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THROMBOSIS AND HEMOSTASIS

Vessel wall BAMBI contributes to hemostasis and thrombus stability

Isabelle I. Salles-Crawley, James H. Monkman, Josefin Ahnstrém, David A. Lane, and James T. B. Crawley

Centre for Haematology, Hammersmith Hospital Campus, Imperial College London, London, United Kingdom

Bone morphogenetic protein and activin membrane-bound inhibitor (BAMBI) is a trans-

membrane protein related to the transforming growth factor- superfamily, and is highly

e This is the first report to
describe the influence of
BAMBI on both hemostasis
and thrombus stability.

e BAMBI present in the blood
vessel wall (most likely the
endothelium) rather than
platelet BAMBI is required for
thrombus stability.

expressed in platelets and endothelial cells. We previously demonstrated its positive role
in thrombus formation using a zebrafish thrombosis model. In the present study, we used
Bambi-deficient mice and radiation chimeras to evaluate the function of this receptor in
the regulation of both hemostasis and thrombosis. We show that Bambi '~ and Bambi ™'~
mice exhibit mildly prolonged bleeding times compared with Bambi*'* littermates. In
addition, using 2 in vivo thrombosis models in mesenterium or cremaster muscle arterioles,
we demonstrate that Bambi-deficient mice form unstable thrombi compared with Bambi '+
mice. No defects in thrombin generation in Bambi~'~ mouse plasma could be detected ex
vivo. Moreover, the absence of BAMBI had no effect on platelet counts, platelet activation,
aggregation, or platelet procoagulant function. Similar to Bambi~'~ mice, Bambi™'~
transplanted with Bambi*'* bone marrow formed unstable thrombi in the laser-induced

thrombosis model that receded more rapidly than thrombi that formed in Bambi

*/* mice receiving Bambi~'~ bone marrow transplants.

Taken together, these results provide strong evidence for an important role of endothelium rather than platelet BAMBI as a positive
regulator of both thrombus formation and stability. (Blood. 2014;123(18):2873-2881)

Introduction

Recent transcriptomic and proteomic studies of platelets and their
precursor cells, megakaryocytes (MKs), have greatly expanded our
understanding of platelet biology and thrombus formation.'"> As part
of this effort, we previously identified a panel of platelet membrane
proteins that were expressed more highly in MKs and resting en-
dothelial cells (ECs) than in other blood cell lineages, but with
hitherto unknown roles in platelet function or thrombus formation.®
Of the 279 genes identified, 4 (including bone morphogenetic protein
and activin membrane-bound inhibitor [BAMBI]) were selected for
functional analysis in zebrafish.” Morpholino-mediated knockdown
of Bambi in zebrafish larvae resulted in decreased thrombus for-
mation following laser injury in vivo,” suggesting that BAMBI
supports thrombus formation.

BAMBI is a 260-aa transmembrane protein that is very highly
conserved in vertebrates from humans to zebrafish.*'' BAMBI has been
assigned to the transforming growth factor-f3 (TGFf3) superfamily due to
the high homology of its extracellular domain to the TGFB type 1
receptors (TGFBRI). Similar to TGFBRI, BAMBI can dimerize with
itself, as well as associate stably with all type I (except ALK?2) and type I
TGFB superfamily receptors, in a ligand-independent manner.'®'>'3 It
has, therefore, been postulated that BAMBI can inhibit, or modulate,
TGF/bone morphogenetic protein (BMP)/activin-mediated signal-
ing by preventing the homo- and heterodimerization of type I/IL
receptors that is required for transducing TGFR/BMP/activin-
dependent signals.'®'? Interestingly, and in contrast to TGFBRI,
BAMBI is devoid of an intracellular kinase domain. Indeed, the amino

acid sequence of its intracellular domain does not resemble any known
domains, making it difficult to predict the function or mode of action of
this domain. In various cell lines, BAMBI expression can be
upregulated by TGFB,'* BMP4," |3—catenin,16 and downregulated
by lipopolysaccharide.'* For the latter, it is interesting to note that this
effect was not observed in ECs'” suggesting that the modulation of
BAMBI expression (and its potential effect on TGFB/BMP/activin-
mediated signaling) is cell-type dependent.

Several studies have implied a role of BAMBI in human
diseases,'>'®2! particularly in certain cancers.'®*?** Members of
the TGFf3 superfamily play an important role in cardiac development
and angiogenesis, which is highlighted by the phenotypes exhibited
by knockout mice. Tgfbl ", Tgfb2™"~ *° Tgfb3 ™"~ ,>" Bmp2~"~ 8
Bmp4™"~2° Bmp10~~*° Alk1 ™~ ' Alk3™~** and Smad4 "
knockout mice all have cardiac defects and have an embryonic lethal
phenotype. It was perhaps, therefore, unexpected that Bambi-deficient
mice are both viable and fertile.>>* A recent study highlighted
differences in the endothelial composition of the myocardium and
glomeruli in Bambi '~ mice compared with wild-type animals.>’ An
enhanced angiogenic response in vivo using Matrigel implants was
also observed.>” A role for BAMBI in some of the remodeling
processes following heart pressure overload®® and mechanical injury
of the femoral artery has also been reported,®® although how these
phenotypes are conferred is still unclear.

In light of our initial findings in the zebrafish, the present study
was initiated to further understand the role of BAMBI in hemostasis
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and its contribution to thrombus formation in mammals. Given its
high expression in both platelets and ECs, we hypothesized that
BAMBI plays an important hemostatic role by influencing platelet
and/or endothelial function/phenotype. Using 2 in vivo models of
thrombosis, we confirm the role of BAMBI as a positive regulator of
thrombus formation. Our data further suggest that BAMBI derived
from the vessel wall, in particular the endothelium, is key to its
influence on hemostasis and thrombus stability.

Materials and methods

Generation of Bambi~’~ mice (breeding, genotyping)

All animal work was performed in compliance with animal ethics guidelines
at Imperial College London according to the UK Home Office’s Animals
(Scientific Procedures) Act 1986. The Bambi™®* mice ina C57BL/6 background
have been described previously.*® Bambi™®* embryos (The Jackson Laboratory)
were rederived by standard techniques. Bambi*'~ mice were generated by
crossing Bambi™ " mice with Bactin-Cre transgenic mice (kind gift from
Dr T. Rodriguez, Imperial College London) and subsequently backcrossed
onto a C57BL/6 background (Charles River Laboratories) to delete the Cre
allele. Bambi*'~ mice were intercrossed for the generation and maintenance of
Bambi~'~ mice and to provide Bambi™'~ and Bambi*'" control littermates.

Genotyping was performed by polymerase chain reaction (PCR)
amplification of total genomic DNA (gDNA) prepared from ear-punch
samples. The wild-type Bambi (215 bp) and deleted Bambi (316 bp) alleles
were detected by PCR using previously described F2R2 and F2R4 primers,
respectively® (for supplemental Methods, see supplemental Data available
on the Blood Web site).

Reverse transcription PCR

To detect Bambi messenger RNA (mRNA), total RNA was extracted from
mouse lung and bone marrow tissues using Trizol reagent (Invitrogen). Total
RNA (2 pg) was reverse-transcribed to generate complementary DNA using
the One Taq PCR kit (New England Biolabs). Three different primer pairs
were used to detect Bambi as well as a Gapdh control (see supplemental
Methods for cycling conditions and primers).

Materials

See supplemental Data for more information on materials.

Platelet preparation

Mice were anesthetized intraperitoneally with Hypnorm/Midazolam (10 pnL/g)
and bled from the retro-orbital plexus into tubes containing 3.8% citrate
anticoagulant. Platelets were prepared according to standard procedures with
few modifications to increase the yield of platelet recovery (see supplemental
Methods).

Hematologic analysis and bleeding time

Complete blood counts were obtained using an automated cell counter
(Sysmex XE2100). Platelet counts were also evaluated using calibrated beads
(Saxon Europe) and flow cytometry was performed according to the man-
ufacturer’s instructions. Tail-bleeding assays were performed in anesthetized
animals (age- and litter-matched, ~6 weeks old) by cutting 2 mm of the tail tip.
Tails were immediately immersed in phosphate-buffered saline; time taken to
arrest bleeding was recorded up to 20 minutes. In each case, the volume of blood
loss after 10 minutes was measured.

Aggregometry

Light transmission was measured on a 2-channel aggregometer (Chronolog
700) with continuous stirring at 1200 rpm at 37°C (>5 minutes). Platelet
aggregation was induced in washed platelets (3 X 10%/mL) supplemented
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with ImM CaCl, and fibrinogen (70 wg/mL) and by addition of either
adenosine 5'-diphosphate (ADP) (0-10nM), U46619 (0-1nM), thrombin
(0-0.2 U/mL), or collagen (0-5 pg/mL).

Flow cytometry

To quantify platelet surface glycoprotein expression, whole blood was diluted
1/20 with modified Tyrode buffer and platelets were stained with appropriate
fluorophore-conjugated antibodies (Abs) (a,B5; [Leo.H4], GPVI [JAQI1],
GPIb [X488]) for 15 minutes at room temperature. For activation studies,
washed platelets were incubated with various agonists (see “Aggregometry”)
and stained for 15 minutes at room temperature with JON/A and Wug.E9
Abs, or Annexin V (BD Biosciences) in the presence of 1 mM or 2.5 mM
CaCl,, respectively. Samples were analyzed using a FACSCalibur flow
cytometer.

Flow chamber assay

Vena8 Fluoro+ biochips (Cellix) were coated overnight with 0.1 mg/mL
fibrillar type I collagen (Nycomed) and blocked with 1% bovine serum
albumin. Mouse blood was collected into 3.8% citrate and 1 U/mL Heparin
(Sanofi) and incubated with 2.5uM DIOC4 (Molecular Probes) for 5 to
10 minutes at 37°C. Blood was recalcified prior to perfusion at 1500 s~ ' using
Mirus pump (Cellix) and aggregate formation was visualized with a Vert.Al
inverted microscope (Zeiss; 20X objective) equipped with ExiBlue camera
(Q Imaging). Fluorescence pictures were recorded and analyzed offline using
Slidebook software.

Intravital microscopy

Experiments were conducted using a VIVO platform (3i) with a large
platform stage plate and an Axio Examiner Z1 microscope (Zeiss), with
simultaneous capture of brightfield and fluorescent images through a high-
sensitivity CCD camera (Rolera em-c2; Q-Imaging). The same settings (light
intensities, binning, intensifier gain, and exposure times) were used in each set
of experiments. Genotypes of the mice were blinded to the operator during
both data acquisition and analysis.

FeCl; thrombosis del in teric arterioles. Bambi~'~ mice
and littermates (4-5.5 week old) were anesthetized as described in “Platelet
preparation” and injected IV with DIOC, (1.6 nmol/g). The mesentery was
exposed and the injury was induced by applying a 10% FeCl;-saturated filter
paper on the vessels for 2 minutes. The filter paper was removed and thrombus
formation in arterioles was monitored for 40 minutes or until complete
occlusion of the vessel (blood flow arrest for >1 minutes).

Laser-induced thrombosis model in the cremaster muscle. Male
Bambi~'~ mice and littermates (20-31 g) were anesthetized and injected IV
with DIOCg (1.8 nmol/g). The cremaster muscle was exteriorized, connective
tissue was removed, and the muscle was spread on a glass coverslip that was
continuously superfused with prewarmed sterile saline buffer (Macoflex).
Mice were maintained at 37°C on a thermo-controlled rodent blanket
(Harvard Apparatus). The injury was induced by a pulse laser (Ablate!, 3i)
focused through a 63 X water-immersion objective. Typically, the laser beam
was adjusted to 65% to 75% of maximal intensity and 2 to 4 pulses were
applied for all injuries in arterioles of similar diameter. Up to 7 thrombi were
formed per mouse with new thrombi always formed upstream of earlier ones
and at least 4 mice per group were studied. Data were collected over 4 minutes
and analyzed using Slidebook software to determine the median integrated
fluorescence intensities (IFIs) over time.*° Thrombus stability was calculated
by measuring the time required after each thrombus reached maximal size to
decrease by 50%.

Thrombin generation

Thrombin generation in citrated mouse platelet-rich plasma (PRP) or in
platelet-poor plasma (PPP) was assessed by calibrated automated thrombog-
raphy (CAT) using a Fluoroskan Ascent FL plate reader (Thermo) in
combination with Thrombinoscope software (Synapse BV) as described
previously*'**? (see supplemental Methods).
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Figure 1. Genetic ablation of Bambi leads to increased tail-bleeding time. (A)
PCR was performed on DNA isolated from ear biopsies using previously described
primers® leading to the amplification of the wild-type allele (top; 225bp), and the
Bambi-deleted allele (bottom; 316bp). (B) RT-PCR analysis of BMCs isolated from
wild-type and Bambi~'~ mice using primers specific to Bambi transcript (1:587 bp;
2:329 bp; 3:812 bp) or Gapdh (Ctrl; 452bp). (C-D) Analysis of tail-bleeding
expetiments on Bambi*'* Bambi*'~ and Bambi~'~ mice. (C) Graph showing the
time to cessation in bleeding for all animals according to genotype. The percentage
of mice that were still bleeding after 12 minutes (dotted line) was significantly higher
in Bambi-deficient mice compared with wild-type littermates. Statistical analysis was
performed using the x? test for linear trend (P < .02). Each symbol represents 1
animal. (D) Bambi-deficient mice exhibited a significant increase in blood loss
(determined after 10 minutes). Each symbol represents 1 animal. Horizontal lines
intersecting data sets represent the median. Statistical analysis was performed using
ANOVA (Kruskal-Wallis). *P < .05.

Radiation chimeras

Bone marrow cells (BMCs) were harvested under sterile conditions from the
tibiae and femur of adult female Bambi ™" and Bambi '~ mice, washed, and
resuspended in Dulbecco modified Eagle medium supplemented with 20%
fetal bovine serum. All male recipient mice received a total body irradiation
of 8.0 Gy and were transplanted with 10" donor BMCs within 4 hours
postirradiation. Mice were maintained in sterile cages containing autoclaved
food and water supplemented with antibiotics for 6 weeks posttransplanta-
tion. BMC uptake by recipient male mice was determined by PCR from
gDNA isolated from 10° BMCs using the Pure Link Genomic DNA kit
(Invitrogen). The wild-type and deleted Bambi alleles were amplified as
described in “Generation of Bambi '~ mice.” Survival rate was 100% and
levels of chimerism in each mouse were estimated to be >80% using mixtures
of Bambi™'" and Bambi~'~ gDNA as standards.

Statistical analysis

Unless otherwise indicated, results are presented as mean = SEM from
n =3 mice per experimental group and analyzed using GraphPad Prism
(version 4.02). Statistical analysis between Bambi*'™ and Bambi '~ mice
was assessed by the unpaired Student 7 test or the Mann-Whitney test. All
experiments comparing 3 groups of animals were analyzed by analysis of
variance (ANOVA) (Kruskal-Wallis). Bleeding times were analyzed by the
X2 linear trend test with SPSS software (version 20).

Results
Bambi~'~ mice exhibit a mild hemostatic defect

Bambi™1°* mice were crossed with Bactin-Cre mice to delete loxP-
flanked sequences in germ cells. Successful ablation of the Bambi
allele was confirmed at the DNA level (Figure 1A). Western blot
detection of BAMBI was not possible as no commercial Abs are
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currently available that specifically recognize murine BAMBI.
Therefore, reverse transcription PCR (RT-PCR) analysis was
performed, which revealed the presence of the Bambi mRNA in
BMCs and lungs of wild-type mice but not in Bambi '~ mice
(Figure 1B and supplemental Figure 1). Bambi '~ mice were born
at the expected Mendelian frequencies with female Bambi ™'~
mice displaying a significant reduction in body weight (supple-
mental Figure 2), consistent with a previous report.>> However, we
also observed that 11 of 84 female Bambi '~ mice died of yet
unexplained cause between 3.5 and 5 weeks after birth; no mortality
was observed for Bambi*'™ littermates at the same age. No other overt
phenotype (eg, spontaneous bleeding) other than reduced body
weight has been observed in Bambi '~ mice.

Despite normal platelet counts and other hematologic parameters
(Table 1), Bambi-deficient mice displayed a mild but significant
increase in bleeding times compared with wild-type littermates
(Figure 1C). Whereas bleeding stopped within 12 minutes in 25 of
30 (83%) wild-type mice (mean bleeding time 7.5 = 0.7 minutes), 13 of
38 (34%) of Bambi™~, and 11 of 24 (46%) Bambi~'~ mice were still
bleeding (mean 9.2 = 0.7 minutes, 9.8 £ 1 minutes, respectively).
This increase in bleeding time was accompanied by an increase in
blood loss in Bambi*'~ and Bambi ™'~ mice (67 = 8 pL, 70 + 12 pL,
respectively) compared with Bambi*'* mice (41 + 5 L) (Figure 1D).
These results suggest that Bambi deficiency elicits a hemostatic
defect.

BAMBI plays a crucial role in the formation of stable thrombi
in vivo

To investigate the effect of BAMBI on thrombus formation in vivo,
we performed the FeCls-induced thrombosis assay in mesenteric
arterioles. Although initial platelet aggregate formation was
comparable between Bambi-deficient mice and wild-type littermates
(Figure 2A, 2 minutes), the time for vessels to occlude was sig-
nificantly prolonged in both Bambi~'~ and Bambi*'~ animals
(Figure 2). Complete occlusion was observed after 14 * 2 minutes in
Bambi™"" mice, whereas no vessel occlusion was observed in arterioles
of Bambi~'~ mice during this time period (mean 28 *+ 3 minutes)
(Figure 2 and supplemental Videos 1-2). Interestingly, Bambi ™'~ mice
displayed an increased time to occlusion (26 * 2 minutes) compared
with Bambi™'* mice and numerous embolization events during
thrombus formation, similar to Bambi ™'~ littermates (supplemen-
tal Video 3).

To further explore the role of BAMBI in thrombus formation,
a second in vivo model of thrombosis was initiated by laser injury
of cremaster muscle arterioles. In this model, both Bambi™'™ and
Bambi~'~ mice displayed impaired thrombus stability compared
with wild-type littermates (Figure 3). Initial kinetic profiles were

Table 1. Hematologic values in Bambi-deficient mice

Mouse genotype

Bambi*'* Bambit'~ Bambi~'~
RBC, 10%puL 9.7 + 0.2 10 *+ 0.2 9.7 + 0.4
WBC, 10%/uL 6.9 + 0.6 81+ 05 8.8+ 1.2
Hg, g/dL 15 + 0.3 15.1 + 0.3 147 + 0.7
Ht, % 489 + 1.3 49.8 + 0.9 482 + 1.7
PLT, 10%/uL 1025 + 42.1 1085 + 27.0 1045 + 85.1
MPV, fL 6.3 + 0.1 6.4 + 0.02 6.4 + 0.1

Values given are mean = SEM of n >4 males for each genotype.
Hg, hemoglobin; Ht, hematocrit; MPV, mean platelet volume; PLT, platelet;

RBC, red blood cell; WBC, white blood cell.
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Figure 2. Impaired thrombus formation in Bambi-deficient mice after FeCl;
injury in vivo. (A-B) Mesenteric arterioles were injured with FeCl; and adhesion
and thrombus formation of fluorescently labeled platelets was followed by intravital
microscopy. (A) Representative images of thrombus formation at indicated times
after removal of the filter paper. Scale bar represents 50 pm. A white asterisk

indicates occlusion of the vessel for the wild-type mouse. (B) Bambi'/~ and

Bambi~'~ mice displayed a delayed vascular occlusion compared with Bambi*/*

littermates. Each symbol represents 1 animal. Horizontal lines intersecting data
sets represent the mean. Statistical analysis was performed using ANOVA
(Kruskal-Wallis). **P < .01.

similar in all mice (Figure 3A-B) as we observed no differences that
reached significance for the time to peak thrombus size (Figure 3C)
or the maximal thrombus size (Figure 3D). Interestingly, thrombi
receded more rapidly in Bambi-deficient mice compared with wild-
type littermates as illustrated in Figure 3B (>30 seconds postinjury).
Indeed, many more embolization events could be observed in
Bambi*'™ and Bambi ™'~ mice when compared with Bambi*'* mice
(supplemental Videos 4-6). This effect was quantified by measuring
the time taken for each thrombus after reaching maximal size to
decrease by 50%. Using this parameter, we demonstrated a signif-
icant decrease in thrombus stability for Bambi-deficient mice
compared with wild-type animals (Figure 3E).

Taken together, these data indicate that BAMBI plays a role in
thrombus formation/stabilization, irrespective of the vascular bed or
type of injury.

BAMBI deficiency does not affect platelet function

We initially hypothesized that the mechanism underlying the hemo-
static defect and altered thrombus formation/stability observed in
Bambi-deficient mice might be due to a platelet defect. However,
platelets from Bambi~'~ mice aggregated normally compared with
Bambi™'" micein response to all agonists (ADP, U46619, thrombin,
collagen) used at low, intermediate, or high concentration (Figure 4A-E).
Consistent with this, there was no difference observed in the activation
profile of the platelet integrin oy 33 nor in the expression of P-selectin
following stimulation with ADP, thrombin, or collagen-related
peptide (CRP) in Bambi~'~ platelets compared with Bambi*'*
platelets (Figure 4F-G). In addition, surface expression levels of 3
major platelet glycoproteins (o3, GPVI, and GPIb) on resting
platelets were similar in Bambi '~ mice compared with Bambi*’*

mice (supplemental Figure 3). There was also no difference in
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platelet adhesion and aggregate formation over collagen-coated
surfaces at 1500 s~ ! shear rate (Figure 4H). Based on these findings,
we believe it unlikely that the altered hemostasis and thrombus
formation observed in Bambi-deficient mice is due to a defect in
platelet function.

Unchanged procoagulant function in Bambi~'~ mice

Due to the normal function of Bambi~'~ platelets, we next tested
whether Bambi deficiency influenced thrombin generation using
the CAT assay. In the presence of 1pM tissue factor (TF), no
difference in the lag time or the thrombin peak height could be
observed in Bambi '~ mouse PPP compared with control Bambi*’*
littermates (Figure 5A and supplemental Table 1). Moreover, the
ability of Bambi~'~ platelets to contribute to thrombin generation
was assayed using PRP, and was again, indistinguishable from
Bambi™’* PRP (Figure 5B and supplemental Table 1). This was
supported by the very similar levels of phosphatidylserine exposure
(measured by Annexin V binding) after stimulation of platelets
with thrombin and CRP compared with Bambi*'" platelets
(Figure 5C). Finally, levels of thrombin/antithrombin complexes
(TATs) were also similar in plasma from Bambi '~ compared with
littermates (Figure 5D).
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Figure 3. Decreased thrombus stability in Bambi-deficient mice after laser-
induced thrombosis model in vivo. (A) Representative composite fluorescence
and brightfield images of laser-induced thrombus formation in arterioles of Bambi*/*
and Bambi~'~ mice. Scale bar represents 10 um. (B) Median IF! is depicted (AU) as
a function of time after the injury. Distribution of the time to maximal thrombus size
(C) and maximal thrombus size expressed in IFI AU (D) in wild-type and Bambi-
deficient mice. (E) Thrombus stability was assessed by determining the time taken
for each thrombus at maximal size to fall by 50% of maximal IFl. See supplemental
Videos 4-6 for better visualization of the differences in thrombus stability between the
different animal groups. Each symbol represents 1 thrombus: Bambi*'* (n = 27),
Bambi™'~ (n = 26), and Bambi~’~ mice (n = 22). Horizontal lines intersecting data
sets represent the median. Statistical analysis was performed using ANOVA
(Kruskal-Wallis). *P < .05. AU, arbitrary unit.
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Figure 4. Bambi~'~ mice display normal platelet A
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Endothelial BAMBI plays an important role in thrombus stability

Collectively, our results suggested that BAMBI deficiency did not
lead to a platelet or plasma coagulation defect that could be re-
sponsible for the in vivo phenotype observed in thrombosis models.
As BAMBI was found to be highly expressed in ECs and in
platelets,®”'77 we generated radiation chimeric mice to evaluate
the contribution of endothelium BAMBI in thrombus formation.
BMCs were isolated from Bambi '~ and Bambi*'" mice and
injected into lethally irradiated male Bambi ™' and Bambi ™'~ mice,
respectively. Bambi~'~ mice receiving Bambi*'" BMC (Bambi ™'~/
Bambi*'") lack endothelial BAMBI but express BAMBI in
hematopoietic cells, including platelets. Conversely, Bambi*'*
receiving Bambi '~ BMCs (Bambi™'*/Bambi~'~) express endo-
thelial BAMBI but lack BAMBI in their hematopoietic cells.
Successful bone marrow transplantation was confirmed by PCR on
bone marrow samples (supplemental Figure 3). In addition, all mice
achieved successful hematopoietic reconstitution with values in the
normal range 7 weeks posttransplantation (supplemental Table 2)
when they were subjected to the laser thrombosis model. Similar to
the global Bambi knockout, the median IFI over time was reduced in
Bambi~'~ mice receiving Bambi™'" BMCs compared with Bambi "
mice receiving Bambi~'~ BMCs (Figure 6A-B and supplemental
Videos 7-8). Although no significant difference in the time to maximal
thrombus, or the maximal thrombus size, was observed between
chimeric mice (Figure 6C-D), Bambi '~ /Bambi*'" mice however,
displayed a significant decrease in thrombus stability (Figure 6E) very
similar to the defect observed in the Bambi '~ mice. These results

Surface coverage (%)
W
o

30 60 120 180
Time (sec)

strongly suggest that BAMBI in the endothelium or underlying vessel
wall plays an important role in hemostasis and thrombosis, and that
BAMBI lacking from the endothelium is most likely to account for the
phenotype in the Bambi "~ mice.

Discussion

We used a gene deletion approach to investigate the effect of BAMBI
deficiency on hemostasis and thrombus formation. Our study
demonstrates that Bambi-deficient mice exhibit altered hemostasis
and impaired thrombus stability using 3 different in vivo models. We
also highlight the likely contribution of endothelial BAMBI in these
processes, as opposed to cells derived from the hematopoietic
compartments, including platelets.

We investigated the role of BAMBI in thrombus formation using
2 well-characterized in vivo models. Using the FeCl; arterial injury
model in the mesenterium, both Bambi™'™ and Bambi~'~ mice
displayed a significant delay in the time to vessel occlusion. Initial
rates of thrombus growth (to 20 Mmz) were similar in all mice (data
not shown), suggesting that BAMBI does not play a crucial role
during, or influence components of, the initial phases of thrombus
formation. However, numerous embolization events were evident in
both homo- and heterozygous Bambi-deficient mice. It was this
phenomenon that appeared to delay or preclude vessel occlusion, and
suggested a contribution of BAMBI to thrombus stability (Figure 2).
In the laser injury model, the kinetics of thrombus formation over
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Figure 5. Bambi~'~ platelets express PS normally and retain their procoagu-
lant ability. Thrombin generation was measured in mouse citrate-anticoagulated
plasma supplemented with 1pM TF, 16.6mM CaCls, fluorogenic substrate Z-GGR-
AMC, and 4uM phospholipids (A) or PRP (108/mL final concentration) (B) in the
presence of corn trypsin inhibitor. Representative traces of thrombin generation in
PPP (A) or PRP (B) from Bambi*’* (n = 4) and Bambi~'~ mice (n = 3). Thrombin
generation was determined from the accumulation of fluorescent product and calculated
relative to a thrombin calibrator. Each PPP and PRP sample was run in duplicate. For
peak height values, see supplemental Table 3. (C) Exposure of PS was detected with

Annexin V-FITC by flow cytometry using Bambi™'* and Bambi™'~ washed platelets

stimulated with thrombin (1 U/mL), or a combination of thrombin and CRP (10 w.g/mL)
for 15 minutes. Data represent mean = SEM (n = 3). Statistical analysis was
performed using the unpaired Student t test (P > .05). (D) Levels of TAT

complexes in the plasma of Bambi™'* and Bambi~'~ mice. Values are given as

mean = SEM of n = 5 animals for each group with technical replicates >2 for
each animal. Statistical analysis was performed using the unpaired Student
ttest (P > .05). FITC, fluorescein isothiocyanate; PS, phosphatidylserine.

4 minutes confirmed the reduced thrombus stability in Bambi-deficient
mice. Indeed, Bambi-deficient mice were able to form thrombi of
similar sizes and at a similar rate as their wild-type littermates. However,
once again, thrombi were unstable and embolized rapidly from the
vessel walls (Figure 3). These results support the concept that BAMBI
acts as a positive regulator of stable thrombus formation in both small
cremaster arterioles and larger mesenteric arterioles, irrespective of the
injury model used. This is consistent with our previously published
work using a zebrafish laser-injury model of thrombosis.”

BAMBI is highly expressed in platelets®” and ECs."”*” Lack of
thrombus stability observed in Bambi-deficient mice could be due to
a lack of BAMBI in one or both of these cell types. To address this,
laser-induced thrombus formation was examined in radiation chimeric
mice generated through bone marrow transplantation. Wild-type mice
receiving Bambi '~ BMC displayed similar kinetics of thrombus
formation and stability than wild-type mice, indicating that BAMBI in
the hematopoietic compartment does not influence these processes.
This is also compatible with the ex vivo functional tests performed in
Bambi~'~ platelets demonstrating no defect in platelet activation or
aggregation using agonists stimulating tyrosine kinase-linked, or
G protein—coupled, receptors and flow chamber assays (Figure 4). In
addition, Bambi '~ platelets also retained their procoagulant function,
which is important for enhancing coagulation (Figure 5). However, in
contrast to this, and similar to the full knockout mice, Bambi~'™ mice
receiving wild-type BMC transplants were unable to produce stable
thrombi and exhibited increased embolization (Figure 6). These results
indicate that platelet BAMBI does not contribute appreciably to
thrombus stabilization in vivo and strongly implicate the absence of
BAMBI from the vessel wall as the cause of reduced thrombus
stability. Due to the high expression of BAMBI in ECs, we believe
that BAMBI in this compartment is important for these processes;
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however, involvement of BAMBI in other cells of the vessel wall
cannot be discounted at this time.

Thrombus formation and its stabilization is complex and tightly
coordinated by cells and components of the vessel wall, platelets, and
other blood cells in conjunction with plasma proteins.*>** Many
factors can influence thrombus stability including platelet-ligand in-
teractions, outside-in signaling events via oy, 33, presence of soluble
molecules such as Gas6, or secondary wave mediators ADP and
thromboxane A2. Both nitric oxide and prostacyclin (PGI2) released
from the endothelium as well as adenosine triphosphate (ATP)
diphosphohydrolase (CD39) and ectonucleotidase (CD73) can
influence thrombus formation, as recently shown for Kindlin™'~
mice.*’ No difference in basal levels of PGI2 (data not shown) was
observed in plasma from Bambi '~ mice compared with Bambi*'*
mice, suggesting that PGI2 may not be involved; however, this
pathway could be altered when the vessel wall is challenged. Gas6
produced by ECs was recently shown to influence venous thrombus
formation through downregulation of TF expression.*® Like BAMBI,
other transmembrane proteins expressed in platelets and the endo-
thelium can modulate thrombus growth and/or stability including
platelet endothelial cell adhesion molecule (PECAM-1),*” endothe-
lial cell-selective adhesion molecule (ESAM),*® junction adhesion
molecule A (JAM-A),*® and tetraspanin 151,%° although for all of
these, the attributed phenotype is associated with the platelet, rather
than endothelial, pool of these receptors. In that regard, BAMBI
appears to differ by influencing this process through its role in the
endothelium. At this time, one can only speculate how this might be
mediated. For example, it is possible that in the absence of BAMBI,
levels of P-selectin and/or immunoglobulin superfamily cellular
adhesion molecules such as intercellular adhesion molecule
(ICAM)-1 and ICAM-2, PECAM-1, or JAM-A in the endothelium
could be altered, in turn impairing anchoring of the thrombi to the
injured vessel wall. We are currently exploring some of these
possibilities in combination with dissecting the composition of the
thrombi (eg, P-selectin and fibrin generated) in the core and shell of
the thrombus, as elegantly described in a recent study.”'

In addition to its role in thrombus formation, we evaluated the role
of BAMBI in hemostasis. Bambi '~ mice displayed mildly prolonged
bleeding time in the tail-bleeding assay, and this was ascertained by an
increase in blood loss. Interestingly, Bambi™'~ mice also had a
tendency to bleed, consistent with the outcomes observed in the in vivo
thrombosis models used in this study. The bleeding tendency in
Bambi-deficient mice is perhaps compatible with a recent study using
amechanical injury of the femoral artery that demonstrated that despite
a more rapid re-endothelialization in Bambi '~ mice compared with
wild-type animals, Bambi-deficient mice exhibited larger neointima
due to important red blood cell extravasion.>® Although the mech-
anisms underlying these bleeding phenotypes are distinct, and remain
to be fully defined, our results suggest that BAMBI in the endothelium
is likely to be largely responsible.

At a molecular level, BAMBI has been shown to be involved
in Wnt/B-catenin signaling and to negatively influence TGFp
signaling.'%!%13-3638:52 Of particular interest, Bambi '~ mice have
an apparent increased angiogenic potential,>’ and exacerbated
remodeling in response to heart pressure overload.*® Both of these
studies implicated alteration of the TGF signaling pathway (canonical
and noncanonical) in EC and primary cardiac fibroblasts, respectively.
Platelets contain large amounts of latent TGFB1 in their o-granules
(~40-100X more than other cell types)53 that is released upon platelet
activation.>*>> It is possible that altered TGFB signaling via the
endothelium is at least partly responsible for the thrombus instability
phenotype observed in vivo. However, Meyer and colleagues
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Figure 6. Endothelial BAMBI is responsible for the A B
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recently showed that platelet-deleted TGF mice (with 85%
reduction of TGFf levels) occluded normally in a FeCls-induced
carotid thrombosis model,>® which may suggest that our results
demonstrating that BAMBI influences thrombus stability may be
independent of TGFp. Indeed, although much has been inferred for the
cellular function of BAMBI based on the homology of its extracellular
domain to TGFRBRI, its unrelated cytoplasmic domain suggests that
there is much yet to learn about its actual physiological role and its
mode of action.

In summary, we have demonstrated for the first time that BAMBI
influences hemostasis and is essential for thrombus stability using 3
complementary in vivo assays. Our findings point to an important
role of BAMBI in the endothelium. The mechanism by which
BAMBI exerts its effects warrants further investigation. It is perhaps
reasonable to speculate that BAMBI could also play an important
role in other types of thrombosis and atherosclerosis.
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