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2Neurovascular Research Laboratory, Vall d’Hebron Research Institute, Barcelona, Spain; 3Department of Cell Biology, and 4Department of Diagnostic

Imaging and Interventional Radiology, Medical Center, Caen University Hospital, Caen, France

Key Points

• Hydrodynamic transfection of
plasmids encoding for
plasminogen activators leads
to a hyperfibrinolytic state in
mice.

• Hyperfibrinolysis increases
BBB permeability via a
plasmin- and bradykinin-
dependent mechanism.

Hyperfibrinolysis is a systemic condition occurring in various clinical disorders such as

trauma, liver cirrhosis, and leukemia. Apart from increased bleeding tendency, the

pathophysiological consequences of hyperfibrinolysis remain largely unknown. Our aim

was to develop an experimental model of hyperfibrinolysis and to study its effects on the

homeostasis of the blood–brain barrier (BBB). We induced a sustained hyperfibrinolytic

state in mice by hydrodynamic transfection of a plasmid encoding for tissue-type

plasminogen activator (tPA). As revealed by near-infrared fluorescence imaging,

hyperfibrinolyticmice presented a significant increase in BBBpermeability. Using a set

of deletion variants of tPA and pharmacological approaches, we demonstrated that this

effect was independent of N-methyl-D-aspartate receptor, low-density lipoprotein–

relatedprotein, protease-activated receptor-1, ormatrixmetalloproteinases. In contrast,we

provide evidence that hyperfibrinolysis-induced BBB leakage is dependent on plasmin-

mediated generation of bradykinin and subsequent activation of bradykinin B2 receptors.

Accordingly, thiseffectwaspreventedby icatibant, a clinically availableB2 receptor antagonist. Inagreementwith thesepreclinical data,

bradykinin generation was also observed in humans in a context of acute pharmacological hyperfibrinolysis. Altogether, these results

suggest thatB2 receptorblockademaybeapromisingstrategy toprevent thedeleteriouseffectsofhyperfibrinolysison thehomeostasis

of the BBB. (Blood. 2016;128(20):2423-2434)

Introduction

In a large number of clinical situations, the endogenous fibrinolytic
system may become chronically activated and lead to a hyperfibrinolytic
state. For example, recent studies demonstrated that 57% of
trauma patients1 and 60% of patients with cirrhosis2 present with
hyperfibrinolysis, which is associatedwith poor outcomes. Studies in
patients presenting with out-of-hospital cardiac arrest3 and acute
promyelocytic leukemia4 reported similar results. Iatrogenic
hyperfibrinolysis can also be induced in the treatment of acute
ischemic stroke, myocardial infarction, pulmonary embolism, or limb
ischemiaby systemic administration of plasminogen activators (such as
tissue-type plasminogen activator [tPA]). In all these situations,
hyperfibrinolysis is the consequence of an imbalance between
profibrinolytic (tPA and urokinase) and antifibrinolytic (such as
plasminogen activator inhibitors, a2-antiplasmin, or thrombin-
activatable fibrinolysis inhibitor) factors.5 The most evident
pathological effect of hyperfibrinolysis is an increased bleeding

tendency.6 Nevertheless, the lack of relevant experimental models
limits our understanding of this complex pathological situation.
Because recent studies demonstrated that hyperfibrinolysis is
involved in numerous diseases, a deeper understanding of its
pathophysiological roles would be of potential clinical interest.

In the present study, we developed an experimental model of
hyperfibrinolysis, using a chronic overexpression of a plasminogen
activator (tPA) in the liver and subsequent release in the circulation.
This was achieved using hydrodynamic transfections of plasminogen
activators containing plasmids in mice. After characterization of this
model, we focused our study on the effects of hyperfibrinolysis on
the integrity of the blood–brain barrier (BBB). We found that
hyperfibrinolytic mice presented an increased permeability of the
BBB. Pharmacological and molecular investigations allowed us to
demonstrate that this mechanism was dependent on plasmin,
bradykinin generation, and bradykinin B2 receptor activation. Then,
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we validated our preclinical data in the clinical setting by showing
that hyperfibrinolysis induced by tPA infusion in patients with
stroke also led to a significant bradykinin generation.

Methods

An extended material and methods section is available as an online supplement
on the BloodWeb site.

Hydrodynamic transfection

Hydrodynamic transfections were performed as previously described7: mice
were injected with 100 mg engineered pLIVE encoding wild-type rat tPA
(pLIVE-tPA), tPA mutants (tPA-K2* and D-Finger), tPA–green fluorescent
protein (tPA-GFP) fusion protein, tPA–luciferase fusion protein (tPA-Luc), or
pLIVE plasmid alone (pLIVE-0) as a control (supplemental Figure 1). Briefly, a
large volume (10% of body weight) of plasmid-containing saline buffer (0.9%
NaCl) was injected in the tail vein in less than 5 seconds. A negligible mortality
was observed during this procedure (,3%). To measure BBB permeability,
200 mL Evans blue (EB) at 0.8% in phosphate-buffered saline was injected
intravenously 2 hours before euthanasia and 48 hours after hepatic transfection,
and theorganswere imagedwith near-infraredfluorescence (NIRF), as described
in “Ex vivo NIRF.” Different treatments were injected as follows, after
hydrodynamic transfection: e-aminocaproic acid (EACA) and tranexamic acid
(600 mg/kg, subcutaneously [s.c.] every 12 hours) and aprotinin (0.5 mg/kg
intraperitoneally every 12 hours), SCH-79797 (1 mg/kg s.c. every 12 hours),
MK801 (2 mg/kg s.c., every 12 hours), CP-471474 (1 mg/kg s.c. every 12
hours), and icatibant (0.5 mg/kg s.c., every 12 hours). Blood sampling was
performed by retro-orbital or intracardial puncture in anesthetized mice at
different points. Blood was anticoagulated using citrate.

Ex vivo NIRF

NIRF imaging experimentswere performedusing aPhotonIMAGER (Biospace,
Paris, France), as previously described,8,9 with several modifications. To allow
the detection of EB at 650 nm, 5mice per group were injected with EB 48 hours
after pLIVE injection. EB was allowed to circulate for 120 minutes, and then
deeply anesthetized mice were transcardially perfused with cold heparinized
saline (15 mL/min; 75 mL) before organ removal. Excitation time was set at 10
seconds.The photon count of thewhole brain, heart, liver, left kidney, or left hind
limbwasmeasured ex vivo and normalized at 100% for pLIVE control animals.

Results

Hydrodynamic transfection of pLIVE-tPA induces sustained

secretion of active tPA in the circulation

We hypothesized that an artificial chronic overexpression of tPA by
liver cells and its subsequent release in the circulation may mimic
hyperfibrinolytic state. Thus, we first generated a set of expression
vectors (pLIVE) encoding for rat tPA driven by a liver-specific
promoter (pLIVE-tPA, pLIVE-tPA-GFP, and pLIVE-tPA-Luc)
(Figure 1A). The liver was transfected in vivo by a hydrodynamic
injection of 100 mg pLIVE-tPA constructs or pLIVE empty vector
as control (pLIVE-0). Then, we performed zymography assays,
immunohistological analyses, and bioluminescence imaging of the
major organs 48 hours after hydrodynamic transfection to measure
tPA expression and activity (Figure 1B). Importantly, rat tPA interacts
with the mouse fibrinolytic system, including mouse PAI-1, and
presents an increased activity in mouse plasma compared with human
tPA (supplemental Figures 2–5).

Immunofluorescence analyses in tPA-GFP-transfected mice
revealed a tissue-specific expression of tPA in the liver (Figure 1C;
supplemental Figure 6) without significant expression in other cells or
organs, including the brain. This was confirmed by zymography assays
performed using liver tissue homogenates (Figure 1D), also addressing
the fact that the tPA produced by the liver was proteolytically active.
Using hydrodynamic transfection of a tPA–luciferase construct, we
were able to visualize tPA overexpression in a noninvasive manner
(Figure 1E). After injection of coelenterazine (a bioluminescent
luciferase substrate), we detected luciferase activity specifically in the
liver, further confirming the specificity of the expression of the pLIVE-
tPA-Luc construct (Figure 1E). Importantly, mice transfected with the
control pLIVE-0 plasmid did not show a bioluminescence signal. This
was also confirmed ex vivo in exsanguinated organs (brain, kidney,
heart, and liver), showing that tPA was only overexpressed in the liver
(Figure 1F; supplemental Figure 7). Moreover, a longitudinal study of
tPA expression levels was performed in pLIVE-tPA-Luc-transfected
mice (from 1 to 69 days), showing that tPA overexpression lasts for
more than 7 days (supplemental Figure 8). Altogether, these results
demonstrated that hydrodynamic transfectionwas effective in inducing
sustained expression of active tPA by the liver.

Then, we investigated whether this liver overexpression leads to
higher tPA plasmatic levels. To this aim, we performed fibrin-agar
zymography of plasma from pLIVE-0- and pLIVE-tPA-transfected
mice before and after hepatic transfection. We observed a plasmatic
overexpression of tPA as soon as 24 hours after hepatic transfection
in the pLIVE-tPA mice, which was not present in the same animals
before transfection, and in pLIVE-0-transfected mice (Figure 1G).
This overexpression was especially significant during the first week,
revealing free and active tPA in the circulation of transfected animals
(Figure 1H). The highest plasmatic level of free active tPAwas reached
around 48 hours after transfection (Figure 1H). Plasmatic concentra-
tions of active tPA in all successfully injected mice were measured
between 1.5 and 4.5 nM at 48 hours after transfection by solid-phase
fibrinolytic assay (data not shown).

Altogether, these results demonstrated that hydrodynamic transfec-
tion of pLIVE-tPA leads to a chronic plasmatic secretion of tPA.

Hyperfibrinolysis induces BBB permeabilization

To investigate whether this increased plasmatic concentration of
tPA leads to a hyperfibrinolytic state, we took blood samples from
pLIVE-0- and pLIVE-tPA-transfected mice 48 hours after hydro-
dynamic transfection and performed euglobulin lysis time assays. As
illustrated in Figure 2A-B, pLIVE-tPA-transfected mice presented a
36% shorter euglobulin lysis time than pLIVE-0-transfected mice.
These results demonstrated that the chronic plasmatic secretion of
tPA triggered by hydrodynamic transfection of pLIVE-tPA leads to a
hyperfibrinolytic state.

We thus investigated whether hyperfibrinolysis could affect BBB
homeostasis. For that purpose, we injected EB, a fluorescent dye that
binds to albumin and cannot cross the intact BBB. At the time of
maximal plasmatic tPA levels (48 hours after hydrodynamic transfec-
tion), mice were exsanguinated 2 hours after EB injection, using an
intracardial perfusion of cold heparinized saline, and the brains and
spinal cords were collected. We measured fluorescence of the brains
and spinal cord to detect BBB leakage (Figure 2C). Visualization of EB
extravasation revealed significant BBB leakage in hyperfibrinolytic
mice (pLIVE-tPA), whereas the BBB remained impermeable to EB in
control (pLIVE-0) animals (Figure 2D, right and left, respectively).
Therefore, these results demonstrated that hyperfibrinolysis induces
BBB permeabilization to large molecules (molecular weight of EB
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bound tomouse serumalbumin is;67kDa).This effect is notmediated
by the hydrodynamic injection protocol itself, as mice transfected with
an empty pLIVE-0 vector did not show EB extravasation
(Figure 2D). Quantification of EB fluorescence using NIRF, as
recently described,8,9 confirmed significantly higher EB concen-
trations in the brains of hyperfibrinolytic animals compared with
controls (Figure 2E-F). Interestingly, we observed that EB
extravasation was restricted to the encephalon, sparing the spinal
cord (Figure 2G-H). Epifluorescence microscopy confirmed EB
extravasation in hyperfibrinolytic animals as a red diffused staining
near the vessels in the cortex and cerebellum (Figure 2I). Consistent

with the results on Figure 2G-H, no EB was detected in the spinal
cord of hyperfibrinolytic animals (Figure 2I).

BBB leakage is mediated by plasmin generation

Thereafter, we investigated the molecular pathways responsible for
BBB leakage inhyperfibrinolyticmice. To study the possibility that tPA
induces BBB leakage by its interactions with N-methyl-D-aspartate
(NMDA) or low-density lipoprotein related (LRP) receptors,10,11 we
used recently generated tPA mutants12 that we included into pLIVE
vectors: the K2*-tPA, consisting in a single-point mutation in the
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Figure 1. Development and characterization of a tPA-hepatic transfection model that promotes chronic hyperfibrinolytic state in mice. (A) Schematic

representations of the generated pLIVE-tPA constructs, including the complete tPA sequence (5 domains: Finger [F], epithelial growth factor [EGF], kringle 1 and 2 [K1, K2],

and serine protease [SP]). tPA-GFP and tPA-Luc plasmids contain the whole tPA sequence with the fusion proteins green fluorescent protein (GFP) and luciferase (Luc),

respectively. (B) Schematic representation of the experimental timeline including in vitro (zymography), in vivo (bioluminescence), and ex vivo (immunofluorescence [IF] and

NIRF) experiments. (C) Fluorescence images of pLIVE-tPA-GFP-transfected animals showing tPA overexpression (GFP labeling) in the liver, and not the brain, at 48 hours

after transfection. (D) Fibrin-agar zymography of liver homogenates of pLIVE-0- and pLIVE-tPA-transfected animals. (E) In vivo luminescence in pLIVE-tPA-Luc-transfected

mice after intraperitoneal coelenterazine (luciferase substrate) injection (48 hours after transfection). (F) Representative ex vivo images of the liver and brain from

pLIVE-0- and pLIVE-tPA-Luc-transfected mice, revealing significant luminescence only in the liver of pLIVE-tPA-Luc-transfected mice. (G) Fibrin-agar zymography from

plasma samples of pLIVE-0- and pLIVE-tPA-transfected mice before and 24 hours after hepatic transfection. Only pLIVE-tPA mice presented significant levels of free

circulating tPA. (H) Representative fibrin-agar zymography of a pLIVE-tPA-transfected mice plasma, which demonstrates the presence of free plasmatic tPA several days

after the transfection. 49,6-diamidino-2-phenylindole (DAPI, blue) was used as a nuclear marker; tPA, urokinase plasminogen activator (uPA), and Pln (plasmin) were used as

standards in the zymographies. All the images presented are representative of at least 5 biological replicates of the experiment.
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Figure 2. Hyperfibrinolytic state induces BBB leakage of EB. (A) Representative euglobulin lysis time assay from plasma samples of pLIVE-0- and pLIVE-tPA-transfected mice

(harvested 48 hours after hydrodynamic transfection). (B) Corresponding quantification of the half-lysis time (n5 5 per group). (C) Experimental design performed to study BBB permeability

using NIRF techniques. EB extravasation wasmeasured ex vivo 48 hours after pLIVE (0 or tPA) transfection in the brain and the spinal cord. (D) Representative pictures of ex vivo brains after

pLIVE (0 or tPA) transfection. (E) Brain EB permeability was quantified by NIRF. (F) Normalizedmean fluorescence quantification of D (n5 5 per group). (G) Ex vivo representative images of

the brain and spinal cords after pLIVE transfection. (H) Normalized mean fluorescence quantification of spinal cord EB extravasation (n 5 5 per group). (I) Representative epifluorescence

images of pLIVE-tPA-transfected animals, showing EB extravasation (red) in the cortex and the cerebellum, but not in the spinal cord. *P , .05 vs control; ns 5 nonsignificant differences.
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kringle 2 domain of tPA, preventing its interaction with NMDA-
receptor (R)12 and the D-Finger-tPA, consisting of a tPA deleted of
its finger domain that cannot interact with the LRP receptor, as well as
the control (pLIVE-0) and the native pLIVE-tPA plasmid.We injected
EB intravenously (200 mL at 0.8%) 48 hours after transfection of
the different tPA mutants and measured its extravasation by NIRF
(Figure 3A). All tPA- and tPAmutant–transfectedmice presented equal
extravasation of EB compared with the control group (pLIVE-0),
arguing against a LRP or NMDA-R-mediated mechanism (Figure 3B-
C). We subsequently hypothesized that the mechanism by which
hyperfibrinolysis induces BBB disruption could be mediated by
plasmin, in line with previous studies that have shown the implication
of plasmin in BBB impairment.13 To test this hypothesis, we treated
pLIVE-tPA-transfected animals with antifibrinolytic compounds that
block plasmin generation and/or activity. We used EACA, tranexamic
acid (both lysine analogs that block the conversion of plasminogen into
plasmin by tPA), or aprotinin (a plasmin inhibitor). Interestingly, in all
pLIVE-tPA-transfected animals that received antifibrinolytic treat-
ments, EB extravasation was reduced to levels comparable with
pLIVE-0-transfected mice (Figure 3D-E). Altogether, these results
demonstrated that hyperfibrinolysis induces BBB leakage by a
plasmin-dependent mechanism.

Hyperfibrinolysis-induced BBB leakage is independent of

inflammatory processes or neuronal death

Thereafter, we made the hypothesis that the BBB leakage could be
linked to either pro-inflammatory or/and proneurotoxic effects of the
tPA–plasminogen axis.14 To test this hypothesis, we first analyzed the
morphology and number of microglial cells in the brain parenchyma of
control and pLIVE-tPA-transfected mice by immunohistochemistry.
We observed no significant differences between pLIVE-tPA and
control (pLIVE-0) groups in terms of morphology (Figure 4A) or
number of microglial cells (Iba-1–positive) (Figure 4B). Then, we
measured the brain expression (quantitative polymerase chain reaction)
of 2 cytokines (interleukin 1-b and tumor necrosis factor), known to be
upregulated in neuroinflammatory situations. We did not find differ-
ences in the expression levels between pLIVE-0- and pLIVE-tPA-
transfected mice, respectively (Figure 4C-D). Third, we analyzed
the expression/regulation of VCAM-1 and ICAM-1, 2 key adhesion
molecules during neuroinflammatory processes,15 by immunohisto-
chemistry (Figure 4E-F), quantitative polymerase chain reaction
(Figure 3G-H), and molecular magnetic resonance imaging, a recently
developed method that uses iron oxide microparticles targeted against
VCAM-1 to reveal activated endothelial cells in the brain in an
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Figure 3. Hyperfibrinolysis induces BBB leakage in a plasmin-dependent manner. (A) Design of the experiments performed to study BBB permeability, using NIRF

techniques. EB extravasation was measured 48 hours after pLIVE (0, wild-type or mutated tPA plasmids) hydrodynamic transfection in the brain and the spinal cord. (B) All

pLIVE-tPA constructions (wild-type and tPA mutations in Finger [D-Finger] and Kringle-2 [K2*] domains) promoted EB extravasation in the brain compared with pLIVE-0

(control). (C) Normalized mean fluorescence quantification of B (n 5 5 per group). (D) BBB leakage is dependent on plasmin generation, as inhibition of the activation of

plasminogen into plasmin (by EACA and tranexamic) or inhibition of plasmin activity (by aprotinin) prevented EB extravasation in mice with hyperfibrinolysis. *P , .05 vs

control.
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Figure 4. Inflammation does not play a role in BBB leakage after tPA overexpression. All experiments were performed 48 hours after hydrodynamic transfection of

pLIVE-tPA or pLIVE-0 plasmids. (A) Immunofluorescence images of pLIVE-0- and pLIVE-tPA-transfected animals, showing that microglial cells (expressing ionized

calcium binding adaptor molecule 1 [Iba-1], red) remain ramified (ie, not activated) in mice presenting a hyperfibrinolytic state. (B) Quantification of Iba-1–positive

cells (n 5 5 per group). (C) Interleukin 1-b expression levels (mRNA) in brain lysates in pLIVE-0- and tPA-transfected mice (n 5 5 per group). (D) Tumor necrosis

factor expression levels in brain lysates in pLIVE-0- and tPA-transfected mice (n 5 5 per group). (E) Fluorescence images of pLIVE 0- and tPA-transfected animals

showing that brain VCAM-1 expression (green) levels are not modified after plasmatic tPA overexpression. (F) Quantification of VCAM-1–positive endothelial cells in

E (n 5 5 per group). (G) VCAM-1 mRNA expression levels in brain lysates in pLIVE-0- and pLIVE-tPA-transfected mice (n 5 5 per group). (H) ICAM-1 mRNA

expression levels in brain lysates in pLIVE-0- and tPA-transfected mice (n 5 5 per group). (I) Experimental design performed to study VCAM-1 expression using

ultrasensitive molecular magnetic resonance imaging technique. Imaging was performed 20 minutes after iron oxide microparticles-a–VCAM-1 injection. (J)

Representative magnetic resonance image after iron oxide microparticles–VCAM-1 administration in control and tPA-transfected mice. (K) Mean signal void iron

oxide microparticles–VCAM-1 levels of J (n 5 5 per group). (L) Using Fluoro-Jade C staining (green), no neuronal cell-death was detected 48 hours after pLIVE-tPA

injection (left) compared with a positive control (transient bilateral occlusion of the common carotid arteries model; right), arguing against the implication of neuronal

damage in tPA-induced BBB leakage. 49,6-diamidino-2-phenylindole (DAPI; blue) was used as a nuclear marker, collagen IV (Coll IV; red) as an endothelial marker,

and NeuN (green) as a neuronal marker. FJC, fluoro-jade C; Iba1, ; IL, interleukin; MPIO, iron oxide microparticles; MRI, magnetic resonance imaging; ns,

nonsignificant differences.
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ultrasensitive manner (Figure 3I-K).16-18 Immunohistochemistry,
quantitative polymerase chain reaction, and magnetic resonance
imaging for VCAM-1 showed no difference between the 2 groups
(Figure 4E-K). Finally, we also excluded the possibility that the
plasmin-induced BBB leakage was mediated by neuronal cell
death, as Fluoro-Jade C staining, known to label degenerating
neurons, was negative in hyperfibrinolytic animals (Figure 4L).
Altogether, these results demonstrated that hyperfibrinolysis-induced

BBB leakage occurs independent of neuroinflammation or neuro-
nal cell death.

Plasmin induces BBB disruption in a bradykinin B2

receptor–dependent manner

Plasmin is known to have pleiotropic actions in the neurovascular
unit: it can act directly on NMDA-R19 and activate matrix
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metalloproteinases20-22 or protease-activated receptor-119,23

(Figure 5A). To further elucidate the mechanism by which
plasmin induces the observed BBB leakage, we administered
direct inhibitors of the different plasmin substrates to pLIVE-
tPA-transfected mice (Figure 5B). Interestingly, we found that
MK-801 (an inhibitor of NMDA-R), SCH-79797 (an inhibitor of
protease activated receptor-1), and CP-474471 (a large spectrum
matrix metalloproteinase inhibitor) failed to prevent BBB leakage
(Figure 5C). Because the plasmin-dependent increase in BBB
permeability observed in hyperfibrinolytic mice appeared indepen-
dent of established plasmin substrates, we looked for other can-
didates. Notably, there are only a few agents affecting BBB
permeability described in the literature. Among them, bradykinin
and its related peptides are the most characterized and are able to
permeabilize the BBB through B2-receptor activation on endothe-
lial cells.24 Therefore, to investigate whether plasmin acts by
generating bradykinin, we injected icatibant (a clinically available,
specific inhibitor of bradykinin B2 receptor) in hyperfibrinolytic mice.
As shown in Figure 5C, icatibant completely prevented EB extravasa-
tion, reducing the levels of brain fluorescence back to the level of
controls. These results proved that blocking bradykinin B2 receptor
activation prevents BBB leakage in hyperfibrinolytic mice.

Then,we investigatedwhether the hyperfibrinolytic state influences
vascular permeability in other vascular beds (supplemental Figure 9).
Our data revealed that hyperfibrinolysis increases vascular permeability
in the hind limb, suggesting increasing permeability of skin capillaries.
In contrast, no difference was observed in the kidney and in the heart.
Consistent with a bradykinin B2 receptor–dependent mechanism,
vascular permeability in thehind limbswas restored to a control value in
icatibant-treated mice.

We also wanted to investigate whether hyperfibrinolysis influences
brain edema and neurological function through bradykinin B2 receptor
activation. To this aim,wefirstmeasured the brainwater content 24 and
48 hours after hydrodynamic transfection of pLIVE-0 or pLIVE-tPA in
mice treated with either saline or icatibant. No difference was observed
between pLIVE-0- andpLIVE-tPA-transfectedmice treated or notwith
icatibant, suggesting hyperfibrinolysis alone does not induce significant
brain edema (Figure 5D; supplemental Figure 10). Next, we measured
the spontaneous locomotor activity (vertical activity) of pLIVE-0- and
pLIVE-tPA-transfected mice, using an automated system. Interest-
ingly, pLIVE-tPA-transfected mice showed a reduced vertical activity
compared with pLIVE-0-transfected mice (Figure 5E). Moreover,
treatment with a B2 receptor antagonist (icatibant) of pLIVE-tPA-
transfected mice restored vertical activity, impaired by the hyper-
fibrinolytic status, to the same level as pLIVE-0-transfected mice
(Figure 5E). Importantly, other physiological variables such as
temperature, blood pressure, heart rate, hematocrit, and weight were
not significantly different between the experimental groups (supple-
mental Figure 11; supplemental Table 1). Altogether, these results
showed that hyperfibrinolysis impairs spontaneous locomotor activity
in mice by a bradykinin B2 receptor–dependent mechanism. It should,
however, be acknowledged that we were not able to demonstrate
elevatedbradykininplasma levels in hyperfibrinolyticmiceby enzyme-
linked immunosorbent assay (data not shown), probably because of the
very short half-life of bradykinin in mice.

tPA-driven plasminogen activation induces

bradykinin generation

Altogether, the resultsmentioned here suggested that increased chronic
levels of plasmatic tPA lead to bradykinin generation by a plasmin-
dependentmechanism, ultimately leading toB2 receptor activation and

increased BBB permeability. To corroborate this molecular cascade,
we first incubated recombinant high–molecular weight kininogen
(HMWK, the circulating precursor of bradykinin), tPA, plasminogen,
tPA1plasminogen, or tPA1plasminogen1aprotinin for 3 hours at
37°C and then studied the cleavage of HMWKby immunoblotting. As
expected from our in vivo results, only tPA1plasminogen incubation
induced HMWK cleavage (Figure 6A). This effect was blocked by
aprotinin, confirming that HMWK cleavage is dependent on the
proteolytic activity of plasmin. To study the kinetics of this effect, we
incubated HMWK with plasmin and studied its cleavage at different
points after incubation (from 0 to 24 hours). As shown in Figure 6B,
plasmin rapidly (30 minutes) triggers HMWK cleavage in purified
conditions (Figure 6B). Under these conditions, HMWK cleavage was
complete after 3 hours of incubation. Then we investigated whether
HMWK cleavage by plasmin induces bradykinin generation. We
measured bradykinin generation by enzyme-linked immunosorbent
assay in samples where HMWK has been cleaved by plasmin. As
observed (Figure 6C), HMWK cleavage by plasmin led to bradykinin
generation. Aprotinin completely prevented the generation of brady-
kinin. These results demonstrated that tPA, through plasminogen
activation, leads to HMWK cleavage and bradykinin generation
(Figure 6D).

Intravenous tPA infusion induces bradykinin generation

in humans

Asa consequence,wewanted to investigatewhether a hyperfibrinolytic
state could generate bradykinin through HMWK cleavage in humans.
We needed a clinical situation in which we were able to measure
HMWKandbradykinin concentrations before and after occurrence of a
hyperfibrinolytic state. We decided to take advantage of tPA infusion
in patients with ischemic stroke (supplemental Table 2). Cleavage of
endogenous HMWK was measured in blood samples from a cohort
(n5 8) of tPA-injected patients (Figure 7A).25 First, we analyzed the
cleavage ofHMWKin thosepatients at different points before (0 hours)
and after (1, 2, 12, and 24 hours; Figure 7B) tPA infusion.We observed
that tPA infusion rapidly triggers HMWK cleavage (Figure 7C-E).
Interestingly, the percentage of HMWK cleavage after thrombolysis
differed between the patients, revealing individuals with almost
complete HMWK cleavage (Figure 7C), and others with lower
cleavage (Figure 7D). Nevertheless, all patients individually presented
HMWK cleavage at the end of tPA infusion, and those levels were
partly restored 24 hours after thrombolysis (individual data are
presented in supplemental Figure 12). We also compared bradykinin
levels before and 1 hour after thrombolysis by enzyme-linked im-
munosorbent assay in the same patient cohort. Our data demonstrate
that tPA infusion in humans generates bradykinin in vivo, as higher
plasmatic bradykinin levels were measured in all patients 1 hour after
thrombolysis comparedwith before (n58; Figure 7F). Taken together,
these results demonstrated that, in humans, an acute hyperfibrinolytic
state inducedby tPA infusion triggersHMWKcleavage andbradykinin
generation.

Discussion

In the present study, we propose a mechanistic model by which
hyperfibrinolysis induces BBB leakage in a plasmin- and bradykinin-
dependent manner (Figure 6D). After hydrodynamic transfection of an
expression vector encoding for tPA, we first demonstrated that mice
produce and secrete active tPA from their liver to the circulation,
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thereby leading to a sustained hyperfibrinolytic state. Using this
preclinical model, we demonstrated that hyperfibrinolysis induces
BBB leakage by a plasmin-dependent generation of bradykinin and
subsequent activation of B2 receptors. Moreover, we provided
evidence that these results are clinically relevant by showing that
tPA infusion promotes bradykinin generation in humans.

The pathophysiological mechanisms leading to hyperfibrinolysis
remain poorly understood, and may vary according to the etiology.
Nevertheless, in all clinical studies, the hyperfibrinolytic state was
found to be the result of an increased level of profibrinolytic factors that
is not (or not fully) compensatedby an increased level of antifibrinolytic
factors.26 This imbalance triggers plasmin generation and leads to a
severe bleeding tendency. Thus, by increasing the plasmatic level of
tPA, our present preclinical model mimics human hyperfibrinolysis.
This model could be useful for investigating the roles of hyper-
fibrinolysis on outcome in a number of diseases such as traumatic brain
injury, multiple organ failure, anaphylaxia,27 or acute promyelocytic
leukemia.28,29

Although numerous studies have investigated the effects of tPA on
the BBB, most of them have proposed plasminogen-independent
mechanisms including overexpression of matrix metalloproteinases 2,
3, and 921 and activation/cleavage of either LRP22,30 or platelet-derived

growth factor.31 However, other studies suggest multifactorial and
probably plasminogen-dependent effects of tPA on the BBB,32 as
recently reviewed by Niego and Medcalf.13 In the present study,
we demonstrated that chronic tPA overexpression increases the
permeability of the intact BBB by a plasminogen-dependent
mechanism. This effect involves plasmin-dependent generation of
bradykinin and subsequent activation of bradykinin B2 receptors.
Therefore, blockade of plasmin generation (using antifibrinolytic
drugs) or B2 receptors (using icatibant) prevents BBB disruption in
mice presenting hyperfibrinolysis. These therapeutic strategies
could be useful in patients presenting with hyperfibrinolysis to
preserve the integrity of the BBB; for example, in individuals with
liver cirrhosis, who present with high rates of spontaneous
intracerebral hemorrhages. It is possible that chronic vs acute increases
in tPA levels in the circulation act by different mechanisms. For
instance, knowing that fibrinogen has been implicated in BBB
impairment, we performed exploratory analyses that revealed that
fibrinogen degradation occurs in human stroke during acute fibrino-
lysis, whereas no significant degradation occurs in hyperfibrinolytic
mice (supplemental Figure 13).

Previous clinical and preclinical studies support the relevance
of the present described mechanism. Indeed, in some patients,
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pharmacologically induced fibrinolysis induces angioedema, an
infrequent but dramatic complication of thrombolysis involving
massive fluid leakage from permeabilized vessels.33 This complication
occurs almost exclusively in patients taking angiotensinogen-
converting enzyme inhibitors, an enzyme that is also responsible for
bradykinin degradation.34 Thus, in addition to our results, there are
strong data demonstrating that plasmin induces bradykinin generation
in humans. Moreover, previous studies demonstrated that bradykinin
B2 receptor agonists induce BBB leakage in mice and rats.24 Here,
contrasting with previous reports on bradykinin effects in the brain that
reported only transient BBB leakage, our results suggest that the
hyperfibrinolysis-induced BBB leakage is sustained. It is tempting to
speculate that the initial BBB leakage induced by bradykinin allows
circulating tPA to enter the brain parenchyma,where it can exert further
deleterious effects on BBB integrity and glutamatergic transmission.
This effect, among others, could also explain why hyperfibrinolytic
mice present behavioral changes and no significant brain edema.

Interestingly, elevated bradykinin generation has been recently
described in the blood of patients with Alzheimer disease,35 who also
present significant and sustained BBB impairment, without significant
brain edema.36

The differential response between BBB and blood–spinal cord
barrier (BSCB) we observed may be explained by several structural
discrepancies that exist between the 2 barriers. Previous studies
demonstrated that B2 receptor antagonists alleviate BSCB leakage
after spinal cord injury,37 suggesting bradykinin is also involved in
BSCB disruption. Nevertheless, our present results demonstrate
that hyperfibrinolysis alone is not sufficient to increase BSCB perme-
ability for large proteins. There may be differences in the number of
endothelial receptors for plasminogen in brain and spinal cord
vessels,38 leading to more efficient plasmin generation in the brain
compared with in the spinal cord. Indeed, brain endothelial cells
generate larger amounts of plasmin in the presence of tPA compared
with other endothelial cell types.38 This discrepancy may also explain
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why spinal cord hemorrhage after thrombolytic therapy is a very
infrequent complication. Because the permeability of skin capillaries
also appears to be influenced by hyperfibrinolysis, further studies are
needed to characterize endothelial cell properties (such as bradykinin
B2 receptor expression) thatmake them responsive to hyperfibrinolysis.

In contrast to spinal cord hemorrhage, symptomatic intracranial
hemorrhage is a relatively frequent complication of thrombolytic
therapy (;1% formyocardial infarction and;5% for ischemic stroke),
inducing a dramatically high mortality rate (;50%).39 Our results
suggest that B2 receptor antagonists may be of interest to prevent BBB
disruption and potentially reduce the hemorrhage rate in tPA-treated
patients. In our small cohort of patients with ischemic stroke, none of
them presented hemorrhagic transformations. Because of the small
number of samples available, we cannot come to a conclusion on the
role of bradykinin generation in stroke outcome. Moreover, there are
conflicting reports on the role of bradykininB1 andB2 receptors during
ischemic stroke.40-42 Because B2 receptors also display crucial roles in
neuronal survival,43 the resulting effect of icatibant on stroke outcome
in thrombolysed patients deserves further investigation. Although our
data revealed the production of bradykinin after tPA infusion in patients
with stroke, we cannot associate this phenomenon with a risk for
hemorrhagic transformations. A study performed in a larger cohort,
including patients with stroke who do not benefit from tPA treatment,
will be necessary to confirm our results. Moreover, in the condition of
hyperfibrinolysis (including associated conditions such as trauma or
stroke), other mechanisms could be at play and also influence vascular
permeability.

It is important to acknowledge that the measurements in humans
were performed with blood sampled using standard procedures.
Therefore, degradation of bradykinin could have occurred after blood
sampling, and thus the plasmatic levels of bradykinin may be altered.
Despite this limitation, as we measured bradykinin levels before and
afterfibrinolysis and used the same processingmethods for all samples,
we can conclude that bradykinin levels were higher after fibrinolysis.
Moreover, the measured bradykinin concentrations were within the
range of previously published studies.44

Overall, we provide here a relevant experimental model of
hyperfibrinolysis to conduct further studies on this disorder. In
addition, our study provides evidence in mice that hyperfibrinolysis
induces BBB leakage in a plasmin- and bradykinin–B2-receptor–
dependent manner. Accordingly, tPA infusion in patients with stroke
also leads to the generation of bradykinin. Therefore, we propose that
antifibrinolytic treatments or B2 receptor antagonists are interesting
tools to preserve vascular integrity in patients presenting with
hyperfibrinolysis.
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Université de Caen Basse-Normandie, GIP Cyceron, BdH. Becquerel,
BP5229, 14074 Caen, France; e-mail: gauberti@cyceron.fr; and Denis
Vivien, INSERMUMR-SU919,Université deCaenBasse-Normandie,
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