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IL-9/IL-9 receptor signaling selectively protects cortical
neurons against developmental apoptosis

RH Fontaine'*®, O Cases'?’, V Leliévre’??, B Mesplés'?, J-C Renauld*, G Loron'?3, V Degos'?, P Dournaud'?, O Baud'***°
and P Gressens*'*®

In mammals, programmed cell death (PCD) is a central event during brain development. Trophic factors have been shown to
prevent PCD in postmitotic neurons. Similarly, cytokines have neurotrophic effects involving regulation of neuronal survival.
Nevertheless, neuronal PCD is only partially understood and host determinants are incompletely defined. The present study
provides evidence that the cytokine interleukin-9 (IL-9) and its receptor specifically control PCD of neurons in the murine
newborn neocortex. IL-9 antiapoptotic action appeared to be time-restricted to early postnatal stages as both ligand and receptor
transcripts were mostly expressed in neocortex between postnatal days 0 and 10. This period corresponds to the physiological
peak of apoptosis for postmitotic neurons in mouse neocortex. In vivo studies showed that IL-9/IL-9 receptor pathway inhibits
apoptosis in the newborn neocortex. Furthermore, in vitro studies demonstrated that IL-9 and its receptor are mainly expressed
in neurons. IL-9 effects were mediated by the activation of the JAK/STAT (janus kinase/signal transducer and activator of
transcription) pathway, whereas nuclear factor-kB (NF-xB) or Erk pathways were not involved in mediating IL-9-induced
inhibition of cell death. Finally, IL-9 reduced the expression of the mitochondrial pro-apoptotic factor Bax whereas Bcl-2 level
was not significantly affected. Together, these data suggest that IL-9/IL-9 receptor signaling pathway represents a novel
endogenous antiapoptotic mechanism for cortical neurons by controlling JAK/STAT and Bax levels.
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Programmed cell death (PCD) in the developing cerebral
cortex is a major determinant in its formation. Approximately
50% of all cortical neurons generated are destined to die in
two consecutive waves of PCD. The embryonic phase starts
at embryonic day 14 (E14) and targets proliferating precursor
cells, whereas a second postnatal phase targets postmitotic
neurons from postnatal day (P)0 to P10 in the mouse. For both
waves, cell death is apoptotic.'™ Alteration of developmental
cell death can be associated with the etiology of several
human nervous system abnormalities including hydrocephaly
and microcephaly.’*~

The mechanisms of PCD are remarkably conserved among
species and the molecular machinery relies on the mitochon-
drial pathways of intracellular signal transduction.®®
For example, null mutations of caspase-3 or caspase-9 in
some mouse strains cause an enlarged forebrain due to the
lack of normal neural progenitor apoptosis during develop-
ment.'®'" Bax, one of the Bcl-2 family of genes, encodes a
protein that regulates the rate at which cell populations

undergo PCD'? and promotes neuronal cell death during the
development of the nervous system. 34

To keep PCD of postmitotic neurons under strict control,
trophic factors such as BDNF (brain-derived neurotrophic
factor), NT4 (neurotrophin-4) or IGF-1 (insulin-like growth
factor-1)'®"® may play a crucial role. Such factors may display
not only pleiotropic roles but also a protracted expression from
embryonic life to adulthood. The search for factors that display
potent effects on developmental cortical PCD but with time-
restricted and specific cellular expression patterns has, until
now, remained unsuccessful, although this would be a major
step toward understanding the regulation of brain develop-
ment, as well as the ontogeny of certain development-related
brain disorders.

The present paper provides the first evidence that the
cytokine interleukin-9 (IL-9) is such a factor. This cytokine is
chiefly known to target immune cells such as Th2 and B
lymphocytes and mast cells."” IL-9 actions are mediated
through its interaction with its specific receptor (IL-9 receptor;
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IL-9R)."® IL-9/IL-9R signaling pathway mainly targets the
downstream activation of JAK/STAT (janus kinase/signal
transducer and activator of transcription) and subsequent
phosphorylation cascades initiated by multiple kinases
including IRS-PI3K-PKB (insulin receptor substrate, phos-
phatidyl-inositol 3-kinases, protein kinase-B) and Erk.'”'®
IL-9 also seems to regulate NF-«xB (nuclear factor-xB) activity
through BCL3 (B-cell CLL/lymphoma 3) gene induction that
encodes a protein with close homology to 1xB (inhibitor of kB)
proteins.2° In mouse thymic lymphomas, these signaling
pathways were recognized as critical to the antiapoptotic
effect of IL-9.2" Effects of IL-9 on epithelial cells and neurons
have also been described.’” For instance, IL-9 was shown to
regulate the in vitro differentiation of hippocampal progenitor
cells®® and human microglia-expressed mRNA transcripts for
the specific IL-9R,2® but evidence for a possible physiological
role of IL-9 in the developing brain remained uncertain when
compared to other cytokines like IL-6 or TGF-# (transforming
growth factor-$).24

The goal of the present study was to examine whether IL-9
plays a role during neuronal PCD. We demonstrated for the
first time that not only does the expression of the IL-9/IL-9R
system peak during the time frame of the second wave of PCD
but also that IL-9-mediated apoptosis is a central determinant
of brain development. This effect is mediated through the JAK/
STAT pathway and the reduced expression of the mitochon-
drial pro-apoptotic factor Bax.

Results

IL-9 and IL-9R expressions peak between PO and P10
in the cerebral neocortex. Quantitative real-time PCR
performed on total mRNA extracted from neocortex of
Swiss mice between E14 and P60 showed a sharp
increase of IL-9R mRNA in the early postnatal period with
a peak at P5 followed by a decrease to baseline by P20
(Figure 1a). IL-9R belongs to the hematopoietic cytokine
receptor superfamily and consists of dimers combining one
specific IL-9R «-chain and one y-chain shared by IL-2, -4, -7
and -15 receptors.'® The presence of this y-chain was also
detected in P5 mouse brain, supporting the functionality of
the IL-9R at this age (Figure 1a, inset 1).

Similarly, quantitative real-time PCR showed a peak
expression of /L-9 mMRNA between PO and P10 (Figure 1b).

Using DIG-labeled riboprobes encoding the full length of
murine IL-9R, we determined the spatial-temporal pattern
of IL-9R mRNA in the developing telencephalon. During
embryonic development, we did not detect /L-9R mRNA in the
cerebral cortex although there was a weak signal in the
septum. By P1, strong levels of IL-9R mRNA were present in
the deep layers (V-VI) of the primary motor, somatosensory
and frontal cortices (Figure 1c). Low levels of IL-9R mRNA
were also detected in the upper layers (II-1V) of the cortex. By
P5, IL-9R mRNA was observed in all cortical layers, but
especially in layers II-lll and VI (Figure 1c). By P20, IL-9R
mMRNA expression was no longer detectable in any telence-
phalic structure.

These data show that /L-9/IL-9R mRNAs have a peak of
expression between PO and P10 in the mouse neocortex, a
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period corresponding to the peak of PCD of neocortical
postmitotic neurons.®*

IL-9 and IL-9R are predominantly expressed in
neurons. In vitro experiments showed a predominant
expression of [L-9 and /L-9R mRNAs in neocortical
neurons, whereas the expression of these transcripts
remained low in astrocytes and non-detectable in
oligodendrocytes and microglia. Expression of /L-9R mRNA
in neurons was comparable to the level observed in mast
cells, whereas the expression of /L-9 mRNA was roughly
fourfold higher in mast cells when compared to neurons
(Figure 1d—e). y-chain mRNA was also detected in primary
neuronal cultures, which supports the functionality of the
IL-9R in this cell type (Figure 1d, inset).

These in vivo and in vitro findings, together with evidence
that IL-9 is known to regulate T-lymphocyte apoptosis,?' led
us to investigate the potential role of IL-9 and its receptor in
neocortical neuronal PCD between PO and P10.

Effects of IL-9 on neocortical neuronal apoptosis. As
PCD of neocortical postmitotic neurons peaks at P4—P6 in
mice,* the effect of IL-9 on neuronal apoptosis was studied
using P5 IL-9R knockout (IL-9R KO) mice C57BI6 pups and
IL-9-treated P5 Swiss pups.

In IL-9R KO mice, the density of cleaved caspase-3-positive
cells was increased two- to fourfold in the superficial layers
(layers 11-11l) of motor, somatosensory and visual neocortical
areas when compared to wild-type control mice (Figure 2a
and b). Intraperitoneal (i.p.) injections of IL-9 from P1 to P5 in
IL-9R KO mice did not significantly affect levels of apoptosis
when compared to untreated IL-9R KO mice (Figure 2b). This
supports the hypothesis of an endogenous antiapoptosis
function of IL-9 in developing mouse cortex, through a direct
effect of IL-9 on its receptor. To confirm this result, we
explored the role of i.p. administration of exogenous IL-9 in
mouse pups from P1 to P5. This experimental procedure
resulted in a twofold reduction in cleaved caspase-3 staining
of cerebral sections in the different cortex area (Figure 2c and d).
Thus, repeated i.p. injection of IL-9 during the specific time
window of peak expression of endogenous IL-9R induced a
selective antiapoptotic effect on neocortical neurons in vivo at
P5, corroborating data obtained using IL-9R KO mice. Similar
results were obtained with terminal transferase dUTP nick
end-labeling (TUNEL) staining (Supplementary Figure 1) in
IL-9-treated Swiss pups.

We performed double immunohistochemistry experiments,
combining anticleaved caspase-3 and neural markers to
demonstrate in vivo that dying cells in the neocortex are
neurons (Figure 3). Typically, dying cells displayed mainly a
pyramidal shape as detected with anticleaved caspase-3
staining (Figure 3a). In addition, anticleaved caspase-3
staining was largely colocalized with Brn-1, a transcription
factor selectively expressed by glutamatergic neurons (Figure
3d and e). In contrast, we did not observe any colocalization
between anticleaved caspase-3 staining and anti-glial fibril-
lary acidic protein (anti-GFAP; an astrocytic marker) staining
or somatostatin (a marker of a restricted subpopulation of
interneurons) staining (Figure 3b and c).
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We tested in vitro the effects of a 200 U IL-9 treatment on
primary neocortical neuronal cultures between DIV (days
in vitro) 5 and 7. In this model, IL-9 induced a significant
decrease in the number of dying cells as quantified by
Hoechst staining (Figure 4a and b). Similarly, IL-9 treatment
induced a significant decrease in the number of cleaved
caspase-3-expressing cells (Figure 4c). Conversely, using the
MTS/Formazan assay, IL-9 treatment significantly increased
the cell viability (Figure 4d). In contrast, IL-9 treatment had no
effect on the percentage of picnotic nuclei in IL-9R KO-
cultured neurons (Figure 4e). No effects were observed
in neurons treated with IL-9 between DIV 10 and 12 or
between DIV 12 and 14 (Figure 4b). This latter result
was clearly correlated with quantitative PCR data showing
higher expression levels of IL-9R in DIV 7 neurons, followed
by a marked reduction of its expression in DIV 12 or
DIV 14 neurons (Figure 4e). Finally, staurosporine (a protein
kinase inhibitor with pro-apoptotic effects) displayed a dose-
dependent stimulation of cell death that was signi-
ficantly reduced by cotreatment with IL-9 (Figure 4f), further
supporting the antiapoptotic effect of IL-9 on neocortical
neurons.

Cytoarchitectonics and neuronal density at adulthood
in mice treated with IL-9R KO mice. The macroscopic
examination of adult IL-9R KO mouse brain did not
reveal any detectable abnormality when compared to age-
matched wild-type controls (Supplementary Figure 3a).
Microscopic examination showed a preserved neocortical
cytoarchitectonics and a normal density of NeuN-positive
neurons when compared to controls (Supplementary Figure
3b). Additional studies will be necessary to fully characterize
the neuronal phenotype of the adult IL-9R KO mice.

Transduction pathways involved in IL-9 antiapoptotic
effects on neocortical neurons. Cultured neurons were
treated with pharmacological inhibitors in the presence or in
the absence of IL-9 treatment to determine the upstream
effectors of IL-9-targeted caspase-3 activation. The results
were supported by western blot analysis.

We addressed the hypothesis of IL-9-dependent NF-«B or
Erk pathway activation using parthenolide and PD98059
inhibitors, respectively. Neither parthenolide nor PD98059
affected IL-9-induced cell death reduction when tested at
pharmacological concentrations (Figure 5a and b). Levels of
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phosphorylated forms of NF-xB/I-xB as well as of phospho-
Erk1/2 detected by western blots were not affected by IL-9
treatment, respectively (insets, Figure 5a and b). These data
demonstrate that NF-xB or Erk pathways were not involved in
mediating IL-9-induced inhibition of cell death.

We tested the JAK/STAT pathway inhibitor AG490 in similar
conditions (Figure 5c). IL-9 antiapoptotic effects were
significantly and dose-dependently reversed by AG490
(Figure 5c). These data suggest that IL-9 antiapoptotic effects
require JAK/STAT activation. This hypothesis was further
confirmed in western blots, which show that IL-9 treatment
induces phosphorylation of STAT proteins 1 and 3 (Figure 5d
and e, insets). IL-9 did not modify the concentrations of total
STAT proteins 1 and 3 (Supplementary Figure 2).

The Bcl-2 family protein can be regulated by the JAK/STAT
pathway.2® IL-9 triggers the reduction of Bax levels (Figure 5f,
inset), whereas Bcl-2 or Bcl-xl (Figure 5g and h, insets)
were not significantly affected by IL-9 treatment. These data
strongly support the conclusion that IL-9-mediated antiapop-
totic effect is produced via the JAK/STAT pathway (especially
phosphorylation of STAT1 and 3) and the downregulation of
Bax, a well-known pro-apoptotic factor influencing brain
development.’® 4

Discussion

IL-9R and its ligand IL-9 displayed a peak of expression
between PO and P10 in the mouse neocortex, an ontogenic
period corresponding to the peak of PCD of neocortical
postmitotic neurons.® In agreement with this time-restricted
expression, the IL-9/IL-9R signaling pathway significantly
prevented neuronal PCD both in vivo and in vitro. This
antiapoptotic effect seemed to similarly affect different cortical
areas (motor, somatosensory and visual cortices) but,
within each cortical area, to preferentially affect the superficial
layers as supported by anticleaved caspase-3 immunostain-
ing and in situ hybridization for IL-9R mRNA. These data
expand our knowledge about factors controlling PCD of
postmitotic neocortical neurons, identifying a non-classical
Th2 cytokine as a new antiapoptotic molecule. This anti-
apoptotic effect of the IL-9/IL-9R signaling pathway seemed
highly specific as the expression of IL-9R and its ligand was
highly restricted to the period of PCD in the developing murine
neocortex.

«

Figure1 Ontogenic pattern of /L-9 and IL-9R mRNA during murine neocortical development. (a and b) Quantification of /L-9R (a) and IL-9 (b) mRNA in mouse neocortex
between E14 and P60 by quantitative real-time PCR using total RNA samples isolated from Swiss mice (n = 6/group/age). The time-course analysis showed a significant peak
between P0 and P10 for both the genes. Results are expressed as mean of the specific ratio + S.E.M. calculated as the relative expression level of IL-9 or IL-9R/GAPDH.
(a, inset 1-2) Quantification of the y-chain in P5 Swiss mice (a1) and relative expression of IL-9R in P5 brain and thymus, a major source for IL-9R (a2). (b, inset) Relative
expression of /L-9in P5 brain and thymus, a major source for IL-9. (c) Distribution of the IL-9R in the mouse neocortex visualized by in situ hybridization. Coronal sections
(10 um thick) from three different animals at P1, P5 or P20, respectively, were prepared on cryostat. DI, deep layers; Fr, frontal cortex; M1, primary motor cortex; S1, primary
somatosensory cortex; Sp, septum; St, striatum; ul, upper layers. Scale bar =50 um for P1, P5 and P20, scale bar =25 um for P1 and P5 for microphotographs at higher
magnification. (d) Expression levels of both IL-9 receptor and ligand were mainly found on neuronal and mast cell populations. Highly purified cultures of neurons at DIV 7,
astrocytes, oligodendrocytes, microglia and mast cells were tested for IL-9 and IL-9R expression by quantitative real-time PCR following a similar protocol as the one used for
in vivo samples. Although cultured neurons and mast cells expressed significant levels of IL-9and IL-9R transcripts, astrocytes displayed a very limited level of RNA encoding
the ligand and its receptor. No amplification was obtained in similar conditions with RNA extracted from oligodendrocyte precursors and microglia (ND, non detectable). Data
are presented as mean £ S.E.M. of IL-9 or IL-9R/GAPDH ratio. Each experiment was run twice using independent cultures, and in both cases, samples were assessed
in triplicate. One-way ANOVA followed by post hoc test (time-course analysis) showed significant differences at **P<0.01 or *P< 0.05. (d, inset) y-chain mRNA was detected
in primary neuronal cultures using the same protocol
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The evidence that IL-9 acts on neurons is consistent with progenitor cells mediated by IL-9 and with a previous study
original findings by Mehler et al.,?®> showing a regulation of showing that IL-9 upregulates TGF-f1 expression in deve-
neuronal differentiation of immortalized murine hippocampal loping mouse neurons both in vivo and in vitro.2®
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In the present study, the detection of mRNA for both One study using PCR has previously reported the expres-
IL-9 and IL-9R in neurons suggests the existence of an IL-9- sion of IL-9R in human microglial cells prepared from
mediated autocrine and/or paracrine loop that can regulate embryonic telencephalon tissues.?® whereas we were unable
neuronal PCD during development. to reproduce these data in mouse microglia. This discrepancy

Figure 3 Phenotype of dying cells (recognized by anticleaved caspase-3 staining) in untreated P5 Swiss mice at P5. (a) In layer Il of the cerebral cortex, cleavage of
caspase-3 was only observed in large pyramidal neurons. Scale bar = 10 um. (b and ¢) Double immunohistochemistry showing that anticleaved caspase-3 staining (red) is not
colocalized with anti-GFAP or anti-somatostatin staining (green). Scale bar =20 um. (d and e) Double immunohistochemistry in layer Il of S1 showing that anticleaved
caspase-3 staining (red) is colocalized with anti-Brn1 staining (green). Scale bar =20 um for microphotograph d and scale bar =10 um for microphotograph e

<

Figure 2 Antiapoptotic effect of IL-9 i.p. injection on mouse cortex is lost in IL-9R KO mice. (a and b) IL-9R KO (—/—) mice showed increase in physiological cell death
compared to wild type (+ /4 ), as shown by anticleaved caspase-3 staining (microphotographs (a), arrows point to cleaved caspase-3-positive cells). Cleaved caspase-3-
positive cell quantification (b) showed that KO mice present an overall significant increase in numbers of dying cells at P5. |.p. injection of IL-9 from P1 to P5in IL-9R KO (—/—,
i.p. IL-9) mice did not significantly affect cell death when compared to control IL-9R KO mice. (¢ and d) I.p. injection of IL-9 induced opposite results compared to KO mice.
Activated caspase-3 was greatly reduced in P5 mouse cortices in IL-9 i.p. injected animal (IL-9) when compared to PBS-injected control animals (PBS; microphotographs (c),
arrows point to cleaved caspase-3-positive cells). Quantification of cleaved caspase-3-positive cells (d) confirmed the antiapoptotic effect of i.p. injections of IL-9.
Quantification was done under double-blinded procedure on four different fields specifically localized within the different cortical areas on adjacent sections performed using
paraffin-embedded brain isolated from six different animals per group. T-test statistical analysis showed significant differences at ***P<0.001. Scale bar =50 um
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could relate to species differences. Itis worth noting that in this
study looking at human microglia, the significance of their
results is unclear as the size of /L-9R PCR amplicon
determined by gel electrophoresis did not correspond to the
expected size calculated from their primer sequences. From a
technical point of view, we cannot exclude that, in the present
study, the absence (oligodendrocyte and microglia) or very
low level (astrocytes) of mRNA for IL-9R in glial cells is due to
the relatively long maintenance (3 weeks) of these cells in
culture before the assay when compared to cultured neurons
(7 days).

In our study, the presence of mast cells in primary neuronal
cell culture was excluded by showing the lack of detectable
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also shown to modulate T-cell and mast-cell survival by
inducing BCL-3 gene, which encodes a protein member of the
1B family,?° NF-xB/I-xB pathway did not seem to be critically
involved in IL-9 effects on cultured neurons. In addition, the
Erk pathway, which is involved in IL-9 effects on T cells'” and
which is known to mediate the effects of several trophic
factors such as BDNF,?® did not seem to be significantly
involved in the present study. Together, these data show both
similarities in and differences between immune cells and
neurons with respect to transduction mechanisms involved in
IL-9 antiapoptotic effects.

Cell death partly depends on the ratio of pro-apoptotic/
antiapoptotic factors expressed by mitochondria. Further
supporting the antiapoptotic role of IL-9 for developing
neurons, the present study showed that IL-9 significantly
inhibited the expression of Bax, a pro-apoptotic molecule in
newborn rodents,® whereas it had no detectable effect on the
antiapoptotic protein Bcl-2 and Bcl-xI. The present result is in
agreement with the literature showing that the sensitivity of
neurons to apoptosis-inducing signals may be modulated by
Bax levels and that Bax-induced cell death requires caspase
activation.’® However, IL-9 effects on the other members of
the Bcl and Bax protein families such as Bim and Bak (which
may participate in the compensatory mechanism triggered in
the absence of Bax®®), Alix (which is a protein regulating
endosomal trafficking and implicated in neuronal death®°) or
PUMA (the overexpression of which is sufficient to induce
Bax-dependent cortical neuron death®') remain to be further
investigated in neurons. Also, the precise interactions
between the JAK/STAT pathway and these pro- and
antiapoptotic factors remain unclear.

As discussed above, IL-9/IL-9R antiapoptotic effect seems
to affect predominantly superficial cortical layers (layers 11-ll1).
Interestingly, inhibition of the NMDA receptors or excessive
activation of the GABA-A receptors significantly enhance
neuronal cell death in layers Il and V of the rodent neocortex,*?
suggesting that different mechanisms could control develop-
mental apoptosis of neurons located in different neocortical
layers.

Despite the fact that apoptosis as measured by cleaved
caspase-3 in P5 neocortex is almost doubled in IL-9R KO
when compared to wild-type animals, we did not observe any
significant change in neocortical neuronal density in adult
KO animals. This apparent discrepancy could be linked to
different factors. First, we measured neuronal density and
not the total number of neocortical neurons. Indeed, a
reduction in neuronal number is not necessarily associated
with a significant change in neuronal density.>® In addition,
previous studies have suggested that about 10% (at most
15%,) of all neocortical neurons undergo apoptosis during the
P0-P14 interval,* suggesting that IL-9R KO animals would
have about 20% (at most 30%) of postnatal neuronal
apoptosis. If this is true, adult ILK-9R KO would have a
predicted reduction of about 11% (at most 18%) of the total
number of neocortical neurons when compared to controls.
Such a reduction could remain unnoticed in terms of brain
size without a detailed analysis based on stereological
approaches. Finally, it is likely that several factors are
controlling the cell death and survival of a given population of
neocortical neurons during early postnatal life in mice.®* A
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good example of this redundancy is the fact that several KO
mice with genetic deletion of members of the Bax/Bcl-2 family
do not show any detectable neocortical phenotype.®® Accord-
ingly, one may expect that, despite the increased apoptosis of
neurons in P5 IL-9R KO mice, other antiapoptotic factors might
counteract this negative effect during the last phase of PCD.

Altogether, the present results strongly support the original
hypothesis that the IL-9/IL-9R signaling pathway, which is
specifically expressed in a time-restricted manner during the
peak of neocortical PCD, represents a novel endogenous
antiapoptotic mechanism. The selective pattern of expression
of IL-9R mRNA suggests that this IL-9/IL-9R pathway protects
a subset of neurons against PCD.

Materials and Methods
Animals. Swiss mice were obtained from Janvier (Elevage Janvier, Le Genest-
St-Isle, France). As previously described,®® IL-9R KO mice were obtained in the
C57BL6 background by replacing a 2.8-kb genomic Kpnl-Spel fragment containing
exons 2-6 by a neomycin resistance gene, leading to a complete loss of the
extracellular binding domain.

IL-9 pretreatment. Mouse recombinant IL-9 (Endogen, Woburn, MA, USA) at
a dose of 10 ug/kg diluted in 5 ul PBS (phosphate buffer saline) was injected i.p.
twice a day (between 0800 and 0010 hours and between 1800 and 2000 hours) on
days P1-P4 and once a day (between 0800 and 0010 hours) on P5 in Swiss and
IL-9R KO mice. Both sham- and IL-9-treated pups were killed at P5 (between 1800
and 2000 hours).

Quantitative real-time PCR. DNA-free total RNA from brain cortex, thymus
or cell cultures were obtained using an adapted protocol from original publication.”
RNA quality was assessed using Experion bioanalyzer (Bio-Rad, Hercules, CA,
USA). Primers were designed using M-fold and Oligo6 softwares based on the
published cDNA sequences encoding the mouse IL-9, IL-9R, y-chain, mMCP-1 and
TCR-f genes. To standardize the gene expression across samples, we used the
mouse HPRT (hypoxanthine-guanine phosphoribosyl-transferase) gene. For
reverse transcription, we used the Iscript cDNA synthesis kit (Bio-Rad). Real-time
PCR was set up using sybergreen-containing supermix (Bio-Rad). Each experiment
was run twice, and in both cases, samples were assessed in triplicate.

In situ hybridization. Coronal sections (10 um) from P1, P5 and P20 Swiss
mice were cut on a cryostat. cDNAs (clone p9RC4) encoding murine IL-9R'® were
used as templates, and DIG-labeled (Roche Diagnostics, Basel, Switzerland)
antisense RNA probes were made by in vitro transcription. In situ hybridization was
performed as previously described.®®

Immunohistochemistry. For caspase-3 detection, P5 pup brains from wild-
type and IL-9R KO embedded in paraffin were cut coronally from the frontal to the
occipital pole (10-um sections). Sections were incubated with rabbit-cleaved
caspase-3 antibody at a 1/200 dilution (Cell Signaling Technology, Danvers, MA,
USA). For NeuN detection (dilution 1/400; Chemicon Guyancourt, France), adult
brains from wild-type and IL-9R KO embedded in paraffin were cut sagittally (10 um
sections). Detection of labeled antigens was performed with avidin-biotin
horseradish peroxidase kits (Vector, Burlingame, CA, USA) according to
instructions. Adjacent sections were used as negative controls in which the
incubation with primary antibody was omitted. Two investigators, both of whom were
blinded with respect to treatment group, estimated independently the number of
positive cells, focusing on the motor, somatosensory and visual cortex. Six animals
were included in each experimental group. For each animal and each cortical area,
two non-adjacent sections were immunoreacted in successive experiments.

For double immunostaining, P5 Swiss mice were transcardially perfused with 4%
paraformaldehyde under anesthesia with inhaled isoflurane (Abbott France, Rungis,
France). The brains were postfixed in the same fixative for 3 h, cryoprotected in
sucrose and frozen in liquid nitrogen-cooled isopentane. Coronal sections, 10 um
thick, were serially cut. The sections were incubated overnight with primary
anticleaved caspase-3 antibody in association with one of the following antibody:
anti-GFAP (Sigma, Lyon, France; at a dilution of 1/500), anti-somatostatin (Santa



Cruz Biotechnology, Santa Cruz, CA, USA; at 1/1000) or anti-Brn-1 (Santa Cruz
Biotechnology; at 1/500). Detection of labeled antigens was performed with a
Cy3-conjugated antibody (red color; Jackson Immunoresearch, Suffolk, UK) for
cleaved caspase-3 and Fluoprobe 488-conjugated antibody (green color; Interchim,
Montlugon, France) for neural markers.

TUNEL staining. Sections adjacent to those used for immunohistochemistry
were treated with proteinase K for 20 min at 37°C, then permeabilized in a 0.1%
solution of Triton X-100 in 0.1 M sodium citrate solution for 2 min at 4°C. TUNEL
staining was made according to the manufacturer's instructions (Roche
Diagnostics).

Cell cultures. Primary neuronal cultures (>98% purity assessed by MAP-2
(microtubule-associated protein-2) immunostaining, data not shown) were prepared
from E14.5 embryonic mice.?® For oligodendrocyte progenitors, astrocytes and
microglia primary cultures, cell populations were isolated from PO and P2 newborn
brains, respectively, and subsequently cultured according to published protocols for
3 weeks.2%40 For mast cell cultures, the D-36 murine mast cell line was used.2®

The neurons were maintained for 7-14 days and pretreated with 200U
(20 ng/ml) IL-9 for 48 h to ensure a maximum IL-9 cell-death inhibition.

For signal transduction studies, neurons treated with 200U IL-9 during 48 h
between DIV 5 and DIV 7 were also treated with specified concentrations of various
inhibitors of protein kinases (staurosporine and PD98059 diluted in DMSO; Sigma),
NF-xB (parthenolide diluted in DMSO; Sigma) or JAK/STAT pathways (AG 490
diluted in PBS; Tocris, Bristol, UK). Cell death was measured using Hoechst at a
concentration of 2mg/l and cell viability was monitored using the MTS/Formazan
assay (CellTiter 96 Aqueous One Solution Cell Proliferation Assay; Promega,
Charbonnieres, France). As positive controls of the efficacy of parthenolide and
PD98059 in our experimental paradigm, neurons were treated with CNTF
(5nM; Sigma), CNTF (5nM) + parthenolide (10 M), BDNF (10 uM), BDNF
(10 M) + PD98059 (5 1:M) in similar conditions. On western blots, CNTF induced a
significant increase in the levels of phosphorylated forms of NF-xB and this effect
was abolished by cotreatment with parthenolide (data not shown). Similarly, BDNF
induced a significant increase in the levels of phosphorylated Erk1/2 and this effect
was abolished by cotreatment with PD98059 (data not shown).

Immunocytochemistry. For caspase-3 detection, DIV 7 cell cultures treated
with PBS or 200 U IL-9 for 48 h were reacted with rabbit-cleaved caspase-3 antibody
at a 1/500 dilution (Cell Signaling Technology). Detection of labeled antigens was
performed with a Cy3-conjugated donkey anti-rabbit antibody (Jackson
Immunoresearch). Two investigators, both of whom were blinded with respect to
treatment group, independently estimated the number of positive cells.

Western blot analysis. Total proteins were extracted from neuronal cultures
according to the protocol of a commercially available kit (Cell Signaling Technology).
A panel of different antibodies was used including STAT1 (Cell Signaling
Technology; 1/100), STAT3 (Santa Cruz Biotechnology; 1/200), phospho-STAT1/3
(pSTAT1/3, Santa Cruz Biotechnology; 1/100), Bax (Santa Cruz Biotechnology;
1/250), Bcl-2 (Santa Cruz Biotechnology; 1/250), Bcl-xl (Santa Cruz Biotechnology;
1/100), phospho-p65 NF-xB (Cell Signaling Technology; 1/1000), phospho-IxB-a
(Cell Signaling; 1/1000) and phospho-Erk (pErk1/2, Sigma; 1/4000). To standardize
the protein expression across samples, we used an anti-p-actin goat antibody
(Santa Cruz Biotechnology) at a concentration of 1/5000. Western blot experiments
were run in duplicate. Differences in protein concentrations between samples were
estimated using Quantity One software from Biorad.

Statistical analysis. The data were analyzed with a Student’s t-test or a one-
way ANOVA (analysis of variance). In ANOVA analyses, when a main effect was
found to be significant, post hoc multiple comparison tests were performed
(Bonferroni, Dunnett or Kruskal-Wallis; Graph-Pad Prism version 4.01 for Windows,
Graph-Pad Software, San Diego, CA, USA).
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