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Abstract
Benefits from thrombolysis with recombinant tissue plasminogen activator (rt-PA) after ischemic stroke remain limited due to a
narrow therapeutic window, low reperfusion rates, and increased risk of hemorrhagic transformations (HT). Experimental data
showed that rt-PA enhances the post-ischemic activation of poly(ADP-ribose)polymerase (PARP) which in turn contributes to
blood-brain barrier injury. The aim of the present study was to evaluate whether PJ34, a potent PARP inhibitor, improves poor
reperfusion induced by delayed rt-PA administration, exerts vasculoprotective effects, and finally increases the therapeutic window
of rt-PA. Stroke was induced by thrombin injection (0.75 UI in 1 μl) in the left middle cerebral artery (MCA) of male Swiss mice.
Administration of rt-PA (0.9 mg kg−1) or saline was delayed for 4 h after ischemia onset. Saline or PJ34 (3 mg kg−1) was given
intraperitoneally twice, just after thrombin injection and 3 h later, or once, 3 h after ischemia onset. Reperfusion was evaluated by
laser Doppler, vascular inflammation by immunohistochemistry of vascular cell adhesion molecule-1 (VCAM-1) expression, and
vasospasm by morphometric measurement of the MCA. Edema, cortical lesion, and sensorimotor deficit were evaluated.
Treatment with PJ34 improved rt-PA-induced reperfusion and promoted vascular protection including reduction in vascular
inflammation (decrease in VCAM-1 expression), HT, and MCA vasospasm. Additionally, the combined treatment significantly
reduced brain edema, cortical lesion, and sensorimotor deficit. In conclusion, the combination of the PARP inhibitor PJ34 with rt-
PA after cerebral ischemia may be of particular interest in order to improve thrombolysis with an extended therapeutic window.
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Abbreviations
BBB Blood-brain barrier
CBF Cerebral blood flow
DAB 3,3′-Diaminobenzidine tetrahydrochloride
MCA Middle cerebral artery
PARP Poly(ADP-ribose)polymerase
PJ34 N-(6-Oxo-5,6-dihydrophenanthridin-2-yl)-(N,N-

dimethylamino)acetamide hydrochloride
ROI Region of interest
rt-PA Recombinant tissue plasminogen activator
VCAM-1 Vascular cell adhesion molecule-1

Introduction

Thrombolysis with recombinant tissue plasminogen activator
(rt-PA) remains the only approved pharmacological strategy
for acute ischemic stroke. However, less than 2% patients can
benefit from this treatment due to several reasons [1]. First, rt-
PA has limited thrombolytic efficiency and low recanalization
rates especially in large artery occlusions [2, 3]. Additionally,
rt-PA has a narrow therapeutic window (4.5 h) after stroke
symptom onset [4]. Beyond this limit, rt-PA is devoid of ben-
eficial effects. Furthermore, rt-PA increases the risk of hemor-
rhagic transformations [5].

Poly(ADP-ribose)polymerases (PARPs) are a large family
of nuclear enzymes within which PARP-1 accounts for about
90% of PARP activity [6]. PARP-1 physiologically exerts
beneficial effects as this enzyme participates in DNA repair,
cell cycle control, and genomic stability [7]. However PARP
overactivation is deleterious in experimental models of cere-
bral ischemia in rodents [8–10] and primates [11]. Excessive

* Isabelle Margaill
isabelle.margaill@parisdescartes.fr

1 EA4475 - BPharmacologie de la Circulation Cérébrale^, Faculté de
Pharmacie de Paris, Université Paris Descartes, Université Sorbonne
Paris Cité, 4 avenue de l’Observatoire, 75006 Paris, France

Molecular Neurobiology (2018) 55:9156–9168
https://doi.org/10.1007/s12035-018-1063-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-018-1063-3&domain=pdf
mailto:isabelle.margaill@parisdescartes.fr


activation of PARP-1 indeed leads to cellular NAD and ATP
depletion, neuroinflammation, apoptosis inducing factor
(AIF) translocation from mitochondria to nucleus, and ulti-
mately neuronal cell death through necrosis, autophagy, or
parthanatos (a caspase-independent programmed cell death
induced by AIF) [12, 13].

Interestingly, rt-PA was reported to increase PARP activa-
tion in a model of permanent focal cerebral ischemia induced
by mechanical occlusion of the middle cerebral artery (MCA)
in mice [14]. In the same model of permanent MCA occlu-
sion, we showed, using the potent PARP inhibitor PJ34 given
at stroke onset, that PARP contributes to rt-PA-induced blood-
brain barrier (BBB) breakdown and hemorrhagic transforma-
tions [8, 9]. Additionally, several studies reported that PARP
inhibition suppresses the post-stroke neuroinflammation and
thereby induces neuroprotection [15–17]. However, even
though there is a wealth of research about the role of PARP
inhibitors on the brain inflammation, BBB disruption, and
hemorrhagic transformations, their effect on the post-
ischemic reperfusion and the vascular inflammation induced
by rt-PA has not been studied in stroke.

The present study examined the effect of PJ34 and rt-PA in
a thromboembolic model of cerebral ischemia in which reper-
fusion can occur. This model is particularly relevant to exam-
ine strategies to be associated with rt-PA, as we previously
reported that delaying administration of rt-PA (4 h after ische-
mia onset) in this model leads, as in clinic, to decreased reper-
fusion and loss of neuroprotection [18]. We took advantage of
this model to study the impact of associating both compounds
on reperfusion, vascular inflammation, and cerebral vaso-
spasm (that has been extensively studied in subarachnoid
hemorrhage as a contributor of poor outcome and death [19]
but poorly investigated after ischemic stroke). Finally, in this
model, we evaluated whether restoration of cerebral blood
flow (CBF) and reduction of vascular injury after ischemia
extend the therapeutic window of rt-PA by evaluating the in-
farct volume and neurological deficit.

Methods

Animals

All experiments were performed on male Swiss albino mice
(25–32 g, Janvier, Le Genest-St-Isle, France) in compliance
with the European Community Council Directive of
September 22, 2010 (2010/63/UE), and the French regulations
regarding the protection of animals used for experimental and
other scientific purposes (D2013-118), with the ethical ap-
proval of the Paris Descartes University Animal Ethics
Committee (registered number P2.CM.152.10). Mice were
housed under standard conditions with a 12-h light/dark cycle
and allowed access to food and water ad libitum. Animals

were randomly assigned to experimental groups and treated
in a blinded manner.

Focal Cerebral Ischemia

Male Swiss mice were intraperitoneally anesthetized with ke-
tamine (50 mg kg−1) and xylazine hydrochloride (6 mg kg−1).
Ischemia was induced by occlusion of the left MCA using a
thromboembolic model [20]. In this model, we have previous-
ly evaluated the effects of thrombolysis on reperfusion in male
Swiss albino mice [18]. After craniotomy and dura excision, a
glass pipette was introduced into the lumen of the MCA and
1 μl of purified human alpha-thrombin (0.75 UI; HCT-0020,
Hematologic Technologies Inc., Essex Junction, USA) was
injected to induce the formation of a clot in situ. The same
surgical procedure was performed in sham-operated mice, ex-
cept the introduction of the pipette into the MCA. The CBF
wasmonitored in theMCA region by laser Doppler flowmetry
(Moor instruments, Millwey, UK); a clot was defined stable
when CBF rapidly falls to at least 50% of the baseline level
after the beginning of thrombin injection [21] and remains
below this value for 30 min. Mice with less than a 50% drop
or with spontaneous reperfusion were excluded. Body temper-
ature was monitored throughout surgery by a rectal probe and
maintained at 37 ± 0.5 °C with a homeothermic blanket con-
trol unit (Harvard Apparatus, Edenbridge, Kent, UK). After
surgery, mice were returned to their home cage and fed
mashed lab chow. In order to prevent from dehydration, mice
received a subcutaneous injection of 0.5 ml saline the day of
surgery.

Treatment Schedules

Mice received rt-PA (Actilyse®, Boehringer-Ingelheim,
Biberach an der Reiss, Germany) intravenously (tail vein;
0.9 mg kg−1; 10% bolus, 90% perfusion during 30 min) or
its vehicle (saline) 4 h after ischemia [18]. PJ34 (3 mg kg−1;
P4365, Sigma-Aldrich, Saint Quentin Fallavier, France) or its
vehicle (saline) was administered intraperitoneally twice, just
after thrombin injection (0 h) and 3 h later according to our
previous work [8, 9, 22], or once, 3 h after ischemia induction.

Effect of PJ34 and rt-PA on Acute Reperfusion

Ischemic mice were randomly assigned to one of the follow-
ing groups (n = 5/group): (1) saline (at 0, 3, and 4 h post-
ischemia), (2) rt-PA (and saline at 0 and 3 h), (3) PJ34 at 0
and 3 h plus rt-PA, and (4) PJ34 at 3 h plus rt-PA (and saline at
0 h). Thirty minutes after thrombin injection, mice were
returned to their home cages maintained at 30 °C. Three hours
post-ischemia, mice were re-anesthetized just before the ad-
ministration of PJ34 or saline, and CBF was thereafter contin-
uously monitored for 3 h. Quality of cerebral reperfusion was

Mol Neurobiol (2018) 55:9156–9168 9157



assessed by the area under the curve (AUC) from 4 to 6 h.
AUC was calculated by measuring the area under the CBF
curve between the injection of rt-PA (4 h) and the end of
CBF monitoring (6 h).

Effect of PJ34 and rt-PA on Ischemic Outcomes at 24 H

Ischemic mice were randomly assigned to one of the follow-
ing five groups (n = 19–20/group): (1) saline (at 0, 3, and 4 h
post-ischemia), (2) rt-PA (and saline at 0 and 3 h), (3) PJ34 at 0
and 3 h (plus saline at 4 h), (4) PJ34 at 0 and 3 h plus rt-PA,
and (5) PJ34 at 3 h plus rt-PA (and saline at 0 h). Sham-
operated mice (n = 19) were treated with saline at 0, 3, and
4 h after surgery.

Behavioral Tests

Behavioral tests were blindly performed 24 h after ischemia.
Spontaneous locomotor activity was evaluated using an
actimeter (Imetronic, Bordeaux, France) as previously de-
scribed [23]. Mice were individually placed in actimeter
cages, where lighting was fixed at 5 lx. Ambulatory activity
and rearing were measured with the aid of photocell beams
located across the long axis (detection of horizontal activity)
and on the sides (detection of vertical activity) of each com-
partment, respectively. Animals were not preconditioned in
the cages and their spontaneous locomotor activity was mea-
sured during 60 min. Results were expressed as the number of
photocell beam disruptions per 60 min (counts/60 min) for
horizontal and vertical activities.

Neurological deficit was evaluated using a global neuro-
logical score modified from [18]. Contralateral sensorimotor
functions were examined through 3 items: the abnormal pos-
tures after tail suspension, the forelimb and hindlimb grasping
reflexes performed onto a metallic wire, and the forelimb and
hindlimb hanging reflexes. The scores for each item were
summed and used as a global neurological score in which
maximum was 8. Lower score reflects higher deficit.

Mice were then intraperitoneally anesthetized with sodium
pentobarbitone (60 mg kg−1) and transcardially perfused with
saline and their brains were rapidly removed.

For half of the mice, brains were frozen in isopentane and
stored at − 40 °C. Thirteen 20-μm-thick coronal sections were
cut at 500 μm interval, from 6.5 to 0.5 mm anterior to the
interaural line, according to a stereotaxic brain atlas [24], to
evaluate vascular cell adhesion molecule-1 (VCAM-1) ex-
pression, hemorrhagic transformations, the MCA vasospasm,
cortical lesion, and edema.

For the other half of the mice, brains were sectioned into
seven 1-mm-thick coronal slices using the MacIlwain Tissue
Chopper (Mickle Laboratory Engineering, Gomshall, Surrey,
UK). The cortex located within the core of the lesion (slices

three to five) was collected and immediately stored at − 40 °C
for the western blotting of BBB proteins and hemoglobin.

Immunohistochemistry for Vascular Cell Adhesion Molecule-1

For each mouse, six coronal brain sections (from 5.5 to
0.5 mm anterior to the interaural line at 1 mm interval) were
mounted on the same glass slide and fixed for 10 min in
acetone at 4 °C, dried at room temperature, and then
rehydrated in PBS 0.1 M pH 7.4. After inhibition of endoge-
nous peroxidase with 0.3% H2O2 in PBS-3% methanol for
10 min, sections were incubated with 5% goat serum (S26,
Chemicon, Merk Millipore, Saint Quentin en Yvelines,
France) for 40 min to block nonspecific immunolabeling.
Sections were then incubated overnight at 4 °C with the pri-
mary antibody (rat anti-mouse VCAM-1, clone MCA 2297,
Serotec, Oxford, UK) diluted 1:200 in PBS-5% goat serum.
Sections were then sequentially incubated at room tempera-
ture with the second antibody (biotinylated goat anti-rat IgG,
STAR 131B, Serotec) diluted 1:400 in PBS-5% goat serum
for 2 h and with an avidin-biotin complex solution
(VECTASTAIN® Elite ABC kit, PK-6100, Vector
Laboratories, Peterborough, UK) for 30 min. Brain sections
of ischemic animals in which the primary antibody was omit-
ted were used as negative controls. Staining was visualized
using 3,3′-diaminobenzidine tetrahydrochloride (DAB;
D5905, Sigma, Saint Quentin Fallavier, France) and digitized
(1380 × 1034 pixels/photograph) with a Zeiss Axioskop mi-
croscope (Gottingen, Germany). Quantification of VCAM-1
was blindly performed in two regions of interest (ROI) in the
ischemic core and the penumbra of each section (Fig. 2a).
Analysis was performed with ImageJ processing software
(National Institutes of Health, Bethesda, MD, USA).
Background was excluded by adjusting the threshold in
ImageJ to exclusively highlight the vessels. The total stained
vascular surface was obtained by summing the stained surface
of the 12 ROI (2 ROI × 6 sections) and was expressed in
pixels.

Western Blot Analysis of Endothelial Junction Proteins
and Hemoglobin

Brain tissue was processed according to the protocol of [9].
Afterwards, for each sample, proteins (30 μg) were separated
on a 6% (VE-cadherin), 12% (claudin-5 and occludin), or
15% (hemoglobin) SDS-polyacrylamide gel and transferred
to polyvinylidene difluoride membranes at 100 V for 1 h.
Membranes were blocked with 5% non-fat milk in 0.1%
TBS-Tween 20 (TBS-T) for 1 h and incubated overnight at
4 °C with the corresponding primary antibody diluted in 5%
non-fat milk TBS-T: rabbit anti-occludin (1:150; Invitrogen,
71–1500), rabbit anti-claudin-5 (1:150; Invitrogen, 34–1600),
goat anti-VE-cadherin (1:400; Santa Cruz Biotechnology, sc-
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6458), and rabbit anti-hemoglobin (1:2000; Abcam,
EPR3608). After incubation with a specific secondary
fluorescein-linked antibody and then a third antibody with
an anti-fluorescent alkaline phosphatase conjugate (for more
details, see [9]), membranes were finally incubated with the
ECF substrate (GE Healthcare, RPN 5785) according to the
manufacturer’s instructions. Protein bands were then visual-
ized using the Storm 860 imager (Amersham-Pharmacia
Biotech, Orsay, France) and semi-quantification was per-
formed with the ImageQuant software 5.2 (Molecular
Dynamics, Foster City, CA, USA). For endothelial junction
proteins, results were expressed as arbitrary units (AU) of
optical density. Hemoglobin content was converted to blood
volume using a standard curve made by addition of known
volumes of mouse blood (0, 0.5, 1, 1.5, 2, 2.5 μl) to brain
homogenates of exsanguino-perfused naive mice followed by
western blotting of hemoglobin as described above. The curve
indeed showed a linear relationship between added blood vol-
ume and optical density for hemoglobin. Blood volume in
each sample was then calculated based on this curve and
expressed as microliter of blood per milligram of wet tissue
(μl/mg wet tissue).

Hemorrhagic Score

Hemorrhagic transformations were evaluated using a score as
previously described [22]. Briefly, on each coronal section,
microscopic hemorrhages (defined as blood evident to the
eye aided by a magnifying glass (× 2) and given a 1 point
score) and macroscopic hemorrhages (defined as blood evi-
dent to the naked eye and given a score of 3–4 or 5 according
to their size and their blood density) were counted. The mi-
croscopic and macroscopic hemorrhagic scores were calculat-
ed by adding the respective score of the 13 sections for each
mouse. A total hemorrhagic score was then calculated by
adding the microscopic and macroscopic hemorrhagic scores.

Morphometric Analysis of the MCA and Vasospasm

MCAvasospasm was evaluated on the coronal section located
at 2.5 mm anterior to the interaural line after hematoxylin and
eosin staining. The section was scanned (× 200magnification)
using a microscope-mounted camera (Leica, DM4000M,
Wetzler, Germany) and the luminal area and thickness of the
proximal portion of the left MCA were quantified using
ImageJ software [25]. A small luminal area/wall thickness
ratio indicates a vasospasm.

Infarct Volume and Brain Swelling

Coronal sections were stained with cresyl violet: infarcted
(white) area was measured on each slice using ImageJ soft-
ware and then multiplied by the ratio of the surface of the

infarcted cortex (ipsi la teral) to the intact cortex
(contralateral) to correct the lesion for brain edema [26].
Infarct volume was calculated by linear integration of infarct-
ed areas in the 13 coronal sections.

Brain swelling, indicating edema, was also calculated ac-
cording to the following formula: [(ipsilateral cortex volume −
contralateral cortex volume)/contralateral cortex volume] × 100.

Statistical Analysis

The data and statistical analysis comply with the recommenda-
tions on experimental design and analysis in pharmacology
[27]. Median and IQR (first quartile to third quartile) statistics
were used for nonparametric measurements, and average and
SEM were used for parametric measurements.. Statistical anal-
yses were performed using GraphPad Prism software
(GraphPad prism, Prism 5 for Mac, version 5.0). Data of infarct
volume, brain edema, MCAvasospasm, and AUC of the CBF
curves were analyzed by ANOVA followed by Student t test
with Bonferroni correction for multiple comparisons. Data of
neurological deficit, locomotor activity, western blotting, im-
munohistochemistry, and hemorrhagic transformations were
analyzed by a non-parametric Kruskall-Wallis test with subse-
quent comparison by Mann-Whitney U test with Bonferroni
corrections for multiple comparisons. Repeated measures
ANOVA followed by Student t test with Bonferroni corrections
for multiple comparisons were used to evaluate differences in
CBF among experimental groups. Differences were statistically
significant for a P value < 0.05.

Materials

Alpha-thrombin was purchased fromHematologic Technologies
Inc. (Essex Junction, USA). Tissue plasminogen activator (rt-
PA) was obtained from Boehringer-Ingelheim, Biberach an der
Reiss (Germany). The PARP inhibitor PJ34 and the DAB were
both obtained from Sigma-Aldrich (Saint Quentin Fallavier,
France). The primary antibodies anti-occludin and anti-claudin-
5 were purchased from Invitrogen, ThermoFisher Scientific
(Illkirch, France), and the anti-VE-cadherin antibody was pur-
chased from Santa Cruz Biotechnology (Heidelberg, Germany).
The primary antibody anti-VCAM-1 and the secondary biotinyl-
ated anti-IgG clone were purchased from Serotec (Oxford, UK).

Results

PJ34 Improves Reperfusion After rt-PA
Administration

To avoid prolonged anesthesia, we first studied the effect of
the single administration of PJ34 given just after thrombin
injection (0 h) and showed that it does not alter CBF during
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3 h following ischemia onset (i.e., before the second adminis-
tration of PJ34) compared to saline-treated animals (Fig. 1a).
In a second experiment, a total of 22 mice were used and CBF
was measured from 3 h after ischemia onset (i.e., the time of
the second PJ34 administration) up to 2 h after rt-PA injection.
One mouse with spontaneous reperfusion within 30 min after
thrombin injection was excluded and one mouse died in the
group treated with rt-PA and PJ34 at 3 h. Thrombin injection
into theMCA led to an immediate and similar CBF drop in the
four groups of mice (Fig. 1b). Administration of PJ34 (once or
twice) did not alter CBF within 3 to 4 h after ischemia onset
compared to mice receiving saline. Administration of rt-PA at

4 h induced a slow and low reperfusion that did not reach
significant statistical level whatever the time point after its
injection. However, the AUC calculated between 4 and 6 h
post-ischemia onset showed a significant increase in CBF in
rt-PA-treated animals compared to saline-treated animals (Fig.
1c). When given twice with rt-PA, PJ34 significantly en-
hanced CBF compared to rt-PA alone at each time point from
30 min after rt-PA injection. The AUC of this association was
also significantly increased compared to rt-PA alone.
Although the single administration of PJ34 at 3 h did not
significantly increase reperfusion compared to the rt-PA-
treated group at individual time points, this protocol

Fig. 1 Effect of PJ34 on
reperfusion after MCA occlusion
(MCAO). a Early PJ34
administration just after thrombin
injection did not modify the
cerebral blood flow (CBF) after
MCAO. CBFwas recorded above
the core of the MCA territory for
3 h afterMCAO inmice receiving
PJ34 (3 mg kg−1) or saline
intraperitoneally. The arrows
indicate the time point of
thrombin injection in the MCA
and the injection of PJ34. Data are
mean ± SEM (n = 5 per group). b
PJ34 improved rt-PA-induced
reperfusion after MCAO. The
arrows indicate the time point of
thrombin injection in MCA, rt-PA
(0.9 mg kg−1) intravenous
injection, and PJ34
administration. When given twice
with rt-PA, PJ34 (3 mg kg−1)
significantly enhanced CBF
compared to rt-PA-treated mice. c
Area under the curve (AUC) was
calculated by measuring the area
under the CBF curve between the
injection of rt-PA (4 h) and the
end of CBF monitoring (6 h).
Data are mean ± SEM (n = 5 per
group). *P < 0.05 versus MCAO
+ saline; #P < 0.05 versus MCAO
+ rt-PA

9160 Mol Neurobiol (2018) 55:9156–9168



significantly improved rt-PA-induced reperfusion evaluated
by the AUC.

Effect of rt-PA and PJ34 on Post-Ischemic Outcomes

A total of 135 mice were used in this experiment; exclusion,
mortality, and CBF drop are given in Table 1.

Association of PJ34 with rt-PA Reduces Vascular Inflammation

VCAM-1 expression was evaluated in the ischemic core and
penumbra by immunochemistry (Fig. 2a, b). Cerebral ische-
mia led to a massive increase in VCAM-1 expression in both
ROI at 24 h after cerebral ischemia as compared to sham-
operated mice (Fig. 2c, d). The total expression of VCAM-1
was also increased by ischemia (Fig. 2e). Administration of rt-
PA or PJ34 alone did not modify the post-ischemic expression
of VCAM-1 whatever the ROI. The association of PJ34 (giv-
en 3 h post-ischemia) with rt-PA led to a marked reduction in
post-ischemic total and penumbra VCAM-1 expression as
compared to saline-treated ischemic mice.

Association of PJ34 with rt-PA Reduces Hemorrhagic
Transformations and Endothelial Junction Protein
Degradation

Hemorrhagic transformations were first evaluated through a
hemorrhagic score (Fig. 3a–d). Ischemia significantly in-
creased the total hemorrhagic score compared to sham-
operated mice (Fig. 3a). The post-ischemic total hemorrhagic
score was not modified by PJ34 alone. By contrast, rt-PA
induced a threefold increase in the total hemorrhagic score
of ischemic mice. Combining PJ34 with rt-PA suppressed rt-
PA-induced hemorrhages, whether PJ34 was administered
twice or just once at 3 h. Of note, the effect of PJ34was similar
on both macroscopic and microscopic hemorrhages (Fig. 3b,
c). To confirm the anti-hemorrhagic effect of PJ34 against rt-
PA, cortical blood content was detected byWestern blotting of
hemoglobin (Fig. 3e, f). The level of blood in the ipsilateral

cortex of saline-treated ischemic mice was significantly in-
creased compared to that of sham-operated mice (Fig. 3f).
PJ34 did not modify the amount of cortical blood in ischemic
mice while rt-PA increased this amount. In rt-PA-treated is-
chemic mice, PJ34 significantly reduced the blood content by
70% when administered twice and by 55% after a single ad-
ministration at 3 h.

As increased blood-brain barrier permeability may account
for hemorrhagic transformations, we next examined expres-
sion of tight junction proteins, including transmembrane
claudin-5 and occludin, and the adherens junction protein
VE-cadherin. Twenty-four hours after ischemia, the expres-
sion of these three junction proteins was not modified com-
pared to sham-operated mice (Fig. 3g–i). PJ34 alone had no
effect on the expression of junction proteins in ischemic mice
compared to those treated with saline. Delayed rt-PA admin-
istration significantly decreased by half the expression of
occludin, claudin-5, and VE-cadherin in ischemic mice. The
administration of PJ34, even when delayed 3 h post-ischemia,
prevented the degradation of these proteins by rt-PA.

Association of PJ34 with rt-PA Reduces MCA Vasospasm

MCA vasospasm was evaluated by the luminal area/wall
thickness ratio (the lower the ratio, the more severe the
vasospasm).

The luminal area in the ischemic mice was significantly
reduced as compared to sham-operated mice (1042 ±
302.5 μm2 versus 3276 ± 505.3 μm2; P < 0.05). PJ34 and rt-
PA were devoid of any effect when administered alone. By
contrast, the association of PJ34 with rt-PA increased the lu-
minal area of theMCA as compared to the rt-PA-treated group
by 101% (P < 0.05) when PJ34 was injected twice and by
155% (P < 0.05) when it was administered once 3 h after
ischemia onset (data not shown). The wall thickness of the
MCA was significantly increased in the saline-treated ische-
mic mice as compared with the sham-operated mice (25.7 ±
2.77 μm versus 14.3 ± 1.47 μm; P < 0.05). PJ34 and rt-PA
were devoid of any effect when administered alone. The

Table 1 Effect of rt-PA and PJ34
on post-ischemic outcomes:
distribution of ischemic animals

Total of animals n = 135

Excluded animals

CBF drop < 50% n = 2

Spontaneous reperfusion n = 7

Groups Number of mice (dead − included) Residual blood flow (%)

Ischemia + saline 6/26–20 6 ± 1

Ischemia + rt-PA 8/27–19 5 ± 1

Ischemia + PJ34 6/25–19 7 ± 1

Ischemia + rt-PA + PJ34 (0 and 3 h) 4/23–19 9 ± 1

Ischemia + rt-PA + PJ34 (3 h) 5/25–20 9 ± 1
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association of rt-PA and PJ34 reduced theMCAwall thickness
as compared to the rt-PA treated ischemic mice by 47%
(P < 0.05) when PJ34 was injected twice and by 32%
(P < 0.05) when it was administered once 3 h after ischemia
onset (data not shown).

The luminal area/wall thickness ratio was significantly re-
duced after ischemia compared to sham-operated mice indi-
cating MCA vasospasm (Fig. 4). This vasospasm was modi-
fied neither by PJ34 nor by rt-PA alone. By contrast, the as-
sociation of both compounds reduced MCA vasospasm even
when injection of PJ34 was delayed 3 h after ischemia onset.

Association of PJ34 with rt-PA Reduces the Cortical Lesion
and Edema

Ischemia induced a cortical infarction that was modified nei-
ther by PJ34 nor by rt-PA alone (Fig. 5a, b). Combined treat-
ment of rt-PAwith PJ34, administered twice or once, reduced
by 70% brain infarction compared to the rt-PA and saline
groups.

Ischemia led to an ipsilateral cortical swelling (≈ + 10% as
compared to the contralateral cortex; Fig. 5c). Neither the

administration of PJ34 alone nor that of rt-PA had any effect
on cortical swelling. By contrast, the association of both com-
pounds reduced by 66 and 55% ischemia-induced cortical
edema, depending on whether mice received both or only
one administration of PJ34, respectively.

Association of PJ34 with rt-PA Improves Functional Outcomes

The locomotor activity was not significantly different in
sham-operated and ischemic mice treated with saline (Fig.
5d). PJ34 per se had no effect, while rt-PA reduced the loco-
motor activity of ischemic mice by 49% compared to the
saline-treated group (157 ± 29 versus 307 ± 48 counts/
60 min). The combination of PJ34, administered at 0 and
3 h post-ischemia, with rt-PA suppressed the locomotor
hypoactivity induced by rt-PA (329 ± 56 counts/60 min).

Ischemia induced a significant neurological deficit at 24 h
compared to sham-operated mice (4.5 ± 0.3 versus 7.7 ± 0.1)
that was modified neither by PJ34 nor by rt-PA alone (Fig. 5e).
In ischemic mice, the association of both treatments signifi-
cantly improved the neurological score compared to rt-PA
alone, whether PJ34 was administered twice or once (6.4 ±

Fig. 2 Effect of PJ34 and rt-PA on VCAM-1 expression 24 h after MCA
occlusion (MCAO). a Regions of interest (ROI) for VCAM-1 immuno-
histochemistry. Representative cresyl violet-stained coronal slice showing
the brain lesion (in white) and the location of ROI in the ischemic core
(white square) and in the penumbra (hatched square). b Representative
VCAM-1 immunostaining in the cerebral cortex of each group. Scale bar

represents 50 μm. c–e Quantification showing increased expression of
VCAM-1 in the cerebral cortex after ischemia. The expression of
VCAM-1 was reduced by the combined PJ34 (3 mg kg−1) and rt-PA
(0.9 mg kg−1) treatment. †P < 0.05, ††P < 0.01 versus sham; *P < 0.05
versus MCAO + saline; #P < 0.05 versus MCAO + rt-PA (n = 9–10 per
group)
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0.3 and 6.1 ± 0.2 versus 3.6 ± 0.3, respectively), but also com-
pared to the saline group.

Discussion

The present study shows for the first time that the PARP in-
hibitor PJ34 improves rt-PA-induced reperfusion, acts syner-
gistically with rt-PA to decrease post-ischemic vascular in-
flammation and MCA vasospasm, and decreased rt-PA-

induced BBB disruption and hemorrhagic transformations in
a thromboembolic model of ischemic stroke. Together, PJ34
and rt-PA also reduced brain edema, infarct volume, and neu-
rological deficit with an extended therapeutic window com-
pared to rt-PA alone.

Delayed rt-PA administration in our thromboembolic mod-
el of cerebral ischemia led to a low reperfusion rate that might
be due to increased clot resistance to fibrinolysis over time
and/or to the Bno-reflow^ phenomenon [18]. This effect is
similar to the clinical situation after stroke since clinical data

Fig. 3 Effect of PJ34 and rt-PA
on hemorrhagic transformations
and blood-brain barrier junction
proteins after MCA occlusion
(MCAO). a–c Quantification of
hemorrhagic score demonstrated
a significant increase in total (a),
macroscopic (b), and microscopic
(c) hemorrhages after MCAO that
was significantly aggravated by
rt-PA administration. The
combined treatment with PJ34
provided significant protection
against rt-PA-induced
hemorrhagic transformations. d
Representative brain sections
(bregma − 0.10 mm) for visual
hemorrhage examination. e
Representative blots of Western
blot of hemoglobin (25 kDa),
claudin-5 (21 kDa), occludin (65
kDa) and VE-cadherin
(130 kDa). f The blood content
was increased after rt-PA
administration and the association
of PJ34 to rt-PA prevented this
increase. g–i PJ34 protects the
junction proteins claudin-5
(g), occludin (h) and VE-cadherin
(i) from the degradation induced
by rt-PA in ischemic mice.
†P < 0.05 versus sham; *P < 0.05,
**P < 0.01, and ***P < 0.001
versus saline; #P < 0.05,
##P < 0.01, ###P < 0.001 versus rt-
PA (n = 9–10 for each group)
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shows that in proximal middle cerebral artery occlusions, re-
perfusion with intravenous rt-PA is achieved in less than 20%
of patients [28–30]. We show herein that PJ34 improves re-
perfusion in the first hours after rt-PA treatment. Although no
interference with rt-PA thrombolysis was reported in vitro for
INO-1001, another PARP inhibitor, or minocycline, a tetracy-
cline described as a potent PARP inhibitor [31–33], we cannot
exclude that PJ34 potentiates thrombolysis in our conditions
and/or increases the clot sensitivity to rt-PA. Finally, PJ34
might act through mechanism(s) independent from thrombol-
ysis to increase reperfusion (e.g., we previously reported that
PJ34 possesses antiaggregant activity on human platelet [34]).

PARP has been implicated in endothelial dysfunction in
various diseases such as atherosclerosis, hypertension, diabe-
tes, chronic heart failure, and aging [35]. In particular, PARP
participates to vascular inflammation through interactions
with transcription factors such as NF-κB [36] and Bcl6 [37],
an inducer and a repressor of inflammatory genes,

respectively. Thus, PARP regulates the expression of cyto-
kines and cell adhesion molecules [38]. Among the latest,
the integrin ICAM-1 and selectins (E- and P-selectins) have
already been the subject of numerous stroke studies [39],
while interest in VCAM-1 is more recent. VCAM-1, an endo-
thelial cell ligand for α4β1 or α4β7 integrins expressed on
various blood leukocytes, is of particular interest as it is not
constitutively expressed but has been reported to be upregu-
lated specifically on activated vascular endothelial cells after
stroke [40]. Increased VCAM-1 expression was also found in
infarcted areas of autopsy specimens from patients with recent
stroke [41] and in the plasma of stroke patients [42]. In our
model, VCAM-1 protein is upregulated 24 h after ischemia.
Changes in VCAM-1 after rt-PA were only examined in two
studies that reported an increase in VCAM-1 mRNA amounts
either 24 or 72 h after cerebral ischemia [43]. In the present
work, rt-PA did not potentiate the post-ischemic increase in
VCAM-1 at the protein level. PJ34 reduced VCAM-1 protein

Fig. 4 Effect of PJ34 and rt-PA
on MCA vasospasm 24 h after
MCA occlusion (MCAO). a
Representative pictures of MCA
vasospasm. Scale bar represents
100 μm. b Quantification
showing a decreased luminal
area/wall thickness ratio in the
MCA after ischemia and rt-PA
(0.9 mg kg−1) administration. The
association of PJ34 (3 mg kg−1)
and rt-PA protected the MCA
against vasospasm. Data are mean
± SEM (n = 9–10 per group).
†P < 0.05 versus sham; *P < 0.05
versus MCAO + saline; #P < 0.05
versus MCAO + rt-PA
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in the brain of rt-PA-treated ischemic animals. The role of
VCAM-1 in experimental stroke remains controversial: one
study using antibodies directed against VCAM-1 showed no
neuroprotection, while VCAM-1 gene silencing by in vivo
small interfering RNA injection reduced post-ischemic neuro-
inflammation and brain infarction in another study performed
in permanent and transient cerebral ischemia [44]. However,
in clinical studies, VCAM-1 has been demonstrated to be a
marker of clinical outcome after acute cerebral ischemia [45]
and has been suggested to be predictive of recurrent strokes
[42]. Next, we examined whether reduction of endothelial
inflammation by combining PJ34 with rt-PA was associated
with other beneficial vascular effects.

PJ34 reduced the degradation of tight junction (claudin-5,
occludin) and adherens junction (VE-cadherin) proteins that

might contribute to the reduction in the aggravation of hem-
orrhagic transformations induced by rt-PA in our thromboem-
bolic stroke model. Reduction of junction protein degradation
might also contribute to decrease edema observed when PJ34
is associated with rt-PA.

Reduced endothelial vasoreactivitywas reported after cerebral
ischemia/reperfusion and could contribute to impaired blood
flow restoration [46]. Post-ischemic vasoconstriction of MCA
was also observed; the underlying proposed mechanisms include
decreased availability of nitric oxide and impaired vasodilatation,
upregulation of vasoconstrictor receptors (endothelin-1, angio-
tensin-1, and 5HT1B receptors), or spreading depolarization
and vascular inflammation [47]. Treatment with rt-PAwas dem-
onstrated to further impair myogenic tone and reactivity ofMCA
after cerebral ischemia in rats and to reduce the sensitivity of the

Fig. 5 Effect of PJ34 and rt-PA
on cortical lesion, edema, and
functional outcomes 24 h after
cerebral ischemia. a
Representative brain lesions,
stained with cresyl violet, for each
ischemic group. b Quantification
of cortical lesion and c edema
after rt-PA (0.9 mg kg−1)
administration and treatment with
PJ34 (3 mg kg−1). A significantly
reduced infarct volume and
edema were observed in mice
treated with PJ34 and rt-PA (n =
9–10 for each group). d
Locomotor activity. rt-PA
administration after cerebral
ischemia-induced hypoactivity.
The combination of PJ34
(3 mg kg−1) to rt-PA
(0.9 mg kg−1) restored locomotor
activity. eNeurological score. The
combined administration of PJ34
and rt-PA improved the
neurological score after cerebral
ischemia.(d, e: n = 19–20 per
group). †P < 0.05 versus sham;
*P < 0.05 versus MCAO + saline;
#P < 0.05 versus MCAO + rt-PA
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cerebral artery to acetylcholine induced-vasodilatation [48].
Impairment of hypercapnia and hypotensive cerebrovasodilation
was also reported after rt-PA treatment in pial arteries of newborn
pig submitted to cerebral ischemia [49]. Our results show that, in
ourmodel, cerebral ischemia inducesMCAvasospasm that is not
potentiated by rt-PA. The drastic reduction in MCA diameter by
ischemia per se could render impossible the aggravation by rt-
PA. PARP inhibitors were reported to improve endothelium-
dependent relaxation in hypertensive and diabetic animals [50].
Interactions either downstream or upstream the vasoconstrictor
mediator endothelin-1 and the renin-angiotensin aldosterone sys-
tem were also reported for PARP inhibitors in peripheral endo-
thelium [51]. Furthermore, PARP inhibition has been demon-
strated to reduce cerebral vasospasm after subarachnoid hemor-
rhage [52]. Taken together, these studies led us to investigate the
effect of PJ34 on MCAvasospasm after cerebral ischemia. PJ34
was devoid of effect per se but when combined with rt-PA, it
increased MCA lumen and reduced MCAwall thickness. It re-
mains to be established whether this effect (1) improves blood
supply downstream to brain parenchyma and finally contributes
to neuroprotection or (2) is a consequence of less damaged neu-
rons with PJ34 and rt-PA treatment and thus an increased need
for blood supply. Interestingly, even though the cause of MCA
vasospasm reduction by PJ34 is unknown, these data support our
findings that combining PJ34 with rt-PA improves the post-
ischemic reperfusion and protects against the vascular
dysfunction.

As we did not measure cardiac output and arterial blood
pressure, we cannot exclude that some of the beneficial effects
of PJ34 on reperfusion could be related to its favorable influ-
ence on the peripheral circulation. However, on the basis of
previous results, it appears that inhibition of PARP-1 activity
does not alter the systolic arterial pressure [53–55] but im-
proves microvascular function through restoration of the en-
dothelial NO synthase phosphorylation pathway [54].

Taken together, our data clearly highlight the implication of
PARP in rt-PA vascular toxicity after stroke.

In terms of neuroprotection, we show that associating PJ34
with delayed rt-PA reduces brain infarction. This effect shown
by using the thromboembolic model of cerebral ischemia
could not be detected in the severe model of mechanical and
permanent MCA occlusion where thrombolysis could not be
achieved [9]. Indeed, this effect could result from the better
reperfusion because the combined therapy increased reperfu-
sion to about 50% of baseline level, a value defined as a
threshold for neuronal death [56]. Furthermore, this improved
reperfusion is of major interest as it is has been suggested that
neuroprotective therapies could fail in humans because the
damaged vascular network is unable to deliver the necessary
nutrients and treatment to the tissue at risk, thus also hamper-
ing neuroprotection [3].

To evaluate the overall benefit of vascular and neuronal pro-
tection elicited by combining rt-PA and PJ34, a functional

examination of mice including locomotor activity and sensori-
motor tests was performed. Delayed rt-PA administration 4 h
after ischemia onset decreased the locomotor activity which is
in line with other studies using intraluminal MCA occlusion
model [57, 58]. Our treatment with PJ34, given either once or
twice, was able to counteract this detrimental effect of rt-PA.
Sensorimotor tests also demonstrated neurological improvement
by combining PJ34 with rt-PA. In the present study, we show the
multifaceted vascular benefit and neuroprotection of combining
PJ34 with rt-PA and further studies are required to elucidate
whether this combination improves the long-term functional re-
covery after stroke.

Conclusion

In summary, our study is the first showing the multifaceted
vasculoprotection achieved by PJ34 that acts synergistically with
rt-PA to improve reperfusion and reduce vasospasm and vascular
inflammation in the thromboembolicmodel of cerebral ischemia.
The association of both compounds leads to a Bsafe^ thrombol-
ysis and neurological improvement with an extended therapeutic
window for rt-PA after stroke. These results are especially en-
couraging given that in the last 3 years, the US Food and Drug
Administration and European Medicines Agency approved the
use of several PARP inhibitor for the treatment of different can-
cers [59, 60] .
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