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Original Contribution

Vascular Tissue-Type Plasminogen Activator Promotes
Intracranial Aneurysm Formation

Paul-Emile Labeyrie, MD, MSc*; Romain Goulay, PhD*; Sara Martinez de Lizarrondo, PhD;
Marie Hébert, PhD; Maxime Gauberti, PhD; Eric Maubert, PhD; Barbara Delaunay, MSc;
Benjamin Gory, MD, PhD; Francesco Signorelli, MD, MSc; Francis Turjman, MD, PhD;

Emmanuel Touzé, MD, PhD; Patrick Courthéoux, MD7; Denis Vivien, PhD*; Cyrille Orset, PhD*

Background and Purpose—Although the mechanisms that contribute to intracranial aneurysm (IA) formation and rupture
are not totally elucidated, inflammation and matrix remodeling are incriminated. Because tPA (tissue-type plasminogen
activator) controls both inflammatory and matrix remodeling processes, we hypothesized that tPA could be involved in

the pathophysiology of TA.

Methods—Immunofluorescence analyses of tPA and its main substrate within the aneurysmal wall of murine and human
samples were performed. We then compared the formation and rupture of IAs in wild-type, tPA-deficient and type 1
plasminogen activator inhibitor—deficient mice subjected to a model of elastase-induced IA. The specific contribution of
vascular versus global tPA was investigated by performing hepatic hydrodynamic transfection of a cDNA encoding for
tPA in tPA-deficient mice. The formation and rupture of IAs were monitored by magnetic resonance imaging tracking

for 28 days.

Results—Immunofluorescence revealed increased expression of tPA within the aneurysmal wall. The number of aneurysms
and their symptomatic ruptures were significantly lower in tPA-deficient than in wild-type mice. Conversely, they were
higher in plasminogen activator inhibitor—deficient mice. The wild-type phenotype could be restored in tPA-deficient
mice by selectively increasing circulating levels of tPA via hepatic hydrodynamic transfection of a cDNA encoding

for tPA.

Conclusions—Altogether, this preclinical study demonstrates that the tPA present in the blood stream is a key player of
the formation of IAs. Thus, tPA should be considered as a possible new target for‘the-prevention-of TAs formation and
rupture. (Stroke.2017;48:00-00. DOI: 10.1161/STROKEAHA.117.017305.)
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Intracranial aneurysms (IAs) are brain vascular malforma-
tions, with a prevalence of 3% to 5% in the general pop-
ulation.'” In most cases, IA causes no symptom and goes
unnoticed. However, the rupture of an IA causes a subarach-
noid hemorrhage leading to high mortality and disability
rates.’ Despite recent therapeutic advances, no reliable non-
invasive treatment has proved efficient to prevent aneurysm
growth and rupture.*® Thus, a better understanding of the
pathophysiology of IAs is mandatory to develop new preven-
tive and therapeutic strategies.>®

Aneurysms originate from a series of events starting with
the activation of endothelial cells leading to inflammatory

processes and ultimately to a progressive loss of integrity of
the arterial wall.”~> Some of the actors involved in this cascade
of events have been identified, including macrophages, lym-
phocytes, and their effector molecules (like chemokines and
inflammatory cytokines)”'*!! and matrix metalloproteinases
(MMPs)."?

tPA (tissue-type plasminogen activator) is a serine prote-
ase expressed and released by endothelial cells, where it dis-
plays its fibrinolytic role through activation of plasminogen
into plasmin.'>* Interestingly, an increased expression of tPA
has been observed in aortic aneurysms.>"'® Furthermore, the
tPA—plasmin axis is well known to promote inflammatory
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processes'*? and to enhance extracellular matrix degradation
both known to contribute to IAs generation.'>'*?* Because
IAs are strongly associated with inflammatory processes and
remodeling of the extracellular matrix,'"!> we hypothesized
that tPA could contribute to the formation or rupture of IAs.

Methods

An expanded materials and methods section is available as an online-
only Data Supplement.

Experiments were performed in accordance with European union
directives (2010/63/UE) and French ethical laws (act no. R214; 87—
137; Ministere de I’ Agriculture) guidelines and approved by the local
and regional ethics committees (authorization code, CENOMEXA
0113-03). All experiments were performed following the ARRIVE
guidelines (Animal Research: Reporting of In Vivo Experiments;
http://www.nc3rs.org.uk).

Induction of IAs

IAs were induced as described by Hashimoto et al''?! in 3 differ-
ent mouse strains: tPA—/— (n=31), plasminogen activator inhibitor-1
(PAI-1) knockout mice (n=12), and their wild-type (WT) littermates
(n=12) all on a C57BL/6J background.

Briefly, stereotaxic injection in the right basal cistern of 2.5 pL
of elastase was realized in deeply anesthetized animals. Followed by
subcutaneous implantation of an osmotic pump (p1001; Alzet) filled
with angiotensin II (Sigma Aldrich). The profile of systemic hyper-
tension induced by angiotensin II was assessed by repeated blood
pressure measurements using the tail-cuff method. At day 2, a mag-
netic resonance imaging (MRI) was performed to exclude animals
presenting a brain hemorrhage caused by the stereotaxic injection.
Each animal was evaluated for inclusion criterion using a semiquanti-
tative aneurysm induction invasiveness score (Figure IA in the online-
only Data Supplement). All animals with a score >7 were excluded
from the study. Animals were analyzed twice-a.day for detection of
neurological symptoms and weight loss during a period/of 28 days
postinduction. Symptomatic mice were immediately scanned: by
MRI for the identification of intracranial hemorrhages and ruptured
aneurysms. The period before symptoms occurs, mice were consid-
ered as symptom-free surviving animals, and this time was evaluated
and quoted per day after aneurysm induction. At 28 days marking
the term of the study, all asymptomatic mice were scanned by MRI
before euthanasia because their MRI analyses were also used to esti-
mate the number of unruptured aneurysms and the absence of bleed-
ing. IA lesions were observed on each mouse, at the acute phase of
rupture when symptomatic and at the end of the experiment (day 28)
in the absence of rupture.

MRI Analysis

Experiments were performed on a Pharmascan 7T/12 cm system using
surface coils (Bruker) in anesthetized mice. T2*-weighted sequence
was used to detect intracranial hemorrhage as a specific hyposignal.?
3-dimensional T1 contrast enhanced weighted sequence after intra-
peritoneal gadolinum injection (Gadovist 1 mg/kg; Guerbet) was per-
formed to visualize IA defined as an abnormal sacciform outpouching
of the wall of intracranial arteries of which the diameter is >150% of
the parent artery diameter.?!

Hydrodynamic Transfection of tPA

Generation of pLIVEPlasmids

The coding sequence for rat tPA was inserted into a mouse hepa-
tocyte specific plasmid (pLIVE; Figure IB in the online-only Data
Supplement).

Hydrodynamic Transfection

Hydrodynamic transfections were performed as described previ-
ously.?? To assess the time course of gene delivery, we have previ-
ously investigated* the presence of active and free (noncomplexed)

plasmatic tPA by direct fibrin zymography following SDS-PAGE
(Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis),
performed from plasma samples harvested before and after hepatic
(hydrodynamic) transfection at days 1, 2, 3, 5, 7, and 14.** Then,
PA—/- mice considered for IA induction were injected 2 days before
induction with 100 pg of pLIVE vector encoding for tPA (n=11) or
empty pLIVE vector (n=9; Figure IB and IC in the online-only Data
Supplement). Then, sentinel mice induced for [As were used to con-
trol levels of active plasmatic tPA, 24 hours after hydrodynamic trans-
fection (Figure ID in the online-only Data Supplement; time when
the highest plasmatic levels) as described previously.” Human tPA
(Actilyse; Boehringer Ingelheim) and plasmin (Enzyme Research
Laboratories) were used as loading controls.

Immunohistochemistry

Mouse Tissue Samples

Each mouse was anesthetized and transcardially perfused with cold
heparinized saline followed by 100 mL of fixative solution. Brains
were cryoprotected before freezing in Tissue-Tek (Miles Scientific).

Human Sample

Human aneurysm samples were obtained during microsurgery
by resecting the aneurysm sac distal to the clip closing the neck
(E.S.). Samples were obtained from a 42-year-old woman, who
experienced subarachnoid hemorrhage after a rupture of a 7-mm
large, middle cerebral artery IA. Tissues were immediately stored
for 2 hours in fixative then cryoprotected before freezing in
Tissue-Tek.

For both human and mouse tissue samples, cryomicrotome-cut
transversal sections (12 pm) were collected on polylysine slides and
stored at —80°C before processing. Mouse and human tissue sections
were incubated overnight with primary, antibodies as described in the
corresponding legend and detailediin the-Methods in the online-only
Data Supplement. For each‘animal; vascalar‘wall-and aneurysm were
analyzed:

Statistical Analysis

All results were expressed in the form of mean. Continuous variables
were described as median and interquartile range and compared using
the nonparametric Kruskal-Wallis test. Categorical variables were
compared using ¥’ or Fisher exact test (unilateral test), as appropriate
(SPSS 19, SPSS). The survival analyses were performed by using
Kaplan—Meier and log-rank tests. The mice that did not show aneu-
rysm formation were not excluded from the analysis. A P value <0.05
was considered as significant.

Results

tPA and Plasmin Are Present in the Arterial

Wall of Aneurysmal Cerebral Arteries

IAs were induced and monitored as described (Figure 1A)
in WT mice (n=12). This induction allowed forming sacci-
form aneurysms that can spontaneously rupture. Detection of
symptomatic aneurysmal ruptures was addressed daily via a
neurological score.”'” Symptomatic animals were immedi-
ately analyzed by MRI to assess the presence of intracranial
bleedings and ruptured aneurysms (Figure 1B). Ruptures of
IAs were confirmed by macroscopic visualization of harvested
brains (Figure 1B). MRI for IAs detection perfectly matched
with macroscopic observations (Figure 1C). The presence of
tPA and plasminogen/plasmin were investigated in aneurys-
mal arteries and compared with normal contralateral arteries
by immunohistochemistry. IA walls showed luminal bloating
and asymmetrical wall thickening at multiple vascular local-
izations, especially around the distal intracerebral bifurcations
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Figure 1. Experimental protocol. A, Six-weeks-old male mice maintained hypertensive by a chronic infusion of angiotensin Il received

a single stereotaxic injection of elastase to induce IAs. A clinical score and an magnetic resonance imaging (MRI) follow-up during the
next 28 days allowed us to identify symptomatic and asymptomatic IA. B, At day 2, a T2*W (T2*-weighted) sequence was performed to
exclude bleeding caused by the stereotaxic injection itself. Top, at day 7, symptomatic mice were subjected to MRI analyses: the T2*W
sequence showed the appearance of a hyposignal (blue arrow) on the subarachnoid spaces; the 3-dimensional T1 contrast enhanced
weighted (3DT1-CE-W) confirmed the presence of an IA (red arrow). The macroscopic analysis confirmed a bleeding (blue arrow head)
and the presence of a ruptured aneurysm (red arrow head). Bottom, a MRI was performed on asymptomatic mice at day 28 showing the
absence of bleeding on T2*W but the presence of an unruptured aneurysm (red arrow) confirmed by macroscopic examination (red arrow
head). C, Higher magnification of the correlation between MRI (left) and the histological (right) identification of aneurysms.

when compared with contralateral arteries (Figure 2A). A mas-
sive tPA-positive immunostaining was revealed in the periph-
eral parts of the media and the adventitia for both ruptured and
unruptured IAs (Figure 2B), with only a slight tPA-positive
staining in the luminal part of the intima of normal arteries
(Figure 2C).Immunostainings also revealed the presence of

plasminogen/plasmin in the arterial walls of both ruptured
and unruptured TA with a same distribution in the media of
the pathological arterial walls (Figure 2B). Interestingly,
immunostainings performed from human tissue samples also
revealed the presence of tPA and plasminogen/plasmin within
the arterial wall of IA arteries (Figure 2D).
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Figure 2. Overexpression of tPA (tissue-type plasminogen activator) and of plasminogen/plasmin within the aneurysmal wall. A, Represen-
tative immunohistochemistries performed from wild-type (WT) mice (n=10) displaying unruptured intracranial aneurysms (collagen-I1V [Coll
IV] in green, plasminogen [Plg]/plasmin [PIn] in red, and 4’,6-diamidino-2-phenylindole in blue). An aneurysm can be visualized on the left
and a healthy contralateral artery on the right. B, Representative immunohistochemistries performed from WT mice displaying unruptured
intracranial aneurysms for both PIn/Plg (white arrow) and tPA (white arrow head). An aneurysmal artery can be visualized on the right and
a healthy contralateral artery on the left. C, Immunohistochemistries with high magnification on WT mice showing the endothelial reparti-
tion of tPA in normal artery (top) as its parietal presence in the aneurysm (white arrow head, bottom). D, Representative immunohisto-
chemistries performed from intracranial aneurysms harvested on human after microsurgical clipping, showing the presence of tPA (white
arrow head) and Plg/PIn (white arrow). Scale bars: A, 200 pm; B, 200 um; C, 20 um; and D, 150 um, 500 pm.

Deletion of tPA Protects Against PAI-1-deficient (PAI-/—; n=12), and compared with WT lit-
IAs Formation and Rupture termates (n=12). No significant difference in the mean sys-
The influence of endogenous tPA on the formation and rup- tolic blood pressure was observed between groups (Figure

ture of IAs was investigated in tPA-deficient (tPA—/—; n=12), ITA in the online-only Data Supplement). Similarly, aneurysm
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induction invasiveness scores were not significantly dif- are shown in Figure 3A. tPA—/— animals were resistant to
ferent between groups (Figure IIB in the online-only Data aneurysms formation (P=0.004) and subsequent ruptures
Supplement). Patterns of aneurysms (no aneurysm, unrup- (P=0.017) when compared with WT animals. Indeed, whereas
tured aneurysms, and ruptured aneurysms) between groups only 40% of tPA—/— mice (n=10) presented at least 1 aneurysm
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Figure 3. Lack of tPA (tissue-type plasminogen activator) protects against intracranial aneurysms formation and rupture. Intracranial aneu-
rysms (IAs) were induced in tPA-deficient (tPA-/-), plasminogen activator inhibitor-1 (PAl-1)-deficient (PAl-/-), and wild-type (WT) mice.
A, Aneurysm repartition in WT, tPA-/—, and PAl-/— mice shows that 100% of WT mice displayed at least 1 aneurysm and that 64% were
symptomatic. tPA—/— mice displayed less aneurysms formation (P=0.004) and rupture (P=0.017) with 60% of animals with no aneurysm.
PAI-/— mice displayed a phenotype similar than WT animals. *P<0.05. B, Kaplan—-Meier analyses of asymptomatic mice at 28 days postin-
duction showed a better rate of survival for tPA-/- mice and a worse rate of survival for PAl-/— mice when compared with WT animals. C,
Magnetic resonance imaging assessment of the number of aneurysms on surviving animals at day 28 showed that the average number of
aneurysms was significantly higher in WT and PAI-/- animals when compared with tPA—/— mice. *P<0.05. The final enrolled animal num-
ber was WT (n=11), tPA-/- (n=10), and PAI-/- (n=9).
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and only 10% had ruptured aneurysms, 100% of the WT
animals (n=11) displayed at least 1 aneurysm and 64% had
ruptured aneurysms. Accordingly, Kaplan—-Meier analyses of
asymptomatic mice at 28 days postsurgery revealed a higher
proportion of healthy animals in the tPA—/— group when

compared with the WT group (respectively 90% and 36%;
P=0.009; Figure 3B). PAI-/-— mice displayed a pattern of
unruptured and ruptured aneurysms similar to that of WT ani-
mals (P=0.22; Figure 3A). Indeed, in the PAI-/- group, 100%
of animals (n=9) harbored at least 1 aneurysm and 89% had
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Figure 4. Vascular tPA (tissue-type plasminogen activator) contributes to aneurysms formation and rupture. Intracranial aneurysms (IAs)
were induced in tPA deficient (tPA—/-) 2 days after the mice were transfected (hydrodynamic transfections as described in the Methods in
the online-only Data Supplement) with a plasmid encoding for tPA (P-Live-tPA) or an empty vector (P-Live-o). A, 100% of P-Live-tPA ani-
mals presented at least 1 ruptured aneurysm compared with P-Live-o animals at day 28. *P<0.05. B, Kaplan-Meier test revealed a better
rate of survival for the P-Live-o mice when compared with P-Live-tPA animals. No significant difference was observed between wild-type
(WT) and P-Live-tPA animals or between tPA-/— and P-Live-o animals. C, Number of aneurysms on surviving mice at 28 days showed
that the average number of aneurysms was significantly higher in the P-Live-tPA animals than in the P-Live-o animals. *P<0.05. The final
enrolled animal number was P-Live-tPA group (n=10); P-Live-o group (n=6).
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ruptured aneurysms. Nevertheless, the symptom-free survival
Kaplan—-Meier analysis revealed that PAI-/— mice displayed
a significant higher rate of survival when compared with WT
animals (P=0.049; Figure 3B). These results are explained by
the fact that in PAI-/— mice, ruptures occurred earlier than in
WT mice (Figure 3B). MRI analyses of the number of aneu-
rysms in surviving mice at the end of the experiment at 28 days
are shown in Figure 3C. WT (P=0.003) and PAI-/- (P=0.002)
groups had more aneurysms than tPA—/— group.

Vascular tPA Contributes to IAs

Formation and Subsequent Rupture

Thus, we sought to determine which tPA vascular or paren-
chymal, contributed to aneurysm formation and subsequent
rupture in our model. Hydrodynamic transfections in tPA—/—
mice with a pLIVE plasmid encoding for the rat tPA (P-Live-
tPA) induced a vascular release of proteolytically active tPA
in the circulation as soon as 24 hours after hepatic transfec-
tion,*?* compared with the levels of tPA present in the circu-
lation of control empty P-Live plasmid (P-Live-o; Figure ID
in the online-only Data Supplement). Although in the P-Live-
tPA group (n=10), 100% of animals displayed at least 1 aneu-
rysm at day 28 with 70% of them ruptured (Figure 4A), in
the P-Live-o group (n=6) only 33% of mice presented at least
1 aneurysm, and only 17% were symptomatic (Figure 4A).
Therefore, P-Live-tPA animals presented significantly more
aneurysms (P=0.008) with an increased number of ruptured
aneurysms (P=0.059) than P-Live-o animals. Accordingly, the
symptom-free survival Kaplan—Meier analysis (Figure 4B)
shows a better rate of survival for P-Live-o mice than for
P-Live-tPA animals (P=0.028). Moreover, regarding surviving
mice at the end of the experiment (Figure 4C), P-Live-tPA-mice
presented a higher average number of aneurysms (P=0.036)
than P-Live-o mice. It is interesting to note (Figure 4A and
4B) that the symptom-free survival rate of P-Live-tPA" was
not different from that of WT mice (P=0.908) and that the
symptom-free survival rate of P-Live-o animals was similar to
that of tPA—/— mice (P=0.74). Immunostainings for tPA per-
formed in tPA—/— mice (Figure IIIA in the online-only Data
Supplement) clearly show the absence of tPA in the endothe-
lium, in the media, and in the adventitia of normal arteries.
Interestingly, tPA—/— mice develop IAs when the tPA is over-
expressed and released in the vasculature after hydrodynamic
transfection of liver cells.

Immunostainings raised against CD4 revealed the presence
of inflammatory cells in the thickened wall of IAs, in mice
(Figure IIIB in the online-only Data Supplement). Moreover,
a clear positive and specific staining for CD11 b was also
observed in the wall of IAs in mice (Figure IIIC in the online-
only Data Supplement). It is interesting to note that the stain
was observed as well within the wall of IA than fixed at the
endothelium during the diapedesis

Discussion
Our data reveal that tPA present in the circulation is a puta-
tive pharmacological target to prevent IAs formation and,
thus, their subsequent ruptures. To our knowledge, we pro-
vide the first preclinical demonstration of a role of tPA in the
formation of aneurysms. We show the presence of tPA and its
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substrate, plasminogen, in the arterial walls of cerebral aneu-
rysms in both rodents and humans. Our preclinical data then
demonstrate that the absence of tPA reduces the incidence of
aneurysms. Interestingly, this effect is merely counteracted
by the rescue of active tPA in the circulation. Accordingly,
PAI-1-/— mice (PAI-1 being the main inhibitor of tPA in the
circulation®) are highly sensitive to aneurysms formation and
subsequent ruptures. The presence of tPA within the aneurys-
mal wall contrast with its location site in the luminal part of
the endothelial cells of normal arteries (Figure 2B and 2C;
Figure IIIA in the online-only Data Supplement). tPA—/— mice
develop IAs only when the tPA is overexpressed in the blood
stream (Figure 4A and 4B). These data suggest that the tPA
present in the blood stream is enough to promote aneurysms
formation and rupture. Even if we did not properly investi-
gate the source of the tPA present in the aneurysmal wall, our
hypothesis that it comes from the blood stream is in agreement
with the recent publications demonstrating the capacity of tPA
to cross the blood-brain barrier.!>'*?* Also, we can propose
that the vascular tPA is responsible for aneurysms formation.

Although the involvement of tPA in aneurysms formation
is similarly observed between either WT and tPA—/— mice
or tPA—/— p-live-empty vector and tPA—/— Plive-tPA, differ-
ences in [As rupture reached significance only between WT
and tPA—/— mice. This could be explained by the fact that the
expression of tPA is only transient after hydrodynamic trans-
fection (from 1 to 7 days),** sufficient to induce aneurysms
formation but may be toorshort'to promote their rupture which
can step afterward (38% from,7,to 14 days.in our experiments,
regardless of the genotype). This interesting shift suggests the
continuity over time of the tPA influence on [As because it has
been reported-in aortic-aneurysms.'® Because the size of IAs is
mainly described as a key factor for IAs rupture,” we aimed
to assess this parameter (data not shown). Probably because
of important bias in the methodology, we did not evidence
significant differences nor trend between groups on the size of
TAs, which could have specified the mode of influence of tPA
on the rupture of IAs.

Although aneurysmal formation and rupture may depend
on several mechanisms,>*7° our data demonstrate an impor-
tant contribution of tPA. Different mechanisms could explain
our finding because the MMPs can be activated by tPA either
directly or indirectly through plasmin.’** By their proteo-
lytic activities, MMPs, especially MMP-2 and MMP-9, are
also well known to contribute to the degradation of the inter-
nal elastic lamina, promoting TAs formation.”%!*1? Similarly,
it was reported that inflammation causes an overexpression
and overactivation of MMPs, not compensated by the action
of their inhibitors (tissue inhibitor of matrix metalloprotein-
ases).””? Moreover, tPA is known to upregulate the expres-
sion of MCP-1 (monocyte chemoattractant protein type 1),
then to stimulate diapedesis and to participate in the infiltra-
tion process of macrophages within the arterial wall®® as we
experimentally found-it in our model (Figure IIIB and IIIC in
the online-only Data Supplement). Thus, tPA could indirectly
contribute to aneurysm formation and rupture through a proin-
flammatory path.”!'? Our present data agree with this hypoth-
esis, with the tPA present in the blood stream promoting the
recruitment of macrophages in the IAs wall. These results are
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in agreement with those reported from studies performed on
aortic aneurysms that share some similarities with IAs.!-1828
Thus, some studies have suggested that the LRP-1 (low density
lipoprotein related protein receptor 1) protected against elas-
tin fiber fragmentation by reducing excess of protease activity
in the artery wall.”® These proteases include MMP-2 and -9,
some of them being direct or indirect targets of tPA.'>!** Even
if abdominal aortic aneurysms and IAs present different clini-
cal evolutions and responses to pharmacological therapies,'”*°
there are several similarities between the 2, and some patho-
physiological cross pathways may be proposed, such as the
role of tPA.

There are known direct inhibitors of tPA (such as neuro-
serpin and PAI-1) or indirect inhibitors (such as tranexamic
acid via inhibition of plasmin) which could be used to prevent
aneurysms formation and rupture.’*'* Our data obtained from
PAI—-/— mice suggest that PAI-1 and PAI-1 mimetics®® may be
appropriate to prevent [As formation and rupture. Additional
studies are needed to address this important question. In con-
clusion, we propose the vascular tPA as a possible new target
to prevent IA progression and rupture. However, because our
present study was performed in a preclinical model of IAs,
which does not completely fit with the pathogenesis of IAs
formation and rupture in human, this conclusion should be
cautioned. Further investigations are needed before translate
these findings to clinic, thus, opening new avenues for the
noninvasive prevention and treatment of IAs.
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VASCULAR TISSUE-TYPE PLASMINOGEN ACTIVATOR (tPA) PROMOTES
INTRACRANIAL ANEURYSM FORMATION

ONLINE SUPPLEMENT



SUPPLEMENTAL METHODS

Mice

Male mice (20-25g /2 months, CURB) were housed (2 to 3 mice per cage) on a 12h
light/dark cycle, with ad libitum access to food and water. Three different mouse strains were
used: tissue-type plasminogen activator knockout mice (tPA-/-, n=31), Plasminogen Activator
Inhibitor-1 knockout mice (PAI-/-, n=12) and their wild type littermates (WT, n=12) all on a
C57BL/6J background. Animals were randomly assigned to the different experimental groups.

Induction of intracranial aneurysms

IAs were induced as described by Hashimoto et al.'. Briefly, animals were deeply
anesthetized using isoflurane 5% in a gas mixture of 70% NO,/30% O, and maintained in 2%
isoflurane (70% NO,/30% O,) during surgery. Mice were placed in a stereotaxic device and a
craniotomy was performed using a cooled drill at the following coordinate from the Bregma -
2.5 posterior, +2.5 lateral and +5.5 deep. Using a thermoformed glass micropipette, 2.5 pL of
elastase (35 mU diluted in saline solution; Sigma-Aldrich, L’isle d’Abeau, France) were
injected over 10 minutes in the right basal cistern. The stereotaxic injection was immediately
followed by subcutaneous implantation of an osmotic pump (pl001, Alzet®, Durect
Corporation, Cupertino, USA) filled with angiotensin-II (800ug in 90ul saline solution, Sigma
Aldrich, L’isle d’Abeau, France) allowing a diffusion rate of 37ng/ min over 14 days. An
analgesic coverage was performed by subcutaneous injection of 100 pL of buprenorphine
solution at 0.02mg/mL, 0.1 mg/kg body weight per animal (Buprenorphine Arrow, Laboratoire
Arrow, Lyon, France). To ascertain the induction and check the profile of systemic
hypertension induced by angiotensin II, repeated blood pressure measurements were blindly
made within experimental groups. In all the three groups of mice (WT, tPA-/- and PAI-/-),
systolic blood pressure measurement by the tail-cuff method was used in conscious mice as
recommended in previous studies™. At day 2, a MRI was performed to exclude animals
presenting a brain hemorrhage caused by the stereotaxic injection. Each animal was evaluated
for inclusion criterion using a semi-quantitative Aneurysm Induction Invasiveness Score (AILS)
composed of 4 items (A: craniotomy, B: elastase injection, C: waking up, and D: MRI control)
each quoted from 1 to 4 (Supplemental figure 1.A). All animals with a score over 7 were
excluded from the study.

Neurological evaluation

All animals were analyzed twice a day for detection of neurological symptoms and
weight loss over a period of 28 days post-induction. Weight loss was considered significant for
a body weight loss of 10% or more per 24 hours. Neurological symptoms™ were quantified as
follows: inflexion of the torso and forelimbs on lifting of the whole animal by the tail; circling
to one side with a normal posture at rest; leaning to one side at rest; no spontaneous activity.
Symptomatic mice were immediately scanned by 7T MRI for the identification of intracranial
hemorrhages and of ruptured aneurysms. The period before symptoms occurs, mice were
considered as symptom free surviving animals and this time was evaluated and quoted per day
after aneurysm induction. At 28 days marking the term of the study, all asymptomatic mice
were scanned by 7T MRI prior to euthanasia as their MRI analyses were also used to estimate
the number of unruptured aneurysms as well as the absence of bleeding. IAs lesion were



observed on each mouse, at the acute phase of rupture when symptomatic and at the end of the
experiment (day 28) in the absence of rupture.

Magnetic Resonance Imaging analysis

Experiments were carried out on a Pharmascan 7T/12 c¢cm system using surface coils
(Bruker, Germany). During acquisitions, anesthesia was maintained using isoflurane 1.5%
(70%/30% mixture of NO,/O,). T2*-weighted sequence (T2*W) were acquired using a FLASH
(fast low angle shot) sequence and used to detect intracranial hemorrhage as a specific
hyposignal *. 3D T1 Contrast Enhanced Weighted (3DT1-CE-W) sequence after intra
peritoneal gadolinum injection (Gadovist® 1mg/kg, Guerbet, Villepinte, France) was
performed to visualize IA defined as an abnormal sacciform outpouching of the wall of
intracranial arteries of which the diameter is >150% of the parent artery diameter”.

Two observers including a 5 year-experienced neuroradiologist specialist on aneurysm
disease reviewed the images.

Hydrodynamic transfection of tPA

Generation of pLIVE plasmids: the coding sequence for rat tPA was inserted into a
mouse hepatocyte specific plasmid (pLIVE) (Supplemental Figure 1.B).

Hydrodynamic transfection: Hydrodynamic transfections were performed as previously
described’®. To assess the time course of efficiency of gene delivery, we have previously
investigated ¢ the presence of active and free (non-complexed) plasmatic tPA (and other
possible plasminogen activators) by direct fibrin zymography following sodium
dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE), performed from plasma
samples harvested before and after hepatic (hydrodynamic) transfection at day 1, 2, 3, 5, 7 and
14 ®. Then, PA-/- mice considered for IA induction, were injected two days before induction
with 100pg of pLIVE vector encoding for tPA (n=11) or empty pLIVE vector (n=9). A large
volume, 10% of body weight, of plasmid-containing saline buffer was injected in the tail vein
in less than 5 seconds (Supplemental Figure 1.C) °. Then, sentinel mice induced for IA were
used to control levels of active plasmatic tPA, 24 hours after hydrodynamic transfection
(Supplemental Figure 1.D) (time when the highest plasmatic levels of active tPA are reached),
as previously described ®. Human tPA (Actilyse®, Boehringer Ingelheim Paris, France) and
plasmin (Enzyme Research Laboratoires, South Bend, USA) were used as loading controls .

Immunohistochemistry

Mouse tissue samples: each mouse was anesthetized and transcardially perfused with
cold heparinized saline (50ml) followed by 100ml of fixative solution (PBS 0.1M: pH 7.4
containing 2% paraformaldehyde and 0.2% picric acid). Brains were cryoprotected (sucrose 20%
in veronal buffer; 48h; 4°C) before freezing in Tissue-Tek (Miles Scientific, Naperfville, USA).
Cryomicrotome-cut transversal sections (12 pm) were collected on poly-lysine slides and stored
at -80%°C before processing.

Human samples: Human aneurysm samples were obtained during microsurgery by
resecting the aneurysm sac distal to the clip closing the neck (F.S; Department of Vascular
Neurosurgery, Hopital Pierre Wertheimer; University of Lyon, France). Samples were obtained



from a 42-year-old woman, who suffered from SAH after a rupture of a 7mm large, middle
cerebral artery IA. Tissues were immediately stored for two hours in fixative (PBS 0.1M: pH
7.4 containing 2% paraformaldehyde and 0.2% picric acid) then cryoprotected (sucrose 20% in
veronal buffer; 48h; 4°C) before freezing in Tissue-Tek. Then, cryomicrotome-cut transversal
sections (12pm) were collected on poly-lysine slides and stored at -80°C before processing.

Immunohistochemistry: Mouse and Human tissue sections were incubated overnight
with the following primary antibodies as described in the corresponding legend, including a
goat anti-collagen IV (1/1500, Southern Biotech, Birmingham, USA), a sheep anti-
plasmin/plasminogen (Pln/Plg) polyclonal antibody (1/5000, kindly provided by HR Lijnen,
University of Leuven, Belgium), a rabbit anti-tPA monoclonal (1/3000, provided by HR Lijnen,
University of Leuven, Belgium), a rabbit anti-CD 11b monoclonal antibody (1/600,
eBioscience, Paris, France) and a mouse anti-CD 4 monoclonal antibody (1/250, eBioscience,
Paris, France) in veronal buffer (pH: 7.4). Primary antibodies were revealed with the
appropriate secondary antibodies (FITC, Cy3 or CyS5, 1/500, Jackson Immunoresearch Suffolk,
UK). Washed sections were cover slipped with antifade medium containing DAPI and images
were digitally captured using a Leica DM6000 microscope-coupled coolsnap camera, analyzed
with Metamorph® (Molecular Devices, Sunnyvale, USA) and Image J 1.46r (NIH, USA)
softwares. For each animal, vascular wall and aneurysm were analyzed.

Statistical analysis

All results were expressed in the form of mean. Continuous variables were described as
median and interquartile range (IQR), and compared using the nonparametric Kruskal Wallis
test. Categorical variables were compared using Chi-2 or Fisher’s exact test (unilateral test), as
appropriate (SPSS 19, SPSS inc, Chicago USA). The survival analyses were performed by
using Kaplan-Meier and log rank tests. The mice that did not show aneurysm formation were
not excluded from the analysis. A p-value <0.05 was considered as significant.



SUPPLEMENTAL FIGURES AND FIGURE LEGENDS

Supplemental Figure 1
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Supplemental Figure I. A) Detailed Aneurysm Induction Invasiveness Score B) Plasmid
constructs used for hydrodynamic transfections with the cDNA encoding for tPA was placed
under the control of a hepatocyte specific promoter. Two plasmids were generated, both with
the same hepatocyte specific promoter: the first one is an empty plasmid (P-Live-0) and the
second one containing a plasmid encoding for tPA (P-Live-tPA). C) Design of the procedure
for hydrodynamic transfection. D) Fibrin-agar zymography assay performed in transfected
mice (n =2 in P-Live-o group and n =2 in P-Live-tPA group) one day after hydrodynamic
transfections revealed a strong expression and release of tPA in the blood stream in P-Live-tPA
treated mice compared to control and P-Live-o mice.




Supplemental Figure 11
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Supplemental Figure II. A) Assessment of the systolic blood pressure using the tail cuff
method showed that Angiotensin II treatment led to a significant increase of the systemic blood
pressure. No difference was observed between groups B) No difference was found between
Aneurysm Induction Invasiveness Score on groups. Excluded mice for each group: for tPA -/-
n= 2 (one died during aneurysm induction and one was excluded at Day 2 because of an
Aneurysm Induction Invasiveness score > 7); for WT, n=1 (excluded at Day 2 because of an
Aneurysm Induction Invasiveness score > 7); for PAI -/-, n=2 (one mouse was excluded at
Day 2 because of an Aneurysm Induction Invasiveness score > 7 and one mouse died at day
one post induction before examination); for -P-Live-tPA, n=1 (one mouse was excluded at Day
3 after dying from complication of stereotaxic injection procedure); for P-Live-o, n=3 (one
mouse was excluded at Day because of an Aneurysm Induction Invasiveness score > 7, and two
animals died at day 3 and day 4 without any documented relation with aneurysmal ruptures).




Supplemental Figure 111
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Supplemental Figure I11. A) Representative immunohistochemistries performed from WT and
tPA -/- mice, on normal (right) and aneurysmal artery (left) (collagen-IV in green, tPA in red
and DAPI in blue. This result permit in WT mice to compare the repartition of tPA in normal
artery as in aneurysm. And also to demonstrate the lack of tPA positive stain in the artery of tPA
-/- mice. B) Representative immunohistochemistries exploring inflammatory process,
performed from WT mice displaying unruptured intracranial aneurysms (collagen-IV in blue,
tPA in red and CD 4 in green). Showing a specific stain of CD 4 (glycoprotein expressed on
inflammatory celles) in the wall of the aneurysm on mice (white dotted arrow, lower panel)
compared to his absence in the normal artery (upper panel). C) Immunohistochemistries
exposing normal and aneurysmal artery on the same section (see section plan on left upper
panel) of a WT mouse displaying ruptured intracranial aneurysms (collagen-IV in green, CD
11-b in red and DAPI in blue). This immunostaining highlighted a specific stain of the
monocyte integrin implies in the diapedesis within the wall of the aneurysm as well as
macrophage (white arrow, close-up on lower panel) during the diapedesis. This image show the
inflammatory infiltration of the wall of IA induced in this model. Scale bars: A), 100 pm, 20um;
B), 100 pm; C) 100 pm, 10 pum.
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Table I.  Checklist of Methodological and Reporting Aspects for Articles Submitted to Stroke Involving Preclinical Experimentation

Methodological and Reporting Aspects

Description of Procedures

Experimental groups and study
timeline

Vr he experimental group(s) have been clearly defined in the article, including number of animals in each experimental
arm of the study.

W\n account of the control group is provided, and number of animals in the control group has been reported. If no
controls were used, the rationale has been stated.

#4An overall study timeline is provided.

Inclusion and exclusion criteria

Qf A priori inclusion and exclusion criteria for tested animals were defined and have been reported in the article.

Randomization

/Animals were randomly assigned to the experimental groups. If the work being submitted does not contain multiple
experimental groups, or if random assignment was not used, adequate explanations have been provided.

ﬂType and methods of randomization have been described.

' Methods used for allocation concealment have been reported.

Blinding

JBlinding procedures have been described with regard to masking of group/treatment assignment from the
experimenter. The rationale for nonblinding of the experimenter has been provided, if such was not feasible.
ﬁBIinding procedures have been described with regard to masking of group assignment during outcome assessment.

Sample size and power
calculations

d Formal sample size and power calculations were conducted based on a priori determined outcome(s) and
treatment effect, and the data have been reported. A formal size assessment was not conducted and a rationale
has been provided.

Data reporting and statistical
methods

/Z Number of animals in each group: randomized, tested, lost to follow-up, or died have been reported. If the
experimentation involves repeated measurements, the number of animals assessed at each time point is provided, for
all experimental groups.

Baseline data on assessed outcome(s) for all experimental groups have been reported.

d Details on important adverse events and death of animals during the course of experimentation have been provided,
for all experimental arms.

ﬂStatisticaI methods used have been reported.

Numeric data on outcomes have been provided in text, or in a tabular format with the main article or as
supplementary tables, in addition to the figures.

Experimental details, ethics,
and funding statements

 Details on experimentation including stroke model, formulation and dosage of therapeutic agent, site and route
of administration, use of anesthesia and analgesia, temperature control during experimentation, and
postprocedural monitoring have been described.

</ Different sex animals have been used. If not, the reason/justification is provided.

W Statements on approval by ethics boards and ethical conduct of studies have been provided.

+ Statements on funding and conflicts of interests have been provided.
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