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Mechanism of the Anticoagulant Effect of Warfarin as Evaluated in Rabbits
by Selective Depression of Individual
Procoagulant Vitamin K-dependent Clotting Factors
Ariella Zivelin, L. Vijaya Mohan Rao, and Samuel 1. Rapaport
Departments of Medicine and Pathology, University of California, San Diego, California 92093

Abstract

Wehave evaluated the contribution of depression of individual
procoagulant vitamin K-dependent clotting factors to the abil-
ity of warfarin to protect rabbits against tissue factor-induced
coagulation. Mean activities of individual procoagulant factors
were determined, in assays with rabbit substrates, for a group
of rabbits achieving a protective degree of anticoagulation with
warfarin. Values were: factor VII, 12%; factor IX, 7%; factor X,
14%, and prothrombin, 13%. The effect upon tissue factor-in-
duced coagulation of selective immunodepletion of each factor
to a comparable level was then evaluated. Immunodepletion of
plasma factor X or prothrombin, but not of factor VII or factor
IX, protected otherwise normal rabbits against tissue factor-
induced coagulation. Next, we determined the effect upon the
protection in warfarin-treated rabbits of selectively restoring
factor X or prothrombin before infusing tissue factor. When
either factor was selectively restored, warfarin's protective ef-
fect was abolished. Moreover, selective restoration of
prothrombin sensitized warfarin-treated rabbits to coagulation
more severe than observed in nontreated control rabbits. One
may extrapolate from these data that depression of both factor
X and prothrombin are required for warfarin's clinical anti-
thrombotic efficacy and that depression of plasma prothrombin
is particularly important. (J. Clin. Invest. 1993. 92:2131-
2140.) Key words: tissue factor * intravascular coagulation .
factor VII * factor X * prothrombin

Introduction

Warfarin and related vitamin K antagonists were used clini-
cally for many years before it was recognized that they im-
paired not only the synthesis of procoagulant factors, factors
VII, IX, X, and prothrombin, but also the synthesis of anticoag-
ulant factors, protein Cand protein S. Although warfarin's anti-
thrombotic efficacy is established in a variety of clinical cir-
cumstances (1), it is not clear why in these circumstances the
effect of depressing procoagulant factors outweighs the effect of
depressing anticoagulant factors.
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In 1958, Sise et al. (2) observed that both hemorrhage and
thrombosis in patients receiving a vitamin K antagonist were
more closely related to specific plasma prothrombin activity
than to the "prothrombin time," a test particularly sensitive to
the effect of vitamin K antagonists upon plasma factor VII
activity. Reports of venous thrombo-embolism in patients with
hereditary factor VII deficiency (3, 4) also raised uncertainty as
to the importance of depressed factor VII activity for warfarin's
antithrombotic efficacy. Recently, Furie et al. (5) reported that
the plasma native prothrombin antigen level correlated closely
with the presence of bleeding or thromboembolic complica-
tions in patients given warfarin. Moreover, Xi et al. (6) have
shown that adding purified prothrombin to pooled plasma
from patients given a vitamin Kantagonist increased thrombin
generation whereas adding purified factors VII, IX, or X
did not.

Only a few animal studies have been carried out on the
mechanism of the antithrombotic effect of warfarin. Izak and
Galewsky (7) reported in 1966 that treatment with warfarin
failed to prevent intravascular coagulation in rabbits infused
with a crude tissue factor (TF)1 preparation. Wessler and col-
leagues (8-10), using a rabbit stasis thrombosis model, re-
ported that warfarin protected against thrombosis not only by
depressing factor VII initially and other vitamin K-dependent
procoagulant factors after 2 d but also by enhancing, after 6 d,
an inhibitory activity in plasma against factor Xa. There are no
confirmatory studies in the literature of this last observation.

Wereport here studies in a rabbit model system of the con-
tribution of the depression of each procoagulant vitamin K-de-
pendent clotting factor to warfarin's function as an anticoagu-
lant agent. The data provide evidence for the importance of
depression of both plasma prothrombin activity and plasma
factor X activity for the ability of warfarin to protect rabbits
against TF-induced intravascular coagulation.

Methods

Reagents
General. Sodium warfarin for intravenous administration was a gift
from DuPont Pharmaceuticals (Willimgton, DE). Rabbit anti-human
prothrombin antiserum and rabbit anti-human factor X antiserum
were from American Bioproducts (Parsippany, NJ). Rabbit plasma for
protein purification was purchased from Pel-Freez Biologicals
(Rogers, AR).

Reagents for clotting assays. Rabbit brain thromboplastin (TF)
was from Sigma Chemical Co. (St. Louis, MO). Automated APTTwas
from General Diagnostics (Morris Plains, NJ). Kaolin cephalin APTT
Reagent was from Helena Laboratories (Beaumont, TX). Bovine
thrombin and human fibrinogen reference plasma were from Baxter
Diagnostics (Deerfield, IL). Human substrate plasmas deficient in a

1. Abbreviation used in this paper: TF, tissue factor.
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specific clotting factor were from patients seen at the University of
California, San Diego (UCSD) Medical Center, from George King
Bio-Medical (Overland Park, KS), or were prepared by immu-
noadsorbing normal human plasma.

Purified coagulation proteins
Rabbit TF. Purified rabbit brain TF apoprotein ( 11 ) was reconstituted
into phospholipid vesicles containing phosphatidylserine and phospha-
tidylcholine in a ratio of 4:6 (12) and stored at -750C.

Rabbit factors VII, IX, X, and prothrombin. The initial steps of
purification of rabbit vitamin K-dependent clotting factors were essen-
tially the same as for the human proteins ( 13, 14), but the elution
profile from a DEAE-Sephadex column differed. Rabbit factor IX was
eluted separately from the other clotting factors and was purified to
homogeneity as described earlier ( 15). Prothrombin, factor VII, and
factor X, which overlapped on elution from a DEAE-Sephadex col-
umn, were applied to a 5 X 38-cm heparin agarose column (14). The
column was developed with an initial buffer (0.02 Msodium citrate, 1
mMbenzamidine, pH 7.5) to yield partially purified factor VII. Then,
bound proteins were eluted with a linear salt gradient of 0-0.6 MNaCl
in 0.02 Mcitrate, 1 mMbenzamidine, pH 7.5 (total gradient volume,
2,000 ml). This separated prothrombin from factor X, yielding appar-
ently homogeneous prothrombin and partially purified factor X.

Humanprothrombin andfactorX. Humanprothrombin and factor
X were purified to apparent homogeneity as described earlier ( 14). As
measured in chromogenic assays, the prothrombin preparation con-
tained <0.01% thrombin and the factor X preparation contained
< 0.01% factor Xa (wt/wt).

Antibodies to rabbit clotting factors
Anti-factor VII IgG. Partially purified rabbit factor VII was subjected
to SDS-PAGEon a 10% polyacrylamide slab gel. The major stained
protein band, which corresponded to the molecular weight of factor
VII, was electroeluted and used as the antigen to immunize a goat as
described earlier ( 15). The antiserum was heat inactivated at 560C for
30 min and the IgG fraction was separated by precipitation at 40%
ammonium sulfate saturation followed by DEAE-Affi-Gel blue chro-
matography. The IgG had a specific activity of 10-50 inhibitor U/mg
protein, bound strongly to rabbit factor VII on an immunoblot, and
had no inhibitory activity against rabbit factors IX, X, or prothrombin.
For this and subsequent antibodies, one inhibitor unit was defined as
the concentration of IgG in an equal part mixture of IgG and rabbit
plasma that inhibited 50%of the clotting factor activity in the mixture
in 30-60 min at room temperature.

Anti-factor IX IgG. A mAbagainst rabbit factor IX (mAb 170.1)
was prepared by standard techniques and purified by use of a mAb
purification kit (Bio-Rad Laboratories, Richmond, CA). mAb 170.1
was of subclass IgGl, had an inhibitory activity of 200 U/mg IgG, and
bound only to rabbit factor IX on an immunoblot of rabbit plasma.
Monospecific polyclonal antibodies against rabbit factor IX were
raised in a goat as described earlier ( 15 ).

Anti-factor X IgG. mAbs against rabbit factor X were prepared
using standard techniques with partially purified rabbit factor X as an
antigen and the IgG was purified as described above. mAb409 was
used to prepare rabbit factor X-deficient substrate plasma. Antibody
mAb541, which was of subclass IgG3 and had a titer of 75 U/mg IgG,
was injected into rabbits to immunodeplete plasma factor X activity.

Antiprothrombin IgG. Our purified rabbit prothrombin prepara-
tion lost most of its activity on overnight dialysis at 4°C into Hepes
buffer. SDS-PAGEanalysis of the dialyzed sample revealed a major
protein band corresponding to prethrombin 1. This band was electro-
eluted from a Coomassie blue-stained SDS-PAGEslab gel and used as
antigen to raise a monospecific antiserum in a goat. The antiserum was
affinity purified on a prethrombin 1 column that was prepared by cou-
pling 300 mgof rabbit prethrombin 1 to 25 ml Affi-Gel 15 as described
in the manufacturer's (Bio-Rad Laboratories) technical bulletin. About
100 ml of antiserum was precipitated at 40%ammoniumsulfate satura-
tion. The precipitate was dissolved and dialyzed extensively in TBS,

and mixed from 4 h to overnight with the immobilized prethrombin 1
at 4VC. Unbound or weakly bound proteins were washed with TBS
followed by TBScontaining 1 MNaCl. The bound IgG was eluted with
0.1 Mglycine, pH 2.4, into test tubes containing 0.1 vol of 1.0 MTris.
The eluted IgG was concentrated by precipitation with 80% ammo-
nium sulfate saturation, dissolved, and dialyzed extensively in Hepes
buffer. The affinity-purified IgG had a specific activity of 3 inhibitory
U/mg of protein.

Control IgG preparations. An anti-human thyroglobulin IgG that
was unreactive against clotting factors was purified from ascitic fluid
kindly provided by Dr. M. Zanetti (Department of Medicine, UCSD).
Nonimmune goat IgG was purified as described above from commer-
cial goat serum (Sigma Chemical Co.).

Rabbit-specific deficiency substrate plasmas
Rabbit substrate plasmas deficient in factor VII, IX, or X were pre-
pared by immunoaffinity chromatography against goat anti-factor VII
IgG, against a mixture of anti-factor IX mAb170.1 and goat anti-fac-
tor IX IgG, and against anti-factor X mAb409. In preparing the im-
munoadsorbant columns, the IgGs were coupled to Affi-Gel 15, - 5
mgof IgG/ml of beads, according to the manufacturer's instructions.
Platelet-poor citrated rabbit plasma ( 15-25 ml) was added to a 5-10-
ml specific antibody column and rotated on a mixer for 4-6 h at 4VC.
Factors VII and X substrate plasmas had < 1% activity of the specific
factor. Factor IX substrate plasma had - 3%residual factor IX activ-
ity. These substrate plasmas were stored at -750C.

A serum reagent for use in specific rabbit and human prothrombin
(factor II) assays was prepared by clotting either rabbit or human blood
in a glass tube containing a 1:100-200 vol of rabbit brain TF (Sigma
Chemical Co.). After 2-4 h the serum was separated from the clot by
two successive centrifugations for 10 min at 10,000 g, followed by
dialysis of the serum into TBS. Serum so prepared contained < 1%
prothrombin activity and > 60% activity of factors VII and X.

Barium sulfate-adsorbed rabbit plasma
Barium-adsorbed rabbit plasma, prepared as described earlier ( 16),
was added in assays for factors VII, IX, and X to ensure that variation
in levels of factors V and VIII in test samples did not influence the
clotting times of these assays. Since the serum used in the prothrombin
assay lacked fibrinogen, a special barium-adsorbed plasma reagent with
a higher fibrinogen level was prepared for this assay from blood ob-
tained from a rabbit given an intravenous injection of 100 ,ug/kg of
Escherichia coli endotoxin (0111 :B4; Sigma Chemical Co.) 24 h
earlier.

Animal experimental procedures
Animal protocols. Female NewZealand rabbits ( 1.5-2.4 kg) were used
in protocols approved by the Animal Subjects Committee of UCSD.
Rectal temperatures, taken before and after an experiment to monitor
against contamination of infused material with endotoxin, were un-
changed.

Blood sampling, injections, and infusions. Blood samples of 1.5-2
ml were obtained by inserting a 23-gauge needle into a marginal ear
vein that had been dilated by rubbing the ear with xylene. Nine parts of
blood dripping freely from the hub were collected into an Eppendorf
tube containing one part of a balanced citrate anticoagulant (0.06 M
sodium citrate, 0.04 Mcitric acid). Platelet-poor plasma was obtained
by two successive centrifugations in an Eppendorf centrifuge for 6 min
at 15,000 g, at 4°C. The plasma was stored in - 0.2-ml aliquots in
plastic vials at -75°C. Blood for cell counts was collected into EDTA-
coated microtainers (Fisher Scientific, Pittsburgh, PA). Larger
amounts of blood for making rabbit reagents were obtained from a
central ear artery.

TF was infused through a marginal ear vein as described earlier
(12). Warfarin and IgG were injected either directly into a marginal ear
vein through a 23-gauge butterfly set or into the tubing of a running
infusion. In some experiments IgG was also added to the contents of an
infusion bag to maintain an effective plasma level of IgG.
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Administration of warfarin. Rabbits were given a special diet de-
pleted of vitamin K (ICN Biochemicals, Cleveland, OH), beginning
3-4 d before warfarin in early experiments and beginning on day 1 of
warfarin in later experiments. The rabbits were injected intravenously
daily for a consecutive 5 d with 0.5 mg/kg of a l-mg/ml stock solution
of sodium warfarin in isotonic sterile saline. Blood samples were ob-
tained daily to monitor warfarin treatment by a modified version of the
Prothrombin and Proconvertin (P&P) test of Owren and Aas ( 17).

TF-induced intravascular coagulation. Rabbits were infused over
- 4 h with 100 ml of isotonic saline containing - 20 ng/ml of recon-
stituted TF. The total TF infused was 1 Mg/kg. At an adjusted flow rate
of 25 ml/h, TF, which had been injected into the infusion bag, began to
enter the animal - 30 min after the start of the infusion, i.e., after
material from the infusion bag had replaced the saline in the infusion
tubing. Intravascular coagulation was monitored by serial measure-
ments of fibrinogen, factor V, and factor VIII. Unless otherwise stated,
test results were expressed as percent of initial values obtained from a
sample drawn before an infusion was started.

Five batches of TF were used. A first group of 15 control rabbits
were infused with batch 1 or 2. Fibrinogen, factor V, and factor VIII
levels were reduced to - 50%by the end of the infusion, and one rabbit
died shortly after the TF infusion was started. A second group of six
control rabbits were infused with TF from batches 3, 4, or 5, which
turned out to be more potent. Fibrinogen, factor V, and factor VIII
levels fell by 75%, and three of the six animals died during the course
of the infusion. Data from an experimental TF-infused group were
always compared with data from the control group infused with TF of
equivalent potency.

Clotting factor assays
Automated instruments yielding a photo-optical end point were used.
Samples were tested in duplicate, and the mean was taken as the value
for the specimen. Test plasmas were diluted for assay in cold TBS/BSA
unless otherwise noted. Pooled citrated platelet-poor plasma from six
to eight rabbits was used as a rabbit plasma reference standard with an
assigned value of 100% for all factors except fibrinogen (see below).
Whenplasma samples were assayed for activity after rabbits were given
purified human factor X or prothrombin, clotting times were con-
verted to percent activity of the factor from both a standard curve
prepared with rabbit reference plasma and a standard curve prepared
with a human reference plasma. Substrate plasmas for specific factor
assays of rabbit plasma were: for factors VII, X, and prothrombin, of
rabbit origin; for factor IX, of human or rabbit origin; for factors Vand
VIII, of human origin.

The P&Ptest. In the test as modified for this study, 100 Ml of rabbit
plasma diluted 1:5 with barium sulfate-adsorbed rabbit plasma was
incubated for 3 min at 370C with 100 Ml rabbit brain TF (Sigma Chemi-
cal Co.). Clotting was triggered by the addition of 100 Al of 25 mM
CaCl2, which in this and other tests cited below had been warmed
to 37°C.

Measurement offibrinogen. The method of Clauss ( 18) was used.
100 Ml of 80 U/ml bovine thrombin was added to 200 AL rabbit plasma
diluted in Veronal buffer (28.4 mMsodium barbital, 125 mMNaCl,
pH 7.35). Clotting times were converted to fibrinogen concentration
from a standard curve prepared with a human fibrinogen.

Factor V was measured in a one-stage assay in which 100 M1 of
human immunodepleted factor V-deficient plasma was incubated
with 100 Ml of a 1:50-200 dilution of the test sample and 100 Ml rabbit
brain TF (Sigma Chemical Co.) for 3 min, and clotting was triggered by
the addition of 100 Ml 25 mMCaCl2.

Factor VIII was measured in a one-stage assay in which 100 M1 of
hereditary human factor VIII-deficient plasma, 100 Ml of a 1:10 or 1:20
dilution of test sample, and 100 Al of APTT reagent were incubated for
5 min, and clotting was triggered by the addition of 100 Ml of 30 mM
CaCl2.

Factor VII was measured in a one-stage assay in which 100 Al of an
equal part mixture of rabbit immunodepleted factor VII-deficient
plasma and barium-adsorbed rabbit plasma, 100 Ml of a 1:50-200 dilu-

tion of test plasma, and 100 Ml rabbit brain TF (Sigma Chemical Co.)
were incubated together for 3 min, and clotting was triggered by the
addition of 100 Ml of 25 mMCaCI2.

Factor X was measured essentially as for factor VII except that
rabbit immunodepleted factor X-deficient plasma was used as the sub-
strate.

Prothrombin was measured in a one-stage assay in which 100 MA of
an equal part mixture of rabbit serum reagent and special barium-ad-
sorbed rabbit plasma, 100 Ml of a 1:10-40 dilution of test plasma, and
100 Ml of rabbit brain TF (Sigma Chemical Co.) were incubated to-
gether for 3 min, and clotting was triggered by the addition of 100 Ml of
25 mMCaCl2.

Factor IX was measured in a one-stage assay in which 100 M1 of an
equal part mixture of rabbit immunodepleted factor IX-deficient
plasma and barium adsorbed ox plasma or of human factor IX-defi-
cient plasma and barium-adsorbed rabbit plasma, 100 Ml of a 1:5-10
dilution of test plasma, and 100 Ml of APTT reagent were incubated for
5 min, and clotting was then triggered by the addition of 100 MAl of 35
mMCaCl2. Very similar values were obtained with either substrate for
rabbit plasma test samples when plasma factor IX activity was < 25%,
i.e., within the range critical for the present experiments.

Electroimmunoassays
Humanprothrombin antigen and human factor X antigen were mea-
sured by electroimmunoassay (EIA) with specific antibodies in 1%
Seakem agarose MEin a Tris-Tricine buffer, pH 8.6 (81 mMTris-HCl
and 24 mMtricine). Antibody concentrations were 0.5% for rabbit
anti-human prothrombin antiserum and 0.4% for rabbit anti-human
factor X antiserum.

Hematological tests
Hematocrit and platelet counts were determined with a Coulter ST
counter (Coulter Electronics Inc., Hialeah, FL) in the hematology labo-
ratory of the UCSDMedical Center.

Electrophoresis
Reduced and nonreduced SDS-PAGEon 8-10% gels were performed
according to the method of Laemmli ( 19). Proteins were transblotted
onto Immobilon P membrane (Millipore, Bedford, MA) according to
the method of Towbin et al. (20). Electroelution of protein bands from
a stained SDS-PAGE was carried out with an electroelution system
(Bio-Rad Laboratories) according to the manufacturer's instructions.

Statistical methods
All values reported in the tables are mean±SDand all values reported
in the graphs are means±SEM. Whendata from two groups were com-
pared, a two-tailed student's group t test was used.

Results

The effect of warfarin upon rabbit vitamin K-dependent proco-
agulant factors. In an initial experiment with 13 rabbits given
0.5 mg/kg warfarin daily, animals were found to fall into two
nonoverlapping groups. One group, referred to hereafter as
high responders, had a mean P&Pactivity on day 4 of warfarin
of 17±8% (SEM). A second group, referred to hereafter as low
responders, had a mean P&P activity on day 4 of warfarin of
48±3% (SEM).

Activity levels of factors II, VII, IX, and X were measured
daily for 4 d in 23 high responder rabbits. Factor VII activity
had fallen to its full extent by 24 h, which was the time the first
postwarfarin sample was drawn. Factors IX, X, and prothrom-
bin were also reduced at 24 h, but 2 to 3 d were required for
factors IX and X to fall to their full extent, and 4 d were re-
quired for the fall in prothrombin activity to level off. Mean
values for the P&P test and for individual vitamin K-depen-
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dent procoagulant factors from a large group of rabbits after 4 d
of warfarin are listed in Table I. It is emphasized that these data
were obtained in assays with rabbit substrates.

The effect of warfarin upon coagulation induced by the infu-
sion of TF. Nine control non-warfarin-treated rabbits infused
over 4 h with 1 ag/kg of TF (batch 1 ) had clear-cut evidence of
intravascular coagulation (Fig. 1). By the end of the infusion
mean values were 50% for fibrinogen, 35% for factor V, and
42% for factor VIII. In six high responder warfarin-treated rab-
bits (mean P&P test activity of 17±8%) infused with the same
batch of TF, intravascular coagulation was attenuated. By the
end of the TF infusion mean values were 88% for fibrinogen,
93% for factor V, and 80%for factor VIII (Fig. 1). These mean
values differed from the mean values for the control rabbits (P
< 0.05 for fibrinogen, and P< 0.001 for factors V and VIII). In
five low responder warfarin-treated rabbits (mean P&P test
activity of 48±3%) infused with the TF, intravascular coagula-
tion was only partially attenuated. By the end of the infusion
mean values were 75% for fibrinogen, 50% for factor V, and
43% for factor VIII (Fig. 1). Therefore, only high responder
rabbits, with a P&P test of between 5 and 35% after 4 d of
warfarin, were used in further studies.

Evaluation of the effect upon TF-induced intravascular
coagulation of selective depression offactors VII,
IX, X, and prothrombin
Antibodies were administered to otherwise normal rabbits to
depress selectively plasma activities of the vitamin K-depen-
dent procoagulant factors to levels similar to those obtained in
high responder rabbits after 4 d of warfarin (Fig. 2). The rab-
bits were then infused with TF for 4 h and the degree of intravas-
cular coagulation was compared to that observed in appro-
priate control groups.

The effect of different degrees of selective reduction of
plasmafactor VII activity upon TF-induced intravascular coag-
ulation. 12 rabbits were injected with 250 inhibitory U of
purified goat anti-rabbit factor VII IgG, and an additional 250
Uof IgG were added to the infusion bag. The animals could be
divided into two distinct groups. In one group of six animals,
with a mean value for factor VII activity before immunodeple-
tion of 95%, the factor VII level fell to 10-15% (Fig. 2). In a
second group of six rabbits, with a mean value for factor VII
activity before immunodepletion of 56%, the mean factor VII
level fell to < 1%.

Immunodepression of plasma factor VII activity to 10-
15%, i.e., to a level comparable to the mean level obtained in
rabbits given warfarin (Table I), failed to prevent TF-induced

Table L Mean Values for the P&P Test and Individual Vitamin
K-dependent Procoagulant Factors
in High Responder Rabbits after 4 d of Warfarin

Assay n Activity±SD Range

P&P 38 16±8 5-35
Factor II 38 13±10 3-54
Factor VII 38 12±11 0.5-50
Factor IX 23 7±4 2-25
Factor X 38 14±7 4-36
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not from the values observed in control nontreated animals
infused with TF (Fig. 3).

In rabbits immunodepleted to plasma factor VII levels of
< 1%, a 4-h infusion of TF resulted in the following mean
values: 85%for fibrinogen, 72% for factor V, and 75% for factor
VIII. Immunodepletion of plasma factor VII to < 1%, in con-
trast to immunodepletion of plasma factor VII to 10-1 5%, pro-
tected rabbits against TF-induced intravascular coagulation
(Fig. 4).

The inability ofselective reduction ofplasmafactorIXactiv-
ity to protect against TF-induced intravascular coagulation. 12
rabbits were injected intravenously with 500 U/kg of monoclo-
nal anti-factor IX IgG. 1 h later eight rabbits were infused with
TF and four rabbits were infused with saline. Nine rabbits were
injected with a control monoclonal anti-human thyroglobulin
IgG (2.5 mg/kg). 1 h later five of these animals were infused
with TF and the remaining four animals were infused with
saline.

At 1 h after the anti-factor IX IgG injection the mean
plasma factor IX activity of the animals given TF was 13%, and
by 2 h after the injection it had fallen to 7% (Fig. 2). The latter
was the same mean plasma activity as that found in a large
group of rabbits given warfarin (Table I). By the end of the TF
infusion mean values were 46% for fibrinogen, 40% for factor
V, and 42% for factor VIII (Fig. 5). These values did not differ
from the values in animals infused with TF after receiving the
control monoclonal IgG. Thus, selective depletion of plasma
factor IX activity to a level comparable to that measured in
rabbits given warfarin failed to protect rabbits against TF-in-
duced coagulation.

The protective effect ofselective reduction offactorXactivity
upon TF-induced intravascular coagulation. 11 rabbits were
injected with - 300 inhibitory Uof monoclonal anti-factor X
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Figure 5. Evidence that
selective immunode-
pression of plasma fac-
tor IX activity fails to
prevent TF-induced in-
travascular coagulation
as monitored by con-
sumption of fibrinogen
(A), factor V (B), and
factor VIII (C). Values
are mean (±SEM) per-
cent of the mean initial
values. (e ) Rabbits re-
ceiving anti-IX IgG and
infused with TF (n
= 8); (m) rabbits receiv-
ing control IgG and in-
fused with TF (n = 5);
(o) rabbits receiving ei-
ther control IgG (n = 4)
or anti-IX IgG (n = 4)
and infused with saline.
The infusion period is
indicated by the bar.
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IgG, and an additional 125-150 U was added to the infusion
bag. Within 30 min of the initial injection factor X activity had
fallen to 10-20% (Fig. 2), which was comparable to the mean
14%activity of high responder rabbits given warfarin (Table I).
Seven of the rabbits were infused with TF, and the four remain-
ing rabbits were infused with saline as controls. In the latter the
anti-factor X IgG had no effect upon fibrinogen, factor V, or
platelets, but did alter the measurement of factor VIII as de-
scribed below.

Selective immunodepletion of plasma factor X activity
substantially protected the rabbits against TF-induced intravas-
cular coagulation. At the end of the TF infusion the mean
fibrinogen level was 81% (Fig. 6 A), which differed from the
19% mean fibrinogen level of control rabbits infused with TF
and was comparable to the 85% mean fibrinogen level of war-
farin-treated rabbits infused with TF. At the end of the TF
infusion the mean factor V level was 68% (Fig. 6 B), which
differed from the mean factor V level of control nontreated
rabbits infused with TF and was comparable to the 78%mean
factor V activity of warfarin-treated rabbits infused with TF.

A problem became apparent in measuring plasma factor
VIII levels in factor X-depleted rabbit plasma. In contrast to
the factor V assay, in which rabbit plasma test samples were
assayed at a 1:50-200 dilution, test samples were assayed for
factor VIII at a 1:20 dilution. Mean factor VIII levels in the first
sample measured after the injection of anti-factor X IgG,
which was 30 min after beginning an infusion, were reduced
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Figure 6. Evidence that
selective immunode-
pression of plasma fac-
tor X activity to levels
comparable to those ob-
tained in high re-
sponders given warfarin
protects against TF-in-
duced intravascular co-
agulation as monitored
by consumption of fi-
brinogen (A), factor V
(B), and factor VIII
(C). The TF infusion
period is indicated by
the bar. (v) Nontreated
control rabbits (n = 3);
(o) warfarin-treated
rabbits (n = 7); (.)
rabbits treated with
anti-factor X IgG (n
= 7). Values are mean
percent (±SEM) of
mean initial values for
fibrinogen and factor
V and mean percent of
the sample 30 min after
injection of IgG for fac-
tor VIII. At the end of
the TF infusion the P

values for differences in means for the anti-X/TF animals and the
warfarin/TF animals were: for fibrinogen, P = 0.46; for factor V, P
= 0.22; for factor VIII, P = 0.73. The corresponding P values for dif-
ferences in means for the anti-X/TF animals and the control/TF
animals were: for fibrinogen, P < 0.0001; for factor V, P = 0.001; for
factor VIII, P = 0.0 12.

both for animals infused with saline (56±6%) and for animals
infused with TF (66±6%). Since the anti-rabbit factor X IgG
did not inhibit human factor X in the factor VIII-deficient
substrate plasma, it appeared that a markedly reduced factor X
level in a rabbit plasma test sample relative to the factor X level
of the rabbit plasma reference standard influenced the test re-
sult of our factor VIII assay.

Therefore, in the analysis of the factor VIII data, the factor
VIII level 30 min after beginning an infusion of TF, rather than
the factor VIII level before injecting the anti-factor X IgG, was
assigned a value of 100%. Whenthe data were plotted as per-
cent of this initial value (Fig. 6 C), the mean plasma factor
VIII level at the end of the TF infusion differed from the mean
factor VIII level of control rabbits infused with TF and was
comparable to the mean factor VIII level of warfarin-treated
rabbits infused with TF. Thus, all data were consistent in estab-
lishing that selective depression of factor X to a level compara-
ble to that obtained in high responder rabbits given warfarin
protected against TF-induced intravascular coagulation in our
rabbit model.

The protective effect of selective reduction of plasma
prothrombin activity upon TF-induced intravascular coagula-
tion. 10 rabbits were injected with 150 inhibitory U of affin-
ity purified goat anti-rabbit prothrombin IgG, and an addi-
tional 75 Uof IgG was added to the infusion bag. In six rabbits
the mean prothrombin activity fell to 10% (Fig. 2), which was
comparable to the 13% activity of high responder rabbits given
warfarin (Table I). These rabbits were infused with TF. Three
rabbits, in which the plasma prothrombin activity fell to be-
tween 2 and 3%, and a fourth rabbit with a plasma prothrom-
bin activity of 1 1%were infused with saline as a control for the
effect of the injection of the IgG upon hemostatic factors and
their measurement.

Mean values for fibrinogen at the end of a 4-h infusion were
93% for control prothrombin-depleted animals infused with
saline, 19% for control non prothrombin-depleted animals in-
fused with TF, and 75% for prothrombin-depleted animals in-
fused with TF. This last value was comparable to the 85%mean
fibrinogen level of warfarin-treated animals infused with TF
(Fig. 7 A). Mean values for factor V (Fig. 7 B) at the end of a
4-h infusion were 79% for control prothrombin-depleted ani-
mals infused with saline, 17% for control non-prothrombin-
depleted rabbits infused with TF, 61% for prothrombin-de-
pleted animals infused with TF, and 78% for warfarin-treated
animals infused with TF. Although the mean value for factor V
of the prothrombin-depleted rabbits given TF was lower than
the value for factor V of the warfarin-treated animals (P
= 0.0 12), it was impressively higher than the value for the con-
trol TF-infused rabbits (P < 0.0005).

The data on factor VIII levels were less clear cut (Fig. 7 C).
Mean factor VIII levels fell 30 min after injection of anti-
prothrombin IgG to 70-75% of mean values before the injec-
tion in both animals infused with TF and in animals infused
with saline. At the end of infusion the mean factor VIII level
was lower for the animals infused with TF than for the animals
infused with saline (P = 0.004). It was also lower than for the
warfarin-treated animals infused with TF (P = 0.008). How-
ever, the mean factor VIII level for the prothrombin-depleted
rabbits infused with TF was higher than for the control rabbits
infused with TF (P = 0.003).

In contrast to the injection of the other IgG preparations,
the injection of the anti-rabbit prothrombin IgG caused a 50%
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Figure 7. Evidence that
selective immunode-
pression of plasma
prothrombin activity to
levels comparable to
those obtained in high
responders given war-
farin protects against
TF-induced intravascu-
lar coagulation as moni-
tored by consumption
of fibrinogen (A), factor
V (B), and factor VIII
(C). (.) Rabbits given
antiprothrombin IgG
and infused with TF (n
= 6); (o) warfarin-
treated rabbits infused
with TF (n = 7); (v)
control nontreated rab-
bits infused with TF (n
= 3); (o) control rab-
bits given anti-
prothrombin IgG and
infused with saline (n
= 4). Values are mean
percent (±SEM) of
mean initial values be-
fore the IgG injection
(4 ), or before the infu-
sion. The infusion pe-
riod is indicated by the
bar. At the end of the

TF infusion the P values for differences between means for anti-II /TF
and warfarin/TF animals were: for fibrinogen, P = 0.2; for factor V,
P = 0.0 12; for factor VIII, P = 0.008. The corresponding P values for
differences between means of anti-II/TF animals and control/TF
animals were: for fibrinogen, P = 0.002; for factor V, P < 0.0005; for
factor VIII, P = 0.003.

fall in the mean platelet count of both rabbits infused with
saline and rabbits infused with TF (Table II). Because plasma
prothrombin concentration exceeds by many-fold the concen-
trations of factors VII, IX, or X, the platelet fall after anti-
prothrombin IgG is presumed to stem from the binding of large
enough amounts of prothrombin-antiprothrombin immune
complexes to platelets to cause platelet sequestration. After 2 h,
platelet counts began to rise both in rabbits infused with saline
and in rabbits infused with TF, which indicated that sufficient
thrombin had not been generated in the rabbits infused with
TF to depress the platelet count further.

Viewed as a whole the above data on fibrinogen, factor V,
factor VIII, and platelets provide convincing evidence that se-
lective immunodepletion of plasma prothrombin activity sub-
stantially protected rabbits against TF-induced intravascular
coagulation.

Selective restoration offactor X in warfarin-treated rabbits
infused with TF. It was clear from the data above that immuno-
depletion of either plasma factor X or prothrombin to activities
comparable to those obtained in warfarin-treated rabbits suf-
ficed to protect otherwise normal rabbits against TF-induced
intravascular coagulation. Our next step was to determine the
effect of selective restoration of factor X upon the protection
warfarin afforded against TF-induced intravascular coagula-
tion.

Table II. Mean Platelet Count of Rabbits Given
Antiprothrombin IgG and Infused with Either TF or Saline

Mean platelet count

Time TF infusion (n = 6) Saline infusion (n = 4)

xI09/Iiter±SD

0 h* 520±125 586±151
30 min 263±70 270±144
2 h 374±80 363±122
4 h 393±84 381±126

* Before IgG and the beginning of an infusion.

Since it was necessary to use purified human factor X for
this purpose, in a preliminary experiment, 1 Uof human factor
X was added in vitro to 1 ml of rabbit factor X-deficient
plasma, and the resultant plasma factor X activity was assayed
with rabbit factor X-deficient substrate. The following values
were obtained: 100%, when clotting times were converted to
percent activity from a human plasma reference curve; only
10-15%, when clotting times were converted to percent activity
from a rabbit plasma reference curve. As evaluated in a one-
stage factor X assay with rabbit reagents, human factor X had a
much lower activity in rabbit plasma than did rabbit factor X.

Because of this observation, three warfarin-treated rabbits
were injected with 400-500 U of purified human factor X be-
fore infusing TF. This raised the mean initial plasma factor X
activity of 19% to 57% as read from a rabbit reference plasma
curve, and to 600% as read from a human plasma reference
curve (Fig. 8). The mean plasma human factor X antigen level
after the injection was 475%. By the end of the 4-h TF infusion
mean plasma factor X activity had fallen to 25%as read from a
rabbit reference curve, and to 220% as read from a human
reference curve.

The 4-h infusion of TF resulted in a fall of mean plasma
fibrinogen level to 19%and mean plasma factor V level to 16%.
These mean values were identical to those observed in three
TF-infused control rabbits not given warfarin. The mean
plasma factor VIII activity fell to an intermediate value of 37%,
which was higher (P = 0.01 1 ) than the mean factor VIII level of
16% in the control rabbits not given warfarin but lower (P
= 0.0 10) than the mean factor VIII level of 64% in seven war-
farin-treated rabbits not injected with factor X.

X Figure 8. Mean plasma
600 factor X levels in three
450 [ warfarin-treated rabbits

< 300 [| °>*injected with human
150 ~0 y factor X and infused

with TF. Values are
LLJ 750 -percent±SEM. (.) Fac-
Cy 25 A/ _ j j tor X activity measured
a 0 with rabbit substrate

0 1 2 3 4 5 6 7 and read from a rabbit
TIME (Hours) plasma reference curve;

(in) factor X activity
measured with rabbit substrate and read from a human plasma refer-
ence curve; (o) human factor X antigen measured in an EIA with
rabbit anti-human factor X antiserum. The injection of the human
factor X is indicated by the arrow and the infusion period by the bar.
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These data provided evidence that restoring plasma factor
X activity in warfarin-treated rabbits could abolish the protec-
tion warfarin afforded against TF-induced intravascular coagu-
lation. Despite the low concentration of prothrombin activity
in the warfarin-treated animals (range, 6-25%), sufficient
thrombin was generated to induce intravascular coagulation as
extensive as that observed in control non-warfarin-treated rab-
bits.

Selective restoration of prothrombin in warfarin-treated
rabbits infused with TF. Eight warfarin-treated rabbits were
injected with - 75 U/kg of human prothrombin. Three rab-
bits were infused with saline as controls and five rabbits were
infused with TF, but, as described below, data from one were
excluded. In the remaining four rabbits the mean plasma
prothrombin activity 1 h after the injection of prothrombin
was 134+21%, and the mean plasma human prothrombin anti-
gen was 124±21%. Mean activities of the other procoagulant
vitamin K-dependent factors in these four rabbits on the day of
the experiment were: factor VII, 14%; factor IX, 6%; and factor
X, 15%.

1 h after the injection of prothrombin, which was just be-
fore beginning an infusion of TF or saline, the platelet count
and fibrinogen levels were unchanged but mean values in per-
cent of initial values were slightly elevated for both factor V
(133±29%) and factor VIII (125±34%). Since our purified
prothrombin contained a trace of thrombin (< 0.01%), it is
possible that there were traces of circulating thrombin-acti-
vated factors V and VIII in these animals.

Restoring plasma prothrombin activity not only reversed
the protection by warfarin but strikingly sensitized the rabbits
to TF-induced intravascular coagulation. Plasma fibrinogen,
factor V, and factor VIII fell dramatically during the TF infu-
sion (Fig. 9). The first rabbit died of uncontrollable bleeding
secondary to defibrination after a 1-h sample was taken, and its
data were excluded. A second rabbit died after a sample at 2 h
was taken, and the data from this animal were included. In the
remaining three animals the TF infusion was stopped within 2
to 3 h because of persisting oozing of blood from- the sampling
sites. As can be seen in Fig. 9, plasma fibrinogen levels fell
within 2 h to unmeasurable levels (< 25 mg/dl), and factor V
and VIII mean activities were < 5%. In addition, the mean
platelet count fell from an initial value of 759 X 109/liter to
100 x 109/ liter after 2 h of TF infusion.

Hematologic parameters. The mean hematocrit value for
the 64 rabbits fell as a consequence of infusions and blood
sampling from an initial value of 36 to 33% at the end of the
infusion period. The fall in an animal's hematocrit was inde-
pendent of whether the animal experienced intravascular coag-
ulation. In 22 rabbits with intravascular coagulation, the mean
platelet count decreased from an initial value of 634±127
x 109/liter to a value of 388±151 X 109/liter at the end of a
4-h TF infusion (P < 0.001 ). In 32 animals without intravascu-
lar coagulation, mean platelet levels were unchanged after a 4-h
infusion. The data from 10 animals in which, as mentioned
earlier, platelet counts fell after the injection of antiprothrom-
bin IgG were excluded in calculating these means (Table II).

Discussion

The experiments reported here provide data on how warfan
functions in vivo as an anticoagulant when TF was used to
initiate blood coagulation (21). In a preliminary experiment
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the response of rabbits to 0.5 mg/kg of sodium warfarin given
intravenously daily for 4 d was determined as monitored by a
sensitive prothrombin time technique (a modification of the
P&P test [17]). The rabbits fell into two groups: high re-
sponders, in which the mean plasma P&Pactivity decreased to
17%, and low responders, in which the meanplasma P&Pactiv-
ity decreased to only 48%. The reason is unknown, but a differ-
ence in responsiveness to warfarin of rabbits has also been
noted by others (22). Contrary to a single early report that
warfarin treatment failed to prevent intravascular coagulation
in rabbits infused with crude TF (7), under our experimental
conditions high responder rabbits were protected against TF-
induced intravascular coagulation (Fig. 1).

The P&P activity range of 5-35% of protected high re-
sponder rabbits is similar to the 10-30% range first recom-
mended as the therapeutic range for patients monitored with
the P&P test (23). Moreover, the mean P&P activity of our
high responder rabbits of 16% is comparable to the 15% P&P
activity later recommended for anticoagulant therapy in pa-
tients with arterial disease (24). In our opinion, this reinforces
the validity of extrapolating data from our rabbit model to an
understanding of the mechanism of the clinical antithrombotic
efficacy of warfarin.

An initial approach was to determine the effect upon TF-
induced coagulation of selective immunodepletion of factors
VII, IX, X, and prothrombin to mean levels comparable to
those obtained in high responder rabbits given warfarin (Table
I). It was thought important to measure the activity of the
procoagulant vitamin K-dependent factors as they functioned
in rabbit plasma. Specific rabbit substrate plasmas for each
factor were prepared and assays using these substrates were

2138 A. Zivelin, L. V. M. Rao, and S. I. Rapaport

1:



standardized. As documented elsewhere (25) this proved es-
sential for accurate determination of the plasma activity of fac-
tors VII, X, and prothrombin.

Selective immunodepletion of plasma factor VII activity to
a mean level ( 1%) comparable to that obtained in high re-
sponder rabbits given warfarin ( 12%) failed to protect against
TF-induced intravascular coagulation (Fig. 3). Weinfer from
this experimental result that the fall in plasma factor VII activ-
ity in patients treated with warfarin, e.g., to the 20% level ob-
served in a group of patients stably anticoagulated with a vita-
min K antagonist (26), contributes little if any to warfarin's
antithrombotic efficacy.

Additional observations support this conclusion. As men-
tioned earlier, venous thromboembolism has been reported in
patients with hereditary factor VII deficiency (3, 4). Adding
purified factor VII to a plasma level of 5%generated maximal
prothrombinase activity when the coagulation reactions of he-
reditary factor VII-deficient plasma were initiated in vitro with
dilute TF (6). Finally, a plasma factor VII level of between 5
and 10%has been reported to be adequate for surgical hemosta-
sis in patients with hereditary factor VII deficiency (27, 28).

As expected, since TF initiates coagulation through the for-
mation of factor VII(a)/TF complexes, selective immunode-
pletion of plasma factor VII activity to < 1% protected the
rabbits against TF-induced intravascular coagulation (Fig. 4).
However, the intensity of warfarin therapy needed to achieve
an antithrombotic effect from such severe depletion of plasma
factor VII activity would have an unacceptable risk of clinical
bleeding.

Selective immunodepression of plasma factor IX to levels
comparable to the 7% mean level of high responder rabbits
given warfarin also failed to protect rabbits against TF-induced
intravascular coagulation (Fig. 5). Therefore, in at least some
clinical circumstances depression of plasma factor IX activity
may not contribute significantly to the antithrombotic efficacy
of warfarin. However, it is premature to conclude that depres-
sion of factor IX activity fails to contribute to the antithrom-
botic efficacy of warfarin when coagulation is initiated by a
lower concentration of TF or by factor XIa. Further data are
needed but may not be obtainable with the present model sys-
tem, which is insensitive to infusion of concentrations of TF
much lower than 1 ytg/kg (29).

In contrast to the above, selective immunodepression of
either factor X (Fig. 6) or prothrombin (Fig. 7) to mean levels
comparable to those observed in high responder rabbits given
warfarin (Table I) protected rabbits against TF-induced intra-
vascular coagulation. These observations in otherwise normal
rabbits prompted us to carry out additional experiments to
determine whether depression of factor X alone or prothrom-
bin alone would also protect against TF-induced coagulation in
warfarin-treated animals, in which protein C and S levels are
depressed. Therefore, either plasma factor X or prothrombin
was restored in high responder rabbits given warfarin before
they were infused with TF. Because highly purified rabbit fac-
tor X and rabbit prothrombin were not available in sufficient
quantity for these experiments, purified human proteins had to
be used.

The injection of 400-500 U of human factor X into a 2-kg
rabbit, which, as discussed earlier, raised the animal's plasma
factor X level from - 20% to only - 60%as determined from
a rabbit plasma reference curve, reversed the protection war-
farin afforded against TF-induced intravascular coagulation.

Despite a mean plasma prothrombin activity of only 15%,
manifestations of intravascular coagulation in these animals
were virtually indistinguishable from those observed when TF
was infused into control animals with a normal plasma
prothrombin level.

However, the effect of restoring factor X in these experi-
ments must be evaluated with the caveat that the test result in
our one-stage rabbit factor X assay is determined by the initial
rates, over seconds after recalcifying the reaction mixture, of
the generation and function of human factor Xa in rabbit
plasma. Because these initial rates are slower than if the sample
contained an equivalent concentration of rabbit factor X, clot-
ting times converted to percent activity from a rabbit plasma
reference curve will yield a much lower value for factor X activ-
ity than clotting times converted to percent activity from a
human plasma reference curve. It is possible that the large
amounts of human factor X that were injected into rabbits,
which raised plasma levels to - 600% as measured with a hu-
manplasma reference standard (Fig. 8), could have had much
more of a procoagulant effect over the 4 h of a TF infusion than
one might assume from the - 40%increase in plasma factor X
concentration that was measured with a rabbit plasma refer-
ence standard.

Restoring prothrombin in high responder rabbits given
warfarin not only reversed warfarin's protection but sensitized
the animals to TF-induced intravascular coagulation (Fig. 9).
In contrast to the protection seen in rabbits immunodepleted
of plasma factor X, the comparably low factor X activity of
warfarin-treated animals with restored prothrombin failed to
prevent massive TF-induced intravascular coagulation with un-
controllable bleeding due to defibrination. It is assumed that
this reflected an inability of depressed protein Cand S levels to
regulate the TF-induced coagulation. It is also believed that the
difference between reversing protection by restoring factor X
and enhancing intravascular coagulation by restoring
prothrombin reflects prothrombin's role as the substrate for
thrombin.

In the present experiments the prevention of a fall in
plasma fibrinogen, factor V, and factor VIII levels has been
taken as evidence for reduced TF-induced intravascular coagu-
lation. Although unquestionably true for fibrinogen, one could
question whether the maintenance of factor V and VIII levels
in warfarin-treated animals infused with TF could have re-
sulted at least in part from reduced plasma protein C and S
levels. This seems most unlikely to us in view of the striking
depletion of plasma factor V and VIII observed after TF infu-
sion in warfarin-treated animals with restored prothrombin.

The prothrombin time test is sensitive to the combined ac-
tivity of factor VII, factor X, and prothrombin. However, when
warfarin is given to a patient the initial prolongation of the
prothrombin time stems primarily from a reduced plasma fac-
tor VII activity, since factor VII has an intravascular half-clear-
ance time of only 5 h (30). Although an initial fall in plasma
factor VII to levels of 10- 15%within 1-2 d of starting warfarin
therapy may yield a prothrombin time in the accepted thera-
peutic range, yet, as strongly supported by the data here, a
patient will not be protected against thrombosis. Indeed, be-
cause protein C also has a similarly short intravascular half-
clearance time (31 ), the prolonged prothrombin time during
the first day or two of treatment with warfarin is thought to
mask an initial period of potential hypercoagulability.

One may infer from our data that maximal antithrombotic
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efficacy of warfarin in patients will not be obtained until both
plasma factor X activity and plasma prothrombin activity are
substantially depressed. In particular, our data provide impres-
sive in vivo evidence of the key importance of depression of
prothrombin activity for warfarin's anticoagulant effect. It is
increasingly recognized (32, 33) that when patients are given
both heparin and warfarin for treatment of an acute throm-
botic episode, the heparin should be continued for several days
after starting the warfarin regardless of the prothrombin time.
In view of the intravascular half-clearance time in humans for
factor X of - 40 h (34) and for prothrombin of - 60 h (34), it
seems appropriate to us to extend the period of overlap to 6 d in
patients with evidence of extensive venous thrombosis. A clini-
cal study in which prothrombin levels are measured, either as
specific prothrombin activity or as native prothrombin antigen
(5, 35), before heparin is discontinued should provide the in-
formation needed to validate the above recommendation.
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