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ABSTRACT Although coronary artery disease (CAD) is
appreciated to be accelerated in patients with chronic spinal
cord injury (SCI), the underlying mechanism of CAD in SCI
remains obscure. We have recently shown that platelets from
subjects with SCI develop resistance to the inhibitory effect of
prostacyclin (PGI2) on the platelet stimulation of thrombin
generation. The loss of the inhibitory effect was due to the loss
of high-affinity prostanoid receptors, which may contribute to
atherogenesis in SCI. Incubation of normal, non-SCI platelets
in SCI plasma (n 5 12) also resulted in the loss of high-affinity
binding of PGI2 (Kd1 5 9.1 6 2.0 nM; n1 5 170 6 32 sites per
cell vs. Kd1 5 7.2 6 1.1 nM; n1 5 23 6 8 sites per cell), with
no significant change in the low-affinity receptors (Kd2 5 1.9
6 0.1 mM; n2 5 1,832 6 232 sites per cell vs. Kd2 5 1.6 6 0.1
mM; n2 5 1,740 6 161 sites per cell) as determined by
Scatchard analysis of the binding of [3H]PGE1. The loss of
high-affinity PGI2 binding led to the failure of PGI2 to inhibit
the platelet-stimulated thrombin generation. The increase of
cellular cyclic AMP level, mediated through the binding of
PGI2 to low-affinity receptors in platelets, was unaffected in
SCI platelets. PAGE and immunoblot of SCI plasma showed
the presence of an IgG band, which specifically blocked the
binding of [3H]PGE1 to the high-affinity PGI2 receptors of
normal platelets. PAGE of the reduced IgG band, the amino
acid sequence of the novel band as a heavy chain of IgG that
inhibits the binding of [3H]PGE1 to the high-affinity platelet
PGI2 receptor, demonstrates that the specific recognition and
inhibition of high-affinity PGI2 binding to platelets was due to
an anti-prostacyclin receptor antibody present in SCI plasma.

Aggregation of platelets induced by agonists such as ADP,
l-epinephrine, collagen, or thrombin, is critically important
both in normal blood coagulation and in the pathogenesis of
atherosclerosis and thrombosis (1, 2). The aggregation of
platelets is counteracted by several autacoids including pros-
tanoids such as prostacyclin [prostaglandin (PG)I2], PGE1, or
PGD2, (3, 4) and endothelium-derived relaxing factorynitric
oxide (5). Among the prostanoids, PGI2, an archidonate
metabolite of endothelial cells, is the most potent inhibitor of
platelet aggregation (1, 3, 5) and is generally believed to be
important in the prevention of cardiovascular disease (CAD)
through the inhibition of platelet aggregation (6).

The PGI2-induced inhibition of platelet aggregation is me-
diated by the increase of cellular cyclic AMP level through the
activation of membrane adenylate cyclase that has been initi-
ated from the binding of the prostanoid to its receptors on the
platelet surface (3–7). There are two classes of PGI2 binding
sites reported, one high-affinity–low-capacity and one low-
affinity–high-capacity, in the same receptor macromolecules
in the membrane bilayers of platelets (8). Furthermore, the

binding of PGI2 to the low-affinity binding sites in the pros-
taglandin receptor results in the inhibition of platelet aggre-
gation due to the increase of the cyclic AMP level (7, 8). The
metabolic consequences of binding of PGI2 to high-affinity
binding sites is speculative at present.

Cardiovascular disease is currently the leading cause of
death in individuals with chronic spinal cord injury (SCI), and
it appears prematurely. The mechanism of accelerated CAD in
SCI remains obscure, although several risk factors have been
associated with the risk of CAD in SCI (9). Because platelet
hyperactivity, among other factors, stimulates atheriosclerosis,
especially in a permissive milieu, and may lead to CAD, PGI2
as a potent inhibitor of platelet aggregation is believed to have
a beneficial role in the inhibition of atherogenesis.

We have recently demonstrated that the platelets from SCI
subjects develop resistance to the inhibitory effect of PGI2 in
the platelet-induced stimulation of thrombin generation. This
failure of the prostanoid in the control of thrombin generation
was not related either to the inhibition of platelet aggregation
or the synthesis of cyclic AMP but was due to the loss of
platelet high-affinity prostanoid receptors (10). Increased
platelet-stimulated thrombin generation would be expected to
have significant consequences on the pathogenesis of atherio-
sclerosis. A plasma factor in SCI subjects has been identified
that specifically blocks the binding of PGI2 to its high-affinity
receptors without effecting the low-affinity binding to plate-
lets.

In this report, the novel occurrence of an anti-prostacyclin
receptor antibody specifically capable of recognizing the high-
affinity binding site of the receptor on the platelet surface in
the circulation of the subjects with chronic SCI is reported. In
addition, the antibody-mediated inhibition of PGI2 binding
resulted in the failure of the prostanoid to inhibit platelet-
stimulated thrombin generation without affecting the prosta-
glandin-induced synthesis of cyclic AMP. The inhibitory effect
of this anti-prostacyclin receptor antibody may be related to
increased occurrence of atherosclerosis in SCI.

MATERIALS AND METHODS

Patient Selection. Patients with chronic SCI (n 5 12)
between the ages of 35 to 60 years were age matched with 12
able-bodied controls, ranging in age between 30 and 60 years.
The protocol was approved by the Institutional Review Board
for Clinical Research, Veterans Affairs Medical Center
(Bronx, NY) prior to the initiation of the study.

Collection of Blood and Platelet Aggregation. Blood was
drawn from the SCI and non-SCI subjects and anticoagulated
by mixing 9 vol of blood with 1 vol of 0.13 M sodium citrate.
The subjects were asked to abstain from aspirin and all other
medications known to affect platelet aggregation for 2 weeks
prior to blood donation. Platelet-rich plasma (PRP) wasThe publication costs of this article were defrayed in part by page charge
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prepared by centrifuging blood at 200 3 g for 15 min at 23°C.
Platelet-free plasma was prepared by centrifuging PRP at
10,000 3 g for 15 min at 23°C. Aggregation of platelets was
studied by using ADP, l-epinephrine, collagen, or thrombin, as
described previously (11). The inhibition of platelet aggrega-
tion was studied by incubating PRP with different concentra-
tions of prostacyclin for 1 min at 37°C before the addition of
aggregating agent to initiate platelet aggregation. The inhibi-
tion of platelet aggregation was calculated from the slope of
the initial platelet aggregation curve in the presence or ab-
sence of prostacyclin.

Determination of Cyclic AMP. Washed platelets suspended
in normal plasma were incubated in the presence or absence
of different amounts of plasma protein fractions as described
previously (11) for 3 hr at 37°C then treated with 100 nM PGI2
for 1 min at the same temperature. At the end of incubation,
the platelet suspension was treated with ice-cold trichloroace-
tic acid (TCA) (final concentration, 5%) in the presence of 0.1
M HCl to extract cyclic AMP. The TCA extract was centri-
fuged to remove the cell debris; the clear supernatant was
lyophilized to remove trichloroacetic acid. The lyophilized
material was reconstituted with 0.1 ml of deionized water, and
the cyclic AMP content was determined by the protein kinase
binding method (11, 12).

Determination of Platelet-Stimulated Thrombin Genera-
tion Time. Thrombin generation time of PRP was determined
according to Hougie (13).

Gel Electrophoresis of Plasma. Plasma from both control
and SCI subjects was analyzed by gel electrophoresis. Samples
were electrophoresed on 12% polyacrylamide gel containing
1% SDS as described by Laemmli (14). Molecular weight (Mr)
of the proteins was determined with both nonreduced and
reduced plasma samples using 0.1 M DTT. Typically, 50 mg of
the plasma proteins were reduced by boiling the sample for 2
min in the presence of 2% SDS and 0.1 M DTT (final). In the
case of nonreduced proteins, the samples were similarly
treated in the absence of the reducing agent. Mr was calculated
by using marker proteins of known molecular weights (Bio-
Rad). After electrophoresis, the gels were either stained with
0.02% Coomassie brilliant blue or immediately chilled to 0°C.
Corresponding protein areas in the unstained gel were cut in
slices (1 slice 5 0.125 cm). The protein from the slices was
eluted in saline and dialyzed overnight in saline solution. In
control experiments, portions of the gel without any protein
band were similarly treated and dialyzed. The protein band of
Mr 47,000 eluted from the gel was checked for homogeneity by
PAGE. Identity of the IgG protein band in the gel was
ascertained by immunoblotting techniques using anti-human
IgG antibody (Bio-Rad), as described previously (15, 16).

Amino Acid Sequence of Reduced Plasma Protein. Reduced
plasma samples were electrophoresed on a prepoured 24-hr-
old gel (SDSyPAGE, 12%). The proteins were transferred
from the gel to a Millipore PVDF-Immobilon-P (hydrophobic
polyvinyldene difluoride) membrane by immunoblotting in a
TrisyglycineySDSymethanol buffer, pH 8.0 (14, 15). The mem-
brane was stained with 1% Coomassie blue CB-R250 for 1 min
and then destained in a mixture of 50% methanol and 10%
acetic acid. Subsequently, the membrane was rinsed three
times in methanol then once with water and air dried. The
protein band of interest was excised from the membrane and
used for amino acid sequencing. Amino acid sequencing was
performed on a Beckman 2090 E gas-phase sequencer (fol-
lowing the manufacturer’s program).

Washed Platelets. PRP was centrifuged at 3,000 3 g for 15
min. The platelet pellet was washed with Tyrode’s buffer, pH
7.4, containing 1.0 mM EDTA, as described previously (11).
Next the platelets ('7 3 108 cells per ml) were suspended in
the same buffer, without EDTA, containing 5.0 mM MgCl2 .

Binding of Prostacyclin to Platelet Receptors. The binding
characteristics of prostacyclin to platelets were analyzed by

Scatchard plot (17) using [3H]PGE1 as the stable probe, as
described previously (8). Because PGI2 and PGE1 bind to the
same receptor on the platelet surface and radiolabeled PGI2 as
a free-acid form is not commercially available, [3H]PGE1
[(5,6-3H)PGE1; specific activity, 55 Ciymmol (1 Ci 5 37 GBq);
New England Nuclear] was used as a stable probe to determine
the PGI2 receptor binding in platelets. The platelets (2 3 108)
were incubated with 3 nM [3H]PGE1 (30,000 cpm) in a total
volume of 200 ml for 20 min to attain equilibrium. The platelet
suspension was then filtered over a Whatman glass fiber filter
(GFyC), presoaked in Tyrode’s buffer (pH 7.5), containing 5.0
mM MgCl2, under mild vacuum, and washed twice with 5.0 ml
of the same buffer. The platelets were adsorbed on the filters,
which were then dried, and the radioactivity was determined
as described (11). The nonspecific binding was determined by
adding excess (15 mM) unlabeled prostanoid to the assay
mixture. The specific binding was calculated by subtracting the
nonspecific binding from the total binding.

Protein was determined by the method of Lowry et al. (18),
and platelet number was determined by using a Coulter
counter.

RESULTS

Presence of an IgG-Like Protein in SCI Plasma and Its
Effect on Platelet PGI2 Interaction. Gel electrophoresis of the
SCI plasma under reducing conditions showed the appearance
of a novel band of Mr 47,000 when the gels were stained with
Coomassie brilliant blue (Fig. 1). This band was determined to
be an IgG-like protein by immunoblot technique using anti-
human IgG antibody (Fig. 1). In a parallel experiment, on an
identical gel that was not stained with the dye to avoid
denaturation, the band of Mr 47,000 was cut and the protein
from the slices was eluted as described. Normal washed
platelets were incubated with increasing concentrations of the
eluted protein for 3 hr at 23°C. After incubation the binding of
[3H]PGE1 to the platelets was determined. Incubation of
normal washed platelets with increasing concentrations of this
IgG-like protein eluted from the gel resulted in increased
inhibition of [3H]PGE1 binding to the platelet prostacyclin
receptors in a dose-dependent manner (Fig. 2). Normal plate-
lets, when incubated with IgG-like protein at a concentration

FIG. 1. SDSyPAGE of reduced and unreduced control and SCI
plasma. Reduction and SDSyPAGE of the plasma protein were
performed as described in Materials and Methods. Lanes: 1 and 2,
reduced and unreduced control (non-SCI) plasma proteins; 3 and 4,
reduced and unreduced SCI plasma proteins; 5 and 6, immunoblots of
the eluted protein of Mr 47,000 from lanes 1 and 3, respectively, using
anti-human IgG antibody. Marker proteins used were: phosphorylase
[Mr 142,900 (142.9 K)], BSA [Mr 97,200 (97 K)], ovalbumin [Mr 50,000
(50 K)], carbonic anhydrase [Mr 35,100 (35.1 K)], soybean trypsin
inhibitor [Mr 29,700 (29.7 K)], and lysozyme [Mr 21,900 (21.9 K)].
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of 3.2 mg protein per ml, resulted in the inhibition of [3H]PGE1
binding that was similar to the SCI platelets. Incubation of
normal platelets with eluates from control plasma did not
affect prostacyclin binding. Scatchard analysis of the binding of
[3H]PGE1 to control non-SCI platelets when incubated with
3.2 mg protein showed the complete loss of high-affinity
binding of the probe to the PGI2 receptors on the platelet
surface without affecting the low-affinity binding (Table 1).

Effect of Incubation of Normal Platelets with IgG Eluate on
PGI2-Induced Increase of Cellular Cyclic AMP Level. Incu-
bation of normal platelets with 3.2 mg of IgG-like protein for
3 hr at 23°C did not affect the PGI2-induced increase of cyclic
AMP level. Treatment of normal platelets with 100 nM PGI2
for 3 min at 23°C increased the basal cyclic AMP level from
2.1 6 0.5 to 26.5 6 5.1 pmoly108 platelets. Under identical
conditions, prior incubation of normal platelets with IgG
eluate before the addition of PGI2 also increased the basal
level of cyclic AMP to similar levels (from 1.91 6 0.4 to 28.9 6
4.6 pmoly108 platelets). Treatment of platelets with eluates
from control plasma also showed no such effect on the
PGI2-induced increase of cyclic AMP level.

Effect of Incubation of Normal Platelets With the IgG
Eluates on the Inhibitory Effect of PGI2 on Platelet-
Stimulated Thrombin Generation. The thrombin-generation
time of recalcified plasma in the absence of platelets was 210 6
26 sec, which decreased to 130 6 15 sec when the platelets were

added to the assay mixture (P , 0.001). Treatment of normal
platelets with 100 nM PGI2 prior to their addition to the assay
mixture increased the thrombin-generation time to 169 6 12
sec, P , 0.001. In contrast, addition of PGI2 (100 nM) to the
assay mixture with platelets previously treated with an IgG-like
protein failed to inhibit platelet-stimulated thrombin genera-
tion (134 6 10 sec), P , 0.001. The treatment of platelets with
IgG eluate itself had no effect on the stimulation of thrombin
generation (172 6 10 sec), P , 0.001, when compared with
control.

Amino Acid Sequence of the Reduced Protein Band Corre-
sponding to the IgG-Like Molecule from SCI Plasma. To
further ascertain the identity of the protein identified by
immunoblot to be an IgG, the protein band was sliced from an
unstained gel and eluted, and the reduced protein was sub-
jected to SDSyPAGE (12%). The unstained gel was trans-
ferred to a Millipore Immobilon-P membrane as described
above, and the amino acid sequence of the reduced protein was
determined. Amino acid sequence analysis of the reduced
protein band of Mr 47,000 was identified with 100% degree of
certainty to be an IgG heavy-chain molecule. The partial
amino acid sequence of the reduced band from SCI plasma is
EVQLVES and it represents the V-III (variable III) region of
the heavy chain of IgG. The sequence beginning at position 1
had overlap in seven amino acids (Swiss Protein Data Base),
and the N terminus was identified as methionine (Fig. 3).

Inhibition of [3H]PGE1 Binding to Platelets by the Heavy
Chain of IgG Isolated from SCI Plasma. Incubation of normal
platelets in plasma containing the heavy-chain IgG eluate
obtained by the reduction of IgG isolated from SCI plasma for
3 hr at 23°C resulted in the inhibition of binding of [3H]PGE1
to the prostacyclin receptors on the platelet surface. Scatchard
analyses of the binding characteristics showed that, as in the
case of IgG-like molecules, the isolated heavy chain of the
protein also inhibited the binding of [3H]PGE1 to high-affinity
prostacyclin receptors on the platelet without affecting the
low-affinity binding (Table 1).

Effect of IgG Heavy Chain from SCI Plasma on the Syn-
thesis of Cyclic AMP in Platelets and the Inhibition of
Platelet-Stimulated Thrombin Generation by PGI2. The effect
of IgG eluate isolated from SCI plasma on cyclic AMP
formation and platelet-stimulated thrombin generation, as
described earlier in this section, could be duplicated by using
heavy-chain eluate obtained by the reduction of IgG (reduc-
tion of IgG has been previously described in Materials and
Methods).

Incubation of normal platelets with 3.2 mg of IgG heavy
chain for 3 hr at 23°C followed by treatment of these platelets
with 100 nM PGI2 did not affect the cyclic AMP synthesis. The
basal level of cyclic AMP in untreated platelets increased in the
presence of 100 nM PGI2 to 29.5 6 5.8 vs. 2.22 6 1.2 pmoly108

FIG. 2. Inhibition of [3H]PGE1 binding to control platelets by IgG
protein identified in SCI plasma. Control, non-SCI, washed platelets
(2 3 108 cells per ml) in Tyrode’s buffer, pH 7.4, containing 5 mM
MgCl2 were incubated for 3 hr at 37°C with increasing concentrations
of the IgG protein. After incubation, the specific binding of [3H]PGE1
was determined (5). X, eluates from control plasma; F, eluates from
SCI plasma.

Table 1. Effect of incubation of control platelets with IgG eluate from SCI plasma on the binding
of [3H]PGE1 to prostacyclin receptors compared with prostanoid binding to SCI platelets

Platelets Treatment

PGE1yPGI2 receptors

High-affinity Low-affinity

Kd1, nM
n1, sites
per cell Kd2, mM

n2, sites
per cell

Control Buffer 9.1 6 2.0 170 6 32 1.9 6 0.1 1,832 6 232
Control IgG eluate

from SCI 7.2 6 1.1 23 6 8 1.6 6 0.1 1,740 6 161
Control IgG eluate

from control 8.9 6 0.9 162 6 34 1.8 6 0.3 1,876 6 138
SCI Buffer 7.5 6 1.5 40 6 10 2.1 6 0.3 1,970 6 214

Platelets were isolated from either control (non-SCI) or SCI subjects and incubated with or without
IgG eluates isolated from SCI or control plasma. The binding of [3H]PGE1 to platelets was determined
and analyzed by Scatchard plot (10). Results are expressed as means 6 SD of six experiments, each
performed in triplicate.
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cells. The basal level of cyclic AMP in platelets preincubated
with the isolated heavy-chain IgG increased with 100 nM PGI2
to 30.6 6 6.8 vs. 3.1 6 1.6 pmoly108 platelets. In contrast,
incubation of platelets with the heavy-chain IgG resulted in the
failure of PGI2 to inhibit platelet-stimulated thrombin gener-
ation (134 6 8 vs. 131 6 12 sec).

DISCUSSION

Prostacyclin, through its ability to inhibit platelet aggregation,
is believed to have a significant, beneficial role in the preven-
tion of coronary artery disease (16). The prostacyclin effect is
mediated through the increase of cellular cyclic AMP level due
to the binding of the prostanoid to the low-affinity receptor
sites on the platelet surface (7). It then could be expected that
the inhibition of PGI2 binding to platelet receptors would lead
to the failure of the autacoid to inhibit platelet aggregation.
We have shown that incubation of platelets in plasma from SCI
subjects resulted in the inhibition of [3H]PGE1 binding to
high-affinity binding sites of PGI2 receptors on the platelet
surface without affecting the low-affinity binding of the pros-
tanoid. Such treatment of normal platelets simultaneously
resulted in the failure of the prostanoid to inhibit platelet-
stimulated thrombin generation without any impairment of
stimulation of cyclic AMP formation or PGI2-induced inhibi-
tion of platelet aggregation. These results indicated the pres-
ence of inhibitor(s) in SCI plasma capable of partial impair-
ment of platelet PGI2 interaction, which consequently resulted
in partial blockade of the prostacyclin effects in platelets. The
inhibitor has been identified herein to be an anti-PGI2 receptor
antibody capable of recognizing only high-affinity PGI2-
binding sites on the platelet surface. This novel finding was the
consequence of the inherent property of the antibody that
recognized only the high-affinity PGI2-binding site on plate-
lets. Because both high-affinity and low-affinity binding sites
of PGI2 reside on the same receptor macromolecules (8), our
results suggest that the antibody in SCI was probably mono-
clonal in origin and indicate that the occurrence of monoclonal
antibody in the system may not always be due to neoplasticity.
Neuropathologic factors might be involved in this process.
Furthermore, the epitope of the antibody capable of recog-
nizing the high-affinity PGI2-binding sites occurs only in the
variable region III of the heavy chain of IgG.

Although the inhibition of PGI2 binding to its high-affinity
binding sites on the platelet surface did not result in the
impairment of inhibition of platelet aggregation by the pros-
tanoid (10), the inhibition of PGI2 binding to its high-affinity
binding sites in the receptor macromolecule by the antibody
led to the failure of the autacoid to inhibit platelet-stimulated
thrombin generation. It is well established that not only is
thrombin important in blood coagulation, but it also has
crucially important effects on the enhancement of arterioscle-
rosis both directly and indirectly (19–24). As such, the inhibi-
tion of high-affinity binding of PGI2 on its receptor molecule

on the platelet surface may result in the increase of athero-
genesis through unregulated, platelet-stimulated thrombin
generation rather than in direct thrombogenesis due to un-
controlled platelet aggregation in individuals with SCI per se.

The presence of an anti-high-affinity prostacyclin receptor
antibody in the circulation could not be shown in able-bodied
subjects with coronary artery disease (unpublished data), in
which hyperaggregation of platelets has been previously dem-
onstrated by our group to be a leading factor in thrombogen-
esis (16). The platelets in these able-bodied patients with
coronary artery disease are resistant to the inhibitory effect of
PGI2 due to decreased cyclic AMP formation consequent to
the decreased binding of PGI2 to low-affinity receptor binding
sites on these platelets (11). Results of studies in the SCI and
non-SCI populations suggest that the binding of PGI2 to
high-affinity and low-affinity binding sites in its receptor
molecules on the platelet surface may be related to the
prevention of atherogenesis and thrombosis, respectively. The
occurrence of anti-high-affinity prostacyclin receptor antibody
in the circulation may be postulated to be an immunopatho-
logic risk factor that leads to the development of arterioscle-
rosis in individuals with SCI.

We thank Drs. R. A. Kohanski and Jie Chen for determining the
amino acid sequence of the samples.
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FIG. 3. Partial amino acid sequence of the reduced IgG from SCI
plasma. As described in Materials and Methods, the amino acid
sequence of the reduced SCI plasma was determined as illustrated.
Amino acid identities of the heavy chain of IgG (V-III region) from
SCI plasma (in bold letters) had overlap in seven amino acids when
compared with the IgG sequence in the Swiss Protein Data Base.
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