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Intracerebral hemorrhage and
thrombin-induced alterations in
cerebral microvessel matrix
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Abstract

Four phase III clinical trials of oral direct factor Xa or thrombin inhibitors demonstrated significantly lower intracranial

hemorrhage compared to warfarin in patients with nonvalvular-atrial fibrillation. This is counter-intuitive to the principle

that inhibiting thrombosis should increase hemorrhagic risk. We tested the novel hypothesis that anti-thrombin activity

decreases the risk of intracerebral hemorrhage by directly inhibiting thrombin-mediated degradation of cerebral micro-

vessel basal lamina matrix, responsible for preventing hemorrhage. Collagen IV, laminin, and perlecan each contain

one or more copies of the unique a-thrombin cleavage site consensus sequence. In blinded controlled experiments,

a-thrombin significantly degraded each matrix protein in vitro and in vivo in a concentration-dependent fashion. In vivo

stereotaxic injection of a-thrombin significantly increased permeability, local IgG extravasation, and hemoglobin (Hgb)

deposition together with microvessel matrix degradation in a mouse model. In all formats the direct anti-thrombin

dabigatran completely inhibited matrix degradation by a-thrombin. Fourteen-day oral exposure to dabigatran etexilate-

containing chow completely inhibited matrix degradation, the permeability to large molecules, and cerebral hemorrhage

associated with a-thrombin. These experiments demonstrate that thrombin can degrade microvessel matrix, leading to

hemorrhage, and that inhibition of microvessel matrix degradation by a-thrombin decreases cerebral hemorrhage.

Implications for focal ischemia and other conditions are discussed.
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Introduction

Four randomized phase III clinical studies of oral anti-

coagulants that directly inhibit factor Xa or thrombin

(factor IIa), in the setting of nonvalvular-atrial fibrilla-

tion (NVAF), all produced a significantly lower inci-

dence of intracerebral hemorrhage than the standard

dose of warfarin.1–5 The RE-LY trial, comparing stan-

dard warfarin with the anti-thrombin dabigatran for

primary ischemic stroke prevention for NVAF, demon-

strated a significantly decreased incidence of intracra-

nial hemorrhage or hemorrhagic stroke, while showing

superiority to warfarin for efficacy.1 A very similar

decrease in hemorrhage was observed with all oral

anti-factor Xa inhibitors tested so far against warfarin

for NVAF.2–5 Explanations for the generally observed

relative reduction in intracranial hemorrhage with
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direct coagulation factor inhibitors in NVAF com-

pared to warfarin have included i) fewer targets for

inhibition in the coagulation system compared to war-

farin, and therefore better anticoagulation control, ii)

relative inhibition of cardiac source thromboembolism
compared to warfarin, iii) a relative increase in cere-

brovascular thrombosis to limit hemorrhage, and iv)

some as yet unknown change in the permeability bar-

rier. However, the common assertion that the risk

reduction seen with these agents in NVAF is a conse-

quence of a higher hemorrhagic risk with warfarin
management does not acknowledge the excellent war-

farin management within all of the direct oral antico-

agulant trials. The time in therapeutic range (TTR) was

64.0–68.4% (55.0% in ROCKET-AF where the

CHAD2 score was higher3) in these clinical trial set-

tings which is consistent with acceptable clinical prac-

tice with warfarin.
Both acute and chronic brain injury target cerebral

microvessels, which are unique in structure and func-

tion. Acutely, within hours following the onset of focal

cerebral ischemia increased permeability of down-

stream microvessels occurs.6,7 Hemorrhagic transfor-
mation of the tissue can also occur, that complicates

ischemic stroke.8,9 We have shown that this form of

hemorrhage is associated with degradation of micro-

vessel basal lamina matrix in ischemic cerebral

regions.9,10 Heo and colleagues further demonstrated

the loss of electron density of the microvessel basal

lamina within 6 hours of MCA occlusion in the rat.11

Importantly, in this acute time frame the microvessel

basal lamina matrix, which is the barrier to hemor-

rhage, begins to degrade.9–11 Whether altered micro-

vascular hemostasis in the central nervous system

(CNS) is also responsible is still not well understood.12

While, generally, inhibition of coagulation decreases

thrombus formation and thereby increases hemorrhag-

ic risk, in NVAF the oral direct coagulation inhibitors

decrease thromboembolic risk, but also appear to

decrease the incidence of intracerebral hemorrhage.

This unique observation is counterintuitive to our

common understanding of hemostasis: with increased
anticoagulation the reduction in thrombosis (or throm-

boembolism, as in NVAF) should increase the risk of

hemorrhage. Rosenberg and Aird suggested that hemo-

stasis is organ-specific, and implied that the features of

cerebral vascular hemostasis are not fully under-

stood.13 The recent observations of reduced hemor-

rhagic transformation in NVAF patients also suggest
that there is some link between vascular hemostasis and

vessel integrity and that vascular hemostasis might be

managed in a unique fashion in the CNS in the setting

of focal injury. Here, the direct reversible thrombin

inhibitor dabigatran etexilate, in reducing thrombotic

risk, could provide a “wedge” into understanding CNS
hemorrhage.

Unique to the CNS, particularly in cortical and
striatal gray matter, the procoagulant cofactor tissue
factor (TF) is expressed by astrocyte end-feet in cere-
bral microvessels.14–17 del Zoppo and colleagues dem-
onstrated the appearance of fibrin within the walls of
striatal microvessels in the ischemic territory by trans-
mission electron microscopy within four (4) hours fol-
lowing middle cerebral artery (MCA) occlusion in the
awake non-human primate (see Figure 212).6,7 Okada
and colleagues, using the high-quality murine anti-
human fibrin monoclonal antibody MH-1, further
demonstrated fibrin deposition in the lumen, wall,
and perivascular compartments of microvessels within
the ischemic territory within one hour after reperfusion
after three hours MCA occlusion.7 Both observations
indicate that thrombin activity can be generated within
the microvessel wall, presumably following increased
microvessel permeability in consequence of focal
ischemia.

Hemorrhagic transformation in the territory-at-risk
occurs in up to 65% of ischemic stroke patients and
reflects vessel wall injury resulting in blood leakage into
the brain, although the exact sequence of molecular
events is unclear.18 Where hemorrhage has taken
place, changes in the basal lamina matrix must have
occurred. It has also been observed that the risk of
intracerebral hemorrhage is greatest with thromboem-
bolism from cardiac sources, which can be made sig-
nificantly worse by the vitamin K antagonist
warfarin.18 Those observations suggest that hemor-
rhagic events could result when thromboemboli (from
NVAF or atherosclerosis) cause local cerebral ischemia
that initiates microvessel matrix degradation. The leak-
age of plasma coagulation factors could lead to local
intra-luminal and intra-mural thrombin generation.

a-thrombin is a pleiotropic serine protease coagula-
tion factor that has i) hemostatic effects, cleaving
fibrinogen to form fibrin in the growing thrombus,
and, separately, activating platelets; ii) vascular effects,
acting via the PAR-1 receptor to increase endothelial
permeability to small molecules; and, iii) proteolytic
effects, acting to cleave a variety of cellular proteins.19

Thrombin proteolysis of cerebral vascular basal lamina
matrix and its specific targets, in particular, have
received little attention. Liotta and colleagues reported
that thrombin can cleave members of several matrix
protein families, including laminin, fibronectin, and
certain collagens in the setting of cancer.20,21 No
other observations in this aspect of vascular integrity
in the CNS have been made until now.

The hypothesis tested by our experiments states that
thrombin inhibition decreases the risk of intracerebral
hemorrhage following a thromboembolic event (that
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causes focal ischemia) by directly blocking thrombin-
mediated degradation of extracellular matrix proteins
within the cerebral microvessel basal lamina that are
responsible for preventing hemorrhage in the CNS.

While a-thrombin can increase the permeability of
microvessel endothelium to 4 kDa molecules in vitro,22

these experiments address i) the impact of a-thrombin
on the basal lamina matrix of cerebral microvessels,
and ii) the ability of oral dabigatran etexilate to prevent
the substantial matrix protein degradation, increased
permeability, and hemorrhage by a-thrombin in an in
vivo model of cerebral vascular integrity.

Materials and methods

For exact detailed methods please see the Supplemental
Materials and Methods.

Animal materials

All animal protocols and experiments were reviewed
and approved by the University of Washington
Institutional Animal Care and Use Committee. All
mice were male (age 8weeks) of the C57Bl/6J strain
(Jackson Laboratory, CA), and were maintained in a
secured pathogen-free facility before and during the
studies. Non-human primate samples (male, Papio
anubis/cyncephalus) were obtained from archived mate-
rials, previously described, from experiments at The
Scripps Research Institute (TSRI).6,7,23,24 All experi-
ments conformed to the deliberations of STAIR and
the ARRIVE 2.0 Guidelines.25,26

Reagents

Agents. Purified murine a-thrombin was obtained from
Haematologic Technologies (Essex Junction, VT) as
produced by the methods of Lundblad with the mod-
ifications described by Nesheim.22,27,28 Zymography of
the purified murine a-thrombin preparation on casein-
containing gels demonstrated a single cleavage activity
(data not shown).

Dabigatran and dabigatran etexilate were gifts from
Boehringer-Ingelheim GmbH; dabigatran was used
previously for in vitro permeability studies.22

Purified collagen IV, laminin, and perlecan were
obtained from Sigma-Aldrich (St. Louis, MO).

Immunochemicals. Antibodies used for either immuno-
histochemistry or immunoblots included: i) for perle-
can, the rat anti-mouse monoclonal antibody (MoAb)
clone A7L6 MAB 1948 P (Chemicon/Millipore) or the
mouse MoAb clone 7E12 (Chemicon); ii) for perlecan
domain V, the mouse MoAb clone 268908 (R&D
Systems); iii) for laminin, the rabbit polyclonal anti-
body (PoAb) ab128053 (Abcam), the MoAb LAM 89

(Sigma-Aldrich), and for laminin b1-chain, the rat anti-
mouse MoAb LT3 clone ab44941 (Abcam); and, iv) for
collagen IV, the rabbit PoAb ab6586 (Abcam), for col-
lagen IV a1-chain, the mouse MoAb clone CIV22
(Sigma-Aldrich) and the rabbit PoAb (Novus
Biologicals LLC), and for collagen IV a2-chain, a
rabbit PoAb (Sigma-Aldrich). For hemoglobin (Hgb),
the rabbit anti-mouse hemoglobin PoAb ab191183
(Abcam) was used. All reagents have been used suc-
cessfully by this laboratory for the purposes intended
here, and in previously published experiments.29,30

Solutions. The standard reagent solution for immuno-
histochemistry and the stereotaxic injection experi-
ments was PBS modified by the addition of Ca2þ and
Mg2þ (DPBS, sterile filtered; nr SH30264.01, HyClone
Laboratories, Logan UT).

Chow. Dabigatran etexilate was added to standard die-
tary chow for rodents (Provimi Kliba AG, Switzerland)
and provided as standardized pressed tablets in sepa-
rate vacuum-sealed pouches by Boehringer Ingelheim
Pharma GmbH (Biberach, Germany). Dabigatran
etexilate was present in the concentration 10mg/gm
chow. Matched placebo-containing chow was also sup-
plied. The pouches were stored at �20�C prior to thaw-
ing and use.

Trans-cardiac perfusion fluid. To clear blood elements
from the cerebral microvasculature, isosmotic perfu-
sion fluid containing Ringer’s solution, 18 gm/L
bovine serum albumin (BSA), and heparin (2U/ml)
(Fresenius Kabi US, Lake Zurich, IL) was used.6,8,15

Immunoprobe procedures

Immunohistochemistry. Antigens of interest in cerebral
microvessels were identified on 10 lm frozen coronal
sections of mouse brain, as previously described.23

Quantitative video-imaging (CVI) microscopy. To quantify
immunoreactive signals on the 10 mm frozen sections,
randomly chosen non-contiguous full fields (1.80mm2

images) were scanned in full color (RGB) using a mod-
ified Zeiss S100 Invert fluorescence microscope
mounted by an AxioCam digital camera, equipped
with AxioVision and KS400 software (Zeiss,
Oberkochen, Germany), and converted to binary
output.29,30 Images were scanned into Image J and
the digital data analyzed as previously described.

a-thrombin/matrix degradation assays

The impacts of a-thrombin on the purified matrix pro-
teins collagen IV, laminin, and perlecan were assayed
with the purified enzyme and matrix substrates.
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Homogenization of cerebral cortex/matrix
degradation assays

Matrix substrates from the cerebral microvasculature
were obtained by homogenization of cortex dissected
from perfused mouse brain at 4 �C with a glass tissue
grinder (Dounce; Wheaton Scientific, Millville, NJ).
Further details about processing are provided in the
Supplemental Materials and Methods.

In vivo permeability assay

The whole brain (in vivo) blood-brain barrier perme-
ability measurements used a pulse-chase method mod-
ified from that described by Hawkins et al., and
adapted for mice.31,32 Under isoflurane (1%) mice
underwent thoracotomy and trans-cardiac pulse perfu-
sion with two fluorescent tracer molecules, fluorescein
Naþ (NF) and Evans blue albumin (EBA), in combi-
nation in the trans-cardiac perfusion solution. For
details of the NF assay and the EBA assay, and the
calculations of permeability please see the
Supplemental Materials and Methods.

Western immunoblot

Immunoblots of matrix protein degradation products
were measured as previously described (Supplemental
Materials and Methods).23,29,30,32

Stereotaxic delivery

Under isoflurane anesthesia (1.0–2.5%), mice were
placed in a stereotaxic frame (David Kopf
Instruments, Los Angeles, CA), the skull opened, and
a 33-gauge Hamilton injection needle inserted into the
center of the right striatum at bregma �1mm anterior
(Y); 2mm lateral (X); to a depth of �3.5mm (Z), and
2 ml of test agent was injected over 1minute. There was
100% survival. The brain tissue was removed following
trans-cardiac perfusion with isosmotic buffer contain-
ing BSA.

Feeding protocol

For the blinded placebo-controlled dabigatran inges-
tion experiments mice were distributed into separate
cages (4 mice/cage) and randomly assigned to the con-
trol (placebo-containing chow) and experimental (dabi-
gatran-containing chow) diet groups. The subjects were
fed continuously for 14 days prior to entry into the
stereotaxic procedure and for 24 hours thereafter
with their respective pellets. Twenty-four hours after
a-thrombin or vehicle control injection each subject
underwent trans-cardiac perfusion, and cerebral tissue
harvest. The assignment of the animals was not known
to the investigators performing the assays or

performing the statistical analyses until the entire
data set was available.

Statistical analysis

Data are expressed as mean� standard deviation of

replicate experiments (with parallel duplicate or tripli-
cate measures) on separate days. The number of meas-
urements is shown in each Figure. Data sets were
blinded for analysis using the Latin square assignment

method. Group sizes were determined with the goal of
ensuring a minimal power of 0.80 to detect moderate
effect sizes of 0.2 to 0.25 between controls and other

groups at a two-sided a of 0.05. We have utilized general
linear models (GLMs) followed by post-hoc multiple
comparison procedures if warranted as our standard
method of analysis. Since individual sample sizes were

typically too small to assess accurately any normality
assumption within groups, we chose instead to assess
normality on the residuals from the GLM fits. We uti-

lized Lilliefors corrected Kolmogorov-Smirnov tests for
normality in these assessments; invariably, p-values were
non-significant at the a¼ 0.05 level. Individual t-tests
were performed using PrismVR . Significance was set con-

ventionally at p� 0.05. Further details are provided in
the Supplemental Materials and Methods.

Data availability statement

Fully anonymized data and detailed protocols will be
shared upon request from qualified investigators.

Results

While a-thrombin can increase the permeability of

endothelial monolayers,22 little attention has been
paid to a-thrombin’s impact on the vascular matrix
components to which endothelial cells adhere.
Sequence analyses indicate that the unique a-thrombin

cleavage site consensus sequence leu-val-arg-gly-ser
(LVRGS) is found in the collagen IV a1-chain (three
sites), the laminin b1-chain (one site) and laminin a4-
precursor (two sites), and in perlecan (four sites), all
constituents of CNS vascular basal lamina matrix (see
Supplemental Table 1)

a-thrombin-mediated degradation of CNS vascular
matrix proteins

Murine a-thrombin (0-10U/ml), purified by the

method certified for purification of human
a-thrombin,22,27,28 degraded isolated matrix collagen
IV, laminin, and perlecan in vitro in a
concentration-dependent manner (Figure 1(a) and

Supplemental Figure 1). Further, when homogenates
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of freshly perfused unfixed murine cerebral tissue were

incubated with a-thrombin for 120minutes at 37�C
immunoreactive products of collagen IV (a1-chain),
laminin (b1-chain), and perlecan were released in a

concentration-dependent manner over the same

a-thrombin concentration range (Figure 2(a) and

Supplemental Figure 2).

Vascular basal lamina matrix degradation by

a-thrombin

a-thrombin can alter the composition of cerebral

microvessel basal lamina matrix, as reported previously

for cathepsin L.23 As demonstrated for collagen IV,

incubation of a-thrombin on 10 mm cryosections of

adult mouse cortex and of non-human primate stria-

tum decreased a1-chain immunoreactivity, but not that

of collagen IV using the PoAb (Figure 3(a) and

Supplemental Figure 3, respectively). Simultaneously,

in concentration-dependent fashion a-thrombin

decreased the microvessel collagen IV (a1-chain), lam-

inin (b1-chain), and perlecan immunoreactivities of

adult mouse cortex (Figure 3(b)). Maximum reduction

in the three microvessel matrix proteins occurred when

20U a-thrombin was incubated on mouse tissue

(Figure 3(b)). Microvessels of all diameters were affect-

ed. Notable was a decrease in mouse tissue collagen IV

immunoreactivity (Figure 3(a)), implying an effect of

a-thrombin on other (matrix) protein-containing ele-

ments of the neuropil.

Figure 1. a-thrombin–mediated degradation of purified matrix proteins and inhibition of their degradation. Panel a. Purified murine
a-thrombin (0–10U/ml) degraded three purified matrix proteins in a concentration-dependent manner (black bars). Residual matrix
protein content was determined by Western immunoblot with band densities quantified by ImageJ software and reported as
“integrated density.” Significant differences in the integrated density levels with each purified matrix protein, relative to thrombin
concentrations, were observed: collagen IV, p¼ 0.00004; laminin, p< 1� 10�10; and, perlecan, p< 1� 10�10. For select individual
comparisons, a-thrombin 0U/ml vs 1.0U/ml: collagen IV, p¼ 0.020; laminin, p< 0.0001; and, perlecan, p< 0.0001. Each bar represents
n¼ 9 independent observations and Panel b. Dabigatran etexilate inhibited the degradation of purified collagen IV (a1-chain), laminin
(b1-chain), and perlecan by 3U murine a-thrombin in a concentration-dependent manner (white bars). Overall, the integrated density
levels of each matrix protein residual were significantly different: collagen IV, p¼ 0.00006; laminin, p¼ 0.004; and, perlecan, p¼ 0.0003.
For select individual comparisons, at a-thrombin (a-T) 3U/ml, dabigatran (d) 0 nM vs100 nM: collagen IV, p¼ 0.0094; laminin,
p¼ 0.3652; and, perlecan, p¼ 0.0040. Each bar represents n¼ 9 independent observations.
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Preservation of microvessel basal lamina matrix by

dabigatran etexilate

In a series of blinded controlled in vitro concentration-

finding experiments dabigatran etexilate modestly

interfered with a-thrombin-mediated degradation of

purified matrix collagen IV (a1-chain), laminin

(b1-chain), and perlecan by 3U/ml a-thrombin

(Figure 1(b) and Supplemental Figure 1). Moreover,

dabigatran markedly interfered with the degradation

of all three matrix proteins in homogenized cortical

tissue (Figure 2(b) and Supplemental Figure 2).

Maximum inhibition was achieved at dabigatran

concentrations of 100 and 500 nM, which translate
approximately into 50–250 ng/ml in humans (which
are in the clinical range).33 It seems likely that the cor-
tical microvessel matrix proteins presented conforma-
tions more suitable for a-thrombin binding than the
purified proteins.

In sectioned cortical tissue, parallel experiments
demonstrated that dabigatran co-incubated with 20U
a-thrombin inhibited the loss of both collagen IV and
laminin antigens (Figure 3(b)). Interestingly, while the
loss of perlecan immunoreactivity could be prevented
at 500 nM dabigatran, 1000 nM did not appear to
impact perlecan degradation. This may reflect possible

Figure 2. a-thrombin releases matrix products from homogenates of cerebral cortex and dabigatran etexilate prevents their release.
Panel a. Concentration-dependent release of products of collagen IV (a1-chain), laminin (b1-chain), and perlecan was detected
by immunoblot when homogenates of freshly perfused cortical tissues from naı̈ve adult mice were incubated with a-thrombin
(0–10U/ml) (black bars). Significant differences in the integrated density levels of each purified matrix protein, relative to a-thrombin
concentration, were observed: collagen IV, p< 1� 10�10; laminin, p< 1� 10�8; and, perlecan, p¼ 0.002. With each matrix protein
there was a significant trend toward increased degradation of the matrix proteins as the concentration of a-thrombin increased. For
select individual comparisons, a-thrombin 0U/ml vs 1.0U/ml: collagen IV, p< 0.0001; laminin, p< 0.0001; and, perlecan, p¼ 0.0157.
Each bar represents n¼ 9 independent observations and Panel b. Dabigatran etexilate inhibited matrix collagen IV, laminin, and
perlecan degradation in homogenates of murine cerebral cortex by 5U murine a-thrombin in a concentration-dependent manner
(white bars). Integrated density levels of each matrix protein were significantly different: collagen IV, p< 1� 10�7; laminin,
p< 1� 10�8; and, perlecan, p< 1� 10�9. The multiple comparison pattern of perlecan was identical to that of laminin: all pairwise
comparisons among the four thrombin combinations were significant, with the exception of the 0/0 vs 5/500 comparison (Bonferroni,
a¼ 0.05). For select individual comparisons, at a-thrombin (a-T) 5U/ml, dabigatran (d) 0 nM vs100 nM: collagen IV, p¼ 0.0019; laminin,
p¼ 0.0004; and, perlecan, p¼ 0.0071. Each bar represents n¼ 9 independent observations.
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conformational specificity of target interactions with
a-thrombin and/or the anti-thrombin, or the participa-
tion of other tissue-containing proteases in matrix deg-
radation (Figure 3(b)). Similarly, on the non-human
primate striatum dabigatran inhibited the effect of
2U a-thrombin on collagen IV (see Supplemental
Figure 3).

Matrix collagen IV degradation by a-thrombin in vivo

The impact of murine a-thrombin (80mU/2 ml in

DPBS) or DPBS alone on cerebral microvessel basal

lamina matrix in vivo was examined after stereotaxic

injection into the right striatum of adult C57Bl/6

mice by blinded randomized assignment, when whole

Figure 3. a-thrombin and dabigatran etexilate differentially affect microvessel matrix immunoreactivity. Panel a.
Immunohistochemistry. Photomicrographs demonstrate decreased collagen IV a1-chain immunoreactivity, but not that of the entire
molecule, in cortical microvessel basal lamina by a-thrombin. The concentration-dependent loss in a1-chain immunoreactivity was
prevented when dabigatran was co-incubated with 2U a-thrombin. Magnification bar¼ 50mm. NB. The red colorations on the left and
right margins of each image are due to refraction of light through the collimator in the low magnification images here. The coloration
does not enter into the data quantitation because those images were captured at higher magnification and Panel b. Immunoblots.
From general linear model (GLM) analyses with main effects a-thrombin (0, 0.2, 2.0, or 20U) (black bars) and dabigatran (at 0
(placebo), 100, 500, or 1000 nM) (white bars) on microvessel matrix immunoreactivity, both a-thrombin and dabigatran were sig-
nificant factors: collagen IV, a-thrombin, p¼2� 10�8, and dabigatran, p¼ 3� 10�6; laminin, a-thrombin, p< 0.0001, and dabigatran,
p¼ 2� 10�5; and, perlecan, a-thrombin, p¼ 0.028, and dabigatran, p¼ 0.003. Maximum reduction in microvessel collagen IV (a1-
chain), laminin (b1-chain), and perlecan immunoreactivity was observed with 20U a-thrombin. Co-incubation of 20U a-thrombin with
dabigatran produced a concentration-dependent inhibition of microvessel collagen IV (a1-chain) and laminin (b1-chain) immunore-
activity that was maximal at 500nM dabigatran etexilate. For select individual comparisons, at a-thrombin (a-T) 0U vs 20U: collagen IV,
p< 0.0001; laminin, p< 0.0001; and, perlecan, p¼ 0.0028. At a-thrombin (a-T) 20U, dabigatran (d) 0 nM vs 500 nM: collagen IV,
p< 0.0001; laminin, p¼ 0.0028; and, perlecan, p¼ 0.0004. Cohorts consisted of n¼9 subjects. NB. Please see the non-human primate
data of Supplemental Figure 3.
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brain permeability was quantified at 24 hours. Trans-

cardiac pulse perfusion with fluorescein Naþ (FN) and

Evans blue-albumin (EBA) together detects vascular

leakage of substances with molecular masses of

�332Da and of 65–70 kDa, respectively.31,32 a-throm-

bin injection significantly increased whole brain perme-

ability to both FN and EBA 1.53� 0.22- and 2.34�
0.53-fold, respectively, compared to the DPBS control

(p¼ 0.026 and p¼ 0.024, respectively; n¼ 3).
Next, preliminary experiments with stereotaxic

injections of either 2 ml [DPBS], [a-thrombinþDPBS],

or [a-thrombinþdabigatran] into the mouse striatum in

blinded randomized fashion evaluated dabigatran inhi-

bition of a-thrombin activity. Based on the pulse per-

fusion permeability study, injection of 40mU murine

a-thrombin significantly decreased microvessel colla-

gen IV (a1-chain) immunoreactivity compared with

DPBS alone, and 500 nM dabigatran substantially pre-

vented the reduction in collagen IV (a1-chain) immu-

noreactivity (Supplemental Figure 4). The microvessel

a1-chain immunoreactivity in the [a-throm-

binþdabigatran] cohort was not different from DPBS

alone. This experiment set the conditions and power

for the subsequent extended in vivo experiments.

Inhibition of a-thrombin-mediated microvessel matrix
degradation in vivo

Experiments were then designed to test the impact of

oral dabigatran etexilate vs placebo, in separate formu-

lated chows ingested daily over 14 days, on the ability

of a-thrombin to alter cerebral microvessel matrix

structure and permeability in naı̈ve mice. At the end

of 14 days of each diet, the subjects received an intra-

striatal injection of DPBS or 40mU a-thrombin in a

randomized blinded four-arm study. At 24 hours post-

injection, following trans-cardiac perfusion, cerebral

tissues were retrieved and the microvessel matrix com-

ponent immunoreactivities and IgG extravasation were

quantified from serial 10 mm frozen sections. Also, two

separate parallel studies with identical treatment

cohorts were performed for pulse perfusion whole

brain permeability and for hemorrhage.

Cerebral vascular permeability. In pulse-chase permeability

experiments, injection of 40mU a-thrombin signifi-

cantly increased both fluorescein flux and EBA flux

compared to DPBS injection in the cohort exposed to

placebo-containing chow (Figure 4), indicating signifi-

cant extravasation of molecules up to 65–70 kDa mass.

Ingestion of the dabigatran-containing chow prevented

any significant extravasation of either marker

(Figure 4).

Permeability by IgG extravasation. In a second set of experi-
ments, IgG extravasation increased significantly in the
a-thrombin (40mU) injection group compared to the
DPBS injection group receiving placebo-containing
chow (Figure 5), indicating permeability to �150 kDa

Figure 4. Ingestion of dabigatran inhibits increased whole brain
permeability following stereotaxic a-thrombin injection. In a
balanced factorial design, 24 animals received placebo-containing
chow or dabigatran-containing chow for 14 days, and then
received intra-striatal injections of either placebo or a-thrombin.
Whole (global) brain permeability was measured at 24 hours.
Panel a. The permeability to fluorescein Na (RNF) was assessed
with 3 replicate readings per animal. A GLM analysis of perme-
ability found a significant a-thrombin effect (p¼ 1.2� 10�5),
a significant dabigatran effect (p¼ 0.007), and a large
a-thrombin� dabigatran interaction (p¼ 4� 10�7). Subsequent
pair-wise comparisons found that dabigatran chow lowered
permeability compared to placebo chow, and injection of
a-thrombin was associated with increased permeability. The
significant interaction owes to the significantly higher perme-
ability of the placebo chow–a-thrombin group (black bars) than
any of the other three groups (Bonferroni, a¼ 0.05) and Panel b.
The permeability to albumin (REBA) was also assessed with 3
replicate readings per animal. A GLM analysis of permeability
found a significant a-thrombin effect (p¼ 0.011), a significant
dabigatran effect (p¼ 0.045), and a large a-thrombin� dabigatran
interaction (p¼ 0.007). Subsequent pair-wise comparisons
yielded results qualitatively identical to those in Panel A
(Bonferroni, a¼ 0.05).
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molecules. In the group that ingested dabigatran chow

and after stereotaxic a-thrombin injection, no increase

in IgG extravasation above the animals receiving pla-

cebo chow or dabigatran chow and no a-thrombin

injection was observed. In subjects receiving

dabigatran-containing chow and local a-thrombin,

IgG was not detected in the neuropil (Figure 5).

Matrix content. In serial sections from the same subjects,

injection of a-thrombin (40mU) alone significantly

decreased collagen IV (a1-chain), laminin (b1-chain),
and perlecan immunoreactivity in striatal microvessels

compared to DPBS in the cohort receiving placebo-

containing chow, whereas no significant change in

cerebral microvessel matrix immunoreactivity was

observed in subjects ingesting the dabigatran-

containing chow after the a-thrombin injection com-

pared to animals receiving placebo chow or dabigatran

chow and no a-thrombin injection (Figure 6).

Hemorrhage. A third set of stereotaxic injection experi-

ments patterned on those above examined the impact

of murine a-thrombin on cerebral hemorrhage 24 hours

after stereotaxic injection. Preliminary studies indicated
that immunoblots of homogenized tissue for murine
hemoglobin (Hgb) provided the most sensitive assay
for evidence of hemorrhage under these conditions
(data not shown). The immunoblots demonstrated a
significant increase in cerebral Hgb deposition in the
subjects ingesting placebo chow that received intra-
striatal a-thrombin (80mU) compared with those
receiving placebo injections (Figure 7). Furthermore,
in the two groups that received dabigatran there was
no difference in Hgb deposition detected, but rather
a significant reduction in Hgb deposition after
a-thrombin injection compared to the placebo
chow/placebo injection group. Notably, in the dabiga-
tran/placebo group two animals displayed small hem-
orrhages in the striatum along the needle track that
probably accounted for the larger standard deviation
in this group.

Discussion

A largely inaccessible aspect of brain vascular response
is how intravascular hemostasis interacts with the
microvessel wall during injury. In the early hours fol-
lowing the onset of focal cerebral ischemia, in the ische-
mic core, thrombin is acutely generated within the
cerebral microvessel wall. We first demonstrated these
microvessel wall events in the non-human primate focal
ischemia model of MCA occlusion/reperfusion.6,7 By 4
hours after MCA occlusion fibrin was evident within
the microvessel wall, consistent with local thrombin
generation. Thrombin is generated when prothrombin
(factor II) in plasma interacts with TF in the micro-
vessel astrocyte end-feet.14–17 The further meaning of
those observations was not apparent until clinical trials
of the direct oral anticoagulants, the anti-thrombin
dabigatran and the anti-factor Xa inhibitors, in
NVAF all demonstrated a significant reduction in
intracerebral hemorrhagic risk compared with warfa-
rin.1–5 That consistent observation could not be
explained simply by peripheral inhibition of hemosta-
sis, which might be expected to increase cerebral hem-
orrhagic risk (even if thromboembolic risk were
reduced).

The hypothesis tested here states that pharmacologic
anti-thrombin activity could decrease the risk of intra-
cerebral hemorrhage following a thromboembolic
event (that causes focal ischemia) by directly inhibiting
in situ thrombin-mediated degradation of the cerebral
microvessel basal lamina that is responsible for pre-
venting hemorrhage. Together, based on the unique
thrombin cleavage sequence, these experiments demon-
strate that i) a-thrombin can directly degrade the
matrix proteins collagen IV, laminin, and perlecan
in vitro and in brain-derived samples of both

Figure 5. Dabigatran prevents a-thrombin-induced increase in
microvessel permeability to IgG. In a factorial design, stereotaxic
injection of either placebo (–) or a-thrombin (þ) into the mouse
striatum significantly increased IgG extravasation into the neu-
ropil from the microvasculature in animals receiving a-thrombin
and placebo chow (see inset (arrow) photomicrographs of
immunoreactive IgG in matched fields). Dabigatran-containing
chow significantly reduced IgG extravasation (white bar)
compared to the placebo chow (black bar). A GLM analysis found
a significant a-thrombin effect (p¼ 0.001), a significant dabigatran
effect (p< 0.001), and a large a-thrombin� dabigatran
interaction (p¼ 0.0002). A total of 31 animals received placebo-
containing chow (n¼ 15) or dabigatran-containing chow
(n¼ 16). Magnification bar¼100 mm.
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Figure 6. Dabigatran prevents a-thrombin-induced loss of
microvessel basal lamina matrix proteins in vivo. In a balanced
factorial design, employing 32 animals, stereotaxic striatal
injection of 40mU a-thrombin significantly decreased microves-
sel basal lamina collagen IV (a1-chain), laminin (b1-chain), and
perlecan immunoreactivity (black bars) compared to placebo in
subjects fed placebo-containing chow, while dabigatran ingestion
prevented this decrease (white bars). Upper graph. Collagen IV.
A GLM analysis of subsequent microvessel collagen IV (a1-chain)
immunoreactivity with main effects a-thrombin and dabigatran,
found a significant a-thrombin effect (p¼ 0.001), a borderline
significant dabigatran effect (p¼ 0.063), and a large a-throm-
bin� dabigatran interaction (p¼ 0.001), owing to the significantly
lower level of collagen IV immunoreactivity (placebo chow–
a-thrombin group). Middle graph. Laminin. Similarly, for the
laminin b1-chain a significant a-thrombin effect (p¼ 0.019), a
non-significant dabigatran effect (p¼ 0.125), and a significant
a-thrombin� dabigatran interaction (p¼ 0.036) were found,
owing to the significantly lower level of laminin immunoreactivity
(placebo chow–a-thrombin group). Lower graph. Perlecan.

Continued.

Figure 6. Continued.
For microvessel perlecan immunoreactivity significant main
effects for a-thrombin (p¼ 0.002) and for dabigatran (p¼ 0.008)
and a significant a-thrombin� dabigatran interaction (p¼ 0.005)
were found. The significant interaction owes to the significantly
decreased perlecan immunoreactivity in the placebo
chow–a-thrombin group relative to the other groups
(Bonferroni, a¼ 0.05).

Figure 7. Dabigatran prevents a-thrombin-induced cerebral
hemorrhage in vivo. Stereotaxic striatal a-thrombin injection in
subjects receiving placebo-containing chow produced an increase
in hemoglobin deposition over those receiving dabigatran-
containing chow (n¼ 9 subjects in each condition, in a balanced
factorial design of 36 animals receiving respective chows for
14 days each). Upper image. Coronal sections demonstrate
hemoglobin deposition at 24 hours along the injection track in
the placebo chow–a-thrombin group only following a-thrombin
injection. All sections are scanned wet-mounts of immunohis-
tochemistry preparations for hemoglobin at no magnification
(normal image size), which explains the apparent lack of
expected detail. Middle image. Evidence of increased hemoglobin
immunoreactivity on Western immunoblot in the placebo
chow–a-thrombin group compared to the other groups.
Lower graph. Immunoreactive hemoglobin relative to b-actin
from immunoblots in the middle panel. A GLM analysis of the
hemoglobin disposition found a significant a-thrombin effect
(p¼ 0.006), a dabigatran effect of borderline significance
(p¼ 0.062), and a large a-thrombin� dabigatran interaction
(p¼ 0.002). Subsequent pair-wise comparisons demonstrated an
increased hemoglobin deposition in the placebo
chow–a-thrombin group compared to the other three groups,
which were not different among themselves (Bonferroni,
a¼ 0.05).
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non-human primate and mouse, and in vivo in cerebral
microvessels of the mouse; ii) their degradation is com-
patible with the thrombin cleavage sequences in these
major cerebral vascular matrix components; iii) matrix
degradation both in vitro and in vivo can be blocked by
dabigatran, directly and after oral ingestion, at
clinically-relevant concentrations; and, iv) increased
microvessel permeability and hemoglobin deposition
in vivo can be prevented by this oral anti-thrombin.
These events provide a link between intravascular
hemostasis and cerebral microvessel basal lamina
matrix integrity, as might occur under conditions of
cerebral injury, where the microvessel permeability bar-
rier is breached.

The cerebral microvessel wall includes the endothe-
lium, basal lamina matrix, astrocyte foot processes, and
pericytes and histiocytes embedded in the matrix.
Within this unique structure the intact matrix is central
to limiting the risk of CNS hemorrhage.9,10,24,34 The
observation that a-thrombin can increase the perme-
ability of primary cerebral endothelial cell monolayers
to small molecules in a capillary model, that is prevent-
able by dabigatran etexilate,28 is alone insufficient to
explain the reduction in hemorrhagic risk seen clinical-
ly in NVAF. The very early appearance of thrombin
activity in the microvessel wall coincides with the first
wave of striatal edema and increased permeability fol-
lowing MCA occlusion,6,35,36 the acute loss of endothe-
lial cell matrix b1-integrin immunoreactivity,35 and the
acute and early loss of matrix constituents.9,10,23,34

Endogenous factors in limiting thrombin action in the CNS.

During focal ischemia fibrin is formed when plasma
leaks through the microvessel wall encountering TF
in astrocyte end-feet (the glia limitans),16,17 where TF:
factor VIIa is formed.6,7,29 Functional inhibition of
TF:factor VIIa prevents fibrin formation, and reduces
intra-microvessel obstruction following focal ische-
mia.7 In and beyond the vessel wall, fibrin forms
where thrombin is generated. Because hemorrhage is
associated with the loss of microvessel matrix in ische-
mic cerebral regions of primate and rodent focal ische-
mia models,9,10,24,34 and the microvessel basal lamina is
degraded early during focal ischemia,9,10,23,37 where
hemorrhage has taken place, degradation of the basal
lamina matrix must have occurred.9,10 Could local
thrombin generated during focal ischemia cause basal
lamina degradation?

The microvessel wall and procoagulant activity. Clinically, it
is assumed that manipulation of hemostasis/coagula-
tion peripherally will have a comparable effect within
the brain vasculature. This view underlies the anti-
thrombotic approaches to reduce cerebral thromboem-
bolic risk. The experiments here support a new premise

that hemorrhagic risk during NVAF relates to i) silent

thromboembolic focal ischemic events that produce

localized microvessel structural injury, ii) increased

barrier permeability with plasma leakage, iii) the local

generation of thrombin when the leaked plasma inter-

acts with perivascular TF, iv) local degradation of

microvessel basal lamina matrix by thrombin, and

v) consequent focal hemorrhage. This formulation

accords with observations from recent clinical trials

that hemorrhagic risk compared to warfarin is reduced

by decreasing thrombin activity directly or at the level

of the prothrombinase complex.2–5

An immediate limitation of the proof of this premise

is the absence of small animal models that mimic both

ischemic and hemorrhagic events in atrial fibrillation

(AF), although a few models of dysrhythmia have

been developed. Hence, currently, neither dabigatran

nor the factor Xa inhibitors can be tested for their

impact on hemostasis and vascular wall interactions

in AF experimentally. Also, while a comparison with

warfarin exposure would be instructive, warfarin

dosing in rodents to obtain an equipotent anti-

thrombin effect is sufficiently problematic that a

direct comparison is not possible.38,39 As a result,

these experiments focus on steps iii), iv), and v) of the

premise above – how thrombin can alter microvessel

structure and promote hemorrhage during cerebral

injury.
Reports that a-thrombin can cleave laminin, fibro-

nectin, and certain collagens in cancer environ-

ments20,21 underscore the lack of data on direct

thrombin effects on CNS vascular integrity/infrastruc-

ture. Although cleavage is highly specific, thrombin can

hydrolyse other proteins, which becomes more general

in the denatured state.19 The CNS limits thrombin

activity through interactions with circulating anti-

thrombin (AT), tissue factor pathway inhibitor

(TFPI), and perivascular protease nexin (PN)-1.40–42

Hence, fibrin formation within the microvessel wall

and glia limitans implies that any effects of unopposed

thrombin within the microvessel wall must involve high

concentrations locally. These events require initial

microvessel injury.

Anti-thrombin effects. Dabigatran is a reversible direct

highly specific thrombin inhibitor that can penetrate

organ systems and has a wide volume of distribution

of the aqueous extracellular compartment (1 L/kg).33 In

contrast, the direct anti-thrombin argatroban, that has

been used to modulate focal ischemic injury and hem-

orrhage in model systems,43,44 has a much lower

volume of distribution, and also inhibits activation of

factors V, VIII, and XIII, protein C activation, fibrin

formation, and platelet activation. It also does not
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penetrate the brain and is therefore unsuitable for these
studies.

Matrix degradation. Based on the presence of the unique
thrombin cleavage site sequence, in vitro experiments
demonstrated that a-thrombin can cause
concentration-dependent degradation of the three
basal lamina matrix constituents collagen IV, laminin,
and perlecan, purified or in cerebral tissue. Dabigatran
inhibits matrix substrate degradation, demonstrating
the specificity of the a-thrombin action. Important to
these studies is the a-thrombin purity.

Ex vivo, on 10 mm cryosections of normal cortex,
a-thrombin decreased microvessel basal lamina
matrix protein immunoreactivity on the same micro-
vessels in a concentration-dependent manner. These
changes were prevented by co-incubation with dabiga-
tran etexilate at human therapeutic concentrations
(�90–185 ng/ml, trough-peak).45 The incubation stud-
ies also imply that a-thrombin can cleave non-vascular
matrix and other proteins of the neuropil (Figure 3).
This may occur either directly or through release of
other matrix proteases held latent in cerebral tissue
compartments. A further aspect is the potential stimu-
lation of matrix protease release by thrombin during
ischemia. For instance, thrombin and prothrombin in
the neuropil can activate microglia,46–49 as can plasma
fibronectin and vitronectin,24 the latter releasing (pro-)
MMP-9. Initiation of matrix degradation could lead to
further release of inactive proteases stored within the
basal lamina matrix.

With these background experiments, the impact of
a-thrombin to alter microvessel matrix structure and to
increase microvessel permeability measured locally by
IgG and globally in the CNS were confirmed in vivo.
The significance of these findings is emphasized by the
ability of dabigatran exposure for two weeks, ingested
to known clinically relevant steady state levels,45 to
prevent both a-thrombin-mediated microvessel matrix
degradation and increased microvessel permeability to
tracers and larger 150 kDa plasma molecules.

Notable was the variable regional increase in IgG
leakage suggesting variability of the increased perme-
ability following direct a-thrombin injection (Figure 5).
Subject-to-subject variability was also observed with
the whole brain permeability determinations (NF vs
EBA) (Figure 4), which are in accord with the variabil-
ity of thrombin/fibrin deposition seen in the non-
human primate following focal cerebral ischemia.7,16

Hemorrhage. Typically, thrombin exposure is associated
with intravascular thrombosis, however here hemoglo-
bin deposition was observed in the regions of
a-thrombin injection, which appeared extravascular
by 24 hours. To avoid behavioral alterations, the

stereotaxic settings were arranged such that tissue
injury was minimized with the small volume of
modest a-thrombin concentration and an incubation
time limited to 24 hours. Hemolysis or erythrolysis of
an intracerebral hemorrhage can occur within 24 hours
in small animal models,50 so that tissue Hgb deposition
can be detectable in the absence of overt hemorrhage.
It is possible that higher local a-thrombin levels with
longer incubation times could have produced more sig-
nificant hemorrhage, as hemorrhagic infarction is asso-
ciated with cerebral microvessel basal lamina
degradation.9,10 This scenario is consistent with the
concept that hemorrhagic transformation during
NVAF would require a microvessel-injuring (e.g.,
ischemic) event that generates thrombin locally to ini-
tiate degradation of the basal lamina.

The possibility that dabigatran etexilate itself could
induce hemorrhage at clinically relevant doses/concen-
trations must be considered. In healthy volunteers
receiving dabigatran etexilate no hemorrhagic adverse
events were observed, except when higher doses were
employed, which were more frequently associated with
hematomas at venipuncture sites.51 Furthermore, in the
mice ingesting dabigatran-containing chow in these
studies, in experimental studies of arteriosclerosis,
and in a recent report of murine models of ageing
and of cerebral amyloid angiography, no obvious intra-
cerebral or peripheral hemorrhage was described.52–55

In the experiments here, modest hemorrhage was
observed in two mice that received dabigatran. A rele-
vant feature of the anti-thrombin dabigatran is that the
volume of distribution is large (1L/kg in humans),33

such that in the CNS the perivascular or parenchymal
concentration of dabigatran is likely sufficient to inhib-
it a-thrombin activity generated in the microvessel
basal lamina when/if an embolic event occurs, thereby
reducing the apparent hemorrhagic risk.

Limitations. Both the cell culture models and in vivo
studies are based on successful basic and clinically-
relevant studies in the non-human primate.6,7,29,30

However, because there are no appropriate AF
models that mimic the conditions of human NVAF,
elements of the hypothesis must be studied separately,
and some of the in vivo conditions indirectly. This is
particularly true of the a-thrombin concentrations in
the ischemic microvasculature generated post-
ischemia (as shown in the non-human primate7).
Hence, concentration-escalation studies were per-
formed with the assumption that if fibrin formation
occurs in the microvessel wall or beyond, thrombin
activity would have been unopposed by endogenous
inhibitors. It cannot be ruled out that sectioning of
the cerebral tissues ex vivo exposed basal lamina
matrix structures to other proteases in the
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non-vascular tissue, potentially increasing their sensi-
tivity to a-thrombin action. Differences seen in matrix
protein responses among the assays most likely also
represent differences in matrix protein accessibility
and conformation, in addition to the location of cleav-
age sequences. Isolation methods are likely to have
already altered their conformation from the normal
vascular state in vivo. In the in vivo experiments there
was no evidence of microvessel thrombosis, suggesting
that the thrombin effects here were mostly extravascu-
lar, consistent with the stereotaxic delivery. The possi-
bility to examine the effects of a-thrombin directly with
dabigatran was an advantage to these studies. This is
particularly true for the impact of other matrix pro-
teases generated by focal ischemia, and i) their effects
on the generation of thrombin, and ii) the degradation
of matrix. Together these observations suggest a
contribution of the vascular wall, which cannot be
reproduced in cell culture studies.22

Generalization of the observations. The novel hypothesis
was generated by clinical observations in recent
NVAF trials, and the studies here highlight the effect
of thrombin activity on microvessel matrix structure to
explain hemorrhagic events caused by thrombin. It is
suggested that in other CNS disorders active thrombin
might play a role.56 These disorders include, but are not
limited to, focal cerebral ischemia (ischemic stroke),
intracerebral hemorrhage (ICH),57 arteriovenous mal-
formations (AVMs),58 multiple sclerosis (MS),59 germi-
nal matrix hemorrhage,60 intracerebral hemorrhage
due to hypertension,61,62 traumatic brain injury,63 and
CNS neoplasms.64 To our knowledge at this time the
ability of thrombin to degrade cerebral vascular com-
ponents has not been studied in those disorders or their
model systems.

Implications. These findings imply that: 1) a dabigatran-
inhibitable extravascular thrombin activity can contrib-
ute to increased microvessel permeability observed in
cerebral ischemia, 2) matrix degradation by this activity
is the principal alteration that is associated with struc-
tural changes of the permeability barrier that allows
hemorrhage, and 3) preservation of brain microvessel
integrity may underlie the novel reduction in hemor-
rhagic risk by dabigatran (and other indirect inhibitors
of thrombin activity) in CNS ischemia associated with
AF compared to warfarin. This is because hemorrhage
is associated with significant decreases in microvessel
basal lamina matrix in the ischemic territories.9–11,23

These considerations are consistent with the clinical
situation in which a focal ischemic event during
anticoagulant-treated NVAF could generate thrombin
in the microvessel wall, thereby leading to hemorrhage.
Because any oral anticoagulant, including warfarin,

does not completely eliminate the risk of thromboem-
bolism or hemorrhage during NVAF, matrix degrada-
tion could take place over considerable time from a
silent thromboembolic event. Concentrations and
durations of a-thrombin exposure could be determined
that would support this scenario.

Conclusions

While the use of anticoagulants is central to the pro-
phylaxis against potential thromboembolic stroke
in patients with NVAF, the risk of intracerebral
hemorrhage is a major concern. Species-compatible
a-thrombin can mediate cleavage of the matrix proteins
collagen IV (a1-chain), laminin (b1-chain), and perle-
can found in the basal lamina of cerebral microvessels,
while increasing cerebral microvessel permeability. The
anti-thrombin dabigatran at clinically-relevant dosing
completely prevents the degradation of cerebral

microvessel basal lamina matrix by extravascular
a-thrombin, also preventing associated increased micro-
vessel permeability caused by a-thrombin, and tissue
hemoglobin deposition as hemorrhage. These observa-
tions have broader implications for changes in micro-
vessel matrix structure by thrombin generated during
other disorders of brain injury where hemorrhage is evi-
dent. Experiments with focal ischemia and other models
(to determine hemorrhagic outcomes), that are complex
technically, will require these studies as a basis and will
be much more difficult to interpret without them.
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