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ARTICLE INFO ABSTRACT

Keywords: Neonatal acute ischemic stroke is a cause of neonatal brain injury that occurs more frequently in males, resulting
Amygdala in associated neurobehavioral disorders. The bases for these sex differences are poorly understood but might
Cortex

include the number, morphology and activation of microglia in the developing brain when subjected to stroke.
Interestingly, poly (ADP-ribose) polymerase (PARP) inhibition preferentially protects males against neonatal
ischemia. This study aims to examine the effects of PJ34, a PARP inhibitor, on microglial phenotypes at 3 and
8 days and on neurobehavioral disorders in adulthood for both male and female P9 mice subjected to permanent
middle cerebral artery occlusion (pMCAo). PJ34 significantly reduced the lesion size by 78% and reduced the
density of CX3CR18P-labeled microglial cells by 46% when examined 3 days after pMCAo in male but not in
female mice. Eight days after pMCAo, the number of Ibal * /Cox-2* cells did not differ between male and female
mice in the cortical peri-infarct region. In the amygdala, Ibal*/Cox-2* (M1-like) cell numbers were sig-
nificantly decreased in PJ34-treated males but not in females. Conversely, Ibal * /Arg-1* (M2-like) and Arg-1"/
Cox-2" (Mtransitional) cell numbers were significantly increased in PJ34-treated females. Regarding neurobe-
havioral disorders during adulthood, pMCAo induced a motor coordination deficit and a spatial learning deficit
in female mice only. PJ34 prevented MBP fibers, motor coordination and learning disorders during adulthood in
female mice. Our data show significant sex differences in the effects of PARP inhibition on microglia phenotypes
following neonatal ischemia, associated with improved behavior and myelination during adulthood in females
only. Our findings suggest that modulating microglial phenotypes may play key roles in behavior disorders and
white matter injury following neonatal stroke.
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care, including the management of neonatal seizures. Male sex is re-
cognized to be a risk factor for cerebral palsy during the perinatal

1. Introduction

Neonatal arterial stroke is a cerebrovascular event that occurs near
the time of birth, characterized by pathological or radiological evidence
of focal arterial infarction primarily affecting the middle cerebral ar-
terial territory, with an incidence of 1/2800 to 1/5000 live births
(Nelson, 2007). Neonatal stroke produces significant morbidity and
severe long-term neurological and cognitive deficits, including cerebral
palsy, epilepsy, neurodevelopmental disabilities, impaired vision and
language function, and emotional symptoms (Sigurdardottir et al.,
2010; Coq et al., 2016). Currently, there is no specific treatment for
neonatal stroke. The current strategy is primarily focused on supportive

period, and ischemic injury appears to be more common in boys, re-
gardless of lesion type (Golomb, 2009; Golomb et al., 2004).

The number, morphology and activation of microglial cells differ
during brain development depending on the gender (Nissen, 2017;
Charriaut-Marlangue et al., 2018), suggesting that microglial cells
might react differently towards stroke in females than in males. Ac-
cording to the environment and the production of cytokines, microglia
can adopt an inflammatory/cytotoxic phenotype (M1-like) and/or an
immunomodulatory/repairing phenotype (M2-like) (Hu et al., 2017),
although the question of whether and how these changes occur can vary
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according to species (zebrafish vs rodent), models (in vitro vs in vivo),
and brain developmental stages (immature vs mature) (Ransohoff,
2016). According to its environment and production of cytokines mi-
croglia can adopt an inflammatory/cytotoxic phenotype (M1-like) and/
or immunomodulatory/repairing phenotype (M2-like) (Hu et al., 2017),
although this polarizing question is raised according to species (zeb-
rafish vs rodent), models (in vitro vs in vivo), and brain developmental
stages (immature vs mature) (Ransohoff, 2016). Microglia/macrophage
activation and polarization remains under debate, and it is now pro-
posed to evaluate microglia polarization according to a stimulus- and
disease-specific understanding based on transcriptomic and proteomic
profiling (Jassam et al., 2017). During brain injury, microglia cells were
traditionally considered to be purely toxic. However, data show that
microglia can play both injurious (Monje et al., 2003; losif et al., 2006)
and beneficial (Faustino et al., 2011) roles after ischemia. Age-depen-
dent microglial activation has been investigated during hypoxia-
ischemia in the immature (postnatal days 9 and 30, P9 and P30) brain.
Interestingly, injured brains at P9 show a dramatic increase in micro-
glial activation and a predominant pro-inflammatory response soon
after hypoxia-ischemia compared to brain injury at P30, suggesting that
the inhibition of microglial activation might be beneficial in the im-
mature brain (Ferrazzano et al., 2013).

Poly (ADP-ribose) polymerases (PARPs) are a large family of con-
stitutive nuclear enzymes (Endres et al., 1997) that are involved in
transcriptional regulation, cell division and cell death (Besson, 2009;
Berger et al., 2018). Indeed, PARP has been demonstrated to promote
the expression of pro-inflammatory genes, which contribute to the pa-
thology of many diseases (Curtin and Szabo, 2013). PARP1 interacts
with a number of transcription factors and co-factors, including NF-kB,
NFAT, AP-1, YY1, SP1, and SIRT1, which have been associated with
inflammatory gene expression (Bai and Virdg, 2012). Moreover, PARP
inhibition (Ducrocq et al., 2000; Joly et al., 2003) and PARP gene
disruption preferentially reduce infarct lesions in males, in a neonatal
hypoxic-ischemic model (Hagberg et al., 2004), and after ischemia, in
young adult mice (Liu et al., 2011), and differentially modulates mi-
croglial phenotypes in adult males and females (review in Chen et al.,
2014).

The aim of this study is to examine, in males and females, the effect
of PARP inhibition on microglial phenotypes (3 and 8days after
ischemia) and on neurobehavioral disorders and myelination (2 to
3 months after ischemia) in P9 mice subjected to ischemia after per-
manent middle cerebral artery occlusion (pMCAo, Moretti et al., 2016).
We focused on the peri-lesional cortex and the amygdala because it has
been recently reported that altered amygdala development might be
linked to alterations in white matter connectivity (Cismaru et al.,
2016), leading to behavior alterations in babies. It has also been ob-
served that the amygdala displays anatomic and functional gender
discrepancies (Im et al., 2018). Moreover, we evaluated white matter
injury (WMI) because (1) it is one of the consequences of brain injury in
babies that have suffered from neonatal arterial stroke, and (2) it is the
underlying cause of motor and cognitive disabilities in these children
(Back, 2017).

2. Materials and methods
2.1. Ethics statement

All care and experiments were performed with ethical approvals
from the Robert Debré Hospital Research Council Review (license A75-
19-01, 08/28/2013), in accordance with French regulations and the
European Union Council Directive of September 22, 2010 (2010/63/
EEC) on the protection of animals for experimental use.

2.2. Animals

C57BL6/J mice (WT) were purchased from Janvier Labs (Le Genest-
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St Isle, France. n = 32). CX3CR1%%/CCR2™ transgenic mice, which
have the green fluorescent protein gene knocked into one allele of
CX3CR1 (CX3CR128™) and the red fluorescent protein gene knocked into
one allele of C-C motif Chemokine receptor-2 (CCR2"P) (Saederup
et al., 2010), were provided by Dr. C. Combadiere (INSERM U1135,
75013 Paris, France) (n = 73). Males and females were both used and
housed under a standard 12h light:dark cycle. The total number of
animals used in this study was 126 mice (25 litters). Three animals (2
treated with 0.9% NacCl and 1 with PJ34) died during the first 24 h after
pMCAo.

For behavior, mice were housed in fixed unisex groups (5-6 mice/
cage) after weaning for the length of the experiment, as housing con-
ditions affect behavior (Prendergast et al., 2014). As a control, 19 non-
operated naive mice (9 M and 10 F) were evaluated.

2.3. Ischemia

Permanent proximal middle cerebral artery (MCA) occlusion
(pMCAo0) was performed in P9 male and female C57BL/6J mice under
isoflurane anesthesia in 30% O, and 70% N,O. Mice were sacrificed at
3 days (CX3CR18P/CCR2™P mice; n = 32; 15M and 17 F), 8 days (WT
C57BL6/J mice; n = 34; 18 M and 16F), and 3 months after pMCAo
(CX3CR18%/CCR2™P mice; stroke n = 41; 21 M and 20 F; non-operated
n =19; 9M and 10F). There were no differences in the weight at P9
(before ischemia) between the different groups of animals (see
Supplemental Table 1).

Investigators who performed neurobehavioral tests, infarct volume
measurements, tissue loss and Myelin Basic Protein (MBP) density
measurements, and cell counting were blinded to the group assign-
ments.

According to our previous reported studies, n = 6 animals were
sufficient for immunohistochemistry (Moretti et al., 2016). Previous
estimated effect size was calculated using the BiostaTGV software
(https://marne.u707.jussieu.fr/biostatgv) with an alpha risk of 0.05.

2.4. Drug treatment

Three sets of experiments were designed (see Supplementary Fig. 1
for an outline of the experimental procedures, number and strain of
mice used, and data measured).

In the first set of experiments, animals were randomly divided into 2
groups and treated with either 0.9% NacCl or PJ34 (10 mg/kg, Sigma-
Aldrich, France), given intraperitoneally (i.p.) 1 day after pMCAo.

In the second and third sets of experiments, animals were randomly
divided into 2 groups and treated with either 0.9% NaCl or PJ34
(10 mg/kg, i.p.) 1 and 3 days after pMCAo.

2.5. Cell death and immunohistochemistry

Coronal 16-ym thick cryostat sections (CX3CR18%/CCR2™ mice
3days after ischemia) were stained with the TUNEL assay (nuclear
staining), using the “In situ Cell Death Detection” Kit (AbCys, Paris,
France) according to manufacturer instructions.

Coronal 16-um thick paraffin sections (WT C57BL6/J mice) at the
hippocampal level (corresponding to 4.83 mm in the “Atlas of the de-
veloping mouse brain at P6”) were stained using rabbit anti-Ibal (RRID:
AB_839504; 1:1000), rabbit anti-Cox2 (RRID: AB_2085144; 1:200), and
goat anti-Arginase-1 (RRID: AB 2227469; 1:200) antibodies. For im-
munofluorescence, secondary antibodies coupled with the green marker
Fluoroprobe S488 (Interchim, Montlucon, France) or the red fluor-
escent marker cyanine 3 (Jackson Immuno-Research Laboratories, West
grove, PA) were used.

For confocal imaging, sections (CX3CR13%/CCR2™ mice 3 days
after ischemia) were analyzed using a Leica TCS SP8 confocal scanning
system (Leica Microsystems, Wetzlar, Germany) equipped with 405-nm
Diode, 488-nm Argon, 561-nm DPSS and 633-nm HeNe lasers. Optical
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sections were collected using the 20 x HC PL APO CS2 objective (nu-
merical aperture 0.75). For each optical section, quadruple-fluores-
cence images were acquired in sequential mode to avoid potential
contamination by fluorescence emission cross-talk. The settings for
laser intensity, beam expander, pinhole (1 Airy unit), range property of
emission window, electronic zoom, gain and offset of photo-
multiplicator, field format, and scanning speed were optimized initially
and held constant throughout the study so that all sections were digi-
tized under the same conditions. The tilescan acquisitions and the
subsequent merging of mosaics were produced using the Leica LAS AF
software (Leica Microsystems). Fluorescent cell populations were
identified in the regions of interest and counted using the Cell Counter
plugin of FIJI/ImageJ software (http://fiji.sc/Fiji). Images were equally
adjusted for brightness and contrast, and composite illustrations were
built in Adobe Photoshop CS3 (Adobe Systems, San Jose, CA).

2.6. Cell quantification

Iba-1, Arg-1 and Cox-2 positive cells were counted in a blind
manner in the penumbra region of three coronal sections per animal at
3 and 8days after ischemia using a 20 X objective. Iba-1-Arg-1 and
Ibal-Cox-2 double-positive cells were counted in the same regions with
a 40 x lens, and then merged images were created with FIJI/ImageJ
software.

2.7. MBP density

Coronal 16-ym thick cryostat sections (CX3CR13®/CCR2"P mice
3 months after ischemia, at the level of the MCA territory) were stained
using the mouse anti-MBP (RRID_9497; 1:500) antibody. Quantification
of MBP was done on 8-bit digital images collected using a high-re-
solution video camera (2560 x 1920 pixels) interfaced with a Nikon
microscope under a 4X objective (numerical aperture 0.25).
[llumination and camera settings were maintained at the same level for
image acquisition for all images. For each experimental group, 3 sec-
tions were imaged from 6 animals. Immunoreactive signal was seg-
mented and counted using the Fiji distribution (Schindelin et al., 2012)
of ImagelJ. Results were expressed as density of immunoreactivity in
regions of interests containing all 6 layers of the cortex.

2.8. Behavioral experiments

Evaluations of sensorimotor performance and motor coordination
(pole test), locomotor activity (actimetry), exploration and defense
behavior (open field, elevated plus maze and marble burying tests) and
cognitive performance (Barnes maze) were performed, according to
previously published protocols (Taib et al., 2017), between 2 months
(day 62) and 3 months (day 107) after pMCAo, which corresponds with
the adult stage (see Supplementary Fig. 2 for an outline of the experi-
mental and behavioral procedures).

Three groups of C57Bl6 CX3CR18%?/CCR2™ mice were used: non-
operated (male: n = 9; female: n = 10), stroke + NaCl (male: n = 11;
female: n = 10) and stroke + PJ34 (given at 1 and 3days post-
ischemia; male: n = 10; female: n = 8).

2.8.1. Actimetry

The horizontal (locomotion) and vertical (rearings) activities were
individually assessed in transparent activity cages (20 x 10 x 12 cm),
using automatic monitoring of photocell beam breaks (Imetronic,
Bordeaux, France). The actimetry test was performed on day 62
(2 months), recording every 10 min for 1 h and then every 30 min for
22h.

2.8.2. Elevated plus maze
Defense behavior was evaluated on days 71-72 after pMCAo, using
the elevated plus maze, which relies on the animals’ preference for dark
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enclosed arms over bright open arms. This task assesses the willingness
of the mouse to explore the open arms of the maze, which are fully
exposed and at an elevated height. Time spent in the open arm de-
creases in mice that exhibit anxiety-like behavior. The maze consisted
of a Plexiglas plus-shaped platform elevated 50 cm from the floor, with
4 arms intersecting at a 90° angle, creating 4 individual arms that were
each 37 cm long and 6 cm wide. The 2 closed arms were shielded by
14 cm-high side and end walls, while the 2 open arms had no walls. The
arms are connected to each other by a central platform (6 X 6 cm).

The mouse was placed on the central platform, facing one of the
open arms. The mouse was allowed to explore the maze for a 9-min
period (540 s), while the number of entries and the time spent in each of
the arms were recorded by a videotrack system (Viewpoint) every
3 min. As advised by File (2001), data were presented as % time spent
in the open arms = [(time spent in open arms entries/(total time:
5405s) x 100].

2.8.3. Open-field

The open-field test, performed on day 73 after pMCAo, is commonly
used to evaluate exploratory and defense behavior in rodents. The
open-field test was performed using a square, white, open-field appa-
ratus (40 x 40 x 45 cm), made of plastic permeable to infrared light.
The distance traveled (evaluating locomotor activity), time spent in
inactivity and in the center of the open-field, and the number of entries
in the center (evaluating defense behavior), were recorded by a vi-
deotrack system (Viewpoint®) every 5min during the 15min test. A
blinded investigator counted the number of rearings (evaluating ex-
ploration behavior).

2.8.4. Pole test

This test consists of a vertical round pole covered with a rough
surface (50 cm in length, 8 mm in diameter) and has been used to reveal
adult pMCAo-induced motor coordination deficits (Bouét et al., 2007).
This test was performed from days 76 to 78 after pMCAo to evaluate the
motor coordination learning. The mouse was placed at the top of the
pole, head up. The ability of the mice to turn and descend from the top
was assessed over five trials of 3 min maximum per day.

2.8.5. Marble-burying test

The obsessive-compulsive-like behavior was assessed with the
marble-burying test. This test was performed on day 79 after pMCAo
(Taylor et al., 2017). Each mouse was placed in a transparent activity
cage (28 x 13 x 15 cm), lined with over 5 cm of litter. On the top of the
litter, 18 marbles (1.5 cm diameter) were homogeneously placed, and
the mouse was freely allowed to bury the marbles over a 30 min period.
The number of marble buried was recorded each minute for the first
5min and then every 5 min for the remaining 25 min.

2.8.6. Barnes maze test

This task is commonly used to evaluate spatial learning and memory
performance in rodents, as it requires an escape response (Barnes, 1979;
Sharma et al., 2010). The maze is a wet, white and circular platform
(80 cm diameter), that is brightly illuminated (400 1x) and raised 50 cm
above the floor, with 18 holes (5 cm) equally spaced around the peri-
meter. A white hidden escape box (8 X 5 X 5cm), representing the
target, was located under one of the holes.

Prior to the test, each mouse was subjected to a habituation trial
where the mouse was directly placed into the escape box for 30s.

Learning: the mouse was placed in the center of the circular maze
and was allowed to explore the platform and holes for 3 min maximum.
The distance traveled was recorded using a videotrack system
(Viewpoint®). Latency to reach the escape box and the number of errors
(number of empty holes visited) were manually noted. When the mouse
found and entered the escape box, the videotrack recording was
stopped, and the mouse remained in the escape box for 10s before
being returned to its home cage. If the mouse did not enter
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spontaneously, it was gently placed into the escape box, before being
returned to its home cage. On the first day of training, mice underwent
2 trials after the habituation trial; thereafter, 3 trials were performed
per day, with a 2h inter-trial interval.

Probe trial: on the 5th day of learning (or reversal learning), the
probe trial, in which the escape box is removed and which lasts for
1 min, is used to assess spatial memory performance. The time spent
and the distance traveled in each sextant (defined as one of the 6 sec-
tions of the maze, including 3 holes) were recorded. The target zone is
defined as the section that contains the target hole and the two adjacent
holes.

Reversal learning: mice underwent 3 trials per day, with a 2h inter-
trial interval, for four days to learn a new location of the escape box. On
the fifth day, a probe trial was performed.

2.9. Statistics

Data are expressed as the mean *+ SEM of n observations.

All figures and statistical analyses were created with GraphPad
Prism 5.0 (GraphPad Software, San Diego, CA). Lesion volume, cell
counts, tissue loss, MBP density were analyzed using a one-way
ANOVA, followed by the Newman-Keuls test. MBP density was ana-
lyzed using the non-parametric Kruskal-Wallis test followed by Dunn’s
Multiple Comparison Test. Data collected from the actimetry and pole
tests were analyzed using a 2-way ANOVA for repeated measures, fol-
lowed by a Dunnett test. Data collected from the open field, elevated
plus maze, and marble burying tests were analyzed using a one-way
ANOVA followed by the Dunnett test. Data from the learning and re-
versal learning trials of the Barnes maze were analyzed using a one-way
ANOVA for area under a curve, and a two-way ANOVA for repeated
measures was used for the distance traveled, followed by a Dunnett test.
Data from the probe trials of the Barnes maze were analyzed using a
two-way ANOVA for repeated measures, followed by a univariate
Student’s t test, to compare to the theoretical value of 16.67% (dotted
line, i.e., when the mouse spent equal time within each sextant) for
retention, and a Dunnett test for comparison between groups for the
target sextant. p < 0.05 was considered statistically significant.

3. Results

3.1. Effect of PJ34 on lesion, microglial activation and cell death 3 days
after neonatal stroke

The mean cortical infarct volume at 3 days after pMCAo was not
significant between males (M) and females (F) [M: 9.5 = 5.7 mm?®
(n=8); F: 10.6 + 11.0mm> (n = 9)] in NaCl-treated mice. In con-
trast, PJ34, a PARP inhibitor, significantly reduced the lesion size in M
[2.9 + 22mm® (n=7), p < 0.05] but not in F [15.8 + 9.7 mm>
(n = 8)] mice (Fig. 1A and B). Cell death was observed with TUNEL ™ -
nuclei in the cortical lesion (Fig. 1C, enlarged panel) but not observed
in remote regions (i.e., the amygdala, as shown in Supplemental Fig. 3).

CX3CR18%/CCR2™ mice were used to assess the effect of PJ34 on
microglial cells and macrophages (Fig. 1D-O). A large number of
CX3CR18? labeled-microglial cells, with a round and amoeboid mor-
phology, were detected in the peri-infarct region (including the sub-
cortical white matter) in both M (Fig. 1D, E and M) and F (Fig. 2A and
B) NaCl-treated mice. In PJ34-treated M mice, the density of
CX3CR1#P-labeled microglia significantly decreased when compared to
NaCl-treated mice (Fig. 10). CCR2"P-labeled macrophages were spar-
sely detected in the lesion, for both M (Fig. 1G and K) and F (not shown)
mice. CCR2"-labeled macrophages did not localize with CX3CR18-
labeled microglia (Fig. 1M). Cox-2 protein was observed in the peri-
infarct, both in CXSCngfP—microglia and cortical cells (Fig. 1L).
CCR2™-labeled macrophages did not express the Cox-2 protein
(Fig. 1N). The density of CCR2™P-macrophages and Cox-2™ cells did not
significantly differ between PJ34- and NaCl-treated mice (Fig. 10).
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We then observed a differential Arg-1 protein expression, which was
close to the basal level in male mice. In contrast, a stronger protein
expression was observed in female mice, for both NaCl- and PJ34-
treated animals (Fig. 2A-D). Arg-1 protein expression did not co-loca-
lize with the CX3CR1%™-labeled microglia. Arg-1-positive cells were
scattered in the peri-infarct region (Fig. 2D) and were primarily present
in the meninges as fusiform cells (white arrows in Fig. 2E).

3.2. Effect of PJ34 on tissue loss and microglial activation 8 days after
neonatal stroke

Eight days after pMCAo, lesions significantly increased in volume
and became cystic, as previously reported (Moretti et al., 2016). Two
doses of PJ34 (given 1 and 3 days following ischemia) did not reduce
the tissue loss in either M [NaCl: 19.2 * 9.3% (n=9); PJ34:
16.0 = 12.0% (n=9)] or F [NaCl: 15.4 = 7.7% (n = 7); PJ34:
11.2 = 6.5%, (n = 9)] mice (Fig. 3A).

The number of Iba-1* microglial cells (with both ramified and/or
amoeboid morphology) did not differ between M and F mice or between
NaCl- and PJ34-treated mice in the cortical peri-infarct region (Fig. 3B).
The number of Cox-2* cells was similar among the four groups of an-
imals (Fig. 3C), and most of the Cox-2 labeling co-localized with Iba-17*
microglia/macrophages (Fig. 3D). No Arg-1* cells were observed in the
cortical peri-infarct region.

Using cresyl violet-stained sections, we observed that degenerative
cells (see Supplemental Fig. 4) were present in the amygdala (lateral
and basolateral amygdaloid nucleus), and we therefore quantified mi-
croglia cells. Iba-1* ramified microglia cells were found at similar
numbers among the four groups of animals (Fig. 4A). Iba-1* cells dis-
played small cell bodies with thin, long and highly branched processes.
The number of Cox-2% cells and double-labeled Iba-1*/Cox-2* (M1-
like) cells was significantly decreased in PJ34-treated M mice compared
to NaCl-treated M mice (p < 0.05), while no difference was observed
between NaCl- and PJ34-treated F mice (Fig. 4B and D). The number of
Arg-1" cells was not different among the four groups of animals
(Fig. 4C); however, the number of double-labeled Iba-1* /Arg-1" (M2-
like) cells significantly increased in PJ34-treated F mice (p < 0.05)
compared to NaCl-treated F mice (Fig. 4E and G). In addition, most Cox-
2% cells also expressed Arg-1" protein (Mtrans, Fig. 4F), and their
number significantly increased in PJ34-treated F mice compared to
NaCl-treated F mice, whereas no difference was observed between
NaCl- and PJ34-treated M mice (Fig. 4H).

3.3. Effect of PJ34 on behavior, tissue loss and myelination in adulthood
after neonatal stroke

3.3.1. Sensorimotor performances

During the actimetry test, spontaneous locomotor activity evolved
over a 23-hour period, with a decrease during the first hour, corre-
sponding to the habituation phase, and an increase just before the dark
phase, corresponding to the active 12-hour period, as described in the
literature (Dispersyn et al., 2017). There were no significant differences
between groups, for either horizontal activity (Fig. 5A and B, for M and
F mice, respectively) or rearings (data not shown), suggesting that the
effects observed in the other behavioral tests are not related to changes
in spontaneous locomotor activity.

The pole test did not reveal any deficit in any M group. M mice
learned the motor coordination task, as the time to turn decreased with
repeated training days (Fig. 5C, time effect p < 0.0001). F mice ex-
hibited a deficit in motor coordination learning (Fig. 5D, interaction
p = 0.052, time effectp < 0.001). NaCl stroke F mice had an increased
time to turn compared to other female groups on the second day of
training (p < 0.05), suggesting that neonatal ischemia in F mice only
impaired motor coordination learning, which was abolished by PJ34
treatment (p < 0.05).
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presence of CX3CR18® microglia in the peri-infarct region (P) and TUNEL * -nuclei in the infarct region (C, core) in a NaCl-treated male. D-N: Confocal merged images
of labeled cells in the peri-infarct region in NaCl- and PJ34-treated mice. D and H: Mosaic showing the extent of the ischemic lesion, surrounding by microglial
activation, in a NaCl- (D) and PJ34-treated mouse (H). E and I: Enlarged panels showing CX3CR18%-labeled microglia (green). F and J: Cox-2-labeled cells (magenta).
G and K: CCR2"P-labeled macrophages (red). L-N: Double labeling of CX3CR18 and Cox-2 (L), CX3CR18P/CCR2™ (M), and CCR2" and Cox-2 (M). Bar represents
0.5 mm (D), 0.22 mm (H), 250 pm (E-K) and 25 um (L-N). O: Quantification of CXSCngfp—microglia, CCRZ’fp—macrophages and Cox-2-labeled cells in the peri-infarct
region from NaCl- and PJ34-treated mice (n = 6 per group). Data were analyzed using a 2-way ANOVA, followed by the Newman-Keuls test. p < 0.05; "p < 0.01.

3.3.2. Exploratory and defense behaviors

The open field test was used to assess both spontaneous exploratory
and locomotor behavior and anxiety disorder, as a defense behavior.
Defense behavior was also assessed by the elevated plus maze test.

The open-field test did not show any ischemia-induced disturbances
for either M or F mice in exploratory behavior, as evaluated by the time
spent in inactivity and the distance traveled (Fig. 6A-D). Moreover,
neither ischemia nor the treatment had an effect on the number of
entries into the center of the open field, which could reflect defense
behavior (Fig. 6E and F). However, the time spent in the center and the
distance traveled was decreased in PJ34-treated stroke M mice (Fig. 6G,
p = 0.05 versus NaCl-treated stroke M mice), while the time spent in
inactivity was not changed in F mice (Fig. 6H).

The percent time spent in the open arms of the elevated plus maze
did not differ between groups for M (Fig. 7A) or F (Fig. 7B) mice. NaCl-
treated M mice had an increased % number of entries in the open arms
compared to PJ34-treated M mice (p < 0.05; Fig. 7C).

The marble-burying test is a useful test for evaluating psychiatric
disorders. It has been recently proposed to evaluate impulsivity, as it
evaluates anxiety-like and/or obsessive-compulsive-like behaviors
(Taylor et al., 2017). The kinetics of marbles buried did not reveal any
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differences between groups for M or F mice. The area under the curve,
calculated from the last 20 min of the test, showed that stroke induced
an increased impulsive-like behavior in M (p < 0.05 versus non-oper-
ated; Fig. 7G) and F (p < 0.05 versus non-operated; Fig. 7H) mice that
was prevented by PJ34 treatment in F mice only (p < 0.05 versus
Stroke + NaCl). No significant difference was noted between PJ34-
treated M and NaCl-treated M mice (p = 0.124; Fig. 7G). Altogether,
these results suggested that neonatal stroke could induce some modified
emotional-relative behavior that could be reversed by PJ34 treatment.

3.3.3. Spatial learning and memory

First, during the learning phase of the Barnes Maze, all mice, M and
F, exhibited similar spatial learning abilities, as the heat maps of paths
taken for each group appear qualitatively similar (Supp. Fig. 7A) and as
the distance traveled (Fig. 8A, B, time effect p < 0.0001) and the es-
cape latency (Fig. 9A, B, time effect p < 0.0001) decreased during the
learning phase. Likewise, learning performances for F mice did not
differ between groups when comparing the calculated area under the
curve (Fig. 8D). For M mice, the area under the curve for distance
traveled tended to be enhanced in NaCl-treated mice (p = 0.052 versus
non-operated; Fig. 8C).
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CX3CR19fp

Fig. 2. Effect of PJ34 3 days after pMCAo on microglial activation in a 0.9% NaCl-treated CX3CR18®/CCR2"P female mouse. A: Confocal merged images of labeled
cells in the peri-infarct region. B: CX3CR18®-labeled microglia (green). C: Cox-2-positive cells (magenta) and double-labeled CX3CR18% and Cox-2 cells (white
arrows) in the peri-infarct region. Note that Cox-2 protein often appeared as dots, suggesting a mitochondrial labeling. D-E: White arrows show Arg-1-positive cells
close to the infarct region (D) and present in the vicinity of a vessel (v). In E, note the presence of 2 macrophages (CCR2"™). Bar represents 0.4 mm (A-B) and 25 pm

(C-E).

The area under curve the calculated from the escape latency sup-
ported the tendency observed for the area under the curve for distance
traveled, as it increased in NaCl-treated M mice (p < 0.05 versus non-
operated; Fig. 9C). These data suggested that neonatal ischemia in-
duced a minor learning deficit that can be reversed by PJ34 in M mice
only.

During the retention test, all mice showed good spatial memory
performances, with no difference between groups, as the % distance
traveled (see results in Supplemental Fig. 5A and B, p < 0.05) and the
% time spent were higher in the target sextant (see results in
Supplemental Fig. 6A and B, p < 0.05 for each group compared to the
theoretical value).

Second, during the reversal learning phase, all mice also exhibited
good reversal learning abilities, as the distance traveled (Fig. 8E and F,
time effect p < 0.0001) and the escape latency (Fig. 9E and F, time
effectp < 0.0001) decreased within the learning days 97 to 101. For M
mice, the corresponding area under the curve did not differ between
groups (Fig. 8G). Heat maps of paths taken appear qualitatively similar,
as all M groups searched for the target hole in the new and the older
locations (Supp. Fig. 7B). By contrast, for F mice, the area under the
curve for distance traveled significantly increased in NaCl-treated
stroke F mice (Fig. 8H, p < 0.05 versus non-operated), demonstrating
impaired learning ability, which was decreased without statistical sig-
nificance by PJ34 treatment (p = 0.12). For escape latency, for M mice,
the corresponding area under the curve did not differ between groups
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(Fig. 9G). For F mice, the area under the curve for escape latency in-
creased in NaCl-treated stroke F mice (Fig. 9H, p = 0.086), suggesting
impaired learning ability, which was decreased by PJ34 treatment
(p < 0.05). Furthermore, NaCl-treated F stroke mice searched for the
target hole in the new and the older location, qualitatively suggesting
that stroke induces a cognitive flexibility deficit that can be abolished
by PJ34 treatment (Supp. Fig. 7B).

These results showed that neonatal ischemia induced a slight deficit
in spatial memory performances at 3 months, in F mice only, that was
abolished by PJ34 treatment (p < 0.05).

During the retention test at the end of the reversal learning trial, all
mice showed good spatial memory performances, with no difference
between groups, as the % distance traveled (see results in Supplemental
Fig. 5Cand D,p < 0.05) and the % time spent were higher in the target
sextant (see results in Supplemental Fig. 6C and D, p < 0.05 for each
group compared to the theoretical value).

3.3.4. Tissue loss

Three months after ischemia, tissue loss was higher in NaCl-treated
M (17.5 * 4.8%, n = 6) than in F (8.0 = 1.2%, n=6; p < 0.01)
mice. Two doses of PJ34 (given 1 and 3 days following ischemia) sig-
nificantly reduced the hemispheric atrophy in M (12.0 = 1.5%, n = 6;
p < 0.01), but not in F (7.7 = 2.9%, n = 6) mice (Fig. 10A). This M-
induced neuroprotective effect of PJ34 on tissue loss over the long term
reflected the neuroprotective effect observed 3days after pMCAo,
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suggesting that tissue loss is an ongoing process that lasts long term
after ischemia.

3.3.5. White matter injury

The density of MBP fibers was evaluated in the external capsule,
estimated using a computerized image-analysis-based semi-quantitative
method, both in the ipsilateral (IL) and contralateral (CL) hemispheres
(Fig. 10B). Indeed, white matter injury (WMI) is one of the con-
sequences of brain injury in babies that suffer from neonatal ischemic
stroke. WMI is the underlying cause of motor and cognitive disability in
these children. We observed that PJ34 treatment was primarily able to
prevent the development of MBP fibers on the CL side, compared to the
IL side in F mice.

4. Discussion

Only a limited number of studies have investigated the effect of sex
on microglial activation after ischemic stroke in the developing brain.
In this study, we examine the spatio-temporal microglial phenotype
changes that occur after experimental stroke in the absence or presence
of a PARP-1 inhibitor (PJ34). It was previously reported that the ab-
sence of PARP-1 preferentially protected males from perinatal injury
(Hagberg et al., 2004). We report that PARP inhibition induces differ-
ential modulation of microglial phenotypes in the amygdala of male
and female mice subjected to pMCAo at P9. These findings were asso-
ciated with consistent differences in behavioral outcomes and myeli-
nation in adulthood.

To date, there is a lack of experimental studies evaluating adult
behavioral deficits after neonatal stroke in mice. However, neonatal
hypoxia-ischemia models in rats show behavioral deficits at the adult
stage, such as spatial learning and memory deficits (Tsuji et al., 2010),
and reference and working memory deficits (Sanches et al., 2015;
Pereira et al., 2008). In addition, motor coordination deficits (Smith
et al., 2015) and novel object recognition task deficits (Pereira et al.,

2008) were studied at the juvenile age, but not in adulthood. In the
present study, we provide evidence of behavioral deficits in adult mice
subjected to pMCAo at P9. Neonatal ischemia induces a motor co-
ordination deficit in both sexes, but an enhanced impulsive-like dis-
order and spatial learning deficits were observed only in injured female
mice. These deficits are not associated with an increased mortality in
female mice. These findings are relevant to the clinical observation of
behavioral deficits during adulthood in patients with cerebral palsy
(Frisch and Msall, 2013). Nevertheless, clinical observations and data
from rodent models of neonatal ischemia report that males, in general,
show an increased risk of brain-based developmental disorders (Hill
and Fitch, 2012). However, in some cases, behavioral deficits after
neonatal insult have been observed in females only, showing that sex
affects the outcomes following neonatal stroke. To date, this effect is
still poorly understood. For example, at P7 hypoxia-ischemia in rats
induces juvenile cognitive deficits in both sexes, while this model, when
performed at P3, induces juvenile cognitive deficits in females only
(Sanches et al., 2015). Zhu and colleagues (2006) have confirmed that
sex differences could be explained by cell death pathways, involving
PARP-1, in an in vivo model of hypoxia ischemia in mice and are likely
to account for sex-specific brain damage observed in clinical and ex-
perimental studies.

Brain injury in the mature and immature brain depends on PARP-1
activation. In the early 2000s, treatment with 3-aminobenzamide (3-
AB), a nonselective PARP inhibitor, reduces ischemic-reperfusion da-
mage in both the neonatal P7 rat (Ducrocq et al., 2000) and the adult
mouse by decreasing inflammation (Couturier et al., 2003). Shortly
thereafter, the protective effect of PARP-1 deficiency was demonstrated
to be strikingly dependent on the sex of the mice, with males being
preferentially protected compared with females, in both neonatal
(Hagberg et al., 2004), and adult (McCullough et al., 2005; Liu et al.,
2011) brains. Rats treated with the PARP inhibitor PJ34, given after
ischemia-reperfusion, showed a near-complete inhibition of microglia/
macrophage activation and an 84% reduction in CAl neuronal death
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Fig. 4. Effect of PJ34 on microglial activation
and its phenotypes 8 days after pMCAo in the
amygdala of male (M) and female (F) mice.
PJ34 or NaCl was given 1 and 3days after
pMCAo. A-C: Quantitative analysis of Iba-1*
cells (A), Cox-2% cells (B), and Arg-1* cells
(C). D-F: Quantitative analysis of double-la-
beled Iba-1*/Cox-2" cells (D, M1-like) double-
labeled Tba-1*/Arg-1" cells (E, M2-like), and
double-labeled Cox-2*/Arg-1* (F, Mtrans)
cells. G-H: Typical example of double fluores-
cence labeling in the amygdala for Iba-1, Arg-1
and Cox-2 cells in a female mouse treated with
PJ34. Data were analyzed using a 2-way
ANOVA, followed by the Newman-Keuls test.
‘p < 0.05.

(Hamby et al., 2007). A delayed PJ34 treatment, from 2 up to 5 days, 3 days post-stroke in males, and, with 2 injections of PJ34, a significant
also enhanced long-term neuronal survival and neurogenesis reduction was observed in adult M mice. However, this sex-dependent
(Kauppinen et al., 2009). Here, in the neonatal mouse, we found that a neuroprotection was not sustained 8 days after ischemia, which could
single injection of PJ34 preferentially reduced the ischemic lesion represent an intermediate time point for the establishment of
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Fig. 5. Effect of PJ34 on spontaneous locomotor ac-
tivity from days 62 to 65 after pMCAo in male (M)
and female (F) mice. PJ34 or NaCl was given 1 and
3days after pMCAo. A-B: Spontaneous locomotor
activity, represented by the number of horizontal
light beam interruptions for (A) M and (B) F mice. C-
D: The motor coordination learning during the pole
test is represented in (C) M and (D) F mice. Data
collected during the actimetry test were analyzed
using a 2-way ANOVA for repeated measures. Data
collected during the pole test were analyzed using 2-
way ANOVA for repeated measures, followed by the
Dunnett test. p < 0.05 versus NaCl-treated F mice.
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deleterious and/or repair processes. Thus, our data highlight that the
short-term outcome does not always predict the long-term outcome. In
adulthood, female mice presented a decrease in tissue loss compared to
male mice after neonatal stroke, suggesting that they were less sensitive
to neonatal ischemia. Hypotheses might be proposed to explain this sex
difference, such as epigenetics or miR (Spychala et al., 2017).
Furthermore, we reported that PJ34 treatment reduced some be-
havioral deficits in the adulthood in pMCAo female mice only, while
brain lesions were not reduced by PJ34. Interestingly, the number,
morphology and activation of microglia are different during brain de-
velopment depending on the sex, suggesting that microglia might re-
spond differently to stroke. Several studies have also demonstrated
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markedly different effects of microglia for similar insults in neonatal
when compared to adult brains (Mallard et al., 2018). Perinatal brain
injury in CX3CR1~/~ was shown to be affected by sex (Pimentel-
Coelho et al., 2013). In addition, knowing the role of PARP-1 and mi-
croglia in neuroinflammation, one could suggest that PJ34-induced
effects on brain lesions and associated adult behavioral disorders may
originate from different microglial activation in both sexes. A reduction
in the number of CX3CR18®-microglia was observed 3 days after stroke
in PJ34-treated males compared to NaCl-treated males, strengthening
the support for the anti-inflammatory properties of PJ34 and all pre-
viously reported PARP inhibitors. In the cortical peri-infarct region, an
increase in CX3CR18P-microglia was observed 3 days after stroke in
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Fig. 6. Effect of PJ34 on locomotor activity,
evaluated by data collected during the open
field test from day 76 to 78 after pMCAo in
male (M) and female (F) mice. PJ34 or NaCl
was given 1 and 3 days after pMCAo. A-D:
The time spent in inactivity and distance
traveled during the open field test are re-
presented in (A and C, respectively) for M
and (B and D, respectively) for F mice. E-H:
The number of entries in the center and time
spent in the center during the open field test
are represented in (E and G, respectively)
for M and (F and H, respectively) for F mice.
Data were analyzed using a one-way
ANOVA, followed by the Dunnett test.
p < 0.05.
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both males and females, while CCRZ'fp-rnacrophages were sparsely
observed in the lesions and peri-infarct regions. No significant differ-
ences in cell density were detected between male and females at this
time-point of recovery. Microglia were the predominant myeloid cells
activated after IL-1f challenges in the immature brain (Krishnan et al.,
2017) and have pro-inflammatory and restorative functions that are
essential for normal brain development (Crotti and Ransohoff, 2016;
Tremblay, 2011). Adult microglia express a distinctive molecular
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signature that is absent from neonatal microglia (Butovsky et al., 2014).
After traumatic brain injury, male mice have a faster and more robust
microglia/macrophage (Iba-1*) activation and peripheral recruitment
when compared with females, leading to increased cell death and lesion
volume, and this increase was measured 1, 3 and 7 days post-injury
(Villapol et al., 2017). In our model, 8 days after stroke, the density of
Iba-1* cells in the cortical peri-infarct region did not differ between
males and females, both with and without the PJ34 treatment.
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Fig. 7. Effect of PJ34 on defense behavior,
evaluated by data collected during the ele-
vated plus maze on days 71-72 after
pMCAo, and impulsive-like behavior, eval-
uated by data collected during the marble-
burying test on day 79 after pMCAo, in male
(M) and female (F) mice. PJ34 or NaCl was
given 1 and 3 days after pMCAo. A-D: The %
time spent and % number of entries in the
open arms are presented in (A and C, re-
spectively) for M and (B and D, respectively)
for F mice. E-H: The number of visible
marbles during the 30 min test and the cal-
culated area under curve from 10 to 30 min
are presented in (E and G, respectively) for
M and (F and H, respectively) for F. Data
were analyzed using a one-way ANOVA, for

data collected during the elevated plus maze
and for the area under the curve, followed
by the Dunnett test. The number of visible
marbles was analyzed using a two-way
ANOVA for repeated measures. ﬁp < 0.05.
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However, in remote regions, such as the amygdala (lateral and baso-
lateral amygdaloid nucleus), we observed degenerative neurons that
could induce microglial activation. Moreover, the amygdala is a com-
plex structure, which has a pivotal role in behavioral responses. Neo-
natal brain injury that primarily affects cortical neurons could modify
cortico-amygdala connections, leading to the degeneration of neurons.
These neurons lead to Iba-1" activated microglia with distinct

hypertrophic or bushy morphologies, expressing M1, M2 or both phe-
notypes (Mtrans), in both sexes. However, M2 and Mtrans phenotypes
are more prevalent in injured females treated with PJ34 compared with
males. Microglia are dynamic immune cells, whose numbers and mor-
phological changes are closely associated with their functional activ-
ities. M2 polarization was suggested to be neuroprotective because
sildenafil, a cyclic GMP phosphodiesterase inhibitor, increased
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Fig. 8. Effect of PJ34 on spatial learning, from day 83 to 87 after pMCAo, and reversal learning, from day 97 to 101 after pMCAo, using the Barnes maze test, in male
(M) and female (F) mice. PJ34 or NaCl was given 1 and 3 days after pMCAo. A-D: The distance traveled during learning is presented in (A and C) for M and (B and D)
for F mice. E-G: The distance traveled during reversal learning is presented in (E and G) for M and (F and H) for F mice. Data were analyzed using a one-way ANOVA
for the area under the curve analysis, and a two-way ANOVA for repeated measures for the distance traveled, followed by the Dunnett test. p < 0.05.
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Fig. 9. Effect of PJ34 on spatial learning, from day 83 to 87 after pMCAo, and reversal learning, from day 97 to 101 after pMCAo, using the Barnes maze test in male
(M) and female (F) mice. PJ34 or NaCl was given 1 and 3 days after pMCAo. A-D: The escape latency during learning is presented in (A and C) for M and (B and D) for
F mice. E-G: The escape latency during reversal learning is presented in (E and G) for M and (F and H) for F mice. Data were analyzed using a one-way ANOVA for the
area under the curve analysis, and a two-way ANOVA for repeated measures for the escape latency, followed by the Dunnett test. p < 0.05.
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polarization and reduced the lesion size after pMCAo in P9 mice
(Moretti et al., 2016).

We quantified MBP density and observed that PJ34 prevents MBP
fibers in F but not in M mice. These data suggest that modulating mi-
croglial activation could prevent tissue loss, preserve white matter and
prevent behavioral deficits.

M2 polarization was shown to (1) promote oligodendrocyte re-
generation (Miron et al., 2013) and axon regeneration in the spinal cord
(Kigerl et al., 2009) and (2) be associated with improvements in long-
term functional outcomes after ischemia (Suenaga et al., 2015). Our
work demonstrated that the infarct volume is poorly relevant and not
correlated with associated behavioral disorders in this model. However,
microglial phenotypes and tissue loss over the long term could be a
better predictive parameter to evaluate the effect of treatment on be-
havior in adulthood after neonatal stroke. In females, PJ34 increased
M2 and Mtrans phenotypes in the amygdala, a brain key structure in-
volved in attention and motivation that facilitates consolidation and
memory (Tyng et al., 2017). In addition, PJ34 prevented pMCAo-in-
duced memory disorders, such as spatial learning deficits, in adulthood,
underlying the importance of the modulation of microglial phenotypes
in this brain structure to improve outcomes following neonatal
ischemia. The amygdala plays a central role in the social life. The
amygdala shares anatomical connections with almost every other brain
region that is important to social cognition, which are often collectively
referred to as the “social brain”. Modifications within brain networks
that modulate behavior during early development, such as after neo-
natal stroke, could lead to decreased connectivity between the amyg-
dala and other brain networks.

5. Conclusions

Our data show that PARP inhibition differently modulates micro-
glial phenotypes in males and females after neonatal ischemia, asso-
ciated with a prevention of MBP fibers and a reduction in impulsive-like
and cognitive deficits during adulthood in females only. The identifi-
cation of microglial molecular pathways in both genders, and the
evaluation of PARP contributions, will afford new pharmacological
targets to efficiently treat males and females for neonatal stroke. Future
studies on the effects of PARP inhibition on microglia transcriptomic
changes and brain connectivity will greatly improve the understanding
of gender-specific neuroprotection and behavioral responses of the
developing brain.
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