: adenosine deaminase metabo-
lized 10 pM adenosine (Ado) added exogenously to PCM within 30
min. Retention time for exogenously added Ado (10 uM) was 7 min. C:
Ado peak disappeared on addition of 2.5 U/ml of adenosine deami-
nase, and a prominent inosine (Ino) peak appeared. Peaks were
identified by retention times of AMP, ADP, ATP, Ado, and Ino
standards run at a concentration of 10 uM. Peaks were quantitated
by generating calibration curves with 3 concentrations of each
standard (0- to 3-min solvent front not shown).

inosine within 30 min (Fig. 1, B and C). When platelets
or PCM was incubated with endothelial cell monolay-
ers, the clearance of 125I-labeled albumin decreased by
>30% (P < 0.05; Fig. 2). Adenosine deaminase (2.5
U/ml) failed to block either the platelet- or PCM-
induced decrease in albumin clearance, and adenosine
deaminase by itself had no effect on albumin clearance
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Fig. 2. Adenosine deaminase (ADA; 2.5 U/ml) did not prevent
decrease in endothelial protein permeability induced by either plate-
lets (PLT) or PCM. ADA (2.5 U/ml) alone had no effect on endothelial
protein permeability. Control group was Dulbecco’s modified Eagle’s
medium. Values are means = SE of 1?°I-labeled albumin clearances
normalized to control values for individual experiments; n = 10 cell
monolayers/group. *P < 0.01 compared with control group.

(Fig. 2). This experiment was repeated with a different
measurement of endothelial permeability, the resistive
portion of electrical impedance. PCM increased endothe-
lial electrical resistance across endothelial cell monolay-
ers by >20%, and adenosine deaminase (2.5 and 10
U/ml) did not prevent this increase (Fig. 3).

Binding of adenosine to its receptors on endothelial
cells could explain the undetectable levels of adenosine
in PCM as assessed by HPLC and could initiate a cell-
signaling cascade via the A,-purinergic receptor. There-
fore, the adenosine-receptor antagonist BW-A1433U83
(Kp ~0.1 uM) was used to block the binding of adeno-
sine to the vascular endothelium. A 10-fold excess in
concentration of the antagonist blocked the decrease in
endothelial protein permeability induced by exog-
enously added adenosine (0.1 or 1 uM) but not the
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Fig. 3. ADA (2.5 and 10 U/ml) did not prevent increase in endothelial
electrical resistance induced by PCM. ADA (10 U/ml) alone had no
effect on electrical resistance. Tyrode buffer was vehicle control for all
groups. Values are means = SE of electrical resistances normalized to
0 time values for individual cell monolayers; n = 10 cell monolayers/
group. *P < 0.05 compared with Tyrode buffer control group at all
time points in these 3 PCM groups except for 2.5-min PCM value.
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decrease in endothelial protein permeability induced
by platelets (Fig. 4A) or PCM (Fig. 4B).

To determine the effect of PCM with and without the
presence of adenosine and adenine nucleotides, PCM
was fractionated by a centricon microconcentrator or
dialysis into <3- and >3-kDa fractions. Concentrations
of AMP and ADP in control PCM were 1.25 and 4.82
MM, respectively. Adenosine and adenine nucleotides
with molecular masses < 500 were filtered mostly into
the <3-kDa fraction where the concentration of AMP
and ADP was 1.05 and 4.47 uM, respectively. In the
>3-kDa retentate fraction, AMP and ADP were signifi-
cantly reduced to 0.20 and 0.35 pM, respectively. The
retentate fraction (>3 kDa) decreased albumin clear-
ance by ~20% (P < 0.05), whereas the filtrate fraction
(<3 kDa) had no effect (Fig. 5A). Similar results were
obtained on fractionation of the PCM by dialysis. The
>3.5-kDa fraction retained by dialysis, which also
lacked detectable levels of adenosine, consistently de-
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Fig. 4. Adenosine-receptor antagonist BW-A1433U83 (ANT; 10 uM)
did not prevent permeability-decreasing activity of PCM (A) or
platelets (B) but did block permeability response induced by Ado (1
UM). Values are means = SE; n = 10 cell monolayers/group. *P <
0.05 compared with control group.
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Fig. 5. A: fractionation of PCM by microconcentration produced a
>3-kDa retentate that decreased endothelial protein permeability
and a <3-kDa filtrate that had no permeability-decreasing activity.
B: separation of PCM by dialysis resulted in a fraction > 3.5 kDa,
retained by dialysis, that decreased endothelial protein permeability
comparable to whole PCM and a fraction > 100 kDa, retained by
dialysis, with no activity. Values are means = SE of 1%5|-labeled
albumin clearances normalized to control values for individual
experiments; n = 20 cell monolayers/group. *P < 0.05 compared with
control group (Tyrode buffer).

creased endothelial permeability (P < 0.05; Fig. 5B).
The >12- to 14- and >50-kDa fractions retained by
dialysis also decreased permeability (data not shown),
whereas the fraction > 100 kDa had no effect on
permeability (Fig. 5B).

Incubation of PCM with agarose-linked trypsin, which
was subsequently removed by centrifugation, abolished
the PCM-induced increase in endothelial electrical
resistance (Fig. 6). Insoluble trypsin in Tyrode buffer
induced the opposite response, a decrease in endothe-
lial electrical resistance (P < 0.05). Removal of the
insoluble trypsin in Tyrode buffer by centrifugation
resulted in no change in endothelial electrical resis-
tance. These latter findings suggest that the active
factor in PCM is a protein.

SDS-PAGE gels of whole PCM showed five major
bands from 15 to 200 kDa and many bands in between
(Fig. 7). On treatment with trypsin, most bands were
reduced in intensity or eliminated, although some of
the bands remained unchanged.
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Fig. 6. Incubation of PCM for 10 min with trypsin cross-linked to
beaded agarose (PCM+Tryp) inhibited increased endothelial electri-
cal resistance induced by normal PCM. Insoluble trypsin in Tyrode
buffer (Tryp) decreased electrical resistance. Insoluble Tryp added to
Tyrode buffer (Tyr+Tryp) and then removed by centrifugation as well
as Tyrode buffer (Tyr) alone had no effect on electrical resistance.
Values are means =+ SE of electrical resistances normalized to O time
values for individual cell monolayers; n = 3 cell monolayers/group.
*P < 0.05 compared with 0-min values.

DISCUSSION

The objective of the present study was to determine
whether adenosine is the primary factor responsible for
the platelet-mediated decrease in endothelial protein
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Fig. 7. Tryp-treated PCM showed bands similar to normal PCM, but
most of the bands appeared with less intensity. In nonreduced gels,
major bands in normal PCM were between 15 and 200 kDa, with a
few bands > 200 kDa. Analytic SDS-polyacrylamide gel electrophore-
sis was done in 4-15% gradient polyacrylamide minislab gels. Gels
were run from cathode (top) to anode (bottom) at 200 mV. Marker lane
is not shown. MMM, molecular mass markers.
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permeability in vitro. We correlated HPLC quantifica-
tion of adenosine and adenine nucleotides in PCM with
the measurements of 25I-labeled albumin clearance
and electrical resistance across endothelial cell mono-
layers. Adenosine was not detected in PCM, although
micromolar concentrations of ATP, ADP, and AMP were
present. Adenosine deaminase at a dose sufficient to
metabolize 10 pM adenosine added exogenously to
PCM did not block the PCM-induced decrease in endo-
thelial permeability. The adenosine-receptor antago-
nist BW-A1433U83 blocked the decrease in permeabil-
ity induced by adenosine but failed to block the decrease
in permeability induced by PCM. A <3-kDa fraction of
PCM that contained ADP and AMP did not decrease
endothelial permeability, but a >3-kDa fraction with
much reduced levels of these adenine nucleotides signifi-
cantly decreased endothelial permeability. Further-
more, the permeability-decreasing activity of PCM was
abolished by treatment with insoluble trypsin. We
conclude from these findings that adenosine and its
precursor adenine nucleotides are not the primary fac-
tors responsible for the platelet-induced decrease in
endothelial permeability in vitro. Instead, a protein ap-
pears to possess this permeability-decreasing activity.

The literature is abundant with reports that thrombo-
cytopenia in humans and animals is often associated
with purpuric hemorrhages in skin and with tissue
edema due to capillary leakage and that the lower the
platelet count, the greater the frequency of hemor-
rhage. Transfusions with platelet-rich plasma have
been shown to reverse the changes in vascular integrity
in the skin of thrombocytopenic patients (15) as well as
to reverse the changes in capillary permeability and
edema in the perfused hindlimbs of frogs (9), in the
erythrocyte content of thoracic duct lymph of thrombo-
cytopenic dogs (23), in the erythrocyte content of lymph
and vascular disappearance rate of 25I-labeled albu-
min in the ear of thrombocytopenic rabbits (2), and in
the increased permeability of fluorescein isothiocyanate-
labeled albumin in the coronary microvasculature of
thrombocytopenic rats (18). Gimbrone et al. (12) ob-
served that gross purpura, endothelial gaps, and in-
creased leakage of 51Cr-erythrocytes and 1251-labeled
albumin occur in an isolated lobe of the thyroid in dogs
perfused with platelet-poor plasma but not in the other
isolated lobe perfused with platelet-rich plasma. Lo et
al. (17) provided the first evidence of a protein perme-
ability defect in the pulmonary vasculature of thrombo-
cytopenic animals. Sheep chronically depleted of plate-
lets for 3 days with antiplatelet antibodies develop the
characteristic petechial hemorrhages seen in thrombo-
cytopenic patients, an increased endothelial protein
permeability in the lung, and severe pulmonary edema
at a left atrial pressure of 20 mmHg. These effects are
rapidly reversed by transfusion with platelet-rich
plasma. Shepro et al. (25) suggested that platelets
continually release a humoral factor from granules that
decreases endothelial permeability. In support of this
concept, it has been shown that PCM and platelet
lysate also possess permeability-decreasing activity
(22, 24).
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Subsequent experiments have focused on serotonin,
norepinephrine, cyclooxygenase metabolites, and aden-
osine as potential factors responsible for the permeabil-
ity-decreasing activity of platelets (13, 24, 25). Shepard
et al. (24) found that this activity of platelets is not
inhibited by propranolol, a B-adrenergic-receptor an-
tagonist; ketanserin, a serotonin-receptor antagonist;
or aspirin, a cyclooxygenase inhibitor. Adenosine, a
potent vasodilator, is known to decrease endothelial
protein permeability in vitro and in vivo (1, 14, 22).
This response is mediated primarily by A,-purinergic
receptors on endothelial cells that, when activated,
increase the intracellular level of adenosine 3',5'-cyclic
monophosphate (1, 14). Our results show that PCM
contained AMP, ADP, and ATP but no detectable levels
of adenosine (sensitivity = 0.1 uM). However, on incuba-
tion of PCM with endothelial cells, adenosine can be
generated mainly via sequential dephosphorylation of
adenine nucleotides. Human platelets contain high
concentrations of adenine nucleotides (~10 mM) distrib-
uted between the metabolic (cytoplasmic) and storage
(dense granules) pools. Coade and Pearson (5) showed
that ATP and ADP released from platelets can be
rapidly converted to adenosine by endothelial ecto-
nucleotidases, which results in transient local concen-
trations of adenosine as high as 100 uM. When PCM
was incubated with endothelial cells in the present
study, the amount of ADP and ATP as detected by
HPLC was reduced and AMP was increased, but no
adenosine was detected (data not shown). This measure-
ment shows that even though adenine nucleotides in
the PCM were gradually dephosphorylated, no detect-
able amount of adenosine was produced. Possible expla-
nations for the undetected adenosine are the level of
sensitivity of the HPLC assay (=0.1 uM), rapid metabo-
lism by adenosine deaminase to inosine (although
no inosine peak was detected), conversion back to AMP
by adenosine kinase, uptake of adenosine in the endo-
thelial cells by facilitated transport, low levels of
5'-nucleotidase in the endothelial cells, and binding of
adenosine to its receptors on the cell. It is unlikely
that receptor-bound adenosine induced the functional
response in the present study because the adenosine-
receptor antagonist BW-A1433U83 did not block
either the platelet- or PCM-induced decrease in perme-
ability, although it did block the decreased permeability
induced by exogenously applied adenosine.

The role of adenosine as the primary factor respon-
sible for the platelet-induced decrease in endothelial
permeability is controversial. Initial evidence for the
role of platelet-derived adenosine was put forth by Paty
et al. (22) based on their experiments with endothelial
cell monolayers and isolated, perfused guinea pig lungs.
They demonstrated that platelets, PCM, and 0.1 pM
adenosine all decreased endothelial permeability and
that 100 U/ml of adenosine deaminase blocked the
permeability-decreasing effect of platelets and PCM. In
contrast, Haselton and Alexander (13) were not able to
inhibit the platelet response using 2.5 U/ml of adeno-
sine deaminase. Various factors could contribute to
these different outcomes by these two groups. First, the
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doses of adenosine deaminase used by the two groups
were vastly different: 100 U of adenosine deaminase/ml
of PCM by Paty et al. (22) compared with 2.5 U/ml of
PCM by Haselton and Alexander (13). Second, different
endothelial cells were used. Paty et al. (22) used
endothelial cells from the bovine pulmonary artery, and
Haselton and Alexander (13) used bovine adult and
fetal aortic endothelial cells. Third, different tech-
niques were used to measure changes in endothelial
permeability. Paty et al. (22) used a modified Boyden
chamber consisting of a luminal chamber floating in an
abluminal chamber, allowing for the measurement of
albumin clearance in the absence of hydrostatic and
oncotic pressure gradients. Haselton and Alexander
(13) used a model consisting of a chromatographic cell
column filled with microcarrier beads covered with
endothelial cells. This model, which is like a gel filtra-
tion column, measures the permeability of small-
molecular-mass tracers (<2 kDa). In the present study,
we used the same cell line and permeability model that
was used by Paty et al. (22).

Because different doses of adenosine deaminase were
used in the above two studies, it was important to
determine in the present study the dose of adenosine
deaminase sufficient to metabolize adenosine in the
PCM to inosine. We were unable to detect any adeno-
sine in the PCM, so we added 10 uM adenosine under
the assumption that the dose of adenosine deaminase
sufficient to metabolize 10 uM adenosine should also be
sufficient to metabolize any undetectable level of aden-
osine in the PCM. Adenosine deaminase at 2.5 U/ml
completely metabolized the 10 pM adenosine added
exogenously to the PCM within 30 min but did not block
the decrease in endothelial permeability, as measured
by albumin clearance and electrical resistance, induced
by either whole platelets or PCM.

In an attempt to study the function of PCM in the
absence of adenosine or its precursor adenine nucleo-
tides, PCM was separated by microconcentration or
dialysis into <3- and >3-kDa fractions. The <3-kDa
fraction of PCM with an adenine nucleotide profile
identical to that of intact PCM had no effect on mono-
layer permeability, whereas the fraction > 3 kDa,
which had much reduced levels of adenine nucleotides,
retained the ability to decrease permeability. Dialysis
experiments revealed that the permeability-decreasing
activity of PCM resided between 3.5 and 100 kDa.
Haselton and Alexander (13) fractionated the PCM
using centricon microconcentration (100-kDa molecular-
mass cutoff) into >100- and <100-kDa fractions and
determined that a >100-kDa protein was responsible
for the platelet effect. This estimate of molecular mass
was based on spin filter separation that we have found
to be unreliable as demonstrated by SDS-PAGE gels
that show protein bands < 100 kDa in the retained
fraction from a microconcentrator with a 100-kDa
molecular-mass cutoff. We have made similar observa-
tions with microconcentrators with 30-, 50-, and 100-
kDa molecular-mass cutoffs. Unfortunately, the same is
true about dialysis with membranes with various size
molecular-mass cutoffs. Nevertheless, the present study

PLATELETS DECREASE ENDOTHELIAL PERMEABILITY

and that of Haselton and Alexander (13) agree that the
permeability-decreasing activity of PCM resides in a
fraction > 3 kDa that does not contain adenosine and
the adenine nucleotides.

Further evidence against adenosine is that the active
factor appears to be a protein because the activity of
PCM is trypsin sensitive. Haselton and Alexander (13)
found the activity of PCM to be sensitive to soluble
trypsin that was neutralized with soybean inhibitor.
Because soluble trypsin induces the exact opposite
effect on endothelial permeability as PCM, insoluble
trypsin, cross-linked to beaded agarose, was used in the
present study. In Tyrode buffer, insoluble trypsin alone
decreased endothelial electrical resistance, but when
removed by centrifugation, there was no effect on
electrical resistance. When incubated with PCM and
then removed by centrifugation, insoluble trypsin abol-
ished the activity of PCM. It is likely that the protein is
very sensitive to trypsin because the activity of PCM
was abolished after 10 min of trypsin treatment, yet
SDS-PAGE gels of the trypsin-treated PCM showed
that many of the bands remained intact, although
diminished in concentration.

The notion that the active factor in platelets is a
protein is not novel since Wilbrandt et al. (30) reported
in 1956 that a protein fraction extracted from platelets
reduces capillary permeability in the rat hindlimb.
That the activity in PCM can be precipitated by 60%
saturated ammonium sulfate (unpublished observa-
tions) provides evidence that the factor is not a small
protein because this fractionation procedure precipi-
tates large, charged molecules.

We thank Dr. Michelle Lennartz for help with the high-perfor-
mance liquid chromatography, Drs. lvar Giaever and Charles Keese
of Applied Biophysics (Troy, NY) for the use of the electric cell-
substrate impedance sensor apparatus, Dr. Frank Blumenstock for
providing the apparatus for gel electrophoresis, Christine Morton
and Luis Rodriguez for technical assistance, and Wendy Ward and
Debbie Moran for editorial assistance.

This work was supported by National Heart, Lung, and Blood
Institute Grant HL-38894 and American Heart Association Grant
AHA-92-006960.

Address for reprint requests: F. L. Minnear, Dept. of Physiology
and Cell Biology (A-134), Albany Medical College of Union Univ., 47
New Scotland Ave., Albany, NY 12208.

Received 25 April 1997; accepted in final form 16 July 1997.

REFERENCES

1. Adkins, W. K., J. W. Barnard, T. M. Moore, R. C. Allison, V. R.
Prasad, and A. E. Taylor. Adenosine prevents PMA-induced
lung injury via an A, receptor mechanism. J. Appl. Physiol. 74:
982-988, 1993.

2. Aursnes, I. Increased permeability of capillaries to protein
during thrombocytopenia: an experimental study in the rabbit.
Microvasc. Res. 7: 283-295, 1974.

3. Bocci, V. Efficient labelling of serum proteins with 311 using
chloramine-T. Int. J. Appl. Radiat. Isot. 15: 449-456, 1964.

4. Clemo, H. F.,, A. Bourassa, J. Linden, and L. Belardinelli.
Antagonism of the effects of adenosine and hypoxia on atrioven-
tricular conduction time by two novel alkylxanthines: correlation
with binding to adenosine A; receptors. J. Pharmacol. Exp. Ther.
242: 478-484, 1987.

5. Coade, S. B., and J. D. Pearson. Metabolism of adenine
nucleotides in human blood. Circ. Res. 65: 531-537, 1989.

6. Cooper, J.A., P. J. Del Vecchio, F. L. Minnear, K. E. Burhop,
W. M. Selig, J. G. N. Garcia, and A. B. Malik. Measurement of



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

PLATELETS DECREASE ENDOTHELIAL PERMEABILITY

albumin permeability across endothelial monolayers in vitro. J.
Appl. Physiol. 62: 1076—-1083, 1987.

. Corash, L., H. Tan, and H. R. Gralnick. Heterogeneity of

human whole blood platelet subpopulations. I. Relationship
between buoyant density, cell volume, and ultrastructure. Blood
49: 71-87,1977.

. D’Amore, P. Platelet-endothelial interaction and the mainte-

nance of the microvasculature. Microvasc. Res. 15: 137-145,
1978.

. Danielli, J. F. Capillary permeability and oedema in the per-

fused frog. J. Physiol. (Lond.) 98: 109—-129, 1940.

Gaydos, L. A., E. J. Freireich, and N. Mantel. The quantita-
tive relation between platelet count and hemorrhage in patients
with acute leukemia. N. Engl. J. Med. 266: 905—-909, 1962.
Giaever, I, and C. R. Keese. Monitoring fibroblast behavior in
tissue culture with an applied electric field. Proc. Natl. Acad. Sci.
USA 81: 37613764, 1984.

Gimbrone, M. A,, R. H. Aster, R. S. Cotran, J. Corkery, J. H.
Jandl, and J. Folkman. Preservation of vascular integrity in
organs perfused in vitro with a platelet-rich medium. Nature
222:33-36, 1969.

Haselton, F. R., and J. S. Alexander. Platelets and a platelet-
released factor enhance endothelial barrier. Am. J. Physiol. 263
(Lung Cell. Mol. Physiol. 7): L670-L678, 1992.

Haselton, F. R., J. S. Alexander, and S. N. Mueller. Adeno-
sine decreases permeability of in vitro endothelial monolayers. J.
Appl. Physiol. 74: 1581-1590, 1993.

Johnson, S. A, R. S. Balboa, B. H. Dessel, R. W. Monto, K. A.
Siegesmund, and T. J. Greenwalt. The mechanism of the
endothelial supporting function of intact platelets. Exp. Mol.
Pathol. 3: 115-127, 1964.

Laemmli, U. K. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227: 680—685,
1970.

Lo, S. K., K. E. Burhop, J. E. Kaplan, and A. B. Malik. Role of
platelets in maintenance of pulmonary vascular permeability to
protein. Am. J. Physiol. 254 (Heart Circ. Physiol. 23): H763—
H771, 1988.

McDonagh, P. F. Platelets reduce coronary microvascular perme-
ability to macromolecules. Am. J. Physiol. 251 (Heart Circ.
Physiol. 20): H581-H587, 1986.

Minnear, F. L., M. A. A. DeMichele, S. Leonhardt, T. A.
Andersen, and M. Teitler. Isoproterenol antagonizes endothe-

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

H2311

lial permeability induced by thrombin and thrombin receptor
peptide. J. Appl. Physiol. 75: 1171-1179, 1993.

Minnear, F. L., M.A. A. DeMichele, D. G. Moon, C. L. Rieder,
and J. W. Fenton I1. Isoproterenol reduces thrombin-induced
pulmonary endothelial permeability in vitro. Am. J. Physiol. 257
(Heart Circ. Physiol. 26): H1613—H1623, 1989.

Moon, D. G., J. E. Kaplan, and J. E. Mazurkewicz. The
inhibitory effect of plasma fibronectin on collagen-induced plate-
let aggregation. Blood 67: 450-457, 1986.

Paty, P. S. K., P. F. Sherman, J. M. Shepard, A. B. Malik, and
J. E. Kaplan. Role of adenosine in platelet-mediated reduction
in pulmonary vascular permeability. Am. J. Physiol. 262 (Heart
Circ. Physiol. 31): H771-H777, 1992.

Roy, A. J., and I. Djerassi. Effects of platelet transfusions: plug
formation and maintenance of vascular integrity. Proc. Soc. Exp.
Biol. Med. 139: 137-142, 1972.

Shepard, J. M., D. G. Moon, P. F. Sherman, L. K. Weston,
P. J. Del Vecchio, F. L. Minnear, A. B. Malik, and J. E.
Kaplan. Platelets decrease albumin permeability of pulmonary
artery endothelial cell monolayers. Microvasc. Res. 37: 256—266,
1989.

Shepro, D., S. L. Welles, and H. B. Hechtman. Vasoactive
agonists prevent erythrocyte extravasation in thrombocytopenic
hamsters. Thromb. Res. 35: 421-430, 1984.

Tiruppathi, C., A. B. Malik, P. J. Del Vecchio, C. R. Keese,
and I. Giaever. Electrical method for detection of endothelial
cell shape change in real time: assessment of endothelial barrier
function. Proc. Natl. Acad. Sci. USA 89: 7919-7923, 1992.
Wallenstein, S., C. L. Zucker, and J. L. Fleiss. Some statisti-
cal methods useful in circulation research. Circ. Res. 47: 1-9,
1980.

Walter, G. A., 3. W. Phillis, and M. H. O’'Reagan. Determina-
tion of rat cerebrospinal fluid concentrations of adenosine, ino-
sine, hypoxanthine, xanthine and uric acid by high performance
liquid chromatography. J. Pharm. Pharmacol. 40: 140-142,
1988.

Watson, P. D. Effect of plasma and red blood cells on water
permeability in cat hindlimb. Am. J. Physiol. 246 (Heart Circ.
Physiol. 15): H818-H823, 1984.

Wilbrandt, W., E. Luscher, and H. Asper. Der Einfluss von
Thrombocytenprotein auf die Permeabilitat der Blutkapillaren.
Helv. Physiol. Pharmcol. Acta 14: C81-C84, 1956.



