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Abstract

New therapeutic strategies are needed to protect neonates, especially premature newborns, against
brain injury and associated neurobehavioral deficits. The role of pro-inflammatory cytokines,
especially IL-1, in the pathophysiological pathway leading to neonatal brain damage is
increasingly recognized and represents an attractive therapeutic target. We investigated the
therapeutic potential of postnatal systemic administration of the interleukin (IL)-1 receptor
antagonist (IL-1Ra) in an animal model of perinatal brain injury using the insults most common to
human neonates, i.e. prenatal exposure to inflammation and/or postnatal hypoxia-ischaemia (HI).
We found that postnatal administration of IL-1Ra preserved motor function and exploratory
behavior after either prenatal exposure to inflammatory agent lipopolysaccharide (LPS) or
postnatal HI insult. The deleterious effect of combined prenatal LPS and postnatal HI on brain
development was also alleviated by administration of IL-1Ra, as seen by the protected neural stem
cell population, prevention of myelin loss in the internal capsule, decreased gliosis, and decreased
neurobehavioral impairment. This study showed the distinct pattern of functional deficits induced
by prenatal inflammation as compared to postnatal HI and the therapeutic potential of IL-1Ra
administration against neonatal brain injury. Furthermore, our results highlight the potential for
postnatal treatment of prenatal inflammatory stressors.
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1. Introduction

Perinatal brain injury is one of the leading causes of lifelong disability affecting both motor
and cognitive functions (Ferriero, 2004; Nelson, 2003; Volpe, 2009). The main causes of
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such brain injury are perinatal hypoxia-ischaemia (HI) and pathogen-induced inflammation,
which are often combined and can have a synergistic effect, mainly through pre- and post-
natal release of inflammatory mediators (Boksa, 2010; Bracci and Buonocore, 2003;
Ferriero, 2004; Girard et al., 2008; Hagberg et al., 2011; Kapitanovi¢ Vidak et al., 2012;
Meyer, 2011; Nelson, 2003; Volpe, 2009; Wu et al., 2003). Premature neonates have
heightened vulnerability to brain damage. This specific subpopulation of newborns is
growing due to the increased rate of preterm birth (Muglia and Katz, 2010). Unfortunately
treatment options remain very limited, especially in preterm newborns. Therapeutic
limitations are mainly due to: (/) the lack of non-invasive and reliable diagnostic markers
enabling the detection of placental and fetal insults prenatally, and (//) uncertainties about
drug metabolism and benefit/risk balance of drug administration, to both the pregnant
mother and fetus (Kenyon et al., 2008; King et al., 2002; Perlman, 2006; Tegethoff et al.,
2009). In contrast, postnatal treatment is a more clinically attractive option since diagnosis
of prenatal inflammation and HI are most often made postnatally due to clinical
investigations routinely performed in human neonates.

Human neuropathological studies and experimental animal models of perinatal brain injury
revealed that pro-inflammatory cytokines, especially those from the IL-1 system, are
implicated in the cascade leading to brain damage occurring at different developmental
stages (Allan et al., 2005; Cai et al., 2004; Denes et al., 2011; Girard et al., 2008, 2010g;
Hagberg et al., 1996; Kadhim et al., 2006, 2003; Martin et al., 1994). In addition to their
direct neurotoxic effects, cytokine imbalances are also suspected to affect brain development
since cytokines play an active role in neurogenesis and synaptogenesis (Deverman and
Patterson, 2009; Dziegielewska et al., 2000).

The objective of this study was thus to determine the neuroprotective potential of postnatal
systemic administration of low-dose of IL-1Ra, in a model of brain injury triggered by
prenatal inflammation (induced by LPS) and/or early postnatal HI, at a developmental stage
corresponding to the highly vulnerable premature newborn. Our results demonstrated that
postnatal administration of IL-1Ra protected against neurological injury and associated
functional deficits. Protection against behavioral impairment was associated with decreased
long-term gliosis, and preservation of myelination and neural stem cell population. This
highlights the therapeutic potential of postnatal systemic IL-1Ra administration to treat
perinatal brain injury, at a developmental stage corresponding to the most susceptible
population of human neonates.

2. Methods

2.1. Animals

We used an animal model of perinatal inflammation and a HI insult leading to behavioral
deficits and brain damage reminiscent of human neurodevelopmental disorders, as already
described by Girard et al. (2009, 2008). Briefly, time mated pregnant Lewis rats obtained
from Charles River Laboratories (Saint-Constant, Qc, Canada) at gestational day (G) 15 and
were injected intraperitoneally (ip) every 12 h (to reproduce more closely the clinical
situation in which live bacteria would reproduce) with either lipopolysaccharide (LPS) (n=
10; 200 ug/kg from Escherichia coli, 0127:B8; Sigma, ON, Canada, diluted in 100 pl of
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pyrogen-free saline), or with saline solution (n=6; 100 pl) from G20 until the end of
gestation (G22-23). Twenty-four hours after birth (postnatal day (P) 1), HI was induced as
previously described by Girard et al. (2009, 2008). Briefly, pups were anesthetized using
isoflurane and their right common carotid artery ligated. After at least 30 min of recovery,
pups were placed in a chamber at 8% O,/N, for 3h30 at 37 °C. Pups from both sexes (7=
105) were randomized to four experimental groups: control (Ctrl), HI, LPS, and LPS + HI.
From the 10 LPS-treated dams there was 47 pups (mean: 4.7 pups/litter) and 58 pups from 6
saline-treated dams (mean: 9.6 pups/litter). Pups from each litter were equally divided
among the four conditions (Ctrl, Ctrl + IL-1Ra, HI, HI + IL-1Ra or LPS, LPS + IL-1Ra, LPS
+ HI, LPS + HI + IL-1Ra) to minimize litter effects. All the pups were left with their
original mother until weaning (no-cross fostering). This led to 12 to 16 animals per Ctrl or
HI groups, with saline or IL-1Ra treatment, and 10 to 13 animals per LPS or LPS + HI
groups, with saline or IL-1Ra treatment. Ctrl animals were left undisturbed since we
previously showed (Girard et al., 2009) that there were no differences between sham or
control animals in this particular model. All animals performed every behavioral test and
were all used for histological analysis, the A/ number therefore being constant throughout.
Starting at P1, at the time of HI induction, pups were injected with either saline solution (20
ul, n=52) or recombinant human IL-1Ra (10 mg/kg, Kineret, Biovitrum, Sweden, in 20 pl
of sterile saline, 7=53) every 12 h from P1 until P9. This time frame of IL-1Ra
administration was selected based on a previous study using the same animal model (Girard
et al., 2008) in which we showed that the pro-inflammatory imbalance of the IL-1 system
(increased IL-1p/IL-1Ra ratio) induced by the exposure to LPS and/or HI returned to
baseline by P9. In each session, all experimental conditions were conducted simultaneously.
After weaning (P30), animals of the same sex were housed 3-6 per cages. Pups were
evaluated each day, starting at P1, until the end of experimentation for weight gain and
developmental milestones (e.g. eye opening, ears unfolding, fur appearance). All handling of
animals was in accordance with the Animal Care and Use Committee at the University of
Sherbrooke, Canada and with policies and directives of the Canadian Council on Animal
Care (CCAQC).

2.2. Behavioral evaluation

2.2.1. Open field observations—Animal tracking in the open field was performed every
fifth day from P15 until P25 between 6 and 10 h a.m., as previously described by Girard et
al. (2009). Animal tracking was done using the “Any-Maze Tracking System™” program
(Stoelting Co, IL, US). Total distance travelled, duration of immobility and line crossings
were analyzed.

2.2.2. Grip strength test—Animal grip strength was evaluated every fifth day from P15
to P25, after the open field test, using a mouse grip strength tester (Bioseb, France). Each
animal was assayed five times each testing day.

2.2.3. Foot fault test—Fine motor capacity and coordination were evaluated using the
foot fault test at P19 between 6 and 10 h a.m. The animals were placed on a metal grid (grid
width: 2 cm) and any limbs falling through the opening was counted as a fault. Animal
behavior was assessed for 2 min and faults were counted by direct observation by two
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observers blinded to the experimental conditions. Light touch was used to initiate walking if
necessary.

2.2.4. Rotarod test—Motor balance and coordination were evaluated with a Rotarod
(Stoelting Co, IL, US) every fifth day from P30 to P40, as previously described by Girard et
al. (2009). Briefly, rats were placed on the rod rotating at an initial speed of 4 rpm, which
increased to 40 rpm within 1 min. Each animal had six trials/day of testing with a resting
period of at least 2 min between each trial. The time the animal spent on the Rotarod was
measured (e.g. latency to fall).

2.2.5. Elevated plus maze—Anxiety behaviors were evaluated between 12 and 16 h at
P40 only (to prevent habituation) using an elevated plus maze apparatus (Stoelting Co, IL,
US) under dimmed light. Animals were acclimatized to the testing room one hour prior to
testing. The animals were placed on the center of the platform, facing one of the open arms
and were allowed to explore the maze freely for 5 min while being recorded (Any-Maze
Tracking System™; Stoelting Co, IL, US).

2.3. Brain histological analysis

At the end of the behavioral experiments (i.e. at P40), animals from all experimental groups
were euthanized and their brains were analyzed by histology. Paraffin-embedded tissue was
cut on a microtome. Coronal section, 5 um-thick, were used for staining,
immunohistochemistry (IHC) and immunofluorescence (IF), as previously described by
Girard et al. (2009). Primary antibodies (Abs) included Abs directed against: glial fibrillary
acid protein (GFAP; 1:500, Chemicon, ON, Canada; Ferrucci et al., 2010; Girard et al.,
2009), ionized calcium binding adapter molecule 1 (Iba-1; 1:500, Wako Chemicals, VA, US;
Faustino et al., 2011; Girard et al., 2009), proliferating cell nuclear antigen (PCNA; 1:500,
Santa Cruz Biotechnology, CA, US; Girard et al., 2010b), myelin basic protein (MBP;
1:500, Chemicon, ON, Canada; Biran et al., 2006; Girard et al., 2009), doublecortin (DCX,
1:500, Abcam MA, US; Geoghegan and Carter, 2008) and neuronal nuclei (NeuN, 1:100,
Millipore, MA, US; Liew et al., 2012). After washing, sections were incubated with the
appropriate secondary Ab: anti-mouse-HRP (1:100, Santa Cruz Biotechnology, CA, US) or
anti-rabbit-HRP (1:100, Serotec, NC, US) for IHC, and anti-mouse, anti-chicken or anti-
rabbit alexa fluoconjugated (1:500, Invitrogen, ON, Canada) for IF. Slides were either
mounted using a DAPI-containing medium to label nuclei (Invitrogen, ON, Canada) for IF,
or staining revealed using diaminobenzidine (DAB, Roche, Qc, Canada) and counterstained
with hematoxylin before mounting, for IHC. An additional set of sections was treated
similarly but without the primary Ab; these served as negative controls. Brain section used
for analysis were from the same bregma level (bregma —2.92 to —3.12 mm), determined
based on distinctive landmarks (e.g. hippocampus, ventricules). All histological analysis and
cell counting were performed by an observer blinded to the experimental conditions and
analysis were performed on one section per animal. Data were obtained from both
hemispheres and combined for each animal. Analysis of the internal capsule was made by
manual delineation on MBP stained sections and surface determined using ImageJ software
(NIH Image), by an observer blinded to the experimental conditions. Staining intensity for
GFAP and Ibal were determined using ImageJ (NIH Image) as previously described by
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Girard et al. (2010a) and myelin (MBP) staining intensity was assessed using ImageJ (NIH
Image) as previously described in details (Girard et al., 2010a).

2.4. Data analysis

Data are presented as mean + standard error of the mean (SEM). Since there was no
statistical difference between male and female for our end points, both sexes were combined
for all analyses. Comparisons were performed using analysis of variance (ANOVA) with the
Newman-Keuls post-test or with the unpaired #test with Welch correction. The significance
level was set at p< 0.05.

3. Results

3.1. Evaluation of pups weight and developmental milestones after perinatal exposure to
LPS and/or HlI

Prenatal exposure to LPS did not affect the duration of gestation. Prenatal LPS exposure
decreased weight at P1 (LPS: 5.87 £ 0.06 g vs Ctrl: 6.1 + 0.06 g, p= 0.01), but these LPS
exposed pups rapidly caught up to Ctrl weights (at P2). Exposure to HI or LPS + HI led to
transient growth retardation returning to mean control weight at P40 and P20, respectively
(Table 1). In animals exposed to LPS and/or HI, timing of growth and developmental
milestones (i.e. eye opening, fur appearance, ear unfolding) were identical whether exposed
to postnatal IL-1Ra or saline. IL-1Ra administration did not alter survival, and neonatal
death induced by HI was less than 1%. Distinctive patterns of neurobehavioral deficits were
observed between LPS and HI exposed animals (see hereunder section). Postnatal HI mainly
affected a cluster of motor functions, (i.e. grip strength, foot fault, and forced motricity). In
contrast, prenatal LPS spared all the above-mentioned functions, but impacted cognitive and
behavioral abilities by inducing anxiety, impairing exploratory behavior, and reducing
spontaneous motricity. Combined LPS + HI exposure mainly resulted in additive effects,
affecting all tested behavioral functions.

3.2. Benefits of postnatal IL-1Ra administration on behavioral functions

A decrease in the total distance travelled in the open field was observed at P20 in animals
exposed to LPS and LPS + HI (Fig. 1A). This was associated with an increased immobility
time only observed in LPS + HI animals (Fig. 1B). The exploratory behavior was also
altered at P20, as shown by the decreased total number of line crossings in the open field
after perinatal exposure to LPS and/or HI, as compared to Ctrl animals (Fig. 1C). IL-1Ra
treatment preserved both motor (i.e. distance travelled and immobility) and exploratory
behaviors in LPS and LPS + HI pups (Fig. 1A-D). Although there was a tendency to an
increased number of line crossings in HI + IL-1Ra animals, this was not significant (p =
0.09).

Decreased grip strength was observed throughout the testing period (P15-P25) in animals
perinatally exposed to HI or LPS + HI (Fig. 2). The initial diminution in strength was not
modulated by the animal growth (Fig. 2D). IL-1Ra administration preserved the animals’
strength after exposure to HI or LPS + HI, with measurements equal to Ctrl levels (Fig. 2).
Although the protection was seen throughout the testing period in animals treated with
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IL-1Ra after HI alone, LPS + HI exposed animals only showed significantly improved
strength performance with IL-1Ra at P20 and P25 (Fig. 2).

Fine motricity was assessed using the foot fault test at P19. Animals exposed to either HI or
LPS + HI performed worse than Ctrl, as shown by the increased number of faults during the
observation period (Fig. 3A). Treatment with IL-1Ra preserved fine motricity in HI pups
only. Forced motor capacity was also evaluated using the Rotarod test performed at P30, P35
and P40. Data for all three times points were combined since there were no significant
differences between each testing day. Motor capacity was decreased in pups exposed to Hl
or LPS + HI, when compared to either Ctrl or LPS pups (Fig. 3B and data not shown).
Postnatal treatment with IL-1Ra preserved forced motor function in LPS + HI animals, but
not in HI condition (Fig. 3B).

The decreased exploratory behavior that we observed in the open field (Fig. 1C) has also
been previously linked to anxiety disorders after early life stressors (Shi et al., 2003). We
therefore directly measured the anxiety levels of the animals in early adulthood (P40) using
the EPM test. Exposure to HI, LPS or the combination of both led to an increased level of
anxiety, as shown by the decreased time spent in the open arms of the EPM (Fig. 3C). This
effect was not due to globally decreased animal activity since the distance travelled on the
EPM was similar in all experimental conditions (Fig. 3D). This increase in anxiety-like
behaviors was not prevented by administration of IL-1Ra.

3.3. Long-term benefits of IL-1Ra on LPS and/or HI-induced brain damage

We determined the neuroprotective effects of IL-1Ra on brain damage associated with LPS
and/or HI-induced behavioral dysfunctions.

We first focused on the impact of perinatal insults on the neuronal stem cell population since
these cells have been shown to be vulnerable to early-life stressors (Crampton et al., 2011;
Graciarena et al., 2010). The number of DCX + cells (a marker of neuronal stem cell), as
well as their staining intensity, was decreased in the hippocampal dentate gyrus (DG) after
exposure to LPS, HI or LPS + HI (Fig. 4A and B). This was not associated with any change
in the density of the mature neuronal population in the DG, assessed by IHC for the neuronal
specific antibody, NeuN, performed on adjacent section (data not shown). Postnatal
administration of IL-1Ra preserved the number of DCX + cells in all experimental groups,
as well as the staining intensity but only in animals exposed prenatally to LPS or LPS + HI
(Fig. 4A and B). IL-1Ra administration did not affect the mature neuronal population (data
not shown).

We next investigated whether the myelin staining in deep forebrain white matter was
affected by perinatal brain insults. For this purpose, we have labeled myelin by MBP
staining since the oligodendrocyte precursor cells, the main effector cells of remyelination,
are one of the most vulnerable cell types in the early premature brain. There was no
difference in the thickness of the corpus callosum (CC) after exposure to the perinatal insults
(data not shown). However, the internal capsule (IC), another important myelin tract
implicated in motor function, presented a decreased surface after exposure to HI, LPS or
both combined. In animals exposed to HI or LPS, IL-1Ra treatment exerted a protective
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effect (Fig. 5A and B). The beneficial effect of IL-1Ra was not observed in the animal group
receiving the combined insults.

White matter astro- and micro-gliosis being important hallmarks of perinatal brain insults,
we therefore studied the immunoreactivity for both GFAP and Ibal. Increased staining
intensity for GFAP in the white matter (i.e. CC and cingulum combined) was induced only
by exposure to LPS + HI and was prevented by postnatal administration of IL-1Ra (Fig. 6A
and B). On the other hand, Ibal staining intensity was increased, in the CC and cingulum
white matter regions, following LPS and/or HI exposure, but prevented by IL-1Ra only in HI
or LPS conditions (Fig. 6C and D).

4. Discussion

This study investigated the therapeutic potential of postnatal systemic administration of low-
dose of IL-1Ra after prenatal exposure to LPS, early postnatal HI, or both insults combined,
on brain damage and function until early adulthood. Our findings showed specific patterns

of neurobehavioral dysfunction induced by prenatal LPS as compared to HI and that IL-1Ra
prevented many neurodevelopmental anomalies induced by these perinatal insults (Table 2).

Using animal models, we and others have shown that prenatal inflammation led to alteration
of the normal brain development which could be protected by prenatal therapeutic
intervention (Boksa, 2010; Girard et al., 2010b; Smith et al., 2007). However, such early
intervention is limited in humans due to the lack of sensitive antenatal diagnostic tools to
detect fetal conditions needing treatment. The present study opens new avenues for postnatal
treatment aiming to protect against the effects of prenatal exposure to inflammation, an
important risk factor now increasingly associated with several neurodevelopmental diseases
(Boksa, 2010; Crampton et al., 2011; Girard et al., 2010b; Meyer, 2011; Paris et al., 2011;
Stolp et al., 2011). Postnatal treatment would be a possible option in human neonates since
diagnosis is easier after birth; for example through immediate postnatal placental evaluation.
Our results provided evidence of specific immunetargeted postnatal protection after
inflammatory events occurring at the end of gestation, suggesting that the developmental
effects of prenatal exposure to LPS are likely to occur, or at least be reversible, after birth.
However, it remains to be confirmed if this could also be applied to inflammatory events
occurring earlier during pregnancy or to inflammatory stimulus with a broader range of
action than the TLR4 specific agonist (LPS) that we used. Furthermore the impact on the
brain seems to vary greatly according to the developmental stage affected during gestation as
well as the type of stimuli (Boksa, 2010; Fortier et al., 2007) and further studies would be
needed to investigate these factors. The fact that prenatal exposure to LPS did not led to a
preconditioning protective effect, as this has been reported in other experimental setting,
particularly in adult animals, can have several explanations. LPS has been shown not to
cross the placenta (Ashdown et al., 2006) and the preconditioning effect was showed to be
specific to LPS (Davis et al., 2005) and dependent on TNF (Rosenzweig et al., 2007) but not
IL-1. Furthermore, the immune response is well known to differ depending on the
developmental stage (Brochu et al., 2011; Anthony et al., 1997) and further studies would be
necessary in order to determined if a preconditioning effect can be mediated by prenatal
inflammatory events.
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Both LPS and HI-induced brain injuries have been associated with increased expression of
pro-inflammatory cytokines (Bell and Hallenbeck, 2002; Bona et al., 1999; Brochu et al.,
2011; Girard et al., 2008; Hagberg et al., 1996; Hedtjarn et al., 2004; Szaflarski et al., 1995;
Urakubo et al., 2001; van den Tweel et al., 2006). Our study clearly showed that the
deleterious effects of perinatal stressors could be blocked before inducing irreversible
impairments. These results also provide evidence that IL-1 is either the initiator of the
molecular cascades leading to brain damage, or has a central role in the regulation of these
events, since the use of a specific antagonist confers protection for most of the parameters
studied. This is in agreement with other reports, which showed the neurotoxic consequence
of IL-1 (Cai et al., 2004; Crampton et al., 2011; Favrais et al., 2011; Girard et al., 2008;
Green et al., 2012), and also with reports on the neuroprotective potential of IL-1Ra
administration seen in experimental models of neonatal brain injury induced by pure HI in
rodents at a later stage of development, equivalent to term human newborns (Hagberg et al.,
1996; Martin et al., 1994). Thus, even if the mechanisms leading to brain damage are known
to differ across developmental stages (Anthony et al., 1997; Brochu et al., 2011), IL-1Ra
appears to exert its beneficial effects when administered in models of LPS and/or HI induced
brain insults, occurring (at least for HI) either in the early preterm or term brain. The
beneficial effect of IL-1Ra administration could be even more important at this early
developmental stage since recent work by Favrais et al. showed that systemic administration
of IL-1p at a specific early developmental stage (i.e. from P1 to P5) led to disrupted
myelination and associated cognitive defects (Favrais et al., 2011). Since we observed that
IL-1Ra was protective in LPS + HI but not in HI alone animals in some of the behavioral
tests (i.e. foot fault and latency to fall), this suggest that repair or compensation mechanisms
might be induced by prenatal exposure to LPS and that blocking IL-1, through IL-1Ra
administration, might be promoting those mechanisms. Further studies are necessary to get a
better understanding of the mechanisms through which IL-1Ra act. Although it is also
possible that IL-1Ra might have an effect on the mechanical stress induced by the injections,
the fact that no differences were detected between Ctrl animals with and without IL-1Ra in
any of the parameters studied suggest that this is not the case in our particular experimental
setting. We used the human recombinant form of IL-1Ra, which has 75% homology to the
rat isoform, and still detected an effect. Therefore a lower dose of IL-1Ra may be efficacious
in humans. The timing of administration (i.e. starting at the time of HI, every 12 h until P9)
also needs to be considered and more studies would be necessary to determine the
therapeutic window. However, there is a clear effect of postnatal administration of human
IL-1Ra on damage caused by prenatal LPS. It is also possible that the protective effect of
IL-1Ra on gliosis is secondary to reduced neuronal injury, although this is unlikely since, in
this particular model, there is no widespread neuronal loss as compared to injury occurring
at a later developmental stage or in mature animal (Girard et al., 2009; Brochu et al., 2011;
McColl et al., 2007). Although endogenous levels of 1L-1Ra have been associated with
increased risk of post-stroke infection in humans (Tanzi et al., 2011), another study showed
that exogenous administration of IL-1Ra post-stroke led to the reversal of stroke-associated
peripheral immune suppression (Smith et al., 2012). Further studies are needed to assess
whether a similar post-stroke immune suppression is induced in neonates and if this can be
affected by IL-1Ra administration. In the present study, no differences were seen in weight
gain between animals administered with IL-1Ra as compared to saline in any of the
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experimental conditions. Weight loss being an important marker of infection/inflammation,
this suggest that it was not the case in our experimental setting.

The influence of early life stressors on the neural stem cell population impacts on outcome
after brain damage since this population of cells is of high importance for intrinsic brain
repair mechanisms activated after injury (Gage, 2000). Our results demonstrated a specific
role of IL-1 in inflammatory-driven decreased neurogenesis in the hippocampus. This
phenomenon was previously shown in other neurological conditions, including depression
and stress (Covey et al., 2011; Crampton et al., 2011; Green et al., 2012; Yang and Levison,
2007; Zunszain et al., 2012). The fact that in our model, there was no additive effect when
LPS and HI were combined suggest that they act through the same pathway or have
redundant function, both through IL-1, with effects already maximal on their own. IL-1
treatment /n vivo and /n vitro was previously shown to decrease neurogenesis (Crampton et
al., 2011; Green et al., 2012) and we showed that both prenatal LPS and postnatal HI led to
increased IL-1 expression in the postnatal brain (Girard et al., 2008). Further studies would
be necessary to identify the exact mechanism implicated and to ascertain that there is indeed
a maximal effect induced by LPS or HI injury on the DCX-positive population of neural
stem cells. However, the role of inflammation in neural stem cell proliferation is still
controversial and might be age-dependent. Recent work by Covey et al. revealed that
neurogenesis seen in an animal model of HI at P6 was mediated by IL-6 expression and was
decreased by broad anti-inflammatory administration (Covey et al., 2011). On the other
hand, studies in adult animals showed deleterious effects of inflammatory mediators on
neural progenitor proliferation (Monje et al., 2003; Valliéres et al., 2002). Although further
studies are necessary to have a better understanding of the mechanisms regulating
neurogenesis after brain damage, it is clear that broad spectrum anti-inflammatory treatment
(e.g. glucocorticoids) should be used with care, especially during development. However,
targeted antiinflammatory treatment, such as inhibiting IL-1, might be safer and more
efficient therapeutic option (Alfarez et al., 2009; Audette et al., 2011; Kim et al., 2009; Yang
and Levison, 2007).

In summary, we shown the therapeutic potential of postnatal systemic administration of
IL-1Ra after neonatal brain injury induced at a developmental stage corresponding to the
early preterm human newborn. IL-1Ra protected against neurobehavioral deficits and altered
brain development induced by postnatal insults. Furthermore, this study highlights the
potential for postnatal treatment to protect against damage caused by prenatal inflammatory
stressors, or combined pre- and post-natal insults.
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Fig. 1.
Spontaneous locomotor activity assessed using the open field test. At P20, animals exposed

perinatally to LPS or LPS + HI showed decreased total distance travelled, which was
preserved by IL-1Ra (p= 0.0024 for overall ANOVA, A3, 46) =5.591) (A). LPS + HI
exposed animals also exhibited increased time spent immobile (p= 0.0111 for overall
ANOVA, A3, 31) = 4.380) (B). Exploratory behaviors, as determined by the number of line
crossing, were also altered after exposure to HI and/or LPS (p = 0.0051 for overall ANOVA,
A3, 29) = 5.266) (C). Representative examples of animal trajectories in the open field at P20
(D). *p < 0.05 and **p < 0.01, compared to Crtl by ANOVA. #*p< 0.05 and #p < 0.01, IL-
Ra treatment compared to vehicle treated animals (#test with Welch correction).
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Grip strength was evaluated at P15 (p= 0.0011 for overall ANOVA, A3, 248) = 5.501) (A),
P20 (p=0.0001 for overall ANOVA, A3, 254) = 8.286) (B) and P25 (p = 0.0001 for overall
ANOVA, A3, 249) = 7.228) (C). HI exposed animals (+/-LPS) showed a decreased strength
throughout the testing period, which was alleviated by IL-1Ra administration (A-C). The

effect of HI on strength was not associated with a delayed development of the function (D).
*p< 0.05, **p < 0.01 and ***p < 0.001 compared to Crtl by ANOVA. #p< 0.05, #p< 0.01
and ##p < 0.001, IL-Ra treatment compared to vehicle treated animals (#test with Welch

correction).
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Fig. 3.
Fine motricity was assessed using the foot fault test performed at P19. Increased number of

fault was induced by exposure to HI and LPS + HI and was protected by IL-1Ra but only in
animals exposed to HI alone (p = 0.0005 for overall ANOVA, A3, 43) = 7.139) (A). Motor
balance and coordination were evaluated using the Rotarod test performed at P30, P35 and
P40 (results from all three time points combined are shown in B, p=0.0016 for overall
ANOVA, A3, 891) =5.122). The animal’s anxiety level was determined by the EPM test at
P40. Exposure to LPS and/or HI led to an increased anxiety level, as seen by the decreased
time spent in the open arms of the maze (p = 0.0053 for overall ANOVA, A3, 47) = 4.814)
(C). The effect was not associated with any change in the total distance travelled (D). “p <
0.05 and ™ p < 0.01 compared to Ctrl by ANOVA. #p < 0.05, IL-Ra treatment compared to
vehicle treated animals (#test with Welch correction).
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Fig. 4.
Histological analysis of DCX + neuronal stem cells in the hippocampal dentate gyrus. The

number of DCX + cells was decreased in all experimental conditions and protected by
IL-1Ra treatment (p < 0.0001 for overall ANOVA, A7, 176) = 20.44) (A). The staining
intensity for DCX was also decreased in animals exposed to HI and/or LPS, but the intensity
was preserved by IL-1Ra administration only in LPS exposed animals (o = 0.0068 for
overall ANOVA, A3, 76) = 4.375) (B). Representative examples of DCX staining in the
hippocampal dentate gyrus (C). Scale bar: 50 um “p < 0.05 and **p < 0.01 compared to Ctrl
by ANOVA. #p < 0.05 and ##p < 0.001, IL-Ra treatment compared to vehicle treated
animals (#test with Welch correction).
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Fig. 5.
Histological analysis of myelin staining. The surface of the internal capsule (IC) was

decreased in all experimental conditions and the administration of IL-1Ra preserved the IC
in HI and LPS exposed animals (p < 0.0001 for overall ANOVA, A7, 152) = 11.97) (A).
Representative example of the IC visualized by MBP staining (B). Scale bar: 1 mm " p<
0.001 compared to Ctrl by ANOVA. ##p < 0.001, IL-Ra treatment compared to vehicle
treated animals (#test with Welch correction).
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Fig. 6.
Analysis of astrocytes and microglial cells population at P40. GFAP staining intensity was

increased in animals exposed to LPS + HI in the corpus callosum and cingulum regions of
the white matter (results for both regions combined in A, p = 0.0009 for overall ANOVA,
A3, 116) = 5.874). Representative example of GFAP staining in the cingulum (B). Ibal
staining intensity was increased after perinatal exposure to HI, LPS or both combined.
IL-1Ra protection was seen in Hl and LPS exposed animals (results for both regions of the
white matter combined in C, p=0.0012 for overall ANOVA, A3, 114) =5.679).
Representative example of Ibal staining in the cingulum (D). Scale bar: 100 pm *p < 0.05
and ™ p < 0.001 compared to Ctrl by ANOVA. #p< 0.05, #p < 0.01, IL-Ra treatment
compared to vehicle treated animals (#test with Welch correction).
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Table 1
Weight gain (mean weight (g) £ SEM).
P2 P5 P10 P20 P40
curl 68012  100£0.23 181%036  374%067  1233%324
HI 64011 89022 159+060™" 339:x073"F 11492613
LPS 67+012  106+017 193+038  41.0£068  1338%329
LPS+HI 62+008™ 94x018" 168x044" 3802071 1203335

*
p < 0.05 versus control group.

Aok
< 0.01 versus control group.
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Table 2

Summary of the functional and histological outcomes and the effects of perinatal IL-1Ra administration.

Parameter evaluated Experimental conditions

HI LPS LPS+HI

Motor function
Spontaneous locomotor activity - {
Duration of immobility - -

Grip strength

|
— o > <«

{
Fine motricity { -
Forced motricity |
Cognitive function
Exploratory behavior | { v
Anxiet-like behaviors 1 0 1
Brain histology
Neural stem cell density (DCX+) | | v
Neuronal cell density (Neun+) - - -
CC thickness - - -
Internal capsule surface ! { !
Density of GFAP staining in WM~ — - 0
Density of Ibal staining in WM t 0 0

Abbreviations: 1: increased, {: decreased, —: no change, all as compared to control condition, grey square: protected by IL-1Ra administration.
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