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ORIGINAL CONTRIBUTION

Functional thrombomodulin deficiency
causes enhanced thrombus growth in a
murine model of carotid artery thrombosis

Abstract Thrombomodulin (TM) bound thrombin initiates the protein C
anticoagulant pathway and defects in TM result in enhanced coagulation.
Recent studies suggest a role for TM in arterial vascular disease. In order to
corroborate this association we studied arterial thrombus formation in mice
with a functional TM defect. We used mice homozygous for a “**Glu-to-Pro
mutation in the TM gene (TMP™/P) and compared these with wildtype
littermates in a model of FeCl; induced carotid artery thrombosis. Time-to-
occlusion (TTO) was assessed by arterial blood flow measurement, using a
Doppler flow probe. Complete occlusion occurred in 8/10 (80%) TMpro/pro
mice and in 3/11 (27 %) littermate controls. Mean time to occlusion (TTO)
[+ SE] was 767 £ 196 s in the F2-TMP™/Pr mice, versus 1507 + 159 s in con-
trols (p = 0.007, Mann Whitney U test). Histology and immunostaining for
tissue factor did not reveal any differences in thrombus morphology or
thrombogenicity between the two groups.

These data confirm and extend the finding that a functional deficiency in
TM results in enhanced thrombus formation in a murine model of carotid
artery thrombosis and support a role for TM defects in arterial thrombotic
disease.

Keywords Arteries - thrombosis/embolism - thrombomodulin - defects
- transgenic mice
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Introduction

Thrombus formation in mammalian arteries and veins
is physiologically prevented by specific mechanisms
involving fibrinolytic and anticoagulant systems. Among
these, the protein C (PC) anticoagulant pathway provides
a natural antithrombotic mechanism of the vascular
endothelium that interacts with the blood clotting sys-
tem. The initial step in this pathway consists of the bind-
ing of thrombin to the endothelial membrane protein
thrombomodulin (TM). The formed TM-thrombin com-
plex activates endothelial receptor-bound PC (8, 9). Acti-
vated PC (APC) proteolytically inactivates coagulation
factors Va and VIIIa, thereby inhibiting coagulation.
This inactivation reaction only proceeds efficiently in the
presence of Ca?* ions and the co-factor protein S.

Defects of the PC pathway, in particular protein C
deficiency, protein S deficiency, and factor V Leiden, are
important risk factors for venous thrombosis (1, 5). In
contrast, there is only limited evidence for a similar asso-
ciation of these abnormalities with arterial thrombotic
complications such as myocardial infarction and stroke
(2,4, 14, 20, 24, 28).

The relationship with thrombosis is much less clear for
TM deficiency. Several missense mutations have been dis-
covered in patients with venous thrombotic disease (10,
22,23,25,26), but itis uncertain whether these mutations
result in diminished TM function (6, 10, 16, 22, 23). Sev-
eral promoter polymorphisms with unknown effect on
TM function have been implicated in arterial thrombotic
disease, but this claim was not confirmed in a second sur-
vey. Recently, a true TM mutation was discovered in an
individual with myocardial infarction, vitalizing the rela-
tionship with arterial thrombotic disease (5, 16, 18, 20).

In mice, complete ablation of the TM gene results in
embryonic lethality. Mice heterozygous for null muta-
tions are apparently normal and do not display an overt
venous or arterial thrombotic phenotype. As reported
recently, a prothrombotic phenotype could be achieved
in mice that were carriers of a targeted point mutation of
the TM-gene, resulting in a loss of the capability of TM
binding to thrombin (33). Under defined conditions,
these mice manifested microvascular myocardial throm-
bosis (3). In the present study we show that this func-
tional TM-deficiency has a direct impact on murine
carotid artery thrombosis.

Materials and methods

Animals

Homozygous TMP™/P® mice carrying Glu404Pro muta-
tions resulting in impaired TM-thrombin binding and

reduced capacity to activate PC were described in detail
by Weiler-Guettler et al (33). The TMP/P® mice, which
were generously provided by Dr. Robert D. Rosenberg
(Massachusetts Institute of Technology, and Harvard
Medical School, Cambridge and Boston, MA, USA), were
direct descendants from an F1-cross, and thus genetically
50% C57bL/6 and 50% 129Sv. In a pilot experiment we
compared FeCl; induced thrombus growth in the carotid
artery in 10 TMPr/pr mjce with 10 C57bL/6 mice (Harlan,
The Netherlands). In this experiment enhanced throm-
bus growth was observed in TMP/Pr® mice (data not
shown). Differences in genetic background of these mice
could have caused the observed difference in thrombus
growth, and therefore we repeated the experiments in age
and sex matched mutant TMP’P and wildtype litter-
mates that were born from a cross between F2-heterozy-
gotes, indicated as ‘F2- TMPro/pr’ mjce.

Animal care and use were approved by the Institu-
tional Review Board for Animal Experiments at the Aca-
demic Medical Center, Amsterdam, The Netherlands,
and the experiments were performed according to the
Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH Pub-
lication No 85-23, revised 1996) as well as the Dutch Law
for Animal Experiments.

FeCl, thrombosis model

Thrombus formation and growth was evaluated in a
standardized model, whereby thrombosis in the carotid
artery is induced by FeCl; as reported previously (11).
Mice were anesthetized by FFM (fentanyl citrate
0.079 mg/mL, fluanisone 2.5 mg/ml, midazolam 1.25 mg/
ml in H,0; of this mixture 7.0 ml/kg intraperitoneally ini-
tially and 1.0 ml/kg every 30 minutes). Body temperature
was kept between 36.5 and 37 °C. Animals were tra-
cheotomized and ventilated during the experiment. After
a median section from the xyphoid to the neck, the left
carotid artery was bluntly isolated, and a plastic protection
sheet was slipped under the vessel. Care was taken to sep-
arate the vagal nerve and vasa vasorum from the artery,
and twisting of the vessel was avoided. A Doppler flow
probe (Transonic Systems Inc., NY, USA) with a diameter
of 0.5 mm was placed at the distal part of the exposed
carotid artery and blood flow was recorded until steady
state was reached for at least 10 minutes. For heart rate
assessment, blood flow registration was shortly switched
from the average to the pulsatile flow chart. After the
steady-state phase, a filter paper of 2 X 2 mm, soaked in a
10% solution of FeCl;, was placed on the carotid artery. In
a pilot experiment we had previously assessed the optimal
FeCl, concentration; a 25% solution induced thrombosis
in all 10 mice (5 WT and 5 TM), whereas a concentration
of 10% resulted in an occlusion rate of 80% in TM mice
and 20% in WT and C57BL/6 mice, respectively.
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After exactly 3 minutes the filter paper was removed
and blood flow was continuously registered for 30 min-
utes (observation time). Time to occlusion (TTO), i.e.
time elapsed between placing the filter paper on the
artery until complete, non-reversible loss of flow meas-
ured by Doppler flow probe, was the principal endpoint-
parameter.

Histological evaluation

Atthe end of the acute experiment, the carotid artery seg-
ments from both sides were excised, embedded in paraf-
fin, and sectioned transsectionally over the entire length
(4 um). Fifteen to twenty-five sections from each artery
were stained with haematoxylin and eosin and examined
by two blinded investigators. Artery segments positive
for the presence of a thrombus were further stained by a
polyclonal antibody against murine tissue factor peptide
P5 raised in rabbits as previously described (31), used in
a dilution of 1:500.

Statistical analysis

We assumed that outcome measurements were not nor-
mally distributed. For this reason we compared the
groups with an unpaired, non-parametric test, i.e. Mann-
Whitney test. A p value of 0.05 was considered a limit of
statistical significance.

Results

Flow assessment, heart rates, and time-to-occlusion

Mean (+ SE) blood flow at steady state before application
of FeCl, was for F2-TMPr/prc 0,78 + 0.23 ml/min and for
wildtype littermates 0.80 + 0.35 ml/min (not significantly
different). Mean heart rates and standard deviations
were 478 + 61 for TMP™/P and 476 + 72 beats per minute
for wildtype littermates (p = 0.9, not significant). From
previous experiments it is known that mean arterial
blood pressure remains fairly stable at around 78 *
5 mm Hg during FFM anesthesia (17).

Complete occlusion (flow < 0.1 mL/min) occurred in
8 of the 10 (80%) animals in the F2-TMP/Pr groups by
the end of the observation time, while this occurred in
3 of 11 (27%) wildtype mice. Mean TTO [+ SE] differed
significantly between the groups with 767 + 196 s in the
F2-TMPro/Pro mice and 1507 + 159 s in littermate control
mice (p = 0.007) (Fig. 1). Since recording of blood flow
was maximized at 30 minutes (1800 s), the median values
were 433 s in the F2-TMP™/Pr° and 1800 s in control mice.
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Fig. 1 Time to complete occlusion of the carotid artery after application of FeCl,
in seconds, indicated for each individual mouse and as mean value per group. F2-
TMPro/Pro indicates TMGIu404Pro mutated mice from intercross of heterozygotes
(littermates). Wildtypes are obtained from the same intercross of heterozygotes

Histology

Histological assessment of the arterial segments showed
fibrin-rich thrombi in 9 TMP/P mice and in 3 control
mice corresponding with evidence of vessel occlusion; in
one animal, in which a clear flow stop had been regis-
tered, a clot was missed and could not be evaluated. In
those animals, in which blood flow could still be regis-
tered at the end of the observation time, no clots were
detected.

The presence of vessel wall changes was primarily
scored on HE stained sections (see methods). The typical
pattern observed is a thin layer of an iron-rich deposit
lining the luminal part of the artery. There is no indica-
tion of morphological endothelial cell or intima damage
and/or inflammation induced by ferrochloride, nor is
there any difference among the groups in the histologi-
cal appearance of the artery or thrombus formed. In
general the thrombus is located intraluminally, without
apparent attachment site to the vessel wall, and com-
pletely occludes the vessel lumen. A representative spec-
imen is shown in Fig. 2a. A specific anti-murine tissue
factor staining shows on occasional sections the presence
of tissue factor-rich material adjacent to the ferrochlo-
ride deposits on the vascular inner surface (Fig. 2b); how-
ever among the series of sections from this study there
were no differences in tissue factor intensity explaining
the apparent difference in the rates of thrombus forma-
tion (data not shown). As to the thrombotic mechanism
it appears that in the absence of morphological damage
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Fig. 2 a Cross sectional HE staining of carotid artery at the level of ferrochloride
induced thrombosis (magnification x 20). The dark staining indicates the ferrochlo-
ride layer covering part of the luminal area. The lumeniis filled by a fibrin-rich throm-
bus. b Cross sectional staining with anti-murine tissue factor antibody. A positive
signal is indicated by purple or dark purple intensity which is most obvious in regions
where most ferrochloride has accumulated. The adventitia layer also shows mod-
erate intensity staining for tissue factor (magnification x 20)

to the arterial wall, tissue factor positive cells and clotting
factors accumulate at ferrochloride covered sides of the
artery.

Discussion

Preliminary clinical investigations suggest an associa-
tion between defects in the TM-PC mechanism and arte-
rial vascular disease, but the data are inconsistent and
confined to selected groups of patients. There also
appears to be an inverse association between soluble TM

concentrations in plasma and atherosclerosis (29), but
the relationship with an anticoagulant function or defect
is uncertain. To investigate the importance of the protein
C system in arterial thrombosis we performed the pres-
ent study.

Our data clearly indicate that mice with a functional
deficiency of TM more rapidly develop arterial throm-
bosis as compared to wildtype littermates. In this model
the actual trigger of thrombosis, induced by local appli-
cation of FeCl, to the carotid artery is unknown, but in
some of our experiments a clear indication of tissue fac-
tor-positive material deposited adjacent to the arterial
wall is evident. The latter may be an indication of accre-
tion of so-called blood borne tissue factor positive cells
(13) on top of endothelium that is covered by ferrochlo-
ride. This way, the ferrochloride may mask and impair
the natural anticoagulant capacity of the vascular endo-
thelium. Histologically, no apparent differences in the
vessel wall or thrombus were noted by HE and tissue fac-
tor staining. Although occasional granulocytes were
observed this was not associated with an apparent
inflammatory lesion in the arterial wall. There was also
no difference in thrombus histology among the study
groups, suggesting that the initiation of thrombosis was
qualitatively comparable in the TMPr/ro and the control
mice. Since the main functional difference between the
tested mice is their capacity to activate protein C we must
assume that this step is critical in arterial thrombus
formation under these conditions. The results from our
study confirm the published data from Weiler and col-
leagues. In their studies in the same TMP /P mutant
mice, carotid artery thrombosis induced by either stasis
or ferrochloride was accelerated as compared to wildtype
controls (34). Histologically, there were no apparent dif-
ferences between thrombi of mutant versus wildtype ani-
mals in their study (34). One important limitation in our
study is the lack of data on blood pressure during the
experiments, since it may be possible that this factor
interfered with thrombus formation, although we do not
have any indication that pressures would be different in
the tested groups.

The results of the latter and our study suggest an
important role for TM in regulating arterial blood coag-
ulation, most likely via an impaired effect on PC activa-
tion. In contrast to a recent study revealing a role for the
PC-TM system in inflammatory effects associated with
arterial thrombosis induced by a combined trauma and
stasis procedure (32), our study did not show evidence of
vessel wall inflammation. Other studies have shown spe-
cific contributions of TM in modulating inflammation
and theoretically such a mechanism may play a role in
vascular inflammation associated with atherosclerosis
(15,30). Indeed, in advanced atherosclerosis a down reg-
ulation of TM and other anticoagulant molecules at the
endothelium may play a role in impaired protection
against inflammation and thrombogenicity (21).
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A final limitation of our study is the absence of ather-
osclerosis. In man, arterial thrombosis forms on an
atherosclerotic lesion, probably after exposure of tissue
factor to the circulating blood. Although the trigger of
thrombosis in our model is unknown, and not mediated
by atherosclerosis, the observed effect on blood flow and
thrombus formation may encourage further studies of
the interactions between an atherosclerotic background

and thrombosis in order to reveal the nature of throm-
bogenicity in vivo.
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