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 ABSTRACT 

Although intravital microscopy models of thrombosis in mice have contributed to dissect the 

mechanisms of thrombus formation and stability, they have not been well adapted to study 

long-term evolution of occlusive thrombi. Here, we assessed the suitability of the dorsal 

skinfold chamber (DSC) for the study of thrombolysis and testing of thrombolytic agents by 

intravital microscopy. We show that induction of FeCl3-induced occlusive thrombosis is 

achievable in microvessels of DSCs, and that thrombi formed in DSCs can be visualized by 

intravital microscopy using brightfield transmitted light, or fluorescent staining of thrombus 

components such as fibrinogen, platelets, leukocytes, and von Willebrand factor. Direct 

application of control saline or recombinant tissue-plasminogen activator (rtPA) to FeCl3-

produced thrombi in DSCs did not affect thrombus size or induce recanalization. However, in 

the presence of hirudin, rtPA treatment caused a rapid dose-dependent lysis of occlusive 

thrombi, resulting in recanalization within 1 hour after treatment. Skin hemorrhage originating 

from vessels located inside and outside the FeCl3-injured area was also observed in DSCs of 

rtPA-treated mice. We further show that rtPA-induced thrombolysis was enhanced in 

plasminogen activator inhibitor-1-deficient (PAI-1-/-) mice, and dropped considerably as the 

time between occlusion and treatment application increased. Together, our results show that 

by allowing visualization and measurement of thrombus lysis and potential bleeding 

complications of thrombolytic treatments, the DSC provides a model for studying endogenous 

fibrinolysis and for first-line screening of thrombolytic agents. Furthermore, using this 

system, we found that thrombin and clot aging impair the thrombolytic action of rtPA towards 

FeCl3-produced thrombi. 

 

Keywords: Dorsal skinfold chamber, intravital microscopy, thrombolysis, thrombosis, tPA. 
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INTRODUCTION 

Intravital microscopy models of thrombosis have been valuable tools for dissecting the 

molecular and cellular interactions involved in thrombus formation. As early as in 1882, 

Bizzozero discovered platelets and their central role in thrombus formation using intravital 

microscopy on the guinea pig mesentery[1]. Since this founding study, intravital microscopy 

models of thrombosis have contributed to demonstrate the pro- or anti-thrombotic properties 

of several endogenous proteins and drugs, including the ADAMTS13 metalloprotease[2], 

protease nexin-1[3], tumor necrosis factor-alpha[4] and the anti-von Willebrand factor A1-

domain aptamer ARC177[5]. These models have also provided information regarding the role 

of various factors including thrombin inhibitor and  fibrin(ogen) in regulating thrombus 

stability and propensity to embolize in blood flow[6-8]. Thus, although intravital microscopy 

models of thrombosis are generally performed on the cremaster muscle and mesentery, whose 

vascular beds differ from more clinically relevant sites of thrombosis, they have proven 

highly beneficial. However, these models have not been well adapted for studying longer term 

evolution of occlusive thrombi and their response to drugs administered after vessel 

occlusion. The interest of adapting these models to thrombolysis becomes particularly evident 

when one considers the therapeutic potential of thrombolytics. Indeed, many cardio- and 

cerebrovascular events are a consequence of occlusive thrombosis whose treatment involves 

administration of not only antithrombotics but also thrombolytics.  

 

Except for rare models of thrombotic coronary occlusion induced in large animals like dogs 

[9, 10], thrombolysis studies are mostly performed in mouse models of stroke and of carotid 

artery thrombosis[11-13]. These models provide information on global outcomes such as 

infarct size and survival rates. However, besides time to reperfusion, they give little or no 

dynamic information relative to thrombus evolution. Thus, by allowing live visualization and 
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monitoring of several parameters such as blood flow, thrombus size, stability, and 

composition, intravital microscopy could benefit the field of thrombolysis/fibrinolysis 

research and complement current thrombolysis models. 

 

The accessibility and transparency of the exposed mesentery and cremaster muscle have made 

their microvasculature the sites of predilection for the induction of thrombosis and subsequent 

analysis by intravital microscopy. However, these models involve acute surgical preparations 

that limit the observation and manipulation times of isolated vessel segments to only a few 

hours in anesthetized animals, which is incompatible with longer-term follow-up of the 

evolution of an occlusive thrombus. The dorsal skinfold chamber (DSC) is a long-term 

intravital microscopy technique that has been used in several research areas including cancer, 

[14] wound healing[15], and ischemia-reperfusion[16] but not thrombolysis. In DSCs, 

observation of isolated vessels can be performed for several weeks, a period which should 

largely allow follow-up of an occlusive thrombus, and contrasts with the limited observation 

time window of acute preparations, such as the exposed mesentery or cremaster muscle. 

Another advantage of the DSC is that it enables precise spatial and temporal delivery of drugs 

directly to the target site. For these reasons, the DSC may provide a model of choice to study 

the evolution of a thrombus and to test potential thrombolytic agents by intravital microscopy. 

Here, using ferric chloride (FeCl3)-induced occlusive thrombosis, we show that the assets of 

the DSC make it an interesting model suitable for the study of fibrinolysis and for the 

evaluation of thrombolytics.  
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MATERIAL AND METHODS 

Mice 

C57BL/6J female mice were purchased from C.E.R.J (France). Mice deficient in plasminogen 

activator inhibitor-1 (PAI-1 -/-) on C57BL/6J background were a gift from Pr MC Alessi 

(Mediterranean University, Aix-Marseille, France). All experimental procedures involving the 

use of mice were approved by the Animal Care and Use Committee of the Claude Bernard 

Institute (Paris, France). 

 

Dorsal skinfold chamber 

DSCs (APJ trading Co., Ventura, CA) were implanted in 10 to 12 week-old mice (20 to 25 g 

body weight) anesthetized by intraperitoneal injection of 100 mg/kg ketamine and 10 mg/kg 

xylazine in saline solution as previously described[17] with minor modifications. Briefly, a 

patch of dorsal hair was removed using electric clippers and hair remover cream, and two 

titanium frames were positioned so as to sandwich the extended double layer of skin. One 

layer of betadine-cleaned skin was completely removed in a circular area of 12 mm in 

diameter and the edges of the cut skin were cauterized using a pen-like electric cauterizer. The 

remaining layer, consisting of epidermis, subcutaneous tissue, and striated skin muscle, was 

covered with a 12-mm glass coverslip incorporated in one of the frames. Following surgery, 

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

later. The animals tolerated the chambers well and showed no signs of discomfort. After a 24 

h period of recovery from surgery, preparations fulfilling the criteria of intact microcirculation 

and showing no signs of inflammation and infection such as skin redness, swelling, or pus 

were used for thrombosis and thrombolysis experiments. The mean red blood cell (RBC) 

velocity and shear rate in skin vessels (100-150 µm diameter) typical of those used in this 
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study were of 2072 ± 321 µm.s
-1

 and 206 ± 35 s
-1

, respectively. A detailed description of the 

measurement of shear rate in skin microvessels is given in the supplemental material. 

 

Real-time intravital imaging of thrombus formation and thrombolysis. 

Mice bearing DSCs were anesthetized (100 mg/kg ketamine, 10 mg/kg xylazine) and vessels 

in DSCs were exposed by removing the chamber cover glass. Vascular injury in DSCs was 

then induced by placing a filter paper strip (1 x 0.5 mm) saturated with 5, 10, or 15 % FeCl3 

(Sigma, St. Louis, MO) over vessels ranging from 100 to 200 µm diameter for 3 min. The 

filter paper was then removed, DSCs rinsed with saline, and thrombus formation following 

injury was examined in real-time by monitoring the accumulation of rhodamine 6G–labeled 

platelets and leukocytes (3 mg rhodamine 6G/kg mouse, Sigma, St. Louis, MO), Alexa 594 

human-conjugated fibrinogen (10 mg/kg mouse, Invitrogen Life Technologies, Paisley, UK), 

Alexa 488-conjugated sheep anti-VWF IgG (10 mg/kg, Abcam, Cambridge, UK), or red 

calcein (Invitrogen)-labeled platelets (600x10
6
 washed platelets per mouse), using a 

fluorescence microscope (Axio Observer, Carl Zeiss MicroImaging) with a 5× objective 

connected to a CCD camera (Hamamatsu). All fluorescent markers were administered 

intravenously into the retro-orbital sinus. Red and green fluorescent signals were visualized 

using filter sets 43 (excitation BP 550/25 nm; beam splitter FT 570 nm; emission BP 605/70 

nm) and 38 (excitation BP 470/40 nm; beam splitter FT 495 nm; emission BP 525/50 nm), 

respectively. 

Platelet deposition and thrombus growth in injured vessels were monitored until vessel 

occlusion, defined as the complete arrest of blood flow for at least 5 min. During observation, 

DSCs were kept open and regularly superfused with saline to prevent drying of the tissue. 

Within twenty minutes after occlusion, thrombolysis was induced by topical application of 40 

µL of recombinant tissue-plasminogen activator (rtPA) (Actilyse, Boehringer Ingelheim, 
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Germany) in saline, supplemented or not with 50 µM hirudin (Serbio, Asnieres, France), 

applied directly to the occluded vessels. Recanalization, defined as partial or complete 

restoration of flow beyond the occluded area, was examined in real-time for at least 1 hour 

following treatment.  

Thrombus size before, and 1 hour after, thrombolytic treatment was calculated as the 

intravascular surface area covered by rhodamine 6G-labeled platelets and leukocytes at the 

site of injury.  

For the visualization of fibrinolysis, rat fibrinogen (Sigma) was coupled to Alexa Fluor 488 

succinimidyl ester following the manufacturer’s instructions (Molecular Probes Europe BV). 

Uncoupled dye was separated from the conjugate on a G-25 Sephadex (Pharmacia, 

Piscataway, NJ) chromatographic column followed by centrifugation of the flow-through 

fraction using a 50 kDa-cut off centrifugal filtration device (Vivaspin, Sartorius, Aubugne, 

France). The conjugate was then injected intravenously (10 mg/kg) into mice bearing DSCs 

five minutes prior to the induction of FeCl3 injury. 

The occurrence of hemorrhage within DSCs, evidenced by the presence of extravasated red 

blood cells, was assessed visually, under the microscope, at 24 hours post-treatment.  

Data acquisition and analysis was done using Axiovision software (Carl Zeiss MicroImaging 

GmbH, Germany). 

 

Assessment of vascular permeability after FeCl3-induced injury. 

Five minutes before applying a filter paper saturated with 15% FeCl3 to microvessels in 

DSCs, Alexa 594-conjugated bovine serum albumin (BSA, Invitrogen) was injected 

intravenously (10 mg/kg),and monitored for extravasation under the microscope. 

 

Evaluation of the impact of time of administration of rtPA on thrombolysis efficiency 
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In order to determine the influence of time-to-treatment on the efficiency of rtPA-induced 

thrombolysis, a thrombolytic cocktail composed of 40 µM rtPA and 50 µM hirudin in 40 µL 

saline was applied directly to the occluded vessels either within 1 hour or at 4 hours after 

occlusion had occured. The incidence of recanalization and the evolution of thrombus size 

were then determined and compared at 1 hour after administration of the thrombolytic 

treatment.  

 

Statistics 

Data are expressed as
 
means ± SEM and were compared by the non-parametric Mann-

Whitney test. For incidences
 
of recanalization and of tissue hemorrhage, individual groups 

were compared by a sequence of 2 x 2 one-sided Fisher's exact test using GraphPad Prism 

software (San Diego, CA). P values < 0.05 were regarded as statistically significant.  
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RESULTS 

Induction of occlusive thrombosis by FeCl3 in dorsal skinfold chambers. 

To produce occlusive thrombosis in vessels of subcutaneous striated muscle in DSCs, we used 

ferric chloride (FeCl3)-induced injury as it is among the most commonly used and well 

characterized models of thrombosis in exposed vessels[18]. After removing the cover glasses 

of DSCs, a filter paper strip saturated with FeCl3 was applied directly to the exposed vessels 

for 3 minutes (Supplemental Fig. 1). The chamber was then rinsed with saline, and blood flow 

and thrombus formation in injured vessels were monitored by standard intravital transmitted 

brightfield videomicroscopy. Thrombus formation, assessed by the formation of white 

intravascular aggregates, started immediately after application of filter papers drenched with 

aqueous solutions at 5, 10, or 15 % FeCl3. While exposure to 5 or 10 % FeCl3 solution led to 

only partial occlusion of the injured vessels, 15 % FeCl3 led to complete occlusion of vessels 

of 100 to 200 μm diameter, which usually occurred within one hour. For this reason, in the 

rest of the study, 15 % FeCl3 was used to induce occlusive thrombosis in DSCs. 

Although thrombi formed in DSCs after FeCl3 injury were easily visualized in brightfield 

microscopy, more precise observation of thrombus formation and composition in DSCs was 

also achievable in classical epifluorescence microscopy (Fig. 1A). In fact, rhodamine-6G-

labeled platelets and leukocytes, red calcein-labeled platelets, Alexa fluor 594-conjugated 

fibrinogen, and Alexa Fluor 488-conjugated anti-mouse VWF polyclonal antibody, all 

accumulated at the site of injury, enabling higher contrast imaging of the thrombus (Fig. 1A). 

However, while incorporation of fluorescent anti-VWF IgG, fibrinogen, or platelets, led to 

labelling of distinct and/or overlapping thrombus areas, staining of both circulating platelets 

and leukocytes by intravenous injection of rhodamine-6G, led to global labelling of the 

thrombus, as compared to brightfield images (Fig. 1A).  
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DSCs enable evaluation of spontaneous thrombolysis and testing of thrombolytic drugs 

after occlusive thrombosis. 

To determine the feasibility of thrombolysis studies in DSCs, we then compared the incidence 

of recanalization and thrombus size evolution in occluded vessels (ranging from 100-170 µm 

diameter) from mice treated with saline or rtPA, the most potent thrombolytic agent currently 

in clinical use.  In situ application of the treatments was chosen over intravenous injection in 

order to optimize their delivery to the target site by avoiding circulation half-life issues and 

delivery limitations due to the complete absence of flow in occluded vessels. Because 

application was made in the extravascular space, we first verified that diffusion of proteins 

between intra- and extravascular spaces was possible at sites of FeCl3-induced injury. To 

assess vascular permeability, Alexa 594-conjugated BSA was injected intravenously 5 min 

prior to exposure of microvessels to 15% FeCl3, and monitored for extravasation by intravital 

microscopy. Progressive leakage of fluorescent BSA into the extravascular space was seen in 

the FeCl3-exposed area within minutes after removing the FeCl3-saturated filter paper (Fig. 

1B). This result indicates that FeCl3-damaged vessels are permeable to proteins of molecular 

weight up to approximately 70,000 Da.  

Both saline and rtPA application was performed within 30 minutes after vessel occlusion 

(Supplemental Fig. 1). Recanalization did not occur in any control or rtPA-treated mice either 

at 1 hour (Fig. 2A) or at 24 hours (not shown) following treatment. Furthermore, there was no 

change in thrombus size at 1 hour after treatment with saline or rtPA (Fig. 2B and C).  These 

results show that endogenous fibrinolysis following FeCl3 injury is a slow process and 

confirm the previously reported resistance of FeCl3-produced occlusive thrombi to 

thrombolysis by tPA[11]. 

Because FeCl3-induced occlusive thrombosis has been shown to be highly dependent on 

thrombin[18-22], we hypothesized that ongoing thrombin activity at the site of endothelial 
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injury could interfere with thrombolysis and mask the action of rtPA. To test this possibility, 

hirudin was administered directly in DSCs together with saline or rtPA in order to stop the 

thrombotic process. While the addition of hirudin did not change the incidence of 

recanalization in saline-treated control mice, it improved considerably the efficacy of rtPA 

treatment. In fact, in the presence of 50 µM hirudin, thrombus size was reduced in a dose-

dependent manner by rtPA and recanalization was observed in 85.7 % of vessels from mice 

treated with 20 µM rtPA and in all vessels from mice treated with 40 µM rtPA, at 1 hour post-

treatment (Fig. 2A-C). These results indicate that thrombin activity at the site of FeCl3-

induced injury persists after occlusion and that neutralizing the ongoing coagulation process is 

required to enable successful thrombolysis by rtPA following FeCl3-induced occlusive 

thrombosis. Further increase in hirudin concentration to 100 µM did not change the rate of 

thrombolysis induced by 40 µM of rtPA while it was reduced for hirudin concentrations 

below 50 µM (not shown). This suggests that in the experimental settings chosen (occlusive 

thrombosis induced by 3 min exposure to 15 % FeCl3), 50 µM hirudin represents a saturating 

concentration, sufficient to neutralize the local thrombin activity.  

It should be noted that although we monitored the surface area covered by rhodamine-6G-

labeled platelets and leukocytes to estimate the evolution of global thrombus size, rtPA 

treatment induced a reduction in the surface covered by both fluorescently-labeled cells and 

fibrinogen (Fig. 3). Also, intravital visualization of rtPA-induced thrombolysis revealed that 

the reduction in thrombus size involved both progressive clot lysis and embolization of large 

thrombus chunks subsequently to recanalization (Supplemental Movie).  

All these data show that, by allowing intravital observation of thrombus morphology and 

blood flow, as well as precise spatial and temporal administration of drugs, DSCs can be used 

for the evaluation of spontaneous thrombolysis and in vivo testing of thrombolytic activity. 
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Thrombolysis experiments in DSCs enable evaluation of hemorrhagic risk associated 

with thrombolytic therapy. 

When evaluating a thrombolytic agent, it is important to not only consider its thrombolytic 

properties, but also its potential hemorrhagic complications. For this reason, we monitored the 

mice for signs of skin hemorrhage in the 24h following thrombolytic treatment. Skin 

hemorrhage was only observed within DSCs of mice treated with rtPA (Fig. 4A and B) and a 

statistically significant increase in the proportion of bleeding mice was observed in the groups 

that received the highest rtPA regimen, with no difference between hirudin-treated and -

untreated mice (Fig. 4B).  Hemorrhage in DSCs of rtPA-treated mice originated from vessels 

located within and outside the FeCl3-injured area, suggesting that both quiescent and injured 

vessels are susceptible to bleeding when exposed to high extravascular concentrations of rtPA 

(Fig. 4A). Furthermore, it is noteworthy that among the 15 mice showing skin bleeding after 

rtPA treatment, 7 had FeCl3-occluded vessels that did not recanalize. Altogether, these results 

indicate that rtPA can cause bleeding even when failing to induce recanalization and show 

that the hemorrhagic complications of thrombolytic agents can be evaluated in DSCs. 

 

RtPA-induced lysis of FeCl3-produced occlusive thrombi in DSCs is enhanced in 

plasminogen activator inhibitor-1-deficient mice. 

The release of fibrinolysis inhibitors by activated platelets also contributes to the resistance of 

platelet-rich thrombi to thrombolysis. PAI-1 is considered to be the primary physiological 

inhibitor
 
of both tPA and urokinase-type plasminogen

 
activators, and has been shown to be a 

potent inhibitor of tPA-induced thrombolysis[11]. This implicates that rtPA-induced 

thrombolysis should be enhanced in PAI-1 -/- mice. Thus, to further characterize our model, 

we compared the sensitivity of WT and PAI-1 -/- mice to thrombolysis induced by rtPA. 

There was no significant difference between WT and PAI-1 -/- mice in the occlusive 
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thrombus size (Fig. 5A) or in the incidence of vessel recanalization or the rate of thrombolysis 

in response to 20 µM rtPA and 50 µM hirudin (not shown). This suggests that a concentration 

of 20 μM of rtPA may be high enough to overcome inhibition by PAI-1. In contrast, the 

incidence of vessel recanalization and the rate of thrombolysis in response to a suboptimal 

concentration of 10 µM rtPA and 50 µM hirudin, were increased in PAI-1 -/- mice compared 

to WT mice (Fig. 5B-D). These results confirm the role of PAI-1 in the resistance of platelet-

rich thrombi to thrombolysis and show that the DSC is also suitable for studying the 

fibrinolytic system.  

 

Resistance to rtPA-induced lysis of FeCl3-produced occlusive thrombi increases with 

time following occlusion. 

A review of several clinical studies has suggested that thrombus resistance to lysis by rtPA 

could develop over time[23]. In order to determine whether the thrombolytic activity of rtPA 

is indeed influenced by clot aging in vivo, we compared the ability of rtPA to lyse FeCl3-

induced occlusive thrombi and to achieve recanalization, when applied within 1 hour (early 

treatment) or 4 hours (late treatment) after occlusion. While the size of the occlusive thrombi 

was reduced by over 50 % 1 hour after early rtPA treatment, it remained unaffected by late 

treatment (Fig. 6A). Concomitantly, the incidence of recanalization was considerably 

decreased when rtPA was applied at 4 hours as compared to 1 hour post-occlusion, with only 

1 out of 9 versus 9 out of 11 occluded vessels being recanalized at 1 hour post-treatment, 

respectively (Fig. 6B). These results indicate that the thrombolytic efficacy of rtPA against 

platelet-rich occlusive thrombi decreases when the interval between occlusion and treatment 

lengthens, and that our method can be used to determine whether the thrombolytic action of a 

drug is time-dependent or not. 
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Discussion 

Here, we demonstrate the feasibility and interest of studying thrombolysis by intravital 

microscopy in DSCs. In fact, using regular brightfield and epifluorescence microscopy, we 

were able to visualize and measure thrombus lysis, vessel recanalization, and hemorrhagic 

complications, following in situ application of rtPA to FeCl3-produced occlusive thrombi. We 

further show that the rate of rtPA-induced thrombolysis and the incidence of recanalization 

are enhanced in PAI-1-deficient mice, and decrease considerably as the interval between 

occlusion and treatment application lengthens. Thus, in addition to providing a suitable model 

for testing thrombolytic agents in vivo, the DSC can also be used to study the mechanisms of 

thrombolysis resistance. 

 

Notably, in our experimental model, a single topical application of hirudin and rtPA was 

sufficient to achieve recanalization of occluded vessels in DSCs. In contrast, to be effective in 

mouse models of stroke and of carotid artery thrombosis, rtPA has to be administered as a 

bolus followed by continuous systemic intravenous infusion[11, 24, 25]. This time- and 

product-consuming constraint requiring extra-surgical procedures and equipment is imposed 

by the short circulation half-life of rtPA[26]. In patients, delivery issues can be bypassed 

through catheter-directed in situ administration of thrombolytic agents directly into the clot, a 

strategy that has proven its superiority over systemic infusion in the treatment of stroke[27], 

limb arterial occlusion[28], acute deep vein thrombosis[29, 30], or acute massive pulmonary 

embolism[31, 32]. Because of vessel size-related limitations, this method is difficult to 

achieve in mice. Thus, by enabling in situ delivery of drugs directly to the thrombosis site, the 

easy access to occluded vessels through the window of DSCs represents an interesting 

advantage for assessing the thrombolytic properties of a compound, in absence of circulation 

half-life issues, a strategy that could help saving money and drugs. This possibility of 
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delivering high doses of drugs in situ may also be of interest in cases of decreased ability of 

human recombinant proteins to interact with the mouse fibrinolytic system. Such a situation is 

well illustrated by the low catalytic efficacy of human rtPA in activating mouse 

plasminogen[11, 33, 34], which forces the use of rtPA doses 10 times higher in rodents than 

in humans[24, 25, 35]. However, delivery to the thrombus of drugs applied in the 

extravascular space requires passage of these molecules through the vascular wall. Thus, this 

convenient way of drug administration can only be used with agents capable of crossing the 

layers of the blood vessel wall. In the present study, we show that FeCl3-injured vessels are 

permeable to proteins with a molecular weight of up to at least ~ 70,000 Da, a cut-off that 

enabled the visualization of the combined effect of the 7,000 Da hirudin and 72,000 Da rtPA. 

For agents of higher molecular weight, one should verify that the injured vascular wall is 

permeable enough to permit their diffusion to the thrombus. If not, classical systemic 

intravenous injection should then be used as the route of administration. Intravascular drug 

injection may also be preferable in cases of incomplete vessel occlusion, where residual blood 

flow and pressure could impair the diffusion of extravascularly-applied drugs to the thrombus. 

  

In addition, further insights into FeCl3-induced occlusive thrombosis have come from this 

study. Despite the absence of change in the occlusive thrombus size and the apparent arrest of 

the thrombotic process after occlusion, our results show that ongoing thrombin activity at the 

site of FeCl3-induced severe injury continuously interferes with the thrombolytic activity of 

rtPA, the current gold standard thrombolytic drug used in patients. In fact, blocking of 

thrombin activity by hirudin at the site of FeCl3-induced occlusive thrombosis was an absolute 

requirement for visualization of the thrombolytic activity of rtPA. Dependence on 

anticoagulants for successful lysis of FeCl3-produced thrombi by rtPA was previously 

suggested by the study of Zhu et al. [11], in which heparin was co-infused with rtPA to favour 
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its thrombolytic activity. FeCl3 has been shown to cause de-endothelialization[6, 18], 

resulting in exposure of thrombogenic basement membrane components and subsequent 

thrombosis in a tissue factor- and thrombin-dependent manner[8, 18-22]. Therefore, and as 

supported by our results, after FeCl3-induced endothelial denudation, the thrombogenic 

stimulus at the site of injury is highly likely to persist and to counter any attempt of 

thrombolysis unless inhibited or until healing of the endothelial monolayer has occurred. 

Thus, failure of potential thrombolytic agents to lyse FeCl3-produced occlusive thrombi, when 

not co-administered with a coagulation inhibitor, may be due more to the severity of this 

particular thrombosis model than to an absence of thrombolytic activity.  

 

Interestingly, coagulation-related resistance to thrombolysis by rtPA has not been reported in 

embolic models of thrombosis that are commonly used in experimental stroke research. In 

fact, in these models, as in clinical situations, administration of rtPA alone is sufficient to 

achieve significant recanalization rates[35, 36]. In contrast to FeCl3-produced vessel 

occlusion, embolic models of thrombosis do not rely on in situ endogenous thrombin 

generation but on intravascular injection of either a thrombus prepared ex vivo[35, 36] or of a 

single high dose of thrombin[25]. Therefore, while FeCl3 causes vascular injury and the 

exposure of pro-coagulant substances that persist long after the injurious stimulus is removed, 

embolic models are characterized by a thrombogenic stimulus that is highly limited in time 

and by the absence of endothelial denudation. The discrepancy regarding rtPA efficacy 

depending on the thrombosis model considered, underlines the influence of the model but 

more importantly, of the associated thrombus composition and environment, on the success of 

thrombolysis using a specific agent. In fact, it is now well established that the pathways of 

thrombus formation vary with the model of thrombosis used and the organ concerned[20, 37]. 

Therefore, although here we used severe FeCl3 injury to demonstrate the feasibility of 
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thrombolysis experiments in DSCs, one could combine the DSC with another intravital 

microscopy model of thrombosis such as Rose Bengal-, laser-, or mild FeCl3-induced injury, 

in order to determine on which type of thrombus a given thrombolytic agent may work best.  

This becomes particularly interesting when one considers the fact that, as shown in the present 

study, staining and analysis of specific thrombus components can be performed in DSCs. 

 

Another important result of this study is that successful dissolution by rtPA of platelet-rich 

occlusive thrombi formed in a thrombin-rich environment at a site of vascular injury is time-

dependent, as shown by the decreased efficacy of rtPA administered late after occlusion. This 

result supports the generally well-accepted clinical observation that fresh clots are more 

susceptible to thrombolysis than aged clots. Previous studies have suggested that several 

platelet-dependent and independent mechanisms could contribute to the progressive increased 

resistance of platelet-rich thrombi to thrombolysis by rtPA. These factors include the release 

of inhibitors of plasminogen activators by activated platelets[11, 38, 39], shielding of tPA 

binding sites by thrombin-activable fibrinolysis inhibitor (TAFI), stabilization of fibrin by 

thrombin-activated factor XIII[40, 41], and platelet integrin-mediated clot retraction[42]. All 

these mechanisms lead to decreased clot permeation to rtPA, reduced rtPA binding to fibrin, 

and direct inhibition of rtPA enzymatic activity.  

  

Notably, we found that rtPA can cause bleeding even when failing to induce recanalization. 

This observation corroborates clinical observations in stroke and myocardial infarction. 

Indeed, while rtPA has been shown to be more effective for recanalizing infarct vessels when
 

administered early in stroke[43] and in myocardial infarction patients[23], the risk of 

parenchymal hemorrhage has been shown to be similarly increased in stroke patients whether 
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treated early or late with rtPA[44]. The reduced ability of rtPA to lyse aged thrombi, 

combined with a stable hemorrhagic risk over time, is very likely to contribute to the 

decreased benefits of thrombolysis observed as the interval between ischemic event onset and 

rtPA administration increases in both stroke patients[44] and patients with acute myocardial 

infarction[23, 45-47]. Also, the fact that rtPA application caused bleeding from vessels 

located both within and outside the FeCl3-injured area, suggests that, if present in the 

extravascular space (for instance in case of blood-brain barrier breakdown), rtPA can damage 

microvessels other than the ones initially occluded or injured. This deleterious action of rtPA 

may involve the ability of the tPA/plasminogen system to degrade directly, or indirectly via 

activation of matrix metalloproteinases, most of the major protein components of the 

extracellular matrix and vessel wall. 

 

In conclusion, we show that the DSC provides a method suitable for the study of endogenous 

thrombus degradation and for first-line in vivo screening of new thrombolytics. Using this 

method, in addition to confirming the negative impact of PAI-1 on rtPA-induced 

thrombolysis, we showed that thrombin activity and clot aging impair the thrombolytic 

efficacy of rtPA, and that rtPA-induced bleeding can occur in the absence of recanalization. 

While supporting several clinical observations, our results show that thrombolysis 

experiments in DSCs can provide information on clinically relevant aspects of thrombolytic 

treatment and could be used in complement to more complicated experimental settings such 

as stroke and myocardial infarction models.  
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FIGURE LEGENDS 
 

Figure 1. FeCl3 vascular injury in dorsal skinfold chambers. A. Representative 

micrographs of various thrombi under formation in DSC microvessels after injury by FeCl3. 

The left panels depict greyscale images taken in brightfield transmitted light, where forming 

thrombi can be seen as white intravascular aggregates. The right panels show the 

corresponding fluorescent thrombus staining by rhodamine-6G (red), Alexa 488-conjugated 

anti-VWF (green), Alexa 594-conjugated fibrinogen (red), or calcein-red platelets (red), as 

indicated in the figure. The vessel and thrombus edges are highlighted in white. Arrows 

indicate the direction of blood flow. One can see that VWF tends to accumulate at the rear of 

the forming thrombus. Bars = 200 µm. B. Five minutes before applying a filter paper 

saturated with 15% FeCl3 to microvessels in DSCs, Alexa 594-BSA was injected 

intravenously to assess vascular permeability. The micrographs show images of the Alexa 

594-BSA red fluorescent signal in a FeCl3-exposed area, immediately, 20 minutes, and 40 

minutes after removing the FeCl3-drenched filter paper. Leakage of fluorescent BSA in the 

extravascular space indicates that FeCl3-injured vessels are permeable to proteins of 

molecular weight up to 66,000 Da. Bar = 200 µm. 

  

Figure 2. Evaluation of thrombolytic therapies by intravital microscopy using the dorsal 

skinfold chamber. Occlusive thrombosis in DSCs was induced by FeCl3-induced vascular 

injury in 1-3 vessels (100-170 µm diameter) per mouse. Twenty minutes after occlusion, 

various doses of recombinant tissue-plasminogen activator (rtPA) were applied directly in 

DSCs in the presence or absence of 50 µM hirudin. A. Incidence of vessel recanalization at 1 

hour after thrombolytic treatment. Numbers above the bars indicate the number of vessels 

recanalized /number studied. n = 6-7 mice per group.  * indicates a statistically significant 

difference from the rtPA- and hirudin-untreated control goup. B. Representative intravital 
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microscopy images showing the morphological evolution of rhodamine-6G-labeled thrombi 

immediately after vessel occlusion and 1 hour after various thrombolytic treatments. Bar = 

200 µm. C. Thrombus surface area at 1 hour following various thrombolytic treatments. 

Results are expressed as percentages of the thrombus surface area just after occlusion. n = 6-7 

mice per group.   

 

Figure 3. Visualization of both platelets and fibrin dissolution following thrombolytic 

treatment. Micrographs of a representative occlusive thrombus stained by Alexa488-

fibrinogen and rhodamine-6G before and at 15 and 30 minutes after treatment with 40 µM 

rtPA and 50 µM hirudin. The vessel edges are highlighted in white. The green fluorescence 

signal outside the vessel corresponds to leakage of Alexa488-fibrinogen from the FeCl3-

injured vessel in the extravascular space. 

 

Figure 4. Effect of rtPA treatment on tissue hemorrhage. A. Representative images of the 

skin from control (left panels) and rtPA-treated (right panels) mice. The upper right panel 

shows bleeding in the vicinity of the FeCl3-injured area (yellow stain) in the skin of an rtPA-

treated mouse. The lower right panel shows bleeding distant from the FeCl3-injured area in 

the skin of an rtPA-treated mouse. Bar = 200 µm. B. Proportion of mice presenting skin 

hemorrhage within 24 hours after treatment with increasing doses of rtPA in the presence or 

absence of 50 µM hirudin following FeCl3-induced occlusive thrombosis. Numbers above the 

bars indicate the number of mice with skin bleeding/number studied in each group. 

 

Figure 5. Comparison of rtPA-induced thrombolysis between wild-type and 

plasminogen activator inhibitor- 1-deficient mice. After inducing occlusive thrombosis in 

up to 3 vessels per mouse, the efficiency of a thrombolytic treatment by 10 µM recombinant 
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tissue-plasminogen activator (rtPA) and 50 µM hirudin was compared between wild-type and 

plasminogen activator inhibitor- 1-deficient (PAI-1 -/-) mice. A. Initial occlusive thrombus 

size in wild-type and PAI-1 -/- mice before thrombolytic treatment. n = 6 mice per group. B. 

Incidence of vessel recanalization in wild-type and PAI-1 -/- mice at 1 hour and 2 hours after 

rtPA treatment. Numbers above the bars indicate the number of vessels recanalized/number 

studied. n = 6 mice per group. C. Representative intravital micrographs showing the 

morphological evolution of rhodamine-6G-labeled thrombi immediately after vessel occlusion 

and 1 hour after thrombolytic treatment. Bar = 200 µm. D. Thrombus surface area in wild-

type and PAI-1 -/- mice at 1 hour following rtPA treatment. Results are expressed as 

percentages of the initial occlusive thrombus size just before treatment. n = 6 mice per group. 

 

Figure 6. The efficacy of rtPA-induced thrombolysis decreases as the interval between 

occlusion and time of treatment increases. A. Evolution of the thrombus surface at 1 hour 

after early or late treatment with 40 µM rtPA and 50 µM hirudin. Results are expressed as 

percentages of the thrombus surface just after occlusion. Each dot represents a thrombus. n = 

5-6 mice per group. B. Incidence of recanalization at 30 min and 1 hour after treatment with 

40 µM rtPA and 50 µM hirudin, administered either early (within 1 hour) or late (> 4 hours) 

after occlusion. Numbers above the bars indicate the number of vessels recanalized/number 

studied. n = 5-6 mice per group. 
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