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Intravenous thrombolysis with recombinant tissue-type 
plasminogen activator (alteplase) has been the therapy of 

choice for acute ischemic stroke (AIS) within a 4.5-hour time 
window for 20 years.1,2 In the past months, the AIS standard 
of care has changed, with evidence showing that rapid addi-
tional endovascular therapy (EVT) was superior to intrave-
nous alteplase alone in the setting of AIS with large vessel 
occlusions.3–7 Whether to continue carrying out intravenous 

alteplase infusion before EVT has now become a matter of 
debate.8 A meta-analysis of EVT showed that the likelihood of 
a favorable outcome increased with the use of previous intra-
venous thrombolysis with alteplase.9 The fact that alteplase 
infusion exerts beneficial effects even in case of mechanical 
recanalization suggests that alteplase does not only impact 
proximal arterial recanalization but also probably prevents or 
corrects other ischemia/reperfusion-related damage.

Background and Purpose—Downstream microvascular thrombosis (DMT) is known to be a contributing factor to incomplete 
reperfusion in acute ischemic stroke. The aim of this study was to determine the timing of DMT with intravital imaging 
and to test the hypothesis that intravenous alteplase infusion could reduce DMT in a transient middle cerebral artery 
occlusion (MCAO) rat stroke model.

Methods—Rats were subjected to 60-minute transient MCAO. Alteplase (10 mg/kg) was administered 30 minutes after 
the beginning of MCAO. Real-time intravital fluorescence microscopy through a dura-sparing craniotomy was used to 
visualize circulating blood cells and fibrinogen. Cerebral microvessel patency was quantitatively evaluated by fluorescein 
isothiocyanate-dextran perfusion.

Results—Immediately after MCAO, platelet and leukocyte accumulation were observed mostly in the venous compartment. 
Within 30 minutes after MCAO, microthrombi and parietal fibrin deposits were detected in postcapillary microvessels. 
Alteplase treatment significantly (P=0.006) reduced infarct volume and increased the percentage of perfused vessels 
during MCAO (P=0.02) compared with saline. Plasma levels of fibrinogen from alteplase-treated rats showed a rapid 
and profound hypofibrinogenemia. In vitro platelet aggregation demonstrated that alteplase reduced platelet aggregation 
(P=0.0001) and facilitated platelet disaggregation (P=0.001). These effects were reversible in the presence of exogenous 
fibrinogen.

Conclusions—Our data demonstrate that DMT is an early phenomenon initiated before recanalization. We further show that 
alteplase-dependent maintenance of downstream perfusion during MCAO improves acute ischemic stroke outcome through a 
fibrinogen-dependent platelet aggregation reduction. Our results indicate that early targeting of DMT represents a therapeutic 
strategy to improve the benefit of large artery recanalization in acute ischemic stroke.   (Stroke. 2015;46:3241-3248.  
DOI: 10.1161/STROKEAHA.115.010721.)
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Several experimental studies have examined microvas-
cular changes downstream from focal cerebral ischemia.10,11 
Histological evaluation of the ischemic tissue with light and 
electron microscopy showed that microvessel lumina were 
obstructed with platelets, leukocytes, and fibrin-rich aggre-
gates.12–15 Corroborating these findings, intravital imaging stud-
ies have revealed that immediately after arterial recanalization, 
leukocytes and platelets adhere to endothelial cells in postcap-
illary microvessels, thus contributing to microvascular obstruc-
tion.16–18 This thrombotic process in microvessels downstream 
of the initial occlusion site could be responsible for incomplete 
microcirculatory reperfusion and drive infarct growth despite 
successful proximal recanalization.10 Supporting this hypothe-
sis, experimental studies in AIS models have shown that plate-
let adhesion or aggregation, or leukocyte adhesion inhibition 
could reduce infarct volume notably by enhancing the patency 
of downstream cerebral microvessels.19–22 Furthermore, clini-
cal studies have shown that a state of incomplete reperfusion 
despite successful recanalization occurs in approximately one 
quarter of patients with significant impact on clinical out-
come.23,24 Taken together, these data indicate that therapeu-
tic approaches aimed at microvascular obstruction reduction 
might improve the success rate of recanalization therapies. The 
exact mechanisms and timing of downstream microvascular 
thrombosis (DMT) during AIS remain unclear. In particular, 
no experimental study has explored whether microvascular 
thrombosis was an early event after proximal occlusion or 
rather a consequence of ischemia/reperfusion-induced injury. 
The aim of this study was to determine the timing of DMT in 
AIS with real-time intravital imaging and to assess the poten-
tial efficacy of alteplase to improve microvascular perfusion in 
a rat model of transient cerebral ischemia.

Methods
The Animal Ethics Committee of the INSERM-University Paris 7, autho-
rization 2010/13/698-0002, approved animal care and experimental pro-
tocols. These experiments were conducted in compliance with the Stroke 
Treatment Academic Industry Roundtable (STAIR) guidelines.25

Middle Cerebral Artery Occlusion and Reperfusion
Male Sprague–Dawley rats (Janvier, France), weighing 300 to 350 
g, were anesthetized by isoflurane mixed with air (4% for induction; 
1.5% during surgery), under spontaneous respiration. Focal cere-
bral ischemia was induced by transient monofilament (4041PK10, 
Doccol, Redlands, CA) occlusion of the right middle cerebral artery 
occlusion (tMCAO) for 60 minutes. Animals were randomly assigned 
to 1 of 2 groups (n=15 per group): control (saline treatment only) and 
alteplase (10 mg/kg body weight, Actilyse; Boehringer Ingelheim, 
Ingelheim am Rhein, Germany). Continuous alteplase or saline infu-
sion via the right jugular vein (10% bolus; 90% continuous infusion 
for 30 minutes; Harvard Apparatus Infusion Pump) started 30 min-
utes after stroke onset. After monofilament withdrawal, rats were re-
turned to their cages. Body temperature was maintained at 37°C with 
a heating pad for the duration of surgery. Computer-based randomiza-
tion was used to allocate drug regimens to each group. Experiments 
were blinded and the operator was unaware of group allocation dur-
ing surgery and outcome assessment (Figure I in the online-only Data 
Supplement).

DMT Visualization
After a partial dura-sparing craniotomy, rats were subjected to a 
60-minute tMCAO (n=10). Intravital fluorescence microscopy 

(Macroscope, Leica, France) was used to visualize circulating blood 
cells (after intravenous injection of rhodamine 6G) and fibrino-
gen (fluorescein isothiocyanate [FITC] antifibrinogen polyclonal 
antibody, Dako, France) during MCAO and after recanalization. 
Microvessel thrombosis was defined as direct visualization of plate-
let, leukocyte, and fibrinogen aggregates.

Determination of Infarct Size, Brain Edema, and 
Hemorrhagic Transformation
Rats were euthanized 24 hours after tMCAO. Brains were quickly re-
moved and cut into 2-mm thick coronal sections using a rat brain slice 
matrix. The slices were stained with 2% 2,3,5-triphenyltetrazolium 
chloride (Sigma-Aldrich, St. Quentin Fallavier, France) in PBS to vi-
sualize the infarction. Planimetric measurements (Image J software, 
National Institutes of Health, Bethesda, MD) were performed blinded 
to the treatment group and were used to calculate infarct volumes and 
brain edema.26 The occurrence of hemorrhagic transformation (HT) 
was macroscopically assessed on whole brains and again after the 
2-mm thick coronal brain slices were cut before 2,3,5-triphenyltetra-
zolium chloride staining.

Neurological Deficit Evaluation
The neurological deficit was evaluated using a modified Neurological 
Severity Score, which is a composite of motor, sensory, and balance 
tests.26 Neurological function was graded on a scale of 0 to 10 (Figure 
II in the online-only Data Supplement). Neurological Severity Score 
was assessed immediately before euthanization at 24 hours after 
stroke onset.

Measurements of Microvascular Patency
To examine the patency of cerebral microvessels downstream from 
MCAO, FITC-dextran (2×106 molecular weight, Sigma-Aldrich, 
France; 1 mL of 50 mg/mL) was administered intravenously to the 
rats 1 minute before euthanization. The slice at +0.70 mm posterior 
to bregma was fixed in paraformaldehyde 3.7%. One coronal sec-
tion from each rat was digitized with a NanoZoomer at ×40 and 
analyzed using morphometry software (Histolab 6.1.5, Microvision 
Instruments). A threshold was applied to each digitized image to 
ensure that the numbers of FITC pixels reflected the original FITC-
dextran–perfused patterns. For each hemisphere, the numbers of 
FITC pixels divided by the total numbers of pixels were calculated. 
Data are presented as the ratio between the 2 hemispheres and ex-
pressed as a percentage. To test the effect of alteplase on the patency 
of downstream cerebral microcirculation, microvessels perfused with 
FITC-dextran were examined 1 hour after MCAO before recanaliza-
tion in rats treated by alteplase or saline (n=11 per group).

Measurements of Plasma Fibrinogen Level
Levels of fibrinogen were assayed on plasma samples from immedi-
ately before, 1 hour and 24 hours after alteplase or saline infusion. 
Plasma samples were immediately separated by centrifugation at 
2000g for 10 minutes and 2500g for 15 minutes and stored at −80°C 
until further analysis. Fibrinogen levels were measured by the Clauss 
method.27

In Vitro Platelet Aggregation
Platelet-rich plasma (PRP; 6×108 platelets/mL) or washed platelets 
(WP) resuspended in platelet-poor plasma (PPP; 6×108 platelets/mL) 
from rats were stimulated with ADP (50 µmol/L) to induce aggrega-
tion. Platelet aggregation was continuously recorded as changes in 
light transmission (APACT 4004, Elitech France). Four different ex-
periments were performed: platelet aggregation with (1) PRP from 
rats treated with alteplase or saline; (2) WP resuspended in PPP from 
rats treated with alteplase or saline; (3) WP resuspended in PPP from 
alteplase-treated rats with or without addition of exogenous purified 
rat fibrinogen (Sigma-Aldrich, France); and (4) platelet disaggrega-
tion with PRP. Disaggregation of PRP was induced by addition of 
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alteplase at 3 different doses after the aggregation response reached 
its maximum.

Exclusion Criteria
Animals were excluded for analysis if the total lesion volume was 
<1% (n=2 and n=1 in alteplase and saline group, respectively), if sub-
arachnoid hemorrhage was present (n=1 in each treatment group) or 
if death because of anesthesia or surgery occurred within 3 hours of 
stroke induction (n=0).

Animal Sample Size Calculation
The study was designed with 80% power to detect a relative 50% 
difference in infarct volume between alteplase and saline groups. 
Statistical testing was performed at the 2-tailed (α) level of 0.05 using 
a t test. On the basis of preliminary data indicating that the average 
infarction volume in 60-minute tMCAO was 33%, SD: 15.06%, we 
used 15 rats for each group.

Statistical Analysis
All values are presented as mean±SD. For statistical analyses, 
PrismGraph 4.0 software (GraphPad Software, San Diego, CA) was 
used and differences between the 2 groups were assessed by Mann–
Whitney test. Values of P<0.05 were considered statistically significant. 
The authors had full access to and take full responsibility for the integ-
rity of the data. All authors have read and agree to the article as written.

Results
Transient Monofilament MCAO Induces Early 
DMT
The timing and frequency of DMT after occlusion of a major 
cerebral artery were determined using fluorescence intravi-
tal microscopy combined with the tMCAO ischemic stroke 
model. Observation of pial vessels through a partial dura-
sparing craniotomy revealed that the accumulation of platelets 

and leukocytes started immediately after occluding the MCA 
(Figure 1A and 1B; Movies I and II in the online-only Data 
Supplement). This early and pronounced adhesion of leuko-
cytes and platelets occurred almost exclusively in the venous 
compartment and persisted ≥1 hour after monofilament 
withdrawal (Figure 1B; Movie IV in the online-only Data 
Supplement). Furthermore, in all rats analyzed, during the 
hour of MCAO, and before MCA recanalization, microthrom-
bosis characterized by intraluminal deposition of fibrin(ogen) 
developed in postcapillary microvessels at sites of leukocyte 
and platelet accumulation (Figure 1C). These early aggregates 
of leukocytes, platelets, and fibrin(ogen) led to a complete 
cessation of blood flow in at least 1 postcapillary microvessel 
per field of observation (Figure 1A; Movies II and III in the 
online-only Data Supplement). After proximal recanalization 
and despite recovery of blood flow in pial arteries, leukocytes 
and platelets remained firmly adherent to the postcapillary 
microvessel wall (Figure 1B; Movie IV in the online-only 
Data Supplement). These results indicate that DMT is an early 
event of AIS that principally affects the venous compartment 
and that can persist despite proximal recanalization.

Alteplase Intravenous Infusion Improves Stroke 
Outcome After Monofilament Transient MCAO
To determine whether thrombolytic therapy can limit MCAO-
induced brain damage, we compared the effect of alteplase 
and saline on stroke outcome when administered early after 
monofilament MCAO. Intravenous alteplase injection at 
10 mg/kg 30 minutes after initiating tMCAO significantly 
reduced infarct size evaluated 24 hours later (P=0.006; 
Figure 2A and 2B). Accordingly, the neurological deficit 24 
hours after tMCAO was decreased in the alteplase-treated 

Figure 1. Cerebral microvascular events associ-
ated with middle cerebral artery occlusion (MCAO). 
The cortical microcirculation downstream of the 
MCA was observed by intravital microscopy 
before, during, and after MCAO. Platelets and leu-
kocytes were labeled by intravenous injection of 
rhodamine 6G, and fibrin(ogen) using a fluorescein 
isothiocyanate–conjugated antifibrinogen poly-
clonal antibody. A, Representative images of rho-
damine 6G labeling before (0 minutes), 15 minutes, 
and 60 minutes after MCAO, as indicated. Immedi-
ately after MCAO, platelets and leukocytes started 
to adhere firmly and to accumulate mostly in the 
venous compartment, leading to secondary occlu-
sions (arrows). Note the time-dependent increase 
in occluded microvessels during MCAO. Scale 
bar, 100 µm. B, Overview of the microcirculation 
immediately after MCAO (top) and 30 minutes after 
recanalization (bottom). Note that although most of 
the adherent leukocytes and platelets were flushed 
away by the arterial flow after recanalization, firmly 
adherent platelets and leukocytes persisted in 
veins. Scale bar, 100 µm. C, Representative image 
of downstream venous microthrombi. Leukocytes 
and platelets are in red and fibrin(ogen) in green. 
The image was taken 30 minutes after MCAO. 
Scale bar, 50 μm. A indicates artery; and V, venule.
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group (P=0.004; Figure 2C). Brain edema was also signifi-
cantly decreased in the alteplase-treated group in comparison 
with the saline-treated group expressed as percentage differ-
ence between the ischemic and nonischemic hemisphere vol-
ume (10.5% versus 5.2%, respectively; P=0.05; Figure 2D). 
Importantly, there was no mortality or HT at 24 hours in any 
group.

The effect of early alteplase treatment on microvascular 
patency during cerebral ischemia was measured in a subgroup 
of rats that were euthanized before recanalization at the end of 
the 60-minute long MCAO period. For these experiments, flu-
orescent dextran was injected intravenously 1 minute before 
euthanization to highlight patent vessels. Alteplase treatment 
led to a significant increase in microvascular patency in the 
ischemic cerebral hemisphere when compared with saline 
treatment (P=0.02; Figure 3A and 3B). Together, these results 
showing that early administration of alteplase improves micro-
vascular patency and stroke outcome in a model of tMCAO 
indicate that alteplase exerts beneficial effects independently 
of its action on proximal arterial recanalization.

Alteplase Fibrino(geno)lytic Activity Induces a 
Rapid and Profound Hypofibrinogenemia That 
Prevents Platelet Aggregation and Promotes 
Disaggregation of Freshly Formed Platelet 
Aggregates
The maintenance of microvascular patency by alteplase during 
MCAO suggested that its early administration might prevent 
DMT secondary to proximal occlusion. Fibrinogen concentra-
tion dramatically decreased at 1 hour after the end of treat-
ment infusion in the alteplase group (P<0.001; Figure 3C) but 
not in the saline group. Furthermore, citrated PRP retrieved 
from rats treated with alteplase showed a decreased platelet 
aggregation in response to ADP when compared with PRP 

from saline-treated rats (Figure 4A and 4B). In addition, 
alteplase concentrations corresponding to doses of 1, 3, and 
10 mg/kg caused a dose-dependent disaggregation of platelets 
when added to rat PRP after maximal aggregation response to 
ADP was achieved (Figure 4C and 4D). To determine whether 
the effect of alteplase aggregation and disaggregation could 
be attributed to the alteplase-induced hypofibrinogenomia or 
whether it further involved a direct effect on platelets through 
shedding of platelet adhesion receptors, experiments with 
crossed platelet/plasma systems were performed. WPs and 
PPP were prepared from rats treated with alteplase or saline 
and the aggregation response to ADP of both types of WP was 
tested in either 1 of the 2 PPP. These experiments showed a sig-
nificant reduction in the aggregation response to ADP of WP, 
whether from alteplase-treated or control rats, in PPP from 
alteplase-treated rats when compared with PPP from saline-
treated rats (Figure 5A and 5B). Importantly, the addition 
of exogenous purified rat fibrinogen to PPP from alteplase-
treated rats restored the aggregation response to ADP of WP 
from both alteplase-treated and control rats (Figure 5C and 
5D). These results therefore indicate that early administra-
tion of alteplase during MCAO helps to maintain downstream 
microvascular patency by preventing platelet aggregation 
and promoting platelet disaggregation through induction of 
fibrino(geno)lysis.
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Figure 2. Infarct volumes, functional outcomes, and brain 
edema 24 hours after focal cerebral ischemia in rats treated with 
alteplase or saline. A, Representative 2,3,5-triphenyltetrazolium 
chloride stains of 6 corresponding coronal brain sections of rats 
treated with saline or alteplase. B, Infarct volumes; (C) modified 
Neurological Severity Scores; and (D) brain edema in rats treated 
with saline (n=13) or alteplase (n=12). *P<0.05, **P<0.01.
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Figure 3. Cerebral microvessels perfused with fluorescein iso-
thiocyanate (FITC)-dextran and changes in plasma fibrinogen 
level. A, Representative image of brain coronal section after 
FITC-dextran injection 1 hour after middle cerebral artery occlu-
sion in a saline-treated rat. Microvessel patency is decreased 
in the right hemisphere (*) compared with the contralateral left 
hemisphere. B, Quantitative data analysis shows percentage of 
hemisphere microvasculature area perfused with FITC-dextran in 
rats receiving saline or alteplase. C, Changes in plasma fibrino-
gen level measured by the Clauss method before, 1 hour and 24 
hours after saline (n=10) or alteplase (n=10) infusion. *P<0.05, 
***P<0.001.

 at INSERM - DISC on December 2, 2015http://stroke.ahajournals.org/Downloaded from 

http://stroke.ahajournals.org/


Desilles et al  Alteplase Improves Microvascular Perfusion   3245

Discussion
In this study, using a rat tMCAO stroke model combined with 
in vivo vessel real-time imaging downstream of the occluded 
MCA, we show that microvascular thrombosis downstream of 
the proximal occlusion is an early phenomenon that mostly 
affects the venous compartment, initiated before recanaliza-
tion. In addition, we show that early intravenous alteplase 
administration after MCAO is associated with reduced infarct 

volume through, at least in part, a fibrinogen-dependent reduc-
tion of platelet aggregation, which preserves cerebral micro-
vascular perfusion before recanalization.

Our findings were made possible by the unique features 
of intravital microscopy when compared with other imaging 
techniques. We show that DMT starts during arterial proximal 
occlusion, whereas it has previously been reported to be initi-
ated after reperfusion.28 In fact, magnetic resonance imaging 
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A B

C

Saline Alteplase Saline Alteplase

0

20

40

60

80

100
* *

Saline Alteplase

PPP

WP

M
ax

im
al

 A
gg

re
ga

tio
n 

(%
)

Saline Alteplase Alteplase

0

20

40

60

80

100

120 *
*

PPP

WP Saline

+ Fibrinogen
2g/l

M
ax

im
al

 A
gg

re
ga

tio
n 

(%
)

D
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determined by change in light transmission over 
time and stopped at 600 s. A, Representative 
image of platelet-rich plasma (PRP; 6×108 plate-
lets/mL) aggregation reconstituted with washed 
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techniques that evaluate perfusion during proximal occlusion 
fail to distinguish if microvascular thrombosis affects hypo-
perfusion or if hypoperfusion is only the consequence of 
proximal occlusion. Because clinical studies suggested that 
secondary ischemia and lesion growth would be modest or 
nonexistent after reperfusion,29,30 concerns have been raised 
about whether secondary microthrombosis occurs in patients; 
and whether it could constitute a therapeutic target for AIS 
treatment.28 In this perspective, we demonstrated that DMT is 
a direct consequence of proximal occlusion and not of reper-
fusion. Our results suggest a reconsideration of the secondary 
microthrombosis perception, both in terms of pathophysiology 
and of how it should be approached as a therapeutic target. In 
fact, we show that the deleterious impact of DMT on stroke 
outcome is because of its early consequences on microves-
sel patency immediately after occlusion. Accordingly, main-
tenance of microvessel patency during occlusion by early 
administration of alteplase resulted in infarct size reduction 
and neurological deficit improvement.

Considering the role of leukocytes, especially neutrophils, 
in venous thrombosis31 one could speculate that the risk and 
intensity of DMT might be enhanced by proinflammatory or 
procoagulant states (eg, diabetes mellitus, infection, dyslipid-
emia, etc). For example, diabetes mellitus was recently shown 
to prime circulating neutrophils for activation and release of 
procoagulant neutrophil extracellular traps.32 Thus, early tar-
geting of DMT and the relevance of our findings might be 
even more important in such comorbid situations.

The therapeutic potential of targeting secondary micro-
thrombosis for AIS treatment was previously suggested by 
experimental studies where microthrombosis was prevented 
either by using a constitutive genetic deficiency in thrombus 
formation in mice or the early administration of antithrom-
botic drugs after proximal occlusion.20,21,33–36 Taken together 
with our findings, these studies indicate that DMT targeting 
should be achieved as soon as possible following occlusion, 
even before recanalization, to be effective. In that regard, a 
recent EVT meta-analysis showed that the likelihood of a 
favorable outcome increased with the use of previous intrave-
nous thrombolysis with alteplase.9 Moreover, early alteplase 
treatment was also shown to predict better outcome despite 
persistence of large artery occlusion.37 Our results provide 
mechanistic insights that could explain these clinical data. 
Indeed, unlike thrombo-embolic models, the monofilament 
model of tMCAO mimicks such clinical situations in which the 
causal occlusion and proximal recanalization are not affected 
by intravenous thrombolytic treatment. Nevertheless, our find-
ings likely apply to other proximal artery occlusion models 
of stroke. As we show with intravital microscopy, DMT is 
not a consequence of reperfusion but of proximal occlusion, 
an event common to the various large artery ischemic stroke 
models (transient or permanent MCAO and embolic mod-
els). In our experimental model of proximal artery occlusion, 
despite a profound decrease in downstream blood flow during 
MCAO, residual perfusion was maintained through collateral 
pial anastomosis. This residual blood flow downstream proxi-
mal occlusion allows transient tissue survival (penumbra) and 
regional drug delivery.

Using this model, we demonstrate the pathological 
importance of DMT and show that it can be overcome by 
early intravenous alteplase administration that causes a 
rapid and profound hypofibrinogenemia. The latter events 
prevent platelet aggregation and help to dissociate freshly 
formed unstable platelet aggregates. Alteplase-induced 
hypofibrinogenemia and its consequences on platelet 
aggregation and disaggregation were previously shown 
to be due to the incomplete fibrin specificity of alteplase 
when used at therapeutic plasma concentration.38–40 This 
temporary hypofibrinogenemia is also frequently found in 
patients treated with alteplase. Results from clinical stud-
ies have suggested that fibrinogen exerts paradoxical and 
biphasic effects during the acute phase of ischemic stroke. 
Elevated initial plasma levels of fibrinogen were shown to 
be independently associated with a poor stroke outcome.41 
In addition, Ancrod, a purified fraction of venom from 
Malayan pit viper (Calloselasma rhodostoma) that induces 
a hypofibrinogenemia by splitting the fibrinogen, has been 
shown to have a favorable benefit-risk profile for patients 
when administered early within 3 hours of stroke onset.42 
However, other clinical studies have shown that there was 
no benefit in giving Ancrod beyond 3 hours of stroke onset.43 
Therefore, exactly like for alteplase, Ancrod-induced 
hypofibrinogenemia seems to be beneficial exclusively 
when used early after stroke onset. On the other hand, the 
increased risk of HT associated with hypofibrinogenemia is 
probably the most important adverse effect of late alteplase 
treatment.44,45 Thus, although plasma fibrinogen plays a del-
eterious role by supporting DMT in the first few hours of 
AIS, it remains necessary to prevent HT in later stages. Of 
note, in our model, alteplase was not associated with HT 
when administered early after occlusion.

In conclusion, our data demonstrate that DMT occurs 
immediately after MCAO and contributes to MCAO-induced 
brain damage. We further show that early intravenous 
alteplase administration, before recanalization, improves isch-
emic stroke outcome by preserving cerebral microvascular 
perfusion downstream to the arterial occlusion. This benefit 
of alteplase was predominantly mediated by a rapid fibrino-
genolytic action. Thus, our results support the use of alteplase 
treatment before EVT to improve the benefit of large artery 
recanalization, through targeting of DMT.

Sources of Funding
Dr Desilles is the recipient of a grant poste d’accueil INSERM.

Disclosures
None.

References
 1. The National Institute of Neurological Disorders and Stroke rt-pa Stroke 

Study Group. Tissue plasminogen activator for acute ischemic stroke. N 
Engl J Med. 1995;333:1581–1587.

 2. Hacke W, Kaste M, Bluhmki E, Brozman M, Dávalos A, Guidetti D, 
et al; ECASS Investigators. Thrombolysis with alteplase 3 to 4.5 hours 
after acute ischemic stroke. N Engl J Med. 2008;359:1317–1329. doi: 
10.1056/NEJMoa0804656.

 3. Goyal M, Demchuk AM, Menon BK, Eesa M, Rempel JL, Thornton 
J, et al; ESCAPE Trial Investigators. Randomized assessment of 

 at INSERM - DISC on December 2, 2015http://stroke.ahajournals.org/Downloaded from 

http://stroke.ahajournals.org/


Desilles et al  Alteplase Improves Microvascular Perfusion   3247

rapid endovascular treatment of ischemic stroke. N Engl J Med. 
2015;372:1019–1030. doi: 10.1056/NEJMoa1414905.

 4. Campbell BC, Mitchell PJ, Kleinig TJ, Dewey HM, Churilov L, Yassi 
N, et al; EXTEND-IA Investigators. Endovascular therapy for ischemic 
stroke with perfusion-imaging selection. N Engl J Med. 2015;372:1009–
1018. doi: 10.1056/NEJMoa1414792.

 5. Berkhemer OA, Fransen PS, Beumer D, van den Berg LA, Lingsma HF, 
Yoo AJ, et al; MR CLEAN Investigators. A randomized trial of intraarte-
rial treatment for acute ischemic stroke. N Engl J Med. 2015;372:11–20. 
doi: 10.1056/NEJMoa1411587.

 6. Jovin TG, Chamorro A, Cobo E, de Miquel MA, Molina CA, Rovira 
A, et al; REVASCAT Trial Investigators. Thrombectomy within 8 hours 
after symptom onset in ischemic stroke. N Engl J Med. 2015;372:2296–
2306. doi: 10.1056/NEJMoa1503780.

 7. Saver JL, Goyal M, Bonafe A, Diener HC, Levy EI, Pereira VM, et al; 
SWIFT PRIME Investigators. Stent-retriever thrombectomy after intra-
venous t-PA vs. t-PA alone in stroke. N Engl J Med. 2015;372:2285–
2295. doi: 10.1056/NEJMoa1415061.

 8. Leker RR, Pikis S, Gomori JM, Cohen JE. Is bridging necessary? A pilot 
study of bridging versus primary stentriever-based endovascular reper-
fusion in large anterior circulation strokes. J Stroke Cerebrovasc Dis. 
2015;24:1163–1167. doi: 10.1016/j.jstrokecerebrovasdis.2015.01.008.

 9. Rouchaud A, Mazighi M, Labreuche J, Meseguer E, Serfaty JM, Laissy 
JP, et al. Outcomes of mechanical endovascular therapy for acute isch-
emic stroke: a clinical registry study and systematic review. Stroke. 
2011;42:1289–1294. doi: 10.1161/STROKEAHA.110.599399.

 10. del Zoppo GJ, Mabuchi T. Cerebral microvessel responses to focal isch-
emia. J Cereb Blood Flow Metab. 2003;23:879–894. doi: 10.1097/01.
WCB.0000078322.96027.78.

 11. Dalkara T, Arsava EM. Can restoring incomplete microcirculatory reper-
fusion improve stroke outcome after thrombolysis? J Cereb Blood Flow 
Metab. 2012;32:2091–2099. doi: 10.1038/jcbfm.2012.139.

 12. Okada Y, Copeland BR, Fitridge R, Koziol JA, del Zoppo GJ. 
Fibrin contributes to microvascular obstructions and parenchymal 
changes during early focal cerebral ischemia and reperfusion. Stroke. 
1994;25:1847–1853.

 13. Zhang ZG, Zhang L, Tsang W, Goussev A, Powers C, Ho KL, et al. 
Dynamic platelet accumulation at the site of the occluded middle cere-
bral artery and in downstream microvessels is associated with loss of 
microvascular integrity after embolic middle cerebral artery occlusion. 
Brain Res. 2001;912:181–194.

 14. del Zoppo GJ, Schmid-Schönbein GW, Mori E, Copeland BR, Chang 
CM. Polymorphonuclear leukocytes occlude capillaries following 
middle cerebral artery occlusion and reperfusion in baboons. Stroke. 
1991;22:1276–1283.

 15. Zhang ZG, Chopp M, Goussev A, Lu D, Morris D, Tsang W, et al. 
Cerebral microvascular obstruction by fibrin is associated with upregu-
lation of PAI-1 acutely after onset of focal embolic ischemia in rats. J 
Neurosci. 1999;19:10898–10907.

 16. Ishikawa M, Vowinkel T, Stokes KY, Arumugam TV, Yilmaz G, Nanda 
A, et al. CD40/CD40 ligand signaling in mouse cerebral microvascula-
ture after focal ischemia/reperfusion. Circulation. 2005;111:1690–1696. 
doi: 10.1161/01.CIR.0000160349.42665.0C.

 17. Ishikawa M, Cooper D, Arumugam TV, Zhang JH, Nanda A, Granger 
DN. Platelet-leukocyte-endothelial cell interactions after middle cere-
bral artery occlusion and reperfusion. J Cereb Blood Flow Metab. 
2004;24:907–915. doi: 10.1097/01.WCB.0000132690.96836.7F.

 18. Ritter LS, Orozco JA, Coull BM, McDonagh PF, Rosenblum WI. 
Leukocyte accumulation and hemodynamic changes in the cere-
bral microcirculation during early reperfusion after stroke. Stroke. 
2000;31:1153–1161.

 19. Zhang L, Zhang ZG, Zhang R, Morris D, Lu M, Coller BS, et al. Adjuvant 
treatment with a glycoprotein IIb/IIIa receptor inhibitor increases the 
therapeutic window for low-dose tissue plasminogen activator admin-
istration in a rat model of embolic stroke. Circulation. 2003;107:2837–
2843. doi: 10.1161/01.CIR.0000068374.57764.EB.

 20. Kleinschnitz C, Pozgajova M, Pham M, Bendszus M, Nieswandt B, Stoll 
G. Targeting platelets in acute experimental stroke: impact of glycopro-
tein Ib, VI, and IIb/IIIa blockade on infarct size, functional outcome, and 
intracranial bleeding. Circulation. 2007;115:2323–2330. doi: 10.1161/
CIRCULATIONAHA.107.691279.

 21. Choudhri TF, Hoh BL, Zerwes HG, Prestigiacomo CJ, Kim SC, Connolly 
ES Jr, et al. Reduced microvascular thrombosis and improved outcome in 
acute murine stroke by inhibiting GP IIb/IIIa receptor-mediated platelet 
aggregation. J Clin Invest. 1998;102:1301–1310. doi: 10.1172/JCI3338.

 22. Mori E, del Zoppo GJ, Chambers JD, Copeland BR, Arfors KE. Inhibition 
of polymorphonuclear leukocyte adherence suppresses no-reflow after 
focal cerebral ischemia in baboons. Stroke. 1992;23:712–718.

 23. Soares BP, Tong E, Hom J, Cheng SC, Bredno J, Boussel L, et al. Reperfusion 
is a more accurate predictor of follow-up infarct volume than recanaliza-
tion: a proof of concept using CT in acute ischemic stroke patients. Stroke. 
2010;41:e34–e40. doi: 10.1161/STROKEAHA.109.568766.

 24. De Silva DA, Fink JN, Christensen S, Ebinger M, Bladin C, Levi CR, 
et al; Echoplanar Imaging Thrombolytic Evaluation Trial (EPITHET) 
Investigators. Assessing reperfusion and recanalization as markers of 
clinical outcomes after intravenous thrombolysis in the echoplanar imag-
ing thrombolytic evaluation trial (EPITHET). Stroke. 2009;40:2872–
2874. doi: 10.1161/STROKEAHA.108.543595.

 25. Fisher M, Feuerstein G, Howells DW, Hurn PD, Kent TA, Savitz SI, et 
al; STAIR Group. Update of the stroke therapy academic industry round-
table preclinical recommendations. Stroke. 2009;40:2244–2250. doi: 
10.1161/STROKEAHA.108.541128.

 26. Lapergue B, Moreno JA, Dang BQ, Coutard M, Delbosc S, Raphaeli 
G, et al. Protective effect of high-density lipoprotein-based therapy in 
a model of embolic stroke. Stroke. 2010;41:1536–1542. doi: 10.1161/
STROKEAHA.110.581512.

 27. Clauss A. Rapid physiological coagulation method in determination of 
fibrinogen. Acta Haematol. 1957;17:237–246.

 28. Gauberti M, Martinez de Lizarrondo S, Orset C, Vivien D. Lack of second-
ary microthrombosis after thrombin-induced stroke in mice and non-human 
primates. J Thromb Haemost. 2014;12:409–414. doi: 10.1111/jth.12487.

 29. Davis SM, Donnan GA, Parsons MW, Levi C, Butcher KS, Peeters A, et 
al; EPITHET investigators. Effects of alteplase beyond 3 h after stroke 
in the Echoplanar Imaging Thrombolytic Evaluation Trial (EPITHET): 
a placebo-controlled randomised trial. Lancet Neurol. 2008;7:299–309. 
doi: 10.1016/S1474-4422(08)70044-9.

 30. Lansberg MG, Straka M, Kemp S, Mlynash M, Wechsler LR, Jovin 
TG, et al; DEFUSE 2 study investigators. MRI profile and response 
to endovascular reperfusion after stroke (DEFUSE 2): a prospec-
tive cohort study. Lancet Neurol. 2012;11:860–867. doi: 10.1016/
S1474-4422(12)70203-X.

 31. von Brühl ML, Stark K, Steinhart A, Chandraratne S, Konrad I, Lorenz 
M, et al. Monocytes, neutrophils, and platelets cooperate to initiate and 
propagate venous thrombosis in mice in vivo. J Exp Med. 2012;209:819–
835. doi: 10.1084/jem.20112322.

 32. Wong SL, Demers M, Martinod K, Gallant M, Wang Y, Goldfine AB, 
et al. Diabetes primes neutrophils to undergo NETosis, which impairs 
wound healing. Nat Med. 2015;21:815–819. doi: 10.1038/nm.3887.

 33. Pham M, Kleinschnitz C, Helluy X, Bartsch AJ, Austinat M, Behr VC, et 
al. Enhanced cortical reperfusion protects coagulation factor XII-deficient 
mice from ischemic stroke as revealed by high-field MRI. Neuroimage. 
2010;49:2907–2914. doi: 10.1016/j.neuroimage.2009.11.061.

 34. Momi S, Tantucci M, Van Roy M, Ulrichts H, Ricci G, Gresele P. 
Reperfusion of cerebral artery thrombosis by the GPIb-VWF blockade 
with the Nanobody ALX-0081 reduces brain infarct size in guinea pigs. 
Blood. 2013;121:5088–5097. doi: 10.1182/blood-2012-11-464545.

 35. Langhauser F, Göb E, Kraft P, Geis C, Schmitt J, Brede M, et al. 
Kininogen deficiency protects from ischemic neurodegeneration in mice 
by reducing thrombosis, blood-brain barrier damage, and inflammation. 
Blood. 2012;120:4082–4092. doi: 10.1182/blood-2012-06-440057.

 36. Zhao BQ, Chauhan AK, Canault M, Patten IS, Yang JJ, Dockal M, et al. 
von Willebrand factor-cleaving protease ADAMTS13 reduces ischemic 
brain injury in experimental stroke. Blood. 2009;114:3329–3334. doi: 
10.1182/blood-2009-03-213264.

 37. Kablau M, Alonso A, Hennerici MG, Fatar M. Treatment with tPA 
predicts better outcome even if MCA occlusion persists. Int J Stroke. 
2013;8:496–502. doi: 10.1111/j.1747-4949.2011.00750.x.

 38. Francis CW, Kornberg A. Fibrinogen- and fibrin-degradation products 
during fibrinolytic therapy. Ann N Y Acad Sci. 1992;667:310–323.

 39. Loscalzo J, Vaughan DE. Tissue plasminogen activator promotes plate-
let disaggregation in plasma. J Clin Invest. 1987;79:1749–1755. doi: 
10.1172/JCI113015.

 40. Terres W, Umnus S, Mathey DG, Bleifeld W. Effects of streptokinase, 
urokinase, and recombinant tissue plasminogen activator on plate-
let aggregability and stability of platelet aggregates. Cardiovasc Res. 
1990;24:471–477.

 41. del Zoppo GJ, Levy DE, Wasiewski WW, Pancioli AM, Demchuk 
AM, Trammel J, et al. Hyperfibrinogenemia and functional outcome 
from acute ischemic stroke. Stroke. 2009;40:1687–1691. doi: 10.1161/
STROKEAHA.108.527804.

 at INSERM - DISC on December 2, 2015http://stroke.ahajournals.org/Downloaded from 

http://stroke.ahajournals.org/


3248  Stroke  November 2015

 42. Sherman DG, Atkinson RP, Chippendale T, Levin KA, Ng K, Futrell 
N, et al. Intravenous ancrod for treatment of acute ischemic stroke: 
the STAT study: a randomized controlled trial. Stroke Treatment with 
Ancrod Trial. JAMA. 2000;283:2395–2403.

 43. Hennerici MG, Kay R, Bogousslavsky J, Lenzi GL, Verstraete M, 
Orgogozo JM; ESTAT investigators. Intravenous ancrod for acute isch-
aemic stroke in the European Stroke Treatment with Ancrod Trial: a 
randomised controlled trial. Lancet. 2006;368:1871–1878. doi: 10.1016/
S0140-6736(06)69776-6.

 44. Trouillas P, Derex L, Philippeau F, Nighoghossian N, Honnorat J, 
Hanss M, et al. Early fibrinogen degradation coagulopathy is predic-
tive of parenchymal hematomas in cerebral rt-PA thrombolysis: a 
study of 157 cases. Stroke. 2004;35:1323–1328. doi: 10.1161/01.
STR.0000126040.99024.cf.

 45. Matosevic B, Knoflach M, Werner P, Pechlaner R, Zangerle A, Ruecker 
M, et al. Fibrinogen degradation coagulopathy and bleeding complica-
tions after stroke thrombolysis. Neurology. 2013;80:1216–1224. doi: 
10.1212/WNL.0b013e3182897015.

 at INSERM - DISC on December 2, 2015http://stroke.ahajournals.org/Downloaded from 

http://stroke.ahajournals.org/


SUPPLEMENTAL MATERIAL 
	
  

	
   1	
  

 

 
 
Supplemental figure I. Schematic representation of the experimental design of transient 
MCAO in rats treated with alteplase or saline.  
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Supplemental figure II. Modified Neurological Severity Score. 
 
 
Legends for the Video files: 
 
Supplemental Video I. Pial cerebral microcirculation before MCAO. Leucocytes and 
platelets were labeled with rhodamine 6G. The video was taken immediately before MCAO. 
Scale bar = 100 µm. 
 
Supplemental Videos II and III. Pial cerebral microcirculation during MCAO. The 
supplemental Video II was taken 15 minutes after MCAO and supplemental Video III 
immediately before recanalization (60 minutes after MCAO). Leucocytes and platelets were 
labeled with rhodamine 6G. MCAO caused an immediate decrease in arterial and venous 
blood flow. Platelet and leukocyte accumulation were observed mostly in the venous 
compartment. They formed occlusive microthrombi (arrows) that developed in post-capillary 
microvessels. Note the time-dependent increase in occluded microvessels during MCAO. 
Scale bar = 100 µm. 
 
Supplemental Video IV. Pial cerebral microcirculation after MCA recanalization. 
Leucocytes and platelets were labeled with rhodamine 6G. Leukocytes and platelets remained 
firmly adherent to the post-capillary vessel wall. The video was taken 30 minutes after MCA 
recanalization. Scale bar = 200 µm. 
 

Motor tests (raising rat by the tail):     3 
1. Flexion of forelimb 
1. Flexion of hindlimb 
1. Head moved > 10° to vertical axis within 30s 
Sensory test (vibrissae stimulation)     1 
Beam balance tests       6 
0. Balances with steady posture 
1. Grasps side 
2. Hugs ans one limb falls down 
3. Two limbs fall down or spins (>60s) 
4. Falls of >40s 
5. Falls of >20s 
6. Falls of <20s 
Maximum points        10 

Modified Neurological Severity Score. 



Martine Jandrot-Perrus, Jean-Baptiste Michel, Benoit Ho-Tin-Noe and Mikael Mazighi
Marie Cantier, Liliane Louedec, Bertrand Lapergue, Pierre Amarenco, Nadine Ajzenberg, 
Jean-Philippe Desilles, Stephane Loyau, Varouna Syvannarath, Jaime Gonzalez-Valcarcel,

Large Artery Recanalization in Stroke
Alteplase Reduces Downstream Microvascular Thrombosis and Improves the Benefit of

Print ISSN: 0039-2499. Online ISSN: 1524-4628 
Copyright © 2015 American Heart Association, Inc. All rights reserved.

is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231Stroke 
doi: 10.1161/STROKEAHA.115.010721

2015;46:3241-3248; originally published online October 6, 2015;Stroke. 

 http://stroke.ahajournals.org/content/46/11/3241
World Wide Web at: 

The online version of this article, along with updated information and services, is located on the

 http://stroke.ahajournals.org/content/suppl/2015/10/06/STROKEAHA.115.010721.DC1.html
Data Supplement (unedited) at:

  
 http://stroke.ahajournals.org//subscriptions/

is online at: Stroke  Information about subscribing to Subscriptions:
  

 http://www.lww.com/reprints
 Information about reprints can be found online at: Reprints:

  
document. Permissions and Rights Question and Answer process is available in the

Request Permissions in the middle column of the Web page under Services. Further information about this
Once the online version of the published article for which permission is being requested is located, click 

 can be obtained via RightsLink, a service of the Copyright Clearance Center, not the Editorial Office.Strokein
 Requests for permissions to reproduce figures, tables, or portions of articles originally publishedPermissions:

 at INSERM - DISC on December 2, 2015http://stroke.ahajournals.org/Downloaded from 

http://stroke.ahajournals.org/content/46/11/3241
http://stroke.ahajournals.org/content/suppl/2015/10/06/STROKEAHA.115.010721.DC1.html
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://stroke.ahajournals.org//subscriptions/
http://stroke.ahajournals.org/

