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SUMMARY

Recombinant tissue plasminogen activator (r-tPA) is the drug of choice for thrombolysis, but it is

associated with a significant risk of bleeding and is not always successful. By cleaving von

Willebrand factor (VWF), the metalloprotease ADAMTS13 (a disintegrin-like and

metalloprotease with thrombospondin type I repeats 13) down-regulates thrombus formation in

injured vessels. We investigated whether recombinant ADAMTS13 (r-ADAMTS13) induces

thrombolysis in vivo in mice. Thrombosis was produced by ferric chloride-induced (FeCl3) injury

in the venules of a dorsal skinfold chamber. Vehicle, r-tPA or r-ADAMTS13, supplemented with

r-hirudin (to stop on-going thrombin generation), was directly applied onto the occluded vessel

and thrombus dissolution was evaluated by intravital microscopy. The incidence of blood flow

restoration significantly increased 30 minutes after r-ADAMTS13 versus PBS treatment (60%

versus 0%, P<0.05) and 60 minutes after r-tPA treatment (75% versus 17%, P<0.05). Both r-tPA

and r-ADAMTS13 significantly reduced thrombus size 60 minutes after their superfusion (53.2%

and 62.3% of the initial thrombus size, P<0.05 and P<0.01, respectively). Bleeding occurred in all

r-tPA-treated chambers, while it was absent in mice treated with r-ADAMTS13 or PBS.

We observed that, similar to r-tPA, r-ADAMTS13 can dissolve occlusive thrombi induced by

FeCl3 injury in venules. The in vivo thrombolytic effect of the drug was not associated with any

sign of haemorrhage. ADAMTS13 could represent a new therapeutic option for thrombolysis.

INTRODUCTION

Vascular injury and subsequent thrombus formation are key events of thrombotic disorders

such as myocardial infarction, stroke or deep vein thrombosis and they are a major cause of

mortality in western countries. Thrombolytic therapy is an important means of establishing
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reperfusion after a thrombotic event. Currently, only plasminogen activators have been

approved by regulatory agencies as thrombolytics (1). These drugs convert the pro-enzyme,

plasminogen, into plasmin, which digests the fibrin network stabilizing the thrombus thus

causing its lysis (2). The most commonly used thrombolytic is recombinant tissue

plasminogen activator (r-tPA). It has been shown to significantly improve the survival rate

in patients with acute myocardial infarction (3) and to ameliorate neurologic function in

acute stroke (4). However, haemorrhagic complications are the most dangerous adverse

events associated with r-tPA treatment and alternative thrombolytic therapies are needed (5,

6). von Willebrand factor (VWF) is a multimeric protein present in platelet α-granules and

in the Weibel-Palade bodies of endothelial cells that plays an essential role in

thrombogenesis (7, 8). It is released as ultra large multimers (UL-VWF) which are highly

biologically active in binding platelet GPIbα and promoting platelet adhesion to the

subendothelium (9). VWF is also a critical mediator of platelet-platelet firm adhesion

especially while the thrombus is growing and the shear rate increasing (10). If not rapidly

consumed for platelet adhesion, UL-VWF is cleaved by the metalloprotease ‘a disintegrin-

like and metalloprotease with thrombospondin type I repeats – 13′ (ADAMTS13) to smaller,

less adhesive multimers (11). ADAMTS13 has a powerful antithrombotic activity in vivo in

both low venous and high arterial shear stress conditions. It has been shown to regulate

platelet interaction with the “activated” vessel wall of venules, to significantly prolong

occlusion time in FeCl3-injured arterioles, but also to destabilize the growing thrombus

when infused in mice (12). Moreover, ADAMTS13 reduces infarct size and improves

functional outcome in experimental stroke (13). Using intravital microscopy, we evaluated

the efficacy of recombinant ADAMTS13 (r-ADAMTS13) to re-open occlusive thrombi in a

mouse model of thrombolysis using FeCl3-induced injury and dorsal skinfold chambers

(14).

MATERIALS AND METHODS

Mice

C57BL/6J male mice (8- to 10-week-old) were purchased from the Jackson Laboratory (Bar

Harbor, ME, USA). Animals were bred at the Immune Disease Institute and experimental

procedures were approved by its Animal Care and Use Committee.

FeCl3-induced injury and thrombolysis model

Mice bearing dorsal skinfold chambers (15) were anaesthetized with an intraperitoneal

injection of 100 mg/kg ketamine and 10 mg/kg xylazine. Following surgery, mice were

injected subcutaneously with 0.1 mg/kg buprenorphine and then again every 8–12 hours (h)

for 3 days for analgesia. Vessels in dorsal skinfold chambers were exposed by removing the

chamber cover glass. Occlusive thrombosis was generated by using a 0.5 × 1 mm filter paper

soaked with a 15% FeCl3 solution and placed over exposed subcutaneous venules (100 to

160 μm in diameter) for 4 minutes (min), as previously described (14, 16). Thrombus

formation at the site of injury was detected by infusion in the blood circulation of Syto 62

(Invitrogen, Carlsbad, CA, USA) (17) and was monitored until vessel occlusion, defined as

complete arrest of blood flow, for at least 5 min. Five minutes after vessel occlusion, 50 μl

of PBS containing r-tPA (140 μM) (Genentech Inc., San Francisco, CA, USA) or r-
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ADAMTS13 (4 μM) (Baxter Innovations GmbH, Vienna, Austria), supplemented with r-

hirudin (100 μM) (Pentapharm, Basel, Switzerland) was applied topically in the chamber. r-

hirudin, a thrombin inhibitor, was used to block the on-going thrombin activity at the site of

FeCl3-induced injury and to prevent rethrombosis after the thrombolytic treatment.

Thrombolysis was analysed by measuring the occurrence of blood flow restoration in the

occluded vessels and the decrease in thrombus size at 30 min and 1 h after r-tPA or r-

ADAMTS13 treatment. During observation, DSCs were kept open and regularly superfused

with saline to prevent drying of the tissue. Typically, one injury was performed per mouse.

Real-time intravital microscopy

Data were obtained using a Zeiss Axioplan upright fluorescence microscope with a LED 4-

Color Light Engine (Lumencor Inc., Beaverton, OR, USA) and a cooled Hamamatsu CCD

Camera coupled to an image intensifier (Video Scope International, Dulles, VA, USA). Data

acquisition and analysis were performed with Slidebook 5.0 software (Intelligent Imaging

Innovations Inc., Denver, CO, USA) as previously described (18).

Haemorrhage measurement

Haemorrhage in dorsal skinfold chambers was visualized 24 h post-treatment by light

microscopy (Zeiss CCD camera) using software from the same manufacturer (Axiovision

4.6.3, Zeiss, Germany). Full-size skinfold photographs were taken with a Nikon digital

camera.

Statistical analysis

For comparisons of the incidence of recanalization and of tissue haemorrhage, an overall

contingency table was constructed, followed by a chi-square test to compare individual

groups. Data relative to thrombus size are expressed as mean ± SEM and were compared by

one-way ANOVA followed by the Tukey test. P values < 0.05 were regarded as statistically

significant. GraphPad Prism 4.0 software (GraphPad Software, La Jolla, CA, USA) was

used for all statistical analyses.

RESULTS

r-tPA and r-ADAMTS13 restore blood flow and reduce the size of occlusive thrombi

Occlusive thrombi were produced by FeCl3 application; time to vessel occlusion was 63.5 ±

4.1 minutes (mean ± SEM, n=24). Thirty minutes after vehicle (PBS), r-tPA and r-

ADAMTS13 treatment, recanalization was observed in 0%, 38% and 60% of mice,

respectively. The incidence of blood flow restoration was significantly higher in mice

treated with r-ADAMTS13 than in mice treated with PBS. Sixty minutes after drug

application, the incidence of blood flow restoration was 17%, 75% and 60% in mice treated

with PBS, r-tPA and r-ADAMTS13, respectively, and was significantly higher in the r-tPA

than in the PBS treatment group (Fig. 1A).

In vessels where blood flow was restored, the size of the thrombus was calculated as an

additional parameter to evaluate the thrombolytic activity of the tested drugs. r-tPA and r-

ADAMTS13 both significantly reduced thrombus size 60 min after treatment (to 53.2% and
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62.3% of initial thrombus size, respectively) and the residual thrombus was significantly

smaller than after PBS treatment (Fig. 1B and C).

Evaluation of the haemorrhagic risk associated with r-tPA and r-ADAMTS13 treatment

Skinfold chambers were examined 24 h after thrombolytic treatment to evaluate the

presence of tissue haemorrhage. Petechial bleeding, originating from vessels surrounding the

FeCl3-injured area, was observed in all the mice treated with r-tPA, while no signs of

haemorrhage were found in mice treated with r-ADAMTS13 or PBS (Fig. 2A–C).

DISCUSSION

Here, by using real-time intravital microscopy, we demonstrate that r-ADAMTS13 acts as a

thrombolytic drug in vivo. In fact, we found that, as with the gold standard thrombolytic

agent r-tPA, application of r-ADAMTS-13 on occlusive thrombi in dorsal skinfold chamber

venules induced a significant reduction in thrombus size and dramatically increased the rate

of recanalization within the first hour following treatment. Our results are in line with

previous publications demonstrating that thrombolysis by fibrinolytic agents is enhanced by

blocking platelet interaction with VWF (19, 20). In this work, thrombolysis was studied by

real-time intravital microscopy in dorsal skinfold chamber venules injured with FeCl3. We

chose to apply the drugs topically onto the thrombus, instead of infusing them systemically

because of the easy access to and the increased permeability of FeCl3-injured vessels in

dorsal skinfold chambers (16). Moreover, delivery of the thrombolytic agent directly into the

thrombus offers substantial advantages over systemic administration. During systemic

administration, drug may fail to reach a therapeutic concentration in part because of the

impaired blood flow in occluded vessels and in part because of the short circulation half-life

of thrombolytics that necessitates their continuous infusion. Although topical drug

application is unlikely to be utilized in patients, in situ drug administration can be achieved

by catheter-directed drug delivery, a method that has proven a better efficacy and safety over

systemic infusion in the treatment of stroke (21), limb arterial occlusion (22), acute deep

vein thrombosis (23–25) and acute massive pulmonary embolism (26, 27).

The occurrence of bleeding episodes, especially intracranial haemorrhage, represents the

major complication of thrombolytic therapy with r-tPA (4, 5, 28–30). Haemorrhage may

occur either when r-tPA is administered systemically or when it is directly infused into the

thrombus by using catheter-based techniques (6). In our experimental model, where drugs

are delivered topically to the thrombus, no evident signs of haemorrhage could be detected

24 h after treatment with r- ADAMTS13, while bleeding was found in all r-tPA treated

mice. These results reinforce previous data from our lab demonstrating that r-ADAMTS13

exerts a protective role in stroke without producing cerebral haemorrhage (13). In our

experimental settings, the difference between r-tPA and r-ADAMTS13 in inducing bleeding

is clear-cut and may be due to their diverse target specificity. In fact, while ADAMTS13 has

rather restricted proteolytic action and specifically cleaves VWF (31), tPA not only activates

zymogen plasminogen but also degrades the major protein components of the extracellular

matrix and vessel wall either directly or by inducing matrix metalloproteinase activation

(32).
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The bleeding rate we observed in mice after local r-tPA treatment was higher than in

humans following i.v. drug infusion. This could be in part due to the dose of r-tPA used (140

μM which corresponds to 10 mg/kg) which is 10 times higher than what is currently used in

patients. However, since human r-tPA has a modest efficacy in activating mouse

plasminogen (33–35), higher doses of r-tPA are required in mice for effective thrombolysis

(36–38). Furthermore, in our experimental model, the topical route of administration made it

easy for r-tPA to exert cytotoxic effects in the extravascular space. By contrast, in patients r-

tPA is mainly infused i.v. and it has to leak into tissues to cause cytotoxicity.

In our study, both r-tPA and r-ADAMTS13 were supplemented with r-hirudin to prevent

thrombin activity in the area of the injury and the formation of a new thrombus that could

interfere with the evaluation of their thrombolytic efficacy. We can exclude that r-hirudin

exerted a thrombolytic effect by itself because PBS-treated mice showed neither significant

vessel recanalization nor a reduction of thrombus size. Moreover, in a previous work using

this experimental setting, it has been shown that r-hirudin does not increase the ability of r-

tPA to cause haemorrhage because the proportion of mice with skin bleeding after r-tPA

treatment in dorsal skinfold chambers was not modified by r-hirudin (16).

Many lines of research are on-going to improve the efficacy of thrombolysis in patients,

such as looking for a more effective dose of r-tPA, reducing bleeding complications, testing

new thrombolytic drugs, or increasing the extent of lysis with ultrasounds, micro-vesicle

tools, anti-coagulant and antiplatelet agents (4, 6). Although our results remain to be

confirmed in models that better mimic macrovascular thrombosis, we propose that r-

ADAMTS13, inducing the lysis of occlusive thrombi without causing haemorrhage, could

represent a new safer therapeutic option for thrombolysis. It could be used alone or in

combination with lower doses of fibrinolytics to obtain an improved thrombolytic effect

with lower risk of bleeding.
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1. What is known about this topic?

• Currently, only plasminogen activators have been approved as thrombolytics.

Among them t-PA is effective in different thrombotic disorders, but its use is

often associated with haemorrhagic complications and alternative therapies are

needed.

• ADAMTS13, a metalloprotease that cleaves VWF, exerts an antithrombotic

effect in vivo in both low venous and high arterial shear stress conditions

2. What does this paper add?

• Recombinant ADAMTS13 (r-ADAMTS13), similarly to the gold standard

thrombolytic agent recombinant tPA (r-tPA), dissolves occlusive thrombi in the

venous microcirculation.

• In contrast to r-tPA, r-ADAMTS13 does not produce haemorrhage near the

treatment site

• r-ADAMTS13 could represent a new safer therapeutic approach for

thrombolysis.
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Figure 1. Evaluation of the thrombolytic effect of r-tPA and r-ADAMTS13
A. Incidence of blood flow restoration. The number of mice studied in each group is the

denominator above each bar. *P<0.05 vs. PBS group. B. Analysis of thrombus size. Data

(mean ± SEM) represent percent of the initial occlusive thrombus size (dashed line).

*P<0.05 and **P<0.01 versus initial occlusive thrombus size, §§P<0.01 and ###P<0.001

versus PBS group at 60 min post-treatment. C. Intravital microscopy photographs

representative of thrombus size at occlusion time and at 30 and 60 min after drug

superfusion. Bar = 100 μm.
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Figure 2. Tissue haemorrhage evaluation 24 hours after thrombolytic treatment
A. Photographs of representative skinfold chambers. Bar = 2 mm. The arrow indicates a

petechial spot. B. Microscopic views of vessels surrounding FeCl3 injury. Bar = 200 μm. C.
Incidence of tissue haemorrhage. The number of mice studied in each group is reported as

denominator above the bars. *** P<0.001 versus PBS group or versus r-ADAMTS13 group.
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