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Abstract

 

The activity of the coagulation system is regulated, in part,
by the interaction of thrombin with the endothelial cell re-
ceptor thrombomodulin with subsequent generation of acti-
vated protein C and suppression of thrombin production.
Our previous investigation demonstrated that ablation of
the thrombomodulin gene in mice causes embryonic lethal-
ity before the assembly of a functional cardiovascular sys-
tem, indicating a critical role for the receptor in early devel-
opment. In the current study, we show that a single amino
acid substitution in thrombomodulin dissociates the devel-
opmental function of the receptor from its role as a regula-
tor of blood coagulation. Homozygous mutant mice with se-
verely reduced capacity to generate activated protein C or
inhibit thrombin develop to term, and possess normal repro-
ductive performance. The above animals exhibit increased
fibrin deposition in selected organs, which implies tissue
specific regulation of the coagulation system that is sup-
ported by further evidence from the examination of mice
with defects in fibrinolysis. The thrombomodulin-deficient
animals provide a murine model to examine known or iden-
tify unknown genetic and environmental factors that lead to
the development of thrombosis. (
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Introduction

 

The coagulation system consists of a series of linked zymogen-
serine protease transformations that involve activated cofac-
tors and appropriate cell surfaces that eventually lead to the
generation of thrombin. The latter enzyme proteolytically con-
verts fibrinogen to fibrin and also activates platelets to pro-

duce a fibrin platelet plug. The action of the coagulation sys-
tem is restrained by the continuous removal of fibrin via the
fibrinolytic system and by natural anticoagulant mechanisms
that suppress the generation of thrombin as well as the activa-
tion of platelets. For example, the binding of thrombin to the
endothelial cell receptor thrombomodulin (TM)

 

1

 

 induces a
change in the enzyme which facilitates conversion by limited
proteolysis of circulating protein C (PC) to activated protein C
(APC) (1). Together with the cofactor protein S, APC pro-
teolytically destroys activated coagulation cofactors V and
VIII which are required for the production of thrombin. The
binding of thrombin to TM also inhibits cleavage of fibrinogen
and activation of platelets (2, 3). Thus, the protein C–TM path-
way acts as a natural anticoagulant mechanism by suppressing
excessive action of the coagulation system and also by directly
inhibiting thrombin (4). The reduced function of this natural
anticoagulant mechanism in humans leads to an increased sus-
ceptibility to thrombosis. Genetic deficiencies of PC and pro-
tein S are commonly inherited risk factors for thrombotic dis-
ease. A point mutation in the factor V gene rendering the
activated cofactor somewhat resistant to APC cleavage (factor
V Leiden) is the most frequent abnormality resulting in a pre-
disposition to venous thrombosis (4, 5). It has been postulated,
but not yet proven, that a malfunction of TM in humans repre-
sents a thrombotic risk (6–9).

We attempted previously to generate a murine model of
thrombotic disease by using homologous recombination to de-
lete the intronless TM gene (10). However, the complete loss
of receptor function leads to embryonic lethality at about em-
bryonic day 8.5 (E8.5), before the assembly of a functional car-
diovascular system. Examination of TM-null embryos sug-
gested that the developmental arrest was due to abnormal
fetal maternal interactions and coincided with receptor expres-
sion on wild-type embryonic trophoblasts as well as parietal
endoderm positioned to interact with maternally derived PC
and thrombin (10, 11). In the current investigation, we provide
biochemical and genetic evidence that the embryonic lethality
of TM-null embryos is not caused by placental thrombosis sec-
ondary to the absence of APC generation and thrombin inhibi-
tion. Based upon these results, we used targeted mutagenesis
of the TM gene to preserve the developmental role of the re-
ceptor while eliminating its effect on the coagulation system
and generated a viable mouse strain with minimal capacity for
TM-dependent APC production or thrombin inhibition. These
TM-deficient animals were used to investigate the conse-
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Abbreviations used in this paper:

 

 APC, activated protein C; E, em-
bryonic day; ES, embryonic stem; Glu, glutamic acid; pA, polyadenyl-
ation signal; PC, circulating protein C; Pro, proline; TM, thrombo-
modulin; tPA, tissue type plasminogen activator; uPA, urokinase
type plasminogen activator.
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quences of this genetic abnormality that revealed a surprising
organ-specific deposition of fibrin, which implies vascular bed–
dependent regulation of the coagulation system. These data
are supported by similar findings in mice with defects in fibri-
nolysis. The TM-deficient animals provide an in vivo test sys-
tem to examine known or to identify unknown genetic and en-
vironmental factors that increase the risk of arterial or venous
thrombosis.

 

Methods

 

Targeted mutagenesis of the murine TM locus and generation of mu-
tant mice.

 

A replacement-type gene targeting vector was constructed
to substitute the glutamic acid (Glu) residue 404 (numbering starting
at methionine 1 of mouse precursor protein) with proline (pro) (see
Fig. 1). The native nucleotide sequence of a cloned genomic murine
TM DNA fragment (10) was altered by means of inverse PCR on a
circularized Pst

 

6

 

 fragment (GenBank,) (positions 1105–1851; Gen-
Bank accession number X144320; primer 1 encoding the Glu-to-pro
mutation, 5

 

9

 

-CATTGCAGAACATTGGGCACT-3

 

9

 

, and primer 2
introducing a novel PvuII restriction site without altering the amino
acid sequence, 5

 

9

 

-AAACTTCGTGCCCAGCTGACTG-3

 

9

 

). The al-
tered sequence was incorporated into a 7.7-kb DNA fragment ex-
tending from an ApaI site 2.4 kb 5

 

9

 

 relative to the transcription start
to an SphI site located 900 bp downstream of the pA (polyadenyla-
tion signal) attachment site of the TM mRNA. A neomycin resistance
gene (

 

pgk neo pA

 

) was inserted at the same SphI site. An 800-bp
SphI fragment served as the 3

 

9

 

 homology for recombination, followed
by a counterselectable thymidine kinase gene (

 

pgkTKpA

 

). 2 

 

3

 

 10

 

8

 

embryonic stem (ES) cells (ESD3 cell line provided by R.O. Hynes,
Massachusetts Institute of Technology, Cambridge, MA) were trans-
fected by electroporation with the linearized targeting vector, and se-
lected in medium containing G418 (Geneticin; GIBCO BRL, Grand
Island, NY) and gancyclovir. ES cell clones having undergone homol-
ogous recombination were identified by Southern blot analysis (Fig.
1) and injected into C57Bl/6-blastocysts. Chimeric males were bred to
C57Bl/6 females to produce F

 

1

 

 TM

 

1

 

/Pro

 

 mice. Animals with a hemizy-
gous loss of function mutation due to the insertion of the bacterial

 

b

 

-galactosidase gene into the TM locus (TM

 

1

 

/

 

2

 

) have been previ-
ously described (12). Mice deficient in urokinase type plasminogen
activator (uPA) or tissue plasminogen activator (tPA) were obtained
from Dr. Mulligan (13) (Whitehead Institute, Cambridge, MA).

 

Purification and characterization of TM.

 

TM was purified from
mouse lungs by two consecutive cycles of affinity chromatography on
diisopropylfluorophosphate-thrombin (murine, 1,761 NIH U/mg)
(Enzyme Research Laboratories, South Bend, IN) coupled to CNBr-
activated Separose 2B (Pharmacia Biotech, Piscataway, NJ) as previ-
ously described (14). Mouse lungs were dissected, flash-frozen in liquid
nitrogen, and thoroughly homogenized in cold buffer containing 20 mM
TrisHCl, pH 7.5, 0.25 M sucrose, 50 U heparin/ml, 1 mM benzami-
dine, 10 Kallikrein units aprotinin/ml, and 1 mM PMSF. Insoluble
material was sedimented, and extracted with the same buffer contain-
ing in addition 0.5% (vol/vol) Triton X-100. The extract was applied
to the thrombin affinity column and TM was eluted with a NaCl gra-
dient (0.1–1.2 M) in 0.02 M TrisHCl (pH 7.5) 0.1 mM EDTA, 1 mM
benzamidine, and 0.5% (vol/vol) Lubrol PX. TM-containing fractions
were identified with a TM-specific radioimmunoassay (15) and sub-
jected to a second affinity chromatography. The purity and yield of
TM were determined using silverstaining after urea/SDS-PAGE (16),
semiquantitative amino acid analysis, total protein measurement, ra-
dioimmunoassay, and semiquantitative Western blot analysis with the
same mAbs used in the radioimmunoassay. TM cofactor activity was
determined by measuring the activation of protein C in the presence
of varying concentrations of TM (wild-type: 0.17–7.5 nM; mutant:
0.3–12 nM) and protein C (3.2–27 

 

m

 

M), and a fixed concentration of
thrombin (wild-type: 0.5 nM; mutant: 5 nM). Affinity-purified murine
TM and human thrombin (3,000 NIH-U/mg; Hematologic Technolo-

gies, Essex Junction, VT) were incubated at 37

 

8

 

C with human protein
C (benzamidine-free; Enzyme Research Laboratories) in assay buffer
containing 0.02 M Tris HCl pH 7.4), 0.1 M NaCl, 2.5 mM CaCl

 

2

 

,
0.05% NaN

 

3

 

, 5 mg/ml BSA, and 0.05% (vol/vol) Triton X-100. Reac-
tions were run for a fixed time period determined in pilot experi-
ments to ensure linearity of the activation reaction and a maximum
protein C consumption of 4%. Protein C activation was quenched by
the addition of excess hirudin and antithrombin III (Enzyme Re-
search Laboratories). 10 

 

m

 

l of the mixture was added to 55 

 

m

 

l of assay
buffer containing the chromogenic substrate S 2366 (final concentra-
tion 0.8 mM), and the absorption at 405 nm was recorded continu-
ously in a microplate reader. The amount of APC formed during the
initial reaction was calculated from a standard curve generated with
known amounts of human APC (Enzyme Research Laboratories).

 

K

 

m

 

 and 

 

V

 

max

 

 were derived graphically from both Eadie-Hofstee and
Lineweaver-Burk data representations. Apparent 

 

K

 

d

 

 values for bind-
ing of thrombin to TM were determined by extrapolation from the

 

x

 

 axis intercepts of double reciprocal plots of 1/cofactor activity vs.
1/[thrombin]. 

 

K

 

d

 

 and 

 

k

 

cat

 

 were further calculated with consistent re-
sults from the observed reaction velocities at different concentrations
of TM, assuming reaction kinetics as described for essential enzy-
matic activation (17). Endothelial cells from the heart of newborn
mice were isolated, cultured, and characterized essentially as previ-
ously described (18). Approximately 3 

 

3

 

 10

 

4

 

 cells grown to conflu-
ency in one well of 96-cluster culture dishes were maintained at 37

 

8

 

C
on a plate warmer, rinsed three times with PBS, and then incubated
with 72 

 

m

 

l of 0.02 M TrisHCl (pH 7.4), 0.1 M NaCl, 2.5 mM CaCl

 

2

 

,
and 5 mg/ml BSA containing thrombin at 5 nmol/liter and PC at 6.6

 

m

 

mol/liter, and the amount of APC generated during the incubation
with cells was determined with the chromogenic substrate S 2366 as-
say as described above.

 

Determination of in vivo protein C activation.

 

The tail vein of an-
esthetized mice was injected with 20 

 

m

 

g of human protein C in 100 

 

m

 

l
PBS. Blood samples were drawn 10 min later by heart puncture and
the APC levels generated in vivo were determined with an immuno-
capture assay using the mAb 7D7B10 (generously supplied by C.
Orthner, American Red Cross, Rockville, MD) and the chromogenic
substrate S 2366 exactly as previously described (19). Standard curves
were derived by adding known amounts of human APC to pooled
plasma from wild-type mice.

 

Embryo transfer.

 

3 wk old TM

 

1

 

/

 

2

 

 females were treated with preg-
nant mare serum, stimulated 48 h later with human choriogonadotro-
pin, and mated on that same day with TM

 

1

 

/

 

2

 

 males. Blastocysts were
collected on the third day and transferred into the uterus of pseu-
dopregnant C57Bl/6 females. Embryos recovered 7 d later generally
displayed 17–24 somites, had completed or almost completed the pro-
cess of turning, and corresponded to late Theiler stage 14 to early
stage 15 (20). The morphology of the embryos was recorded and
subsequently DNA was isolated for genotyping by Southern blot
analysis.

 

Detection of tissue fibrin.

 

Experimental animals were anesthetized
by intraperitoneal injection of 0.2 ml avertin per 10 g of body weight
and anticoagulated by intravenous injection of 400 U heparin. After
3–5 min, animals were exsanguinated by cardiac puncture, tissues
were dissected, rinsed briefly in PBS, frozen in liquid nitrogen, and
the sample weight was recorded. The tissue was thoroughly homoge-
nized with a polytron in 10 mM sodium phosphate buffer, (pH 7.5)
0.1 M 

 

e

 

-aminocaproic acid, 5 mM trisodium EDTA, 10 U aprotinin/
ml, 10 U heparin/ml, and 2 mM PMSF. The homogenate was agitated
for 14 h at 4

 

8

 

C, particulate material sedimented by centrifugation at
10,000 

 

g

 

 for 10 min, resuspended in extraction buffer without PMSF,
sedimented again, and finally dispersed in 3 M urea. The suspension
was agitated for 2 h at 37

 

8

 

C, vigorously vortexed, and centrifuged at
14,000 

 

g

 

 for 15 min. The supernatant was aspirated, and the sediment
was dissolved at 65

 

8

 

C in reducing SDS sample buffer (60 mM TrisHCl
(pH 6.8), 10% glycerol, 2% SDS, and 0.1 M 

 

b

 

-mercaptoethanol), sub-
jected to SDS-PAGE (7.5%; 5% stacking gel), and transferred to a
PVDF membrane (Immobilon-P; Millipore Corp., Bedford, MA) by
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electroblotting. Fibrin 

 

b

 

 chains were detected with the mouse anti–
human fibrin mAb 59D8 (kindly provided by Dr. Marshall Runge,
Galveston, Texas) and a chemiluminescence system (ECL; Amer-
sham Corp., Arlington Heights, IL). Fibrin standards were prepared
by clotting a known amount of murine fibrinogen (Sigma Chemical
Co., St. Louis, MO) with an excess of thrombin in the absence of cal-
cium. Dilution series of this fibrin preparation was included on gels
next to experimental samples to estimate the amount of fibrin de-
tected in tissue samples. At least five different exposures (between 5 s
and 10 min) were obtained from each membrane and analyzed with
the NIH-image software. For quantitation, exposure times were cho-
sen where the experimental sample’s signal intensity fell into the lin-
ear range of the fibrin standard. Assay-to-assay variability was 

 

,

 

 12%.
No significant loss of fibrin occurred during the enrichment proce-
dure (absence of specific fibrin Western blot signals in supernatants
at various steps). The specificity of anti–human fibrin antibody 59D8
for mouse 

 

b

 

 fibrin was documented by analytic two-dimensional elec-
trophoresis in conjunction with Western blotting. To this end, murine
fibrin and murine fibrinogen were each separated by isoelectric fo-
cusing on an immobilized nonlinear pH gradient (pH 5–8, Immo-
biline; BioRad Laboratories, Hercules, CA) and subsequently by
SDS-PAGE (7.5%; 5% stacking gel). The separated fibrinogen/fibrin
chains were transferred to a PVDF membrane and then visualized
with a rabbit anti–human fibrin(ogen) antiserum (DAKO Corp.,
Carpinteria, CA) and the anti–human fibrin antibody 59D8 using a
chemiluminescent substrate for horseradish peroxidase as outlined
above. The electrophoretic patterns revealed the specific staining of
mouse 

 

b

 

 fibrin, but not mouse fibrinogen, with the mAb 59D8 (see
Fig. 4 

 

A

 

).

 

Hypoxia-induced pulmonary thrombosis.

 

Mice were exposed to
normobaric hypoxia in a customized environmental chamber equipped
with circulating fans, ammonia and carbon dioxide elimination sys-
tems, and an on-line oxygen sensor. Nitrogen was added gradually
over a 30–40-min period until the oxygen concentration in the cham-
ber was reduced to 8%, and then maintained at this level. The mice
were allowed free access to water and food during the above experi-
mental manipulation. Animals were removed from the chamber after
16 h and either monitored for recovery, or immediately processed for
the analysis of tissue fibrin deposition.

 

Immunohistology.

 

For detection of cross-linked fibrin in tissues
of mice, the animals were anticoagulated by intravenous injection of
heparin. Tissue samples were dissected and then snap-frozen in cryo-
matrix (Tissue-Tek O.C.T. Cryomatrix; Sakura Finetek, Torrence,
CA). Lungs were infiltrated with warm cryomatrix through the tra-
chea before freezing. Frozen sections were fixed in 2% acetic acid
(vol/vol)/10% buffered formalin to wash out noncross-linked fibrino-
gen/fibrin (22). For localization of TM and fibrin in embryos, decid-
uas were isolated from the uteri of pregnant mice, fixed in buffered
formalin, embedded in paraffin, sectioned, dewaxed, rehydrated, and
finally postfixed for 1 min in cold acetone. Serial sections were incu-
bated either with the anti–mouse TM antibody 201B (23) to identify
TM-null embryos, or a rabbit anti–human fibrin(ogen) antibody (Dako
Corp). Specific binding was detected with biotinylated secondary an-
tibody–horseradish peroxidase complexes using a commercial assay
system (Vectastain ABC; Vector Laboratories, Burlingame, CA).

 

Results

 

Embryonic lethality of TM-deficient embryos does not correlate
with placental fibrin deposition.

 

Previous attempts to generate
TM knockout mice demonstrated that receptor-null embryos
die at about E8.5 because of abnormal maternal–fetal interac-
tions. Three types of investigations were conducted to deter-
mine whether increased coagulation system activity might be
responsible for embryonic lethality. First, 56 fetoplacental
units (embryo and surrounding decidual tissue) from inter-
crosses of TM

 

1

 

/

 

2

 

 mice were isolated at E8.5 and inspected for

the presence of increased amounts of fibrin. Immunohistologic
studies demonstrated that 9 of 44 embryos exhibited a TM-null
phenotype as shown by the complete absence of trophoblast
reactivity with receptor-specific antibodies. Immunohistologic
examination of these embryos for cross-linked fibrin failed to
reveal any obvious increase in fibrin deposition associated with
the TM-null phenotype. Indeed, fibrin deposition was gener-
ally more pronounced in decidual blood vessels of the mother
than on the surface of the trophoblast, independent of embry-
onic genotype. Second, a selective restoration of TM expres-
sion on the maternal aspect of the decidua was undertaken to
ascertain whether this manipulation was beneficial to the sur-
vival of TM-null embryos. Blastocysts were isolated from uteri
of TM

 

1

 

/

 

2

 

 females mated with TM

 

1

 

/

 

2

 

 males, and then im-
planted into the uteri of wild-type females. Of 54 embryos
transferred, 37 embryos were recovered at the equivalent of
E9.5, of which 24 were TM

 

1

 

/

 

2

 

, 13 were wild type, and none
were TM null. Third, tPA is coexpressed with TM on tropho-
blast, parietal endoderm, and maternal endothelial cells,
whereas uPA is coexpressed with TM in trophoblast giant cells
and maternal endothelial cells (24–26). Assuming that the lev-
els of TM are not present in excess, the elimination of tPA/
uPA at these sites should lead to decreased survival of em-
bryos with a partially disabled TM system. To this end, TM

 

1

 

/

 

2

 

mice were crossed with tPA-null mice (13) to obtain TM

 

1

 

/

 

2

 

tPA

 

2

 

/

 

2

 

 mice that were then interbred with TM

 

1

 

/

 

1

 

tPA

 

2

 

/

 

2 

 

mice.
The progeny at 4–6 wk were monitored for a distortion in the
transmission frequency of the mutated TM allele, as compared
to the wild-type TM allele, in a fibrinolysis-deficient environ-
ment. The results demonstrated that the inactivated TM allele
was transmitted normally (83 TM

 

1

 

/

 

2

 

 tPA

 

2

 

/

 

2

 

, 

 

n

 

 

 

5

 

 175), and
comparable results were obtained with uPA-null mice. The
embryonic lethal phenotype of TM-null embryos persisted in a
uPA- or tPA-deficient background (data not shown). The
above studies reveal that (

 

a

 

) the imminent developmental fail-
ure of TM-null embryos is not accompanied by increased pla-
cental fibrin deposition, (

 

b

 

) the selective restoration of normal
TM levels in the maternal circulation is insufficient to salvage
TM-null embryos from resorption, and (

 

c

 

) the viability of het-
erozygous TM-deficient embryos is not reduced in a fibrinoly-
sis-deficient environment.

 

Targeted mutagenesis of TM.

 

Given the above observations,
we investigated whether appropriate TM point mutations
might eliminate the generation of APC and inhibition of
thrombin while preserving regions of the receptor required for
embryonic viability. The substitution of Glu 387 with Pro in
the interdomain loop between EGF modules four and five of
TM abolishes the ability of soluble recombinant human recep-
tor to carry out in vitro thrombin-dependent APC generation
(27). A gene replacement strategy was used to introduce the
identical mutation into the coding region of the murine TM
gene. The recombinant TM

 

Pro

 

 allele was marked by a diagnos-
tic PvuII site in close proximity to the primary mutation and by
the presence of a selectable neomycin resistance gene expres-
sion cassette (Fig. 1). Male germline chimeras were obtained
by blastocyst injection of correctly targeted ES cells and bred
to C57Bl/6 females to establish a line of TM

 

1

 

/Pro

 

 mice. Inter-
breeding of heterozygous [F1 

 

3

 

 C57Bl] TM

 

1

 

/Pro

 

 mice yielded
homozygous TM

 

Pro/Pro

 

 offspring at a normal Mendelian fre-
quency (

 

n

 

 

 

5

 

 91; 21 wild-type, 42 TM

 

1

 

/Pro

 

, and 28 TM

 

Pro/Pro

 

).
The cell type- and organ-specific distribution of TM

 

Pro

 

 was
identical to the wild-type receptor, as judged by immunohis-
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tochemical analysis of tissue sections with antimurine TM-spe-
cific antibodies (data not shown). In addition, TM

 

Pro/Pro

 

 mice
were bred to the TM

 

1

 

/

 

2

 

 strain, in which one TM allele had
been disrupted by insertion of the bacterial 

 

b

 

-galactosidase
gene (12). This cross yielded TM

 

2

 

/Pro

 

 mice carrying one inacti-
vated and one TM

 

Pro

 

 allele. TM

 

2

 

/Pro

 

 mice of both sexes were
fertile and transmitted the mutated TM alleles at the expected
Mendelian frequencies (TM

 

Pro/Pro

 

 

 

3

 

 TM

 

2

 

/Pro

 

: 64 TM

 

2

 

/Pro

 

; 59
TM

 

Pro/Pro

 

; 

 

n

 

 

 

5

 

 123). The offspring showed a balanced sex ratio
(54% male) and litter sizes (8.1

 

6

 

1.8; 

 

n

 

 

 

5

 

 15) were comparable
to (TM

 

1

 

/

 

2

 

 

 

3

 

 C57Bl/6) breeding pairs maintained in the
same colony (8.2

 

6

 

1.5; n 5 36). A cohort of 36 mutant mice
(19 TM2/Pro and 17 TMPro/Pro) maintained in the specific patho-

gen-controlled facility at the Massachusetts Institute of Tech-
nology remained free of overt pathological manifestations for
more than one year.

Mutant mice are deficient in the activation of protein C.
The purification of TM from TMPro/Pro mice and wild-type mice
was carried out by affinity chromatography of lung extracts on
a DIP–thrombin matrix. Both preparations yielded receptor
protein of comparable purity and identical molecular size as
determined by denaturing gel electrophoresis (Fig. 2, top left).
The relative yields during the purification steps were identical
for both mutant and wild-type TM, as monitored with a recep-
tor-specific radioimmunoassay (wild type, 38%; TMPro, 36%).
The absolute amounts of mutant TM, as compared to wild-

Figure 1. Targeted mutagenesis of the TM locus. The 
gene targeting vector shown on top was constructed 
to mutate the codon GAA (Glu) of the TM locus to 
CCA (Pro), and to introduce an adjacent point muta-
tion (A to T) generating a diagnostic PvuII restriction 
site linked to the primary mutation without altering 
the amino acid sequence. The 59- and 39-untranslated 
mRNA regions of the TM gene are shown in black; 
arrows show the transcriptional start site. Shaded 
boxes denote the neomycin resistance gene
(pkgNEOpA) and the thymidine kinase gene
(pgkTKpA). The indicated DNA fragments a and b 
(solid black bars, bottom) were used to identify
ES cell clones having undergone homologous recom-
bination and carrying the Glu-to-Pro mutation by 
Southern blot hybridization analysis of PvuII- (probe 
a, inset) or KpnI/BamHI-digested genomic DNA 
(probe b, inset). The nucleotide sequences of the wild-
type (top) and targeted TM gene (bottom) are shown 
on the lower right.

Figure 2. Kinetic analysis of TM cofactor activity. (A) 
TM purified from the lung of wild-type (wt) mice and 
the lung of TMPro/Pro mice (TMPro) by thrombin affin-
ity chromatography was analyzed by electrophoresis 
under reducing conditions on urea containing SDS 
polyacrylamide gels (5%), followed by silver staining. 
Mutant and wild-type receptor were comparable with 
respect to purity and apparent molecular weight
(z 78 kD). (B) The kinetic reaction constants for the 
thrombin-dependent activation of protein C by TM 
are summarized. kcat and kd

thrombin were calculated 
from the Vmax

apparent as a function of TM concentration 
(see methods). kd

thrombin was additionally derived by 
extrapolation from the x axis intercepts of double re-
ciprocal plots of 1/velocity (1/V) vs. 1/[thrombin]. The 
reaction constant Km

protein C was derived from the y 
and x axis intercepts of Lineweaver-Burk and Eadie-
Hofstee data representations. Values are given as the 
mean6SD. Differences between reaction constants of 
wild-type and mutant TM are significant at the P , 
0.005 confidence level (Student’s t test). Purified wild-
type (wt) (C) and mutant TM (TMPro) (D) were incu-
bated with human thrombin and human protein C. 
The amount of activated protein C formed over the 

course of the reaction was then determined with a second assay using a chromogenic substrate for activated protein C. Each data point in the
1/V vs. 1/[pC] plots shown represents the reaction velocity of APC formation in the initial activation reaction at a given concentration of protein 
C and TM with a minimum of four independent determinations.
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type receptor, recovered from lung extracts was decreased by
approximately threefold (7.8 vs. 23 mg/g membrane fraction).
The quantitative measurements of immunoreactive mutant
and wild-type TM in total cellular protein lung extracts revealed
a similar 2.4-fold reduction (radioimmunoassay with 125I-labeled
mAb 201B; 591651 vs. 1,220691 cpm/mg protein).

The purified TMPro and wild-type receptor preparations
were subjected to a detailed kinetic analyses in the thrombin-
dependent activation of protein C (Fig. 2). The mutant TM, as
compared to wild-type receptor, exhibited a 1.6-fold aug-
mentation in the Km for PC, a 45-fold elevation in the Kd for
thrombin, and a 2.7-fold reduction in the kcat for thrombin-
dependent activation of PC (Fig. 2, bottom left). Direct mea-
surements of cell surface TM cofactor activity were also car-
ried out on primary cultures of neonatal cardiac microvascular
endothelial cells isolated from mutant and wild-type mice. The
activation of PC by mutant cells, as compared to wild-type
cells, was decreased by 38-fold (0.2960.07 vs. 11.263.4 mA405

U/min; thrombin 5 5 nM, PC 5 6.6 mM). The latter estimate
of TMPro function, as compared to wild-type receptor function,
is in excellent accord with the expected value of z 36-fold, as
calculated from the known amounts and kinetic constants of
mutant receptor versus wild-type receptor in lungs. Based
upon the above results, we estimate that at physiologically rel-
evant levels of thrombin (, 1 nM), the TMProPro mice, as com-
pared to wild-type mice, exhibit a decrease of z 1,000-fold
with regard to PC activation and z 100-fold with respect to the
binding of enzyme. Under the same condition, the TM2/Pro

mice, as compared to wild-type mice, possess a reduction of
2,000-fold with regard to PC activation and z 200-fold with re-
spect to the binding of enzyme.

The extent of in vivo PC activation in TM2/Pro mice, as com-
pared to wild type mice, was determined by intravenous injec-
tion of human PC with the subsequent estimation of APC gen-
erated under ambient conditions. The plasma concentrations
of human PC were measured by specific immunoassay. The
plasma levels of human APC were quantitated by trapping the
enzyme with a species-specific antibody and then estimating
the amount of bound enzyme by prolonged incubation with a
chromogenic substrate. The latter approach for determining
the generation of APC has been validated in humans by simul-
taneous measurements of the plasma concentrations of APC
and PC activation peptide at differing plasma levels of PC (28).
The infusion of 20 mg of purified human PC into TM2/Pro and
wild-type mice resulted in steady state plasma concentrations
of similar magnitude (Fig. 3 A). As observed in humans (28),

wild-type mice converted z 0.1% of PC into APC (Fig. 3 B).
In TM2/Pro mice, the circulating levels of human APC were be-
low the limits of detection (0.5 ng/ml). The generation of APC
in heterozygous TM1/2 mice was indistinguishable from wild-
type littermates (data not shown).

Fibrin deposition in mutant mice with defects in the TM or
fibrinolytic mechanisms. The magnitude of fibrin deposition in
mutant mice was estimated by quantitative Western blot anal-
yses of urea-insoluble organ extracts using mAb 59D8 raised
against the NH2 terminus of the human fibrin chain, which is
exposed by thrombin-dependent cleavage of fibrinogen (21).
The specificity of the 59D8 antibody for murine fibrin chain
was documented by two-dimensional gel electrophoresis of
murine fibrin or fibrinogen, transfer of separated proteins to a
membrane, and detection of fibrin or fibrinogen with either
the antifibrin antibody or antifibrin(ogen) antibody (Fig. 4 A).
The measurements of fibrin deposition in TM2/Pro mice, as
compared to TM1/1 mice, demonstrate a dramatic increase in
fibrin deposition in spleen, heart, and lung (Fig. 4 B). Direct
quantitation of the Western blots for TM1/2 mice as compared
to TM1/1 mice shows a threefold elevation in heart and lung
but not in other organs (Fig. 5 A). Similar measurements car-
ried out in TM2/Pro mice, as compared to TM1/1 mice reveal
10- to 30-fold higher levels of fibrin in lung, heart, spleen, and
liver whereas brain and kidney were indistinguishable (Fig. 5
B). The distribution of fibrin in TM2/Pro mice, as compared to

Figure 3. In vivo APC produc-
tion in wild-type and mutant 
mice. Animals (n 5 10 for each 
group) were injected in the tail 
vein with 20 mg of human pro-
tein C and subsequently the 
amounts of circulating protein 
C as well as APC were mea-
sured as described in Methods. 
Mutant mice (TM2/Pro), as 
compared to wild-type mice 
(TM1/1) exhibit undetectable 
amounts of circulating APC.

Figure 4. Western blot analysis of tissue fibrin deposition in mutant 
and wild-type mice. (A) Specificity of fibrin detection by Western 
blotting. Mouse fibrinogen and fibrin were resolved in two dimen-
sions by isoelectric focusing followed by SDS-PAGE, transferred to a 
membrane support, and detected either with the fibrin-specific anti-
body 59D8, or with an antibody recognizing all fibrin/fibrinogen spe-
cies. The 59D8 antibody detects specifically the thrombin-cleaved
fibrin b chain. (B) Western blot analysis of fibrin deposition. The 
amounts of b-fibrin chains per tissue mass were determined by densi-
tometric analysis of x-ray films. Each lane represents one wild-type 
TM1/1, or one mutant TM2/Pro mouse.
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TM1/1 mice, was also established by immunohistochemical
analyses using a technique specific for cross-linked fibrin (22).
Small blood clots and intravascular fibrin were detected in the
vascular bed of lung, spleen, and heart (Fig. 6; lung and spleen,
heart not shown). The capillaries, arteries, and veins in the
lungs of TMPro/Pro or TM2/Pro animals were marked as either
positive or negative for the presence of fibrin. The extent of fi-
brin deposition within pulmonary vessels, assessed by the ex-
amination of 30 sequential fields per section of lung and using
four sections per lung from three different animals revealed
positive staining in 21615% of capillaries, 58615% of veins,
and 62611% of arteries which documents fibrin deposition at
all levels of the vascular system. It should also be noted that
despite a twofold difference in the levels of receptor, TM2/Pro

mice, as compared to TMPro/Pro mice, possessed comparable
amounts of fibrin deposition in the four organs (TM2/Pro vs.
TMPro/Pro: lung, 32.464.6 vs. 37.462.5 mg fibrin/g of tissue;
heart, 12.861.2 vs. 9.761.2 mg fibrin/g of tissue; spleen, 17.16
2.1 vs. 17.961.2 mg fibrin/g of tissue; liver, 1.161.3 vs. 1.860.3
mg fibrin/g of tissue). These observations reinforce our conclu-
sion that TMPro/Pro mice exhibit no significant PC cofactor ac-
tivity since further reduction of receptor levels by a factor of
two fails to increase the severity of fibrin deposition.

We also wished to ascertain whether mice with reduced or
virtually absent functional levels of TM exhibited augmented
fibrin deposition when subjected to a thrombogenic challenge.
Previous studies with wild-type mice demonstrated that pro-
longed hypoxia increases expression of tissue factor in mono-
cytes/macrophages and pulmonary blood vessel endothelial
cells with resultant pulmonary thrombosis (29). Therefore,
TM2/Pro mice, TM1/2 mice, and TM1/1 mice were maintained
for 16 h under reduced oxygen tensions (8% O2), monitored
for survival and recovery, and then analyzed for fibrin deposi-
tion as described above. Total cellular TM levels in the lung,
spleen, and heart were unchanged as determined by specific
radioimmunoassay (wild type, n 5 5) (lung hypoxic vs. nor-
moxic: 2,8906198 vs. 2,4376212 cpm/mg protein; spleen: 1566
14 vs. 139616 cpm/mg protein; heart: 585643 vs. 693681 cpm/
mg protein). Survival and postexperimental viability during a
2-wk observation period were identical for all three experi-
mental groups (n 5 5/group). In wild-type mice, prolonged hy-
poxia lead to an additional four- to fivefold increase in fibrin
deposition in lung, whereas in TM1/2 mice or TM2/Pro mice the

same manipulation produced an additional 10-fold increase in
fibrin deposition in the same organ (wild-type mice, 1.160.1
vs. 5.060.7 mg fibrin/g of tissue; TM1/2, 3.360.3 vs. 31.963.8 mg
fibrin/g of tissue; TM2/Pro, 32.464.6 vs. 270.3646.9 mg fibrin/g
of tissue).

The above results demonstrate that mice with a significant
functional defect in the TM mechanism exhibit increased fibrin
deposition of varying magnitude in the vascular beds of se-
lected organs and that the same mice subjected to a thrombo-
genic challenge respond with an enhanced activation of the co-
agulation mechanism in the lungs. To determine whether
similar patterns of organ-specific fibrin deposition also occur
in mice with defects in the fibrinolytic mechanism, investiga-
tions like those outlined for TM-deficient mice, were carried
out in tPA- or uPA-null mice. These two strains of mice have
not been examined previously by quantitative techniques for
fibrin deposition, although histologic techniques have docu-
mented scattered fibrin aggregates in the liver of uPA-null
mice (13). The tPA- and uPA-null mice, as compared to wild-
type mice, revealed 10- to 20-fold increased levels of fibrin
deposition in lung, spleen, heart, and liver, whereas the brain
and kidney appeared again free of fibrin (Fig. 5 B). However,
the overall pattern of fibrin deposition in TM2/Pro mice, uPA-
and tPA-null mice was distinctive. For example, TM2/Pro mice
versus tPA-null mice, exhibit ratios of fibrin deposition in lung
versus heart that differ by four- to fivefold (Fig. 5 B). Further-
more, tPA- or uPA-null mice as compared to TM2/Pro mice,
possess levels of fibrin deposition in liver that are increased by
10- to 20-fold (Fig. 5 B).

Discussion

In the current investigation, we determined whether the early
embryonic death of TM-null embryos is due to the lack of re-
ceptor expression on fetal trophoblasts, parietal endoderm, or
uterine endothelial cells which may result in excessive placen-
tal fibrin deposition. Indeed, we note that the presence of large
amounts of fibrin at the maternal–fetal interface could inter-
fere with nutrient exchange, and hence lead to embryonic le-
thality during the subsequent period of accelerated growth and
development. Several independent lines of evidence suggest
that the developmental requirement for TM is unrelated to its
regulation of coagulation system activity. The immunohisto-

Figure 5. Quantitative comparison of fibrin deposi-
tion in mutant mice. (A) Fibrin deposition in het-
erozygous TM-deficient (TM1/2) mice as compared 
to wild-type (TM1/1) mice. (B) Fibrin deposition in 
TM2/Pro mice, as compared to wild-type mice (TM1/1), 
tPA-null (tPA2/2) and uPA-null mice (uPA2/2) mice. 
The amount of fibrin present in the indicated organs 
of age (18–30 wk) and sex matched (male and female) 
wild-type and mutant mice was determined by quanti-
tative Western blot analysis. Protein extracts were 
prepared as described in Methods. Fibrin chains were 
resolved by denaturing SDS-PAGE (7.5%) and
b chains quantitated with the 59D8 antibody using a 
chemiluminescent substrate for horseradish peroxi-
dase in comparison to standard curves generated with 

known amounts of purified mouse fibrin. Data was obtained from duplicate determinations on at least eight different animals. Values are ex-
pressed as the mg of b-fibrin per 0.1 g of wet tissue weight6standard error. Average differences in fibrin deposition of z 50% are statistically sig-
nificant at P . 0.05 (Student’s paired t test).



Prethrombotic State in Mice with Thrombomodulin Mutation 1989

logical survey of fetoplacental units showed that imminent
resorption of TM-null embryos at E8.5 is not preceded by a
localized deposition of fibrin at the boundary between embry-
onic trophoblast and maternal decidual tissue. The selective
restitution of maternal TM by transplantation of TM-null
embryos into wild-type females failed to permit normal em-
bryonic survival. The breeding of TM1/2tPA2/2 mice with
TM1/1tPA2/2 mice should significantly increase placental fi-
brin deposition in TM1/2 embryos, as compared to receptor
wild-type embryos, because TM and tPA are coexpressed in
trophoblasts, or parietal endoderm or uterine endothelial cells
(24–26). However, the extent of transmission of the mutated
TM allele, as compared to the receptor wild-type allele, was
identical, which implies that fibrin deposition is not responsi-
ble for embryonic lethality.

The relationship between TM-dependent anticoagulation
and embryonic survival was directly assessed by replacing the
wild-type receptor allele with a mutant receptor allele possess-
ing essentially no capacity to generate APC or inhibit throm-
bin. In contrast to a complete loss of TM function, the selective
elimination of the anticoagulant properties of the receptor was
compatible with embryonic viability. The biochemical charac-
terization of purified TMPro and the quantitation of cell surface
levels of TMPro, as compared to wild-type receptor, predict that
under physiologic conditions TMPro/Pro mice exhibit a 1,000-

fold reduction in APC production as well as a 100-fold reduc-
tion in thrombin binding, whereas TM2/Pro mice possess a
2,000-fold reduction in APC production and a 200-fold reduc-
tion in thrombin binding. The actual rate of APC generation
could vary on the endothelial cell surface because of differ-
ences between free and membrane-bound TM, sequestration
of reaction components by phospholipids, or interaction of PC
with the PC receptor (30). Therefore, we also measured
thrombin-dependent conversion of PC to APC on mutant and
wild-type cardiac endothelial cells which showed that the rela-
tive rates of APC generation are virtually identical to that pre-
dicted from studies of purified TMPro versus wild-type receptor
isolated from lung extracts.

The survival of TMPro/Pro or TM2/Pro embryos in normal
Mendelian ratios supports the hypothesis that the receptor
must play a critical role other than coagulation system regula-
tion at the maternal-fetal interface. Indeed, we have suggested
previously that the binding of the NH2-terminal TM lectin-like
domain to a placental component might induce cell signaling
via the intracytoplasmic tail which is required for embryonic
survival (10). In this regard, it is of interest to note that trans-
fection of melanoma cells with TM lacking the NH2-terminal
lectin domain or the cytoplasmic tail, as compared to wild-type
receptor, fails to inhibit cell proliferation under in vitro condi-
tions or after transplantation into mice (31). The existence of a

Figure 6. Immunohistological detec-
tion of fibrin. Frozen tissue sections 
of mutant TM2/Pro (A, C, and E) and 
wild type-mice (B, D, and F) were 
fixed in acidic formalin to wash out 
soluble fibrinogen/fibrin, reacted 
with the fibrinogen/fibrin-specific 
antibody, and counterstained with 
hematoxylin. The dark brown 
horseradish peroxidase reaction 
product shows fibrin present in the 
microvasculature and arterioles of 
(A) spleen, (C) pulmonary arteri-
oles, and (E) alveolar capillaries of 
TM2/Pro mice. No significant staining 
was observed in (B) splenic or (D 
and F) pulmonary vasculature of 
wild-type animals. Bar represents
10 mm.
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separate developmental function for TM has interesting impli-
cations with regard to the evolutionary assembly of the com-
plex blood coagulation mechanism. It is tempting to speculate
that TM may have initially evolved to facilitate embryonic sur-
vival with subsequent recruitment of the receptor to serve as a
regulator of the coagulation system that might have occurred
via point mutations as shown in this study. Recent data from
tissue factor (32–34) and factor V (35) mouse knockouts lend
support to the notion that blood coagulation components have
alternative developmental functions. The ablation of either
gene leads to early fetal death with potential abnormalities in
extraembryonic blood vessel function. Moreover, the develop-
mental role of these gene products appears to be independent
of fibrin formation since fibrinogen-deficient mice (36, 37) do
not exhibit comparable abnormalities. The survival of TMPro/Pro

as well as TM2/Pro mice and the availability of TM1/2 mice al-
lowed us to investigate the consequences of disrupting, to a
varying extent, a natural anticoagulant mechanism. Using a
plasma immunocapture assay for APC generation, we demon-
strated that TM2/Pro mice exhibited no detectable APC genera-
tion whereas TM1/2 mice showed no significant alteration in
APC production under ambient conditions. Using a sensitive
immunoblot assay for the fibrin b chain, we determined the
magnitude of fibrin deposition in tissues. The TM2/Pro mice or
TMPro/Pro mice, as compared to wild-type mice, exhibited 10- to
30-fold greater amounts of fibrin deposition in lungs, heart,
spleen, and liver, but not other organs. The intravascular local-
ization of fibrin in arterioles, and capillaries as well as venules
was documented by immunohistological techniques that con-
formed with the known expression pattern of the receptor.
Similar studies were conducted with TM1/2 mice, as compared
to wild-type mice, which showed a threefold elevation in fibrin
deposition in the same organs. Both TM2/Pro and TM1/2 mice
were then subjected to a thrombogenic challenge that in-
creases tissue factor expression in the lung with essentially no
effect on TM levels. The data revealed that mutant mice, as
compared to wild-type mice, produce more extensive pulmo-
nary fibrin deposition relative to the ambient state. Thus, sig-
nificant reductions in TM levels lead to dysregulation of the
coagulation system with augmented fibrin deposition under
ambient conditions as well as after a thrombogenic challenge.

We infer from the above observations that the murine co-
agulation mechanism generates thrombin under normal condi-
tions, and that the production as well as the action of the enzyme
is opposed by the TM–PC pathway. However, dysfunction of
the TM–PC mechanism fails to lead to complete fibrin occlu-
sion of all vascular beds which shows that other inhibitory
pathways counteract this defect. These additional natural anti-
coagulant mechanisms include: (a) tissue factor pathway inhib-
itor, or antithrombin–heparan sulfate proteoglycan pathways
that inhibit the coagulation cascade, (b) the nitric oxide syn-
thetase, prostacyclin synthetase, and ectoADPase pathways
that modulate platelet activation, or (c) tPA and uPA that ac-
celerate fibrinolytic system function. On the other hand, the
combined activity of all the above mechanisms is not sufficient
to entirely compensate for the TM–PC defect. Evidently the
individual pathways are not redundant and have only a limited
capacity to buffer hemostatic disturbances.

Surprisingly, the extent of fibrin deposition differs signifi-
cantly from organ to organ which suggests that the coagulation
system is regulated in a tissue-specific manner. This hypothesis
is supported by the observation that TM2/Pro mice, in contrast

to either tPA- or uPA-null mice, differ greatly in the extent of
fibrin deposition in lung, heart, and liver. The minimal in-
crease in fibrin deposition in the liver upon elimination of the
TM mechanism is consistent with the low known expression
levels of the receptor in this organ (38, 39). The lung, on the
other hand, appears particularly sensitive to a loss of TM activ-
ity, although the receptor is expressed at comparably abundant
levels in pulmonary endothelial cells as compared to other vas-
cular beds (38). This susceptibility is also highlighted by the in-
creased pulmonary fibrin deposition in heterozygous TM1/2

mice that exhibit normal systemic levels of circulating APC.
Remarkably, all mutant mice fail to show increased fibrin dep-
osition in brain or kidney implying that the coagulation system
is regulated in a very different manner in these vascular beds.
These organ-dependent variations in fibrin deposition are
most probably secondary to local alterations in the levels of
endothelial cell activators and inhibitors that regulate the co-
agulation cascade, platelet activation, or fibrinolysis which
may help to explain the focal nature of thrombotic disease.

Investigations of humans demonstrate that the generation
and inhibition of thrombin is precisely balanced under normal
conditions, but that enzyme production slightly exceeds neu-
tralization for a period of time before a thrombotic event,
which has been termed the hypercoagulable state (40). It is
presumed that the hypercoagulable state gradually leads to ac-
tivation of cofactors and platelets that in turn generate a burst
of thrombin that initiates overt thrombosis. The mutant mice
described above represent the first animal model of the hyper-
coagulable state since increased generation of thrombin is
readily apparent in the absence of overt thrombotic episodes
that shorten life span. We also note that TMPro/Pro or TM2/Pro

mice, as compared to TM1/2 mice, differ in the amounts of fi-
brin deposited as a function of genotype and that the severity
of this phenotype is worsened upon application of a thrombo-
genic challenge. These observations suggest that the TM de-
fect is capable of interacting with other genetic and environ-
mental factors to initiate thrombosis.

The penetrance of thrombosis is highly variable in humans
afflicted with genetic abnormalities in the TM mechanism,
such as PC or protein S deficiency or factor V Leiden. The
incidence of this disease is dramatically augmented by the
presence of other genetic defects or environmental factors
(4, 41–43). It should be possible to use the mutant TM mice, in
conjunction with quantitative measures of fibrin deposition, to
investigate known or identify unknown genetic and environ-
mental factors that enhance development of arterial or venous
thrombosis. In part, these studies may be carried out by cross-
breeding with knockout mice possessing genetic abnormalities
in other physiologic systems. Thus, the multiple interactions
between genetic and acquired abnormalities in the coagulation
mechanism, lipid metabolism, the immune system, and blood
pressure regulation which might lead to thrombotic disease
could be examined in a strictly controlled and quantitative
manner. The above investigations have the potential to greatly
increase our understanding of the molecular basis of arterial
and venous thrombosis in humans.
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