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Protection of Factor Xa from Neutralization by the

Heparin-Antithrombin Complex

JEROMEM. TEITEL and ROBERTD. ROSENBERG,Dana-Farber Cancer Institute and
Beth Israel Hospital, The Harvard Medical School, Department of Biology
and Whitaker College, Massachusetts Institute of Technology,
Boston, Massachusetts 02215

A B S T R A C T We have studied the accessibility of
Factor Xa to neutralization by the heparin-antithrom-
bin complex within plasma and whole blood. This ser-
ine protease was detected by measuring the concen-
trations of activation fragments (F2/F,+2) cleaved from
prothrombin. The levels of F2/F,+2 were quantitated
by means of a sensitive and specific radioimmunoassay.
Our findings indicate that the binding of Factor Xa
to "activated" platelets but not to phospholipid mi-
celles results in the protection of the above enzyme
from inactivation by the heparin-antithrombin com-
plex. This sequestration of Factor Xa is not affected
by the liberation of platelet release proteins or the
molecular heterogeneity of the mucopolysaccharide
preparations used. The magnitude of enzyme protec-
tion is strongly correlated with the extent of prothrom-
bin activation at the time of heparin addition. On this
basis, we suggest that high in vivo rates of thrombin
generation may lead to the sequestration of Factor Xa
on the platelet surface and hence allow this serine pro-
tease to resist the action of heparin until the complex
is cleared from the circulation.

INTRODUCTION

The conversion of prothrombin to thrombin is me-
diated by the serine protease, Factor Xa and a cofactor,
Factor Va. The binding of Factor Xa to the platelet
surface results in a 300,000-fold augmentation in the
ability of this enzyme to generate thrombin (1). This
phenomenon has been referred to as the platelet pro-
coagulant activity. Recent studies have revealed the
emergence of -200 high affinity binding sites for Fac-
tor Xa on the platelet surface when these cellular ele-
ments undergo the release reaction (1-3). Several in-
dependent lines of evidence suggest that platelet mem-
brane-associated Factor Va serves as the receptor for
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Factor Xa (1, 4-8). The above data strongly indicate
that the platelet surface must serve as an important
site for thrombin formation. Prothrombin activation
may also take place on phospholipid micelles (9-11).
Under these conditions, this set of interactions leads
to a 10,000-fold enhancement in the ability of Factor
Xa to generate thrombin (9-11). However, the physi-
ologic importance of the phospholipid surface as a locus
for prothrombin conversion remains unclear.

Experimental data obtained in purified systems have
demonstrated that the association of Factor Xa with
the platelet surface or phospholipid micelles protects
the enzyme against inhibition by the heparin-anti-
thrombin complex (1, 12, 13). Although these phenom-
ena are of considerable significance with regard to the
physiologic or pharmacologic action of the mucopoly-
saccharide, they have never been documented to occur
within the complex milieu of whole blood.

In this communication, we have conducted a de-
tailed examination of the accessibility of Factor Xa to
neutralization by the heparin-antithrombin complex
within plasma and whole blood. The above enzyme
was detected by quantitating the concentrations of
activation fragments (F2/F,+2) cleaved by Factor Xa
from prothrombin. The levels of F2/F,+2 were mea-
sured by means of a sensitive and specific radioim-
munoassay (RIA) recently developed in our labora-
tory (14).

METHODS
Chemicals. Tonophore A23187 was purchased from Cal-

biochem-Behring Corp., American Hoechst Corp., San Diego,
CA. Prostaglandin 12 (PGI2)' was kindly provided by Dr.
Robert Handin, Brigham and Women's Hospital, Boston,
MA.

All other chemicals were reagent grade or better.
Heparin. Porcine heparin (Panheprin) was bought from

Abbott Laboratories, North Chicago, IL. Highly active hep-

' Abbreviation used in this paper: PGI2, prostaglandin I2.
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arins of mol wt 6,500 and 22,000 were prepared by Sephadex
G-100 gel filtration and antithrombin-concanavalin A-Se-
pharose 4B affinity chromatography as previously described
(15). The low molecular weight and high molecular weight
species exhibited specific anticoagulant potencies of 350
U. S. Pharmacopoeia (USP) U/mg and 731 USP U/mg, re-
spectively.

Lipid. Rabbit brain thromboplastin was obtained in 60
determination size vials from Ortho Diagnostics, Raritan,
NJ. The contents of each vial were suspended in 12 ml of
0.15 M NaCl and then harvested by centrifugation at 40C
for 30 min at 25,000 g. The entire process was repeated two
additional times before suspending the washed rabbit brain
thromboplastin in 12 ml of 0.15 M NaCl just before use.

Proteins. Bovine serum albumin (RIA grade) was pur-
chased from Sigma Chemical Company, St. Louis, MO. Rab-
bit immunoglobulin G (IgG) was provided by Miles Labo-
ratories, Elkhart, IN. Hirudin was obtained from Penta-
pharm, Basel, Switzerland.

Measurement of protein concentration. Protein concen-
trations were determined by absorbance at 280 nm. The
molar extinction coefficients for F2 and F1+2 were assumed
to be 12.5 and 12.9, respectively (14).

Collection and processing of blood samples. Venipunc-
tures were performed atraumatically with 21-gauge butterfly
infusion sets by using a two-syringe technique. If anticoag-
ulation was required, then blood was drawn into plastic sy-
ringes preloaded with the appropriate solutions as described
below. These included: (a) 3.8% (wt/vol) sodium citrate; the
ratio of anticoagulant to blood used was 1.0 to 9.0 (vol/vol).
(b) EDTA, 10% (wt/vol) sodium ethylenediaminetetraacetic
acid; the ratio of anticoagulant to blood used was 1.0 to 65.7
(vol/vol). (c) F2 anticoagulant, 7.3 mg/ml citric acid, 22 mg/
ml sodium citrate, 24.5 mg/ml dextrose, 2.234 mg/ml EDTA,
1.602 mg/ml adenosine, and 25 U/ml heparin. The ratio of
anticoagulant to blood used was 0.2 to 1.0 (vol/vol). Platelet-
rich plasma was obtained by centrifugation of anticoagulated
blood at 20°C for 10 min at 400 g. Platelet counts were
estimated by hemocytometer by using phase-contrast mi-
croscopy. Platelet-poor plasma was obtained by centrifuga-
tion of anticoagulated blood at 4°C for 20 min at 1,600 g.

RIA of F2/F1+2. The plasma levels of F2/F1+2 were quan-
titated by a double-antibody RIA that is completely specific
for these activation fragments (14). To this end, 50 ,l of
seven different concentrations of F1+2 standards or plasma
samples or RIA buffer (see below) was added in duplicate
to 50 Ml of 1251-F1+2 (-5,000 cpm) and 100 ,ul of the specific
F2/F1+2 antibody population. The dilution of labeled F1+2
and the antibody population was carried out with 0.155 M
NaCl and 0.05 MEDTAin 0.0255 Msodium phosphate, pH
7.4 with 0.6% (wt/vol) sodium azide and 3.0% (wt/vol) bo-
vine serum albumin added (RIA buffer). The dilution of the
F1+2 standards and plasma samples was conducted with hu-
man plasma adsorbed with barium chloride and extensively
dialyzed against RIA buffer. The concentration of specific
F2/F1+2 antibody population had been predetermined to
precipitate 25-33% of the radiolabeled F1+2 in the absence
of competing antigen. After incubation of the various mix-
tures at 4°C for 18 h, the separation of bound from free
radiolabeled antigen was accomplished by the second anti-
body technique. For this purpose, 50 Ml of rabbit IgG and
200 ,ul of sheep anti-rabbit antisera were both added to each
tube. The amount of rabbit IgG used was predetermined to
result in maximal precipitation with 200 Ml of the sheep anti-
rabbit antisera. After incubation at 4°C for 18 h, the tubes
were centrifuged at 4°C for 10 min at 6,450 g and subse-
quently washed three times at 4°C with 0.2 ml of RIA buffer
modified by the addition of only 0.2% (wt/vol) bovine serum

albumin. The resultant precipitates were then quantitated
for 1251 counts.

RIA of PF-4. Measurement of PF-4 was performed
by Dr. Robert I. Handin, Boston, MA, as previously out-
lined (16).

Analysis of RIA data. Dose-response curves were con-
structed by using a computer-assisted least squares fit of the
raw data to the four-parameter model of Rodbard et al. (17,
18). Statistical analyses of data were conducted by standard
techniques (19).

RESULTS

Antithrombin is the principal antagonist of Factor Xa.
In the presence of heparin, the interaction of these two
proteins is almost instantaneous (20). Therefore, the
addition of mucopolysaccharide to the blood should
suppress Factor Xa-induced cleavage of prothrombin
with resultant inhibition of F2/F1+2 generation. The
continuing elaboration of activation fragments under
the above conditions would indicate the inaccessibility
of Factor Xa to the heparin-antithrombin complex.

The previous set of considerations prompted us to
examine the heparin inhibition of Factor Xa within
the complex milieu of whole blood. To this end, blood
was collected without anticoagulant, placed in a 50-
ml conical tube at 240C, and stirred continuously in
a gentle fashion. Clot formation usually occurred at
F1+2 levels of >100 nM. However, the fibrin meshwork
was localized to the stirring magnet and did not in-
terfere with subsequent sampling. At varying times,
aliquots were removed from the above mixture and
mucopolysaccharide was added at a final concentra-
tion of 2 U/ml. Each of the aliquots were sampled on
four to five occasions over the next 15-20 min and the
resultant solutions were immediately mixed with a spe-
cific F2 anticoagulant to suppress the further cleavage
of prothrombin. We have previously demonstrated
that scission of the zymogen within blood by concen-
trations of Factor Xa as high as 5 ,g/ml is completely
inhibited by this treatment (21). Plasma was obtained
from the above solutions by centrifugation as described
in Methods and the concentrations of F2/F1+2 were
estimated by RIA. The presence of F1+2 reflects the
Factor Xa-dependent cleavage of prothrombin at Arg273-
Thr274. The F1+2 fragment is then clipped at Arg,55-
SerI56 by Factor Xa or thrombin, which is responsible
for the liberation of F1 and F2. No attempt was made to
individually quantitate F2 or F1+2, since both fragments
have identical immunoreactivities in our RIA (21).

The results of a typical experiment are summarized
in Fig. 1. Aliquots were removed from the stirred blood
at 10.5, 12.5, 13.5, and 20 min of incubation and the
solutions were immediately mixed with mucopolysac-
charide. Samples were obtained from the initial three
separate aliquots of heparinized blood over the sub-
sequent 16-20 min and the concentrations of F2/F1+2
were quantitated as a function of time. Data presented
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FIGURE 1 The accessibility of Factor Xa to the heparin-an-
tithrombin complex within whole blood. The concentrations
of F2/F,+2 (0) were determined at varying times within
nonanticoagulated whole blood gently stirred at 24°C (curve
D). Aliquots were removed at three different levels of zy-
mogen conversion and immediately mixed with heparin at
a final concentration of 2 U/ml. The levels of F2/F,+2 (0)
were quantitated at varying times after addition of muco-
polysaccharide. The lines represent the best linear least
squares fit of the above data. See text and Methods for ad-
ditional experimental details.

in Fig. 1 suggest that the degree to which Factor Xa
can be neutralized is dependent upon the extent of
thrombin production at the time of mucopolysaccha-
ride addition. At low levels of prothrombin conversion
(-0.1%), the serine protease is completely inhibited
by the heparin-antithrombin complex (curve A),
whereas at higher levels of zymogen transformation
(10-25%), the above enzyme is less accessible to the
mucopolysaccharide-protease inhibitor complex (curves
B and C). Similar results have been obtained when
heparin is added to blood at final concentrations as
high as 50 U/ml.

The quantitative nature of this relationship was ex-
amined by computing the linear least square slopes of
the F2/F1+2 generation curves at varying initial con-
centrations of activation fragments for 20 separate
experiments in which heparin was used at a final con-
centration of 2 U/ml (data not shown). The individual
curves exhibited considerable linearity as suggested by
the mean linear least squares correlation coefficient
(r) of 0.924±0.113 (SD). As expected, this character-
istic behavior is absent when the levels of prothrombin
have been sufficiently depleted to reduce F2/F1+2 gen-
eration over the next 12-20 min. For this reason, in-
dividual curves in which the initial concentration of
F2/F1+2 exceeded 2,000 nM were excluded from con-
sideration. In Fig. 2, we have plotted the calculated

slopes of the F2/F1+2 generation curves vs. the initial
concentrations of activation fragment at the time of
mucopolysaccharide addition. Linear least squares
analysis revealed that the above data is best repre-
sented by the equation y = 0.138x + 13.4, with r
= 0.903. This relationship suggests that the protection
of Factor Xa from the heparin-antithrombin complex
is a linear function of the extent of prothrombin con-
version.

It might be argued that the rate of neutralization
of the above enzyme by the mucopolysaccharide-pro-
tease inhibitor complex is actually dependent upon the
period of time from the onset of prothrombin acti-
vation to the addition of heparin. If this were the case,
an apparent relationship would exist between Factor
Xa accessibility and fractional zymogen conversion.
To test this hypothesis, 16 experiments were selected
for analysis in which the available F2/F1+2 measure-
ments permitted an extrapolated estimate of the time
of onset of prothrombin activation. The slopes of the
F2/F1+2 generation curves were then plotted vs. the
time interval from initiation of zymogen transforma-
tion to the admixture of mucopolysaccharide which
ranged from 2.6 to 13 min. Linear least squares anal-
yses of the two parameters yielded an r value = 0.716,
which is considerably smaller than that observed ear-
lier. This finding suggests that the accessibility of Fac-
tor Xa to the heparin-antithrombin complex is a linear
function of the extent of prothrombin activation rather
than the time interval from the onset of zymogen con-
version to the addition of mucopolysaccharide.

The experiments cited above were conducted with
commercial preparations of heparin. These products
are known to contain mucopolysaccharide species with
mol wt that range from 3,000 to 35,000 (22, 23). Fur-
thermore, only '30% of heparin components of any
given molecular size possess the unique monosaccha-
ride sequences required for anticoagulant function
(23, 24). To exclude the possibility that the relationship
between Factor Xa accessibility and fractional zym-
ogen conversion was mediated by a particular anti-
coagulant or nonanticoagulant fraction of the com-
mercial preparation, the experiments outlined above
were repeated with highly active heparins of mol wt
6,500 and 22,000, respectively. In Fig. 2, we have plot-
ted the slopes of the F2/F1+2 generation curves ob-
tained with the two homogenous mucopolysaccharide
products vs. the initial concentrations of activation
fragments at the time of heparin addition. Linear least
squares analyses demonstrated that the above data is
best represented by the equation y = 0.lOx + 21.7,
with r = 0.916 (not shown). This data is virtually iden-
tical to that obtained with commerical preparations
of the mucopolysaccharide.

Previous investigators have partially defined the
molecular events that result in the binding of Factor
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FIGURE 2 The extent of Factor Xa protection from neutralization by the heparin-antithrombin
complex within whole blood in the presence and absence of PGI2. The concentrations of F2/
F1+2 were determined at varying times within nonanticoagulated blood in the presence and
absence of PGI2. Aliquots were removed at different levels of zymogen conversion and imme-
diately mixed with commercial heparin or highly active heparin of mol wt 22,000 or highly
active heparin of mol wt 6,500 at final concentrations of 2 U/ml. The levels of F2/F1+2 were

quantitated at intervals of 4 min over the next 16-20 min after addition of mucopolysaccharide.
The slopes of the F2/F,+2 generation curves were determined by linear least squares analyses.
The rates of F2/F1+2 production in the presence of commercial heparin with (0) or without
(0) PGI2 as well as the rates of F2/FI+2 production in the presence of highly active heparin of
mol wt 22,000 (A) and 6,500 (A) are plotted against the concentrations of activation fragments
before heparin addition. The solid lines represent the best linear squares fit of the data obtained
for commercial heparin in the presence and absence of PGI2. See text and Methods for additional
experimental details.

Xa to the platelet surface (1, 4-8). These studies in-
dicate that the generation of thrombin is responsible
for the transformation of Factor V to Factor Va as well
as the induction of the platelet release reaction. Factor
Va is then able to interact with a specific region on

the surface of the "activated" platelets and the resul-
tant protein-membrane complex represents the high
affinity receptor for Factor Xa. If protection of this
serine protease from neutralization by the heparin-an-
tithrombin complex required formation of the above
receptor, then suppression of the platelet release re-

action should permit the free or weakly bound enzyme
to be inactivated by the mucopolysaccharide-protease
inhibitor complex. In this case, no linear relationship
would be observed between Factor Xa accessibility
and fractional zymogen conversion.

To test this hypothesis, PGI2, a potent inhibitor of
the platelet release reaction, was added to nonanti-
coagulated whole blood at a final concentration of 15
.M. Subsequently, aliquots were removed at differing
levels of prothrombin activation, immediately mixed
with heparin, and the concentrations of F2/F1+2 were

quantitated as a function of time. Given the relatively
short half-life of PGI2, constant levels of the prosta-
glandin were maintained by repetitive addition at in-

tervals of 3 min. In all cases, the suppression of the
platelet release reaction was documented by RIA for
PF-4. The mean concentration of this release protein
within the fluid phase of blood averaged 18.2 ng/
ml±8.5 (SD), n = 8. This value is <11% of the PF-4
levels measured in nine other experiments that were

conducted in the absence of PGI2.
It should be noted that significant zymogen conver-

sion is difficult to achieve in the presence of the above
prostaglandin. This is not surprising in view of our

previous demonstration of the relationship between
platelet secretion and prothrombin activation (16).
However, a significant degree of zymogen transfor-
mation occurred in several experiments before the ad-
dition of heparin. In Fig. 2, we have plotted the slopes
of the F2/F1+2 generation curves obtained from the
above experiments vs. the initial concentrations of ac-

tivation fragments. The data is best represented by the
nearly horizontal line described by the equation y
= 0.014x + 5.56, with r = 0.246. Thus, the linear
relationship between Factor Xa accessibility and frac-
tional zymogen conversion no longer holds in the ab-
sence of platelet secretion.

It should be noted that several experiments were not
included in the above analyses. In these instances, in-

1386 J. M Teitel and R. D. Rosenberg

c

C

0
4-

a
w

G_0

4-

0a)-
C

tz:



cubation of the nonanticoagulated blood was suffi-
ciently prolonged to permit F2/F1+2 levels to exceed
440 nM (conversion of >15% of the plasma prothrom-
bin). Under these conditions, the extent of Factor Xa
protection was quite variable. This inconsistency is
most probably due to the prolonged exposure of plate-
lets to significant levels of thrombin with subsequent
nonspecific proteolysis of cellular elements.

The results obtained with PGI2 addition to nonan-
ticoagulated blood do not exclude the hypothesis that
protection of Factor Xa from the heparin-antithrom-
bin complex is mediated by a soluble factor secreted
during the platelet release reaction. This substance
might impair the binding of mucopolysaccharide to
protease inhibitor or the interaction between Factor
Xa and the heparin-antithrombin complex. The pre-
ceding supposition appears unlikely in view of the fact
that the linear relationship depicted in Fig. 2 is valid
at mucopolysaccharide concentrations as high as 50 U/
ml (see above). However, the presence of the postu-
lated species was directly sought by inducing platelets
to undergo the release reaction and then using the
platelet-poor plasma to quantitate Factor Xa accessi-
bility to the heparin-antithrombin complex.

To this end, platelet-rich plasma was prepared from
blood anticoagulated with EDTAas described in Meth-
ods. Platelet counts ranged from 339 X 109 to 534
X 109 cells/liter. The above cellular elements were in-
duced to undergo the release reaction by addition of
Ionophore A23187 at a final concentration of 10 ttM.
The successful activation of platelets was confirmed
by establishing that the resultant levels of PF-4 within
the fluid phase of blood were not significantly different
from those obtained during the clotting of nonanti-
coagulated blood (P < 0.5). The aggregated cellular
elements were then removed by centrifugation at 40C
for 20 min at 1,600 g. The coagulation process was
initiated within the platelet-poor plasma by addition
of washed rabbit brain thromboplastin and calcium
chloride at final concentrations of 15 ug/ml and 7.5
mM, respectively. Aliquots were removed from the
above incubation mixture at differing levels of zymogen
conversion, heparin was added to each sample at a final
concentration of 2 U/ml, and the generation of F2/F1+2
was determined as a function of time.

The linear least squares slopes from nine such ex-
periments were plotted vs. the initial levels of acti-
vation fragment at the time of mucopolysaccharide
addition. The data (not shown) is best described by the
equation y = 0.039 x + 4.68, with r = 0.488. The
shallow slope and poor correlation between the rates
of prothrombin conversion and the concentrations of
F2/F1+2 at the time of heparin admixture suggest that
protection of Factor Xa is minimal in the above milieu.
Thus, it is unlikely that a substance which is secreted
by platelets is responsible for the relationship between

Factor Xa accessibility and fractional zymogen con-
version.

The essential role of platelets in the protection of
Factor Xa from inactivation by the heparin-antithrom-
bin complex was confirmed by experiments conducted
with platelet-rich plasma and platelet-poor plasma. To
this end, platelet-rich plasma was prepared from blood
anticoagulated with EDTA as described in Methods.
Platelet counts ranged from 339 X 109 to 534 X 109
cells/liter. These cellular elements were induced to
undergo the release reaction by addition of Ionophore
A23187 at a final concentration of 10 MM. The acti-
vation of platelets was confirmed by demonstrating
that the resultant levels of PF-4 within the fluid phase
were not significantly different from those obtained
during the clotting of nonanticoagulated blood (P
< 0.5). After the above mixture was incubated at 24°C
for 5 min, calcium chloride was added at a final con-
centration of 7.5 mMand aliquots were removed at
differing levels of zymogen conversion. The various
solutions were immediately mixed with heparin at a
final concentration of 2 U/ml and the levels of F2/F1+2
were determined at intervals of 4 min during the next
16 min. The results of a typical experiment are shown
in Fig. 3A. Two aliquots were removed from the ac-
tivation mixtures at initial F2/F1+2 concentrations of
33.6 nM and 452 nM, respectively. The slopes of the
F2/F1+2 generation curves for the above samples after
addition of mucopolysaccharide were 7.3 nM/min and
79.5 nM/min, respectively. The steeper slope of the
F2/F1+2 generation curve at a higher initial concen-
tration of activation fragment suggests that Factor Xa
may be protected from neutralization by the heparin-
antithrombin complex under the above conditions.

In parallel experiments, we also examined Factor
Xa accessibility to the mucopolysaccharide-protease
inhibitor complex within platelet poor-plasma. To this
end, platelet-poor plasma was obtained from blood
anticoagulated with EDTA as described in Methods.
The coagulation process was initiated at 24°C by ad-
dition of washed rabbit brain thromboplastin and cal-
cium chloride at final concentrations of 15 ,g/ml and
7.5 mM, respectively. Aliquots were removed from the
above incubation mixture at differing levels of zym-
ogen conversion, heparin was added to each sample
at a final concentration of 2 U/ml, and the levels of
F2/FI+2 were determined within each solution at in-
tervals of 4 min during the next 16 min. The results
of a typical experiment are shown in Fig. 3B. Two
aliquots were removed from the activation mixture at
initial F2/F1+2 concentrations of 271 nMand 1,022 nM,
repectively. The slopes of the F2/F1+2 generation
curves for the above samples, after addition of mu-
copolysaccharide were 34.3 nM/min and 19.5 nM/
min, respectively. The relatively constant but shallow
slopes of the F2/F1+2 generation curves at two widely

Neutralization of Factor Xa within Human Blood 1387
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FIGURE 3 The accessibility of Factor Xa to neutralization by the heparin-antithrombin complex
within platelet-rich plasma and platelet-poor plasma. A, The concentration of F2/F1+2 (l) was
determined at varying times within platelet-rich plasma. The coagulation process was initiated
with ionophore 23187 and subsequent addition of calcium chloride. Aliquots were removed
at two different levels of zymogen conversion and immediately mixed with heparin at a final
concentration of 2 U/ml. The levels of F2/F1+2 (0) were quantitated at varying times after
admixture of mucopolysaccharide. The lines represent the best linear fit of the above data. B,
The concentrations of F2/F,+2 (0) were determined at varying times within platelet-poor
plasma. The coagulation process was initiated by the addition of rabbit brain thromboplastin
and calcium chloride. Aliquots were removed at two different levels of zymogen conversion
and immediately mixed with heparin at a final concentration of 2 U/ml. The levels of F2/F]+2
(0) were quantitated at varying times after admixture of mucopolysaccharide. The lines rep-
resent the best linear fit of the above data.

different initial levels of activation fragment suggest
that Factor Xa is not protected by phospholipid from
neutralization by the heparin-antithrombin complex
under the above conditions.

The extent of Factor Xa accessibility to the heparin-
antithrombin complex was examined in greater detail
by conducting 34 additional experiments within plate-
let-rich plasma and platelet-poor plasma as outlined
above. In each instance, the linear least squares slopes
of F2/F1+2 production after mucopolysaccharide ad-
dition were computed as previously described. Fig. 4
depicts a plot of the slopes of the F2/F1+2 generation
curves as a function of the initial concentrations of
total activation fragment at the time of heparin ad-
dition. Data obtained for platelet-rich plasma and
platelet-poor plasma are best described by the equa-

tions y = 0.091 x + 29.7, with r = 0.776; and y = 0.008
x + 9.16, with r = 0.338, respectively. The slopes of
the two analytic expressions clearly indicate that plate-
lets but not phospholipids are capable of protecting
Factor Xa against neutralization by the heparin-anti-
thrombin complex.

DISCUSSION

Several groups have examined the accessibility of Fac-
tor Xa to neutralization by the heparin-antithrombin
complex in the presence of phospholipid micelles or

activated platelets. The studies of Yin (25), Marciniak
(12), as well as Walker and Esmon (13) conducted with
purified components have shown that phospholipid
with or without Factor Va and calcium ions can protect
Factor Xa against inactivation by the mucopolysac-
charide-protease inhibitor complex. The investigations
of Miletich et al. (1) carried out with purified proteins
and washed, thrombin activated platelets suggest that
the binding of Factor Xa to the above cellular surface
via Factor Va renders this serine protease inaccessible
to the action of the heparin-antithrombin complex.
However, it is not clear that either of these mechanisms
operate within complex physiologic fluids.

Wehave examined the neutralization of Factor Xa
by the heparin-antithrombin complex within whole
human blood. This analysis was conducted with a spe-

cific RIA that measures the levels of F2/F1+2 generated
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FIGURE 4 The extent of Factor Xa protection from neutralization by the heparin-antithrombin
complex within platelet-rich plasma and platelet-poor plasma. A, The concentrations of F2/
F,+2 were determined at varying times after initiation of the coagulation process within platelet-
rich plasma. Aliquots were removed at different levels of zymogen conversion and immediately
mixed with heparin at a final concentration of 2 U/ml. The rate of F2/F1+2 production (0)
were determined over the next 16-20 min after addition of mucopolysaccharide and are plotted
against the concentrations of activation fragments before heparin admixture. B, The concen-

trations of F2/F1+2 were determined at varying times after initiation of the coagulation process

within platelet-poor plasma. Aliquots were removed at different levels of zymogen conversion
and immediately mixed with heparin at a final concentration of 2 U/ml. The rates of F2/F1+2
production (0) were determined over the next 16-20 min after addition of mucopolysaccharide
and are plotted against the concentrations of activation fragments before heparin admixture.
The lines represent the best linear least squares fit of the data obtained for platelet-rich plasma
and platelet-poor plasma. See text and Methods for additional experimental details.

during the initial Factor Xa-dependent cleavage of
prothrombin. Our data reveal that protection of Factor
Xa from inactivation by the mucopolysaccharide-pro-
tease inhibitor complex is not absolute in nature but
is a linear function of the extent of zymogen conver-

sion.2 The above relationship is critically dependent
upon the ability of platelets to undergo the release re-

action. This was established by monitoring the neu-

tralization of Factor Xa by the heparin-antithrombin
complex within whole human blood, while suppressing
platelet secretion by addition of PGI2. Our results dem-
onstrate that Factor Xa is completely accessible to in-
activation by the mucopolysaccharide-protease inhib-
itor complex at all levels of zymogen conversion under
the above conditions.

Furthermore, we have also compared the accessi-
bility of Factor Xa to the heparin-antithrombin com-

plex within platelet-rich and platelet-poor plasma.
Prothrombin conversion was initiated within platelet-

2 Wehave assumed that contributions to Factor Xa levels
via a heparin-resistant pathway are minimal. This appears
reasonable since activation of this zymogen by Factor IXa
is also sensitive to the action of the mucopolysaccharide.

rich plasma by exposing these cellular elements to ion-
ophore and then adding calcium ions. Generation of
thrombin within platelet-poor plasma was started by
admixture of rabbit brain thromboplastin and calcium
ions. Our data show that Factor Xa protection from
the heparin-antithrombin complex is a linear function
of the extent of zymogen conversion within platelet-
rich plasma but that this relationship is not apparent
within platelet-poor plasma. These findings not only
confirm the importance of the platelet release reaction
in the sequestration of the above enzyme but also in-
dicate that phospholipids are unable to perform this
function within human plasma.

We have considered the possibility that the rela-
tionship between Factor Xa accessibility and fractional
zymogen conversion might be due to a progressive
release of heparin-neutralizing factors from the plate-
let or to the inactive mucopolysaccharide within com-

mercial preparations of the anticoagulant.
To this end, platelet-rich plasma was exposed to con-

centrations of ionophore that induced these cellular
elements to undergo the release reaction after removal
of aggregated platelets. The coagulation process was

initiated by addition of rabbit brain thromboplastin
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and calcium ions in the presence of the same concen-
tration of heparin previously used. The neutralization
of Factor Xa was no different within this system from
that observed with platelet-poor plasma in which the
release reaction had not taken place.

Furthermore, we have also analyzed the inhibition
of Factor Xa during in vitro coagulation of whole blood
in the presence of highly active heparin of mol wt
-6,500 and 22,000, respectively. No difference in the

protection of the enzyme was noted with the above
products as compared with commercial preparations
of mucopolysaccharide.

Previous investigations carried out with purified
components suggest that thrombin generation within
the blood would result in the transformation of Factor
V to Factor Va as well as the induction of the platelet
release reaction (1-6, 8). Under these conditions, one
would expect Factor Xa to bind tightly to the surface
of the activated platelet via Factor Va and thereby
become inaccessible to the action of the heparin-an-
tithrombin complex within blood (1, 12, 13). The ex-
perimental data cited here indicate that protection of
Factor Xa from neutralization by the mucopolysac-
charide-protease inhibitor complex during in vitro co-
agulation of whole human blood is completely depen-
dent upon the presence of activated platelets. These
results strengthened our belief that the Factor Xa pro-
tective mechanism observed with purified components
is relevant to complex physiologic fluids. However, it
is surprising that Factor Xa accessibility to the heparin-
antithrombin complex is not absolute in nature but is
strongly correlated with fractional zymogen conver-
sion. In principle, this unanticipated observation might
arise from a linear relationship between the degree of
the platelet release reaction or the level of Factor Xa
generation or the extent of Factor V to Factor Va trans-
formation and the amount of thrombin generated
within the blood. Alternatively, the activation of plate-
lets and the production of Factor Va and Factor Xa
might take place at levels insufficient to form the
prothrombinase complex during the earlier stages of
in vitro coagulation of whole blood. However, the sub-
sequent time-dependent association of the three com-
ponents might be mistaken for a relationship between
Factor Xa accessibility and fractional zymogen con-
version.

Wehave considered the possibility that a progressive
increase in the degree of the platelet release reaction
might be responsible for our observations. On the one
hand, in preliminary experiments, we have incubated
platelet-rich plasma with ionophore to induce secre-
tion as documented by RIA for PF-4. This mixture was
then recalcified and the accessibility of Factor Xa to
the heparin-antithrombin complex was determined.
No difference was noted in the expected linear rela-
tionship between Factor Xa protection and the extent

of zymogen conversion (data not shown). On the other
hand, we have previously demonstrated that during
in vitro coagulation of whole blood, a significant num-
ber of platelets undergo the release reaction within the
initial phase of prothrombin transformation (16). Thus,
it would be surprising if limiting numbers of activated
platelets represented the basic phenomena underlying
the observed dependence.

It also seems somewhat unlikely that the time-de-
pendent assembly of the prothrombinase complex on
the surface of the platelet could be responsible for the
observed linkage between Factor Xa accessibility and
fractional zymogen conversion. Although it is difficult
to unambiguously assess this possibility, our data sug-
gest that the rates of Factor Va and Factor Xa inter-
action with activated platelets are not involved in
generating the above relationship. The transformation
of prothrombin within whole blood begins at variable
intervals after venipuncture (2.6-13 min). If the es-
sential components of the prothrombinase complex
formed early in the coagulation process and then pro-
ceeded to bind in a progressive fashion to the platelet
surface, protection of Factor Xa would be more
strongly correlated with the time interval from the
onset of F2/F1+2 generation to the point of heparin
addition rather than with the extent of zymogen con-
version. Careful analyses of our observations reveal
that the former relationship is statistically weaker than
the latter one.

Our experimental data do not permit us to draw
definitive conclusions concerning the underlying mo-
lecular interactions that are ultimately responsible for
the linear relationship between Factor Xa accessibility
and fractional zymogen conversion. However, the fol-
lowing scenario of events appears a possible cause of
our intriguing observation. Initially, thrombin gener-
ation within the blood leads to the transformation of
small amounts of Factor V to Factor Va as a linear
function of enzyme production. The latter phenome-
non is possibly due to the presence of other thrombin
substrates within blood at much higher concentrations
than Factor V. Subsequently, the increasing levels of
Factor Va are responsible for a growing number of
Factor Xa molecules that are tightly bound to the sur-
face of the activated platelet and hence, directly result
in an enhanced sequestration of the latter enzyme from
the action of the heparin-antithrombin complex.

It should be noted that the observed correlation be-
tween Factor Xa accessibility and fractional zymogen
conversion may have important implications with re-
spect to the treatment of thrombotic disease. The re-
lationship outlined above would predict that high in
vivo rates of thrombin generation might lead to the
formation of substantial amounts of activated platelet-
Factor Va-Factor Xa interaction product. The se-
questered Factor Xa hidden within this multimole-
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cular complex should be resistant to the action of hep-
arin and therefore must be cleared from the circulation
before anticoagulant cover can be safely withdrawn.
Wehave recently studied two patients with dissemi-
nated intravascular coagulation who exhibited grossly
elevated concentrations of F2/F1+2, thrombin-anti-
thrombin complex and fibrinopeptide A. Treatment of
these individuals with full doses of heparin for 24 h or
longer resulted in a dramatic lowering of fibrinopep-
tide A levels towards the normal range without any
concomitant reduction of F2/F1+2 and thrombin-anti-
thrombin complex levels. We suspect that these pa-
tients may have significant amounts of Factor Xa bound
to activated platelets, which cannot be neutralized by
heparin-antithrombin interaction products. In this
case, the above sequestered enzyme would generate
thrombin that is prevented from acting on fibrinogen
by the mucopolysaccharide-protease inhibitor com-
plex. If this supposition is correct, the activated plate-
let-Factor Va-Factor Xa interaction product must be
cleared from the blood before treatment with heparin
can be halted without renewed formation of fibrin
thrombi. The above situation may represent a general
phenomenon in which the duration of adequate hep-
arin therapy is partially determined by the intensity
of the thrombotic stimulus via the generation of acti-
vated platelet-Factor Va-Factor Xa complex.
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