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A Mouse Model of Hemorrhagic Transformation by Delayed
Tissue Plasminogen Activator Administration After In Situ

Thromboembolic Stroke
Isaac García-Yébenes, BSc; Mónica Sobrado, PhD; Juan G. Zarruk, MD; Mar Castellanos, MD, PhD;

Natalia Pérez de la Ossa, MD; Antoni Dávalos, MD, PhD; Joaquín Serena, MD, PhD;
Ignacio Lizasoain, MD, PhD; María A. Moro, PhD

Background and Purpose—Thrombolytic treatment with tissue plasminogen activator (tPA) improves outcome of patients
with stroke who can be treated within 3 hours of symptom onset. However, delayed treatment with tPA leads to
increased risk of hemorrhagic transformation and can result in enhanced brain injury. The purpose of this study is to
validate a reproducible mouse model of hemorrhagic transformation associated with delayed administration of tPA.

Methods—Mice were anesthetized and thrombin was injected into the middle cerebral artery to induce the formation of
a clot as described by Orset et al. To induce reperfusion, tPA (10 mg/kg) was intravenously administered 20 minutes
or 3 hours after thrombin injection.

Results—Thrombin produced a clot in 83.1% of the animals, which caused focal ischemia determined 24 hours after the
injection. Different degrees of bleeding were found in the middle cerebral artery occlusion group, including hemorrhagic
infarction type 1 (HI-1) in 46.2%, hemorrhagic infarction type 2 (HI-2) in 30.8% and parenchymal hemorrhage type
1 in 23.0%. Administration of tPA 20 minutes after the occlusion produced an effective reperfusion in 62.5% of the
animals and reduced both infarct volume and appearance of severe hemorrhage (10% nonhemorrhage, 80% HI-1 and
10% HI-2). However, administration of tPA 3 hours after the occlusion led to effective reperfusion in 47.1% of the
animals, did not reduce infarct volume, caused hemorrhagic transformation (25% HI-1, 37.5% HI-2, and 37.5%
parenchymal hemorrhage type 1), and increased hemorrhage and brain swelling.

Conclusions—We have set up a reproducible mouse model of hemorrhagic transformation associated with delayed
administration of tPA similar to that observed in humans. (Stroke. 2011;42:196-203.)

Key Words: blood–brain barrier � brain swelling � clot � edema � thrombin

Thrombolytic treatment with tissue plasminogen activator
(tPA) is the main approved therapy that improves out-

come in patients with acute ischemic stroke. Unfortunately,
the therapeutic window is only 3 hours from symptom onset.1

Some studies have suggested that there may still be patients
able to benefit from thrombolysis even beyond 4.5 hours
using the “mismatch” imaging concept.2,3 However, recent
studies4,5 did not confirm those results, supporting the con-
cept that delayed treatment with tPA is associated with an
increased risk of blood–brain barrier breakdown, edema, and
hemorrhagic transformation (HT), which can result in en-
hanced brain injury. Due to these complications together with
the narrow therapeutic window, only a small percentage of
patients with ischemic stroke (�5%) benefit from tPA-
induced thrombolysis. Therefore, it becomes urgent to inves-
tigate mechanisms underlying risk of reperfusion injury not

only to improve safety of tPA, but also to search for
alternatives to this treatment.

Experimental models of stroke present several problems,
even more evident when the model aims to emulate HT. In
this context, most authors have used either normal or spon-
taneous hypertensive rats in which the occlusion is performed
by using an intraluminal filament,6,7 injection of blood clots,8

or in situ clot formation by using rose Bengal.9 First, there are
numerous differences in cerebral pathophysiology and reper-
fusion injury when mechanical and embolic clot-based mod-
els are compared. In addition, although clot-based models are
closer to what happens in patients, a limitation is the lack of
reproducibility and uniformity in the size and location of the
infarcts, because placement and ultimate lodgement of the
multiple emboli are not controlled. In addition, photochemi-
cally induced emboli are platelet-rich and lack fibrin and,
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therefore, are not accessible to thrombolysis with tPA (for
review, see Willing10).

Recently, a mouse model based on an in situ thromboem-
bolic occlusion of the middle cerebral artery (MCA) was
described, which allows recanalization and improves stroke
outcome after early administration of tPA.11 Using this
approach, the purpose of this study is to establish a repro-
ducible mouse model of HT associated with delayed admin-
istration of tPA.

Materials and Methods
General
Adult male Swiss (Jackson Labs, Bar Harbor, Maine) mice weighing
25 to 35 g were used in this study. Experimental ischemia was
carried out as described.11 Mice were anesthetized and mouse
�-thrombin (2 UI) was injected into the MCA to induce a clot
(Figure 1). A clot was defined as stable when laser Doppler
flowmetry displayed a drastic fall of brain perfusion that remained
stable during 60 minutes (mean reduction of 70% to 80%) and that
was accompanied by a change in the color of the artery.

For reperfusion, tPA (10 mg/kg) was intravenously administered
20 minutes or 3 hours after thrombin injection. We defined a
reperfusion as effective when blood flow was recovered (in the range
of 60% to 100% of basal values) and remained stable within the first
60 minutes after tPA injection.

Details consistent with good laboratory practice, methods, etc, are
provided in the Supplemental Data (which includes an addition to the
“Methods” section, a Table, and a Figure; available at
http://stroke.ahajournals.org).

Experimental Groups and Exclusion Criteria
Animals were classified in 5 different groups: (1) MCA occlusion
(MCAO), in which vehicle was intravenously administered 20
minutes or 3 hours after thrombin injection; and (2 and 3)
MCAO�tPA–20 minutes and MCAO�tPA–3 hours, in which tPA
was intravenously administered 20 minutes or 3 hours, respectively,
after thrombin injection; (4) spontaneous-reperfusion, a group of
mice in which perfusion was transiently arrested but spontaneously
returned to basal values in the absence of tPA within 60 minutes after
thrombin injection; and (5) no-reperfusion, a group of mice that did
not present reperfusion after tPA injection. Additional details regard-
ing exclusion criteria, methods for allocation to treatment group, etc,
are provided in Figure 2 and Supplemental Data.

Figure 2. Flow chart of the study. Inf. indicates infarction; Part. Reperf., partial reperfusion.

Figure 1. Occlusion of the MCA. After the craniotomy, the MCA, a bright red color, is exposed (A–B) and thrombin is injected in the
bifurcation with a micropipette (C). During the injection, the artery increasingly turns white (D–F). After the injection, the branches of the
MCA go dark red due to the arrested blood flow, and a white clot becomes apparent in its bifurcation (G–H).
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Outcome Measures
Neurological deficit was assessed by using a modified neurological
severity score and infarct size and brain swelling were determined as
described in the Supplemental Data.

Assessment of HT
Hemorrhages were macroscopically classified in 5 groups: (1)
nonhemorrhage; (2) hemorrhagic infarction type 1 (HI-1), defined as
small petechiae, generally along the boundary of the infarct; (3)

hemorrhagic infarction type 2 (HI-2), with more confluent pete-
chiae within the damaged area; (5) parenchymal hemorrhage type
1 (PH-1), characterized by blood clots in �30% of the injured
parenchyma; and (5) parenchymal hemorrhage type 2 (PH-2) with
clots in �30% of the infarct. Additional histological examination
was performed after Nissl and diaminobenzidine staining. Hem-
orrhage was also quantified by area measurement on images of
2,3,5-triphenyl tetrazolium chloride-stained sections and by a
spectrophotometric assay (details and references consistent with

Figure 3. Effect of early or late administration of
tPA on infarct outcome. Infarct volume (A), areas
(B), and neurological deficit (C) were determined
24 hours after ischemic insult in MCAO,
MCAO�tPA–20 minutes, and MCAO�tPA–3 hours
groups. Data are mean�SD; n�6 to 15; *P�0.05
versus MCAO group. Photographs of brain slices
from representative experiments.
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HT and statistical analysis are provided in the Supplemental
Data).

Results
Effect of tPA on Infarct Volume Caused by
Thrombin Injection
Injection of thrombin into the MCA generated a clot as
previously described,11 which induced an infarct (MCAO,
infarct volume of 11.7%�2.0%, n�13; Figure 3A–B; Table
1) and neurological damage 24 hours after the injection (n�6;
Figure 3C; Table 1). A thrombin-induced stable clot was
formed in 83.1% (Figure 2) of the animals associated with a
rapid and sustained reduction of brain perfusion during 60
minutes (mean reduction of 70% to 80%; Figure 4A).

Administration of tPA 20 minutes after thrombin injection
was associated with higher incidence of vessel recanalization,
reduction in infarct volume (MCAO�tPA–20 minutes, 33%
of reduction; n�10; P�0.05 versus MCAO; Figure 3A–B;

Table 1), and better functional outcome 24 hours after MCAO
(n�6, P�0.05; Figure 3C; Table 1). Early treatment with tPA
led to an effective reperfusion, as shown by a recovery of
initial cerebral blood flow, which remained stable within the
first 60 minutes after tPA injection (Figure 4B), in 62.5% of
the animals (Figure 2).

Administration of tPA 3 hours after clot formation led to
effective reperfusion (the blood flow returned to basal levels
and remained stable during the first 60 minutes after tPA
injection; Figure 4C) in 47.1% of the animals (Figure 2).
However, it did not affect infarct volume (MCAO�tPA–3
hours, n�8; P�0.05 versus MCAO; Figure 3A–B; Table 1)
or functional outcome 24 hours after MCAO (n�5, P�0.05;
Figure 3C; Table 1).

A group of mice (16.9% of the animals) showed sponta-
neous reperfusion (Figures 2 and 4D). The infarct size in this
group was similar to that found in the MCAO�tPA–20
minutes group (spontaneous-reperfusion, n�6; P�0.05 ver-

Table 1. Summary of the Results

MCAO
MCAO�tPA–20

Minutes
MCAO�tPA–3

Hours
Spontaneous
Reperfusion No Reperfusion

Infarct volume, % 11.7�2.0 7.8�1.3 13.2�2.3 6.6�3.6 11.8�3.0

Neurological deficit, points 5.1�0.6 3.2�0.4 5.4�0.5 3.3�0.3 5.2�1.3

Edema, % 1.9�2.3 2.6�2.2 6.1�2.0 1.9�0.9 2.0�3.1

Hemorrhagic area, mm2 0.44�0.47 0.18�0.1 1.80�2.2 0.11�0.06 1.10�1.1

Blood volume, nL 5.5�13.5 0�0 30.1�38.6 4�5.6 29.2�46.4

Figure 4. Effect of early or late administration of tPA on cerebral blood flow. Representative cerebral blood flow tracings of MCAO (A),
MCAO�tPA–20 minutes (B), MCAO�tPA–3 hours (C), and spontaneous-reperfusion groups (D) as measured by laser Doppler flowmet-
ry. Cerebral blood flow is expressed as percent of basal level.
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sus MCAO�tPA–20 minutes; Table 1). The neurological dam-
age was also similar (n�4, P�0.05 versus MCAO�tPA–20
minutes; Table 1).

Finally, a group of mice without reperfusion was found in
45.5% of the animals treated with tPA (Figure 2). In this case,
the infarct size was similar to that found in the MCAO group
(no-reperfusion, n�15; P�0.05 versus MCAO; Table 1). The
neurological damage was also similar (n�5, P�0.05 versus
MCAO; Table 1). In any case, all the animals from this group
had the MCA recanalized when the wound was reopened 24
hours after MCAO and before euthanasia.

Physiological parameters were not significantly different
among the groups studied, apart from some degree of hypoten-
sion at 240 minutes after occlusion, which was previously
described and was independent of tPA administration (Table
2).12,13 The values of activated partial thromboplastin time, as
indicator of coagulation pathway, were not significantly differ-
ent between control animals and after tPA administration (ratios
of activated partial thromboplastin time: 0.93�0.22 versus
2.18�1.50, respectively, n�4 to 7, P�0.05).

Effect of tPA on Hemorrhage and Brain Swelling
Mild signs of bleeding were found in all the animals from the
MCAO group when measured 24 hours after thrombin
injection in both macroscopic or histological examinations
(Figures 5 and 6A, D, respectively). HI-1 was present in

46.2%, HI-2 in 30.8%, and PH-1 in 23.0% of the animals. No
PH-2 was found in this group (Figure 5).

Administration of tPA 20 minutes after clot formation
(MCAO�tPA–20 minutes group) significantly decreased
HI-2 percentage at the same time as increasing the HI-1
fraction when compared with the MCAO group (P�0.05
versus MCAO; Figure 5). However, the mean hemorrhage
area was similar to that found in the MCAO group (n�10,
P�0.05 versus MCAO, Figure 7A; Table 1) and the blood
volume was undetectable (n�6, P�0.05 versus MCAO,
Figure 7B; Table 1). Mild signs of bleeding were also
observed by histological examination (Figure 6B, E).

Interestingly, administration of tPA 3 hours after clot forma-
tion (MCAO�tPA–3 hours group) increased the occurrence of
PH-1 and HI-2, reducing the percentage of HI-1 (Figure 5).
Furthermore, delayed administration of tPA increased hemor-
rhage area (n�8, P�0.05 versus MCAO and MCAO�tPA–20
minutes), blood volume (n�5, P�0.05 versus MCAO�tPA–20
minutes; Figure 7A–B; Table 1), brain swelling (n�8, P�0.05
versus MCAO and MCAO�tPA–20 minutes; Figure 7C; Table
1), and blood extravasation (Figure 6C, F).

The spontaneous-reperfusion group showed percentages of
bleeding similar to those found in the MCAO�tPA–20
minutes group (20% nonhemorrhage, 80% HI-1; n�5,
P�0.05 versus MCAO�tPA–20 minutes). The mean values
of hemorrhage area (n�5, P�0.05 versus MCAO�tPA–20

Table 2. Physiological Parameters*

Preischemic
0 Minutes

Ischemic Period Reperfusion Period (tPA)

15 Minutes
After Thrombin

80 Minutes
After Thrombin

240 Minutes
After Thrombin

80 Minutes After
Thrombin (tPA at 20 Minutes)

240 Minutes After
Thrombin (tPA at 3 Hours)

pH 7.33�0.06 7.28�0.04 7.32�0.05 7.09�0.17 7.30�0.08 7.12�0.08

pCO2 32.2�8.74 37.7�9.48 32.0�7.83 49.0�17.72 30.1�15.14 32.5�5.22

pO2 186�15.77 168.3�36.09 196.3�33.5 185.3�0.5 193.0�22.6 198.3�12.2

Ht 37.7�1.7 36.6�2.0 35.3�0.8 37.3�4.7 34.3�3.2 36.6�7.7

Hb 12.8�0.6 12.4�0.7 11.9�0.2 12.7�1.5 11.7�1.0 12.5�2.5

MABP 73.6�5.2 68.1�7.8 67.3�13.1 43.4�3.5 53.2�4.7 42.2�2.6

*Parameters were measured in mice before and after tPA administration.
Values are mean�SD (n�4).
MABP indicates mean arterial blood pressure; Ht, hematocrit; Hb, hemoglobin.

Figure 5. Effect of early or late administration of tPA on macroscopic hemorrhages. Hemorrhages were classified by type and exten-
sion in 4 groups: (1) no-hemorrhage; (2) HI-1; (3) HI-2; and (4) PH-1. Data are expressed as percent of animals showing signs of bleed-
ing. Each animal was assigned to 1 group according to the most severe bleeding.

200 Stroke January 2011

 by on December 27, 2010 stroke.ahajournals.orgDownloaded from 

http://stroke.ahajournals.org


minutes; Table 1) and blood volume (n�4, P�0.05 versus
MCAO�tPA–20 minutes; Table 1) were also similar to the
early tPA reperfused group. In contrast, the no-reperfusion
group showed values similar to the MCAO group (42.9%
HI-1, 21.4% HI-2, 35.7% PH-1, n�14, P�0.05 versus
MCAO; hemorrhage area of 1.1�1.1 mm2, n�14, P�0.05
versus MCAO; blood volume of 29�46 nL/hemisphere,
n�7, P�0.05 versus MCAO; Table 1). Moreover, all animals
of this group had the vessel reperfused 24 hours after surgery.

Discussion
So far, tPA is the main approved treatment for acute ischemic
stroke treatment but with a very narrow therapeutic window
due in part to the risk of HT and decreased efficacy beyond
3 hours. We hereby describe a model of HT caused by
delayed tPA administration in an in situ thromboembolic
stroke model in mice. Its features, resembling human clinic,
suggest that this model may be very useful for the study of the
mechanisms underlying this severe complication and to
investigate new targets to improve stroke treatment.

Recently, Orset et al11 described a useful stroke model based
on in situ clot formation with several advantages such as its
similarity to the human clinical situation with involvement of the
whole neurovascular unit, the possibility to undergo reperfusion
in response to early treatment with tPA, and its relatively good
reproducibility. Therefore, this model appeared very suitable for
the study of HT, that is, the bleeding into an area with
pre-existing ischemic tissue damage,14 which often results as an
adverse effect of thrombolytic therapy. For that, we assayed the
effect of the intravenous administration of tPA at 20 minutes and
3 hours after occlusion.

First of all, we have found that thrombin-induced MCAO
(MCAO group) caused a rapid fall in cerebral blood flow rate
associated with the formation of a clot at the injection site. This

clot was stable for at least the 60-minute duration of Doppler
flow-rate recording and was associated 24 hours later with the
appearance of an infarcted region in brain cortex, concomitant to
a neurological deficit. The infarct volume showed good repro-
ducibility within the territory supplied by the MCA. In this
condition, brain tissue also showed modest values of hemor-
rhage area and blood volume. Of note, although this condition
was associated in approximately half of the animals studied with
benign, hardly noticeable bleeding15 (classified as HI-1), the
other half showed either mild bleeding, classified as HI-2, or
even PH-1. In addition, intravascular thrombin injection did not
produce any detectable side effects, as previously described,16

likely due to its in vivo short half-life17 and to the dose used in
this study.

In agreement with Orset et al,11 administration of tPA 20
minutes after thrombin-induced occlusion (MCAO�tPA–20
minutes) induced recovery of cerebral blood flow rate up to
60% of initial values at least 10 minutes after the infusion
onset and a better stroke outcome as shown by reduced infarct
volume and better neurological scores. In addition, there was
a reduction in both blood volume and hemorrhage area when
compared with the MCAO group. More importantly, brain
tissues showed just benign bleeding (HI-1, 80%) or even no
bleeding at all (10%) with just 10% of HI-2. These data
indicate that early vessel recanalization is able to rescue still
viable ischemic brain tissue despite the appearance of some
petechial bleeding. This might explain evidence from the
clinical practice that has demonstrated that early thrombolytic
treatment improves stroke outcome1,18,19 and that HI is mostly
associated with neurological improvement and recanalization
in patients receiving tPA.20,21 Although Orset et al11 could not
detect any evidence of hemorrhage, a discrepancy that might
arise from the use of different assessment methods among
other reasons, our results are basically in agreement with

Figure 6. Effect of early or late administration of tPA on hemorrhage. Representative Nissl combined with diaminobenzidine staining of
brain sections from MCAO (A, D), MCAO�tPA–20 minutes (B, E), and MCAO�tPA–3 hours groups (C, F). Scale bars, 25 �m.
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theirs, being now our major finding the difference between
early and delayed administration of tPA.

Indeed, we have now found that delayed tPA administra-
tion (MCAO�tPA–3 hours) exhibits remarkable differences
with its early counterpart; although tPA was effective in
recovering cerebral perfusion, infarct outcome was not af-
fected by this treatment, because both infarct volume and
neurological scores were not significantly different from the
MCAO group. However, especially noteworthy was the
finding of a remarkable increase in both hemorrhage area and

blood volume in the brain tissue of these mice. Accordingly,
only one fourth of the animals treated showed benign bleed-
ing (HI-1); this treatment was associated in the rest of the
individuals with either HI-2 or to PH-1, indicating that
delayed tPA causes HT of the ischemic infarct in this model.
Furthermore, we have found that administration of tPA at 3
hours produces brain swelling indicating brain edema, in
agreement with the concept that delayed administration of
tPA can disrupt the blood–brain barrier.22 The development
of HT after delayed tPA treatment found in our model is
consistent with previous studies in other experimental mod-
els.14,23–27 In contrast with our model in mice, the therapeutic
window for tPA in humans might be longer in some cases
(4.5 hours).1 Several reasons may account for this, but very
likely it is due to a faster metabolism in mice.

Interestingly, we have found that some animals (16.9%)
underwent spontaneous reperfusion after thrombin injection,
which could be followed by both recovery in cerebral perfusion
and by visualization of the recanalization. In these cases, both
infarct volume and bleeding were very close to those found in
the early-reperfused group. In addition, we also found a set of
tPA-treated animals (45.5%) that did not experience reperfusion
regardless of treatment with tPA. It is worth highlighting that
these 2 situations resemble the clinical situation,28 thus identify-
ing our model as one of the most adequate ones for the study of
the adverse effects of thrombolytic treatments.

Our model presents important advantages; it provides a
reproducible and predictable infarct volume within the terri-
tory supplied by the MCA, it has a low mortality rate, and it
resembles the findings in human patients, in which the longer
the administration of tPA, the more frequent and severe the
bleeding.28,29 Another positive feature is that the model has
been developed in mice, thus facilitating studies of patho-
physiological mechanisms using animals with genetic manip-
ulations. For all these reasons, this model appears very
suitable for the study of HT after delayed tPA.

Despite all this, our model presents some limitations: (1)
clot is induced by a direct thrombin injection; although we
have not detected any remarkable effect of this treatment, we
cannot discard that some biochemical parameters might be
affected by this protease, especially those implicated in
edema30,31 and apoptosis or cell damage32,33; (2) in line with
the previous issue, the clot induced by thrombin is a fibrin-
rich embolus that contains a low number of cells and
platelets11; this indicates that the model is suitable for the
study of thrombolytic treatment after ischemic infarcts of a
cardioembolic nature, but further studies are required to
ascertain its validity as a model in the case of atherothrom-
botic infarct types; and (3) the delayed administration has
been set at 3 hours after the ischemic occlusion; however, this
is still a safe time when it translates to humans, very likely
due to species differences.

Conclusion
We have set up a reproducible mouse model of HT associated
with delayed administration of tPA, similar to that noted in
humans. This method may be useful for the study of risk of
reperfusion injury and to improve the safety and efficacy of
thrombolytic therapy.

Figure 7. Effect of early or late administration of tPA on hemor-
rhage area and brain swelling. Hemorrhage area (A), blood vol-
ume (B), and brain swelling (C) were determined 24 hours after
ischemic insult in MCAO, MCAO�tPA–20 minutes, and
MCAO�tPA–3 hours groups. Data are mean�SD; n�6 to 15;
*P�0.05 versus MCAO and #P�0.05 versus MCAO�tPA–20
minutes group.
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