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Abstract

In pediatric patients, hyperammonemia can provoke irreversible damages to developing CNS
like cortical atrophy, ventricular enlargement, demyelination or gray and white matter
hypodensities which are concordant with alterations of neurons and oligodendrocytes.
Cerebral injury triggers endogenous protective mechanisms that can prevent or limit brain
damage. Understanding these mechanisms may lead to new therapeutic strategies. We
investigated whether ciliary neurotrophic factor (CNTF), a cytokine-like protein expressed by
astrocytes and described as an injury-associated survival factor, was up-regulated by ammonia
in developing reaggregated 3D brain cell cultures. We showed that CNTF is up-regulated by
ammonia exposure, through mediation of p38 MAPK activation in astrocytes. We also
observed that SAPK/INK and Erk1/2 activations in oligodendrocytes and neurons,
respectively, also play indirect roles in CNTF synthesis by astrocytes. Co-treatment with
exogenous CNTF demonstrated strong protective effects on oligodendrocytes, but not on
neurons, against ammonia toxicity. These protective effects involved JAK/STAT, SAPK/INK

and c-jun proteins.
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Introduction

Hyperammonemia in neonates and infants is mainly due to defects of the urea cycle enzymes
or other inborn errors of metabolism, and causes irreversible damages in the developing CNS
such as cortical atrophy, ventricular enlargement, demyelination, and hypodensities of gray
and white matter, which are compatible with alterations of neurons and oligodendrocytes.
Irreversible lesions occur in prolonged hyperammonemia and/or high blood ammonia levels
(for recent reviews, see Cagnon and Braissant, 2007, and Gropman et al., 2007). The recent
use of alternative-pathway therapies detoxifying ammonia improved the survival of patients
(Enns et al., 2007). However, the improved survival was correlated with a worsened
neurological and cognitive outcome. Thus, the development of neuroprotective therapeutics is
crucial for the improvement of the neurological outcome of neonates and infants experiencing
hyperammonemia. Cerebral injury triggers endogenous protective mechanisms that can
prevent or limit brain damage. Understanding these mechanisms may lead to new therapeutic

strategies.

Among neurotrophic factors, ciliary neurotrophic factor (CNTF) is of particular interest
regarding ammonia neurotoxicity. CNTF is a cytokine-like protein, specifically expressed in
CNS by astrocytes and acting through a heteromeric receptor complex formed by CNTF
receptor subunit (CNTFRa), glycoprotein 130 and leukemia inhibitory factor receptor
(Sleeman et al., 2000). CNTF expression is strongly up-regulated in reactive astrocytes
adjacent to lesions following several CNS injuries such as focal cerebral ischemia, entorhinal
cortex lesion, kainic acid-induced excitotoxicity or intracerebral hemorrhage (Lee et al. 1997,
Lin et al., 1998; Choi et al., 2004; Yokota et al., 2005). Numerous studies have demonstrated
strong protective effects of CNTF on neurons and oligodendrocytes in various models of brain

injury (Louis et al., 1993; Mitchell et al., 1998; Semkova et al., 1999; Mittoux et al., 2000;



Oshitari and chi-Usami, 2003; Ozog et al., 2007). Moreover, CNTF induces astrocyte
swelling (Hudgins and Levison, 1998), which is often observed in the brain submitted to
hyperammonemia (Cordoba and Blei, 1996; Norenberg et al., 2005). We hypothesized that

ammonia could induce CNTF synthesis.

Many of the external signals encountered by cells are transduced to the nucleus by a highly
conserved signaling mechanism, the mitogen-activated protein kinase (MAPK) cascades.
MAPKSs are serine/threonine kinases transducing extracellular signals to intracellular
responses that balance survival, differentiation and death of the cell (Xia et al., 1995; Pearson
et al., 2001; Weston and Davis, 2007). Three major conserved pathways of MAPKs have been
described: the extracellular signal regulated kinases (Erk1/2 isoforms or p44/p42), the c-Jun
NH2-terminal kinases (JNK-1, -2, -3 isoforms; also named Stress-Activated Protein Kinase or
SAPK) and the p38 kinases (p38 a, B, v and & isoforms). We hypothesized that MAPKs

pathways could be involved in alterations of CNTF by ammonia.

In this study, reaggregated primary 3D cultures of developing brain cells, derived from fetal
rat telencephalon and exposed to ammonia, were used as an experimental model for the
developing brain exposed to hyperammonemia (Honegger and Monnet-Tschudi, 2001;
Braissant et al., 2002; Braissant et al., 2008; Cagnon and Braissant, 2008). These cultures are
a model of choice to study the ammonia-induced intracellular and extracellular crosstalks
between glia and neurons which are intermingled in these aggregates, and are grown in
absence of serum. We first studied how ammonia exposure alters the expression of CNTF and
we investigated whether MAPKSs were involved. Finally, we tested whether a treatment with
exogenous CNTF could exert neuroprotective effects against ammonia toxicity, and analyzed

the intracellular pathways involved.



Material and methods

Reagent and antibodies

DMEM powder without sodium pyruvate and sodium bicarbonate was purchased from
Invitrogen (AG, Carlsbad, CA, USA). Gentamicin sulfate, insulin, linoleic acid, alpha-
tocopherol, 3,3’,5-triiodo-L-thyronine, apo-transferrin, choline chloride, hydrocortisone 21-
hemisuccinate, alpha-lipoic acid, Basal Medium Eagle vitamin solution and ammonium-
chloride (NH4Cl) were purchased from Sigma (St Louis, MO, USA). Retinol, sodium
bicarbonate, L-carnitine and vitamin B12 were purchased from Fluka Chemie AG (Buchs,
Switzerland). Rabbit polyclonal anti-SAPK/INK and phospho-SAPK/INK (Thr183/Tyr185),
anti-p38 and phospho-p38 MAPK (Thrl80/Tyr182), anti-Erk1/2 and phospho-Erk1/2
(Thr202/Tyr204), anti-MAPKAPK2 and phospho-MAPKAPK2 (Thr334), anti-ATF2 (20F1)
and phospho-ATF2 as well as anti-phospho-c-jun (Ser73) antibodies were purchased from
Cell Signaling (Beverly, MA, USA). Mouse monoclonal anti-CNTF (clone 4-68), anti-
microtubule-associated protein 2 (MAP2), anti-glial fibrillary acidic protein (GFAP) (clone
GAb5) and anti-galactocerebroside (GalC) antibodies were purchased from Chemicon
(Temecula, CA, USA). Mouse monoclonal anti-histone H1 and anti-neurofilament 160 kD
(NF-M) (clone NF09), rabbit polyclonal anti-total-c-jun as well as goat polyclonal anti-myelin
basic protein (MBP) and anti-CNTFRa (C-20) antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). U0126 and AG490 were purchased from Calbiochem
(San Diego, CA, USA), SP600125 from Alexis Corporation (Lausen, Switzerland) and
SB203580 from Promega (Madison, Wisc., USA). Recombinant rat CNTF was purchased

from R&D Systems Europe (Minneapolis, MN).



Reaggregated developing brain cell cultures

Rotation-mediated reaggregated brain cell cultures derived from fetal rat telencephalon were
prepared as previously described (Honegger and Monnet-Tschudi, 2001; Braissant et al.,
2002). In brief, the pooled forebrains of 15-day fetal rats (Sprague-Dawley, Harlan,
Nederlands; animals handled according to the rules of the Swiss Academy for Medical
Sciences) were dissociated mechanically, washed and resuspended in serum-free, chemically
defined medium consisting of DMEM with high glucose (25 mM) supplemented with insulin
(0.8 uM), triiodothyronine (30 nM), hydrocortisone-21-phosphate (20 nM), transferrin
(1 pg/ml), biotin (4 uM), vitamin B, (1 pM), linoleate (10 uM), lipoic acid (1 puM), L-
carnitine (10 pM), choline chloride (2.5 g/l), sodium chloride (3.7 g/l) and trace vitamins and
ions. Gentamicin sulfate (25 pg/ml) was used as an antibiotic. The cultures were incubated at
3.6 x 10" cells per flask and maintained under constant gyratory agitation at 37°C, in an
atmosphere of 10% CO, and 90% humidified air. Media were replenished from day-in-vitro
(DIV) 5 every 3 days, by exchanging 5 ml of medium (of a total of 8 ml) per flask. On the day
of harvest (DIV 13), aggregate pellets were washed three times with ice-cold PBS, embedded
for histology in cryoform (O.C.T. compound tissue-tek, Digitana, Switzerland) or frozen in

liquid nitrogen and kept at -80°C until analysis.

Treatments

Cultures were treated with NH,Cl (5mM) (Braissant et al., 2002; Braissant et al., 2008) alone
or in combination with 2 uM UQ0126 (a selective inhibitor of Erk1/2), 2 uM SP600125 (a
selective inhibitor of SAPK/INK), 2 uM SB203580 (a selective inhibitor of p38 MAPK), 2
MM AG490 (a selective inhibitor of JAK/STAT) and/or CNTF (100, 150 or 200 ng/ml) from
DIV 5 to 13. NH4Cl and CNTF were added after replenishing the culture medium at DIV 5, 8

and 11, whereas inhibitors were added every day from DIV 5 to 12. NH,Cl stock solution was



prepared in milliQ water at 170 mM. The pH and osmolarity of each media with and without
NH.CI and inhibitors was stable at value of 7.4 and 340 mOsmol, respectively. Inhibitors
were diluted in dimethyl-sulfoxide (DMSQO) and the highest DMSO concentration in the
culture media was 0.06 %. CNTF was diluted in culture medium. The corresponding controls,

only treated with vehicle, were assessed.

Western blot analysis

Cell cultures were homogenized in 10 mM Tris-HCI, pH 7.5, containing 6 M urea, 0.1% SDS,
protease inhibitors (Complete; Roche, Switzerland) and phosphatase inhibitors (cocktail 2
aqueous solution, Sigma, St Louis, MO, USA). Homogenates were centrifuged at 16,000 x g
for 10 min, and supernatants were recovered. Supernatant proteins were measured by the
bicinchoninic acid assay (Pierce, Rockford, IL, USA) and diluted at a final concentration of
3 ug/ul in NuPage® LDS sample buffer and NuPage® reducing agent (Invitrogen, Carlsbad,
CA, USA). Samples were heated at 70°C for 10 min and proteins were separated by SDS-
PAGE (7 or 12% total acrylamide). After transfer of the proteins in a Transblot SD semi-dry
transfer cell (Biorad) to polyvinylidene difluoride membranes (Immobilon; Millipore,
Bedford, MA, USA), blots were probed with antibodies. All antibodies were diluted 1:1000,
except anti-phospho-p38 MAPK antibody that was diluted 1:500. As CNTFRa expression
was undetectable with “classical” immunoblot technique, a kit allowing signal amplification
with avidin-biotin system was used following the manufacturer’s guidelines (Vectastain Elite
ABC Kkit, Vector laboratories, Burlingame, CA, USA). Anti-CNTFRa antibody was diluted
1:5000. Western blots were revealed by chemiluminescence (ECL; Amersham Biosciences,
Buckinghamshire, UK). Blots were stripped (Re-Blot Plus Mild antibody stripping solution;
Chemicon, Temecula, CA, USA) and reprobed with antibody against histone H1 to

demonstrate equal loading of protein in each lane. The autoradiograms (Hyperfilm ECL,



Amersham Biosciences, UK) were scanned with an ImageScanner (Amersham Biosciences,
UK) and processed by image analysis (ImageMaster 1D; Amersham Biosciences, UK). Data
were acquired in arbitrary densitometric units and transformed to percentages of the

densitometric levels obtained from scans of control samples visualized on the same blots.

Immunofluorescent staining

In-situ detection of MAPKs in cell cultures was performed with Tyramide Signal
Amplification (TSA) kit (Molecular Probes, Eugene, OR, USA). 16 um-thick aggregate
cryosections were postfixed 1 h in 4% paraformaldehyde (PFA) in PBS at room temperature.
Sections were washed in PBS and incubated in 1 % H,0, (TraceSelect 30%, Fluka Chemie
AG, Buchs, Switzerland) in PBS for 10 min to quench endogenous peroxidase activity.
Nonspecific antibody binding sites were blocked for 1 h at room temperature with the
blocking buffer of the kit. The primary antibody (1:100) diluted in blocking buffer was
applied to sections overnight at 4° C. After washing, sections were incubated with a
Horseradish Peroxidase-coupled anti-rabbit IgG secondary antibody (provided by the kit) for
1 h. Peroxidase staining was performed using Alexa Fluor® 555-labeled tyramide diluted at
1:200 in the amplification buffer (provided by the kit) and applied to sections for 5 min. For
negative controls, primary antibody was omitted resulting in no staining. Sections were then
incubated overnight at 4°C with the second primary antibody directed towards GFAP (1:200),
MAP-2 (1:100) or MBP (1:100) to reveal astrocytes, neurons and oligodendrocytes,
respectively. After washing, sections were incubated for 1 h with a secondary antibody
directed towards mouse-1gG (for GFAP and MAP-2) or goat-1gG (for MBP) and labeled with
Alexa Fluor® 350 (1/200) (Molecular Probes, Eugene, OR, USA). Immunohistochemistry
against GalC was also performed to reveal oligodendrocytes, incubating sections overnight at

4°C with the anti-GalC primary antibody (1:100). After washing, sections were also incubated



for 1 h with a secondary antibody directed towards mouse-1gG and labeled with Alexa Fluor®
350 (1/200). Sections were mounted under FluorSave Reagent (Calbiochem, San Diego, CA,

USA).

The sections were examined and photographed by the use of an Olympus BX50 fluorescence
microscope equipped with a Olympus Color View 2 camera and appropriate filter
combinations for fluorescence. The contrast of structures was slightly enhanced and images
were superposed using image-processing software (Cell Imaging Software, Olympus). For the
clarity of the merged panels of figures 2, 3 and 4, images were pseudocolored in red

(activated MAPKSs) and green (MAP-2, GFAP or MBP), colocalization appearing in yellow.

Statistics

All data points are expressed as mean £ SEM. Experiments were independent in that separate
cultures were not from the same primary preparation. Statistical difference was determined
using Student’s t-test or one-way ANOVA followed by Tukey’s or Fisher’s LSD post hoc test

for multiple groups. Data were considered significantly different when p < 0.05.



Results

Up-regulation of CNTF and its receptor CNTFRa following ammonia exposure in
reaggregated developing brain cell cultures

Immunoblot analysis revealed that in untreated cultures, CNTF expression was barely
detectable at DIV 8, while its level increased slightly at DIV 11 and 13, indicating the
maturation of the cultures (Fig. 1A). In ammonia-exposed cultures, CNTF expression
increased slightly at DIV 8, and markedly thereafter with a maximal tenfold increase at DIV
13, as compared to respective control (Fig. 1A and 1B). We also examined CNTFRa
expression, which was slightly up-regulated by ammonia exposure at DIV 8 but returned to

basal level at DIV 11 and 13 (Fig. 1A and C).

Regulation of MAPKSs activation by ammonia exposure
In order to evaluate the possible involvement of MAPKSs in the ammonia-induced expression
of CNTF, we studied the activation levels of MAPKs at DIV 13 after 8 days of ammonia

exposure, as well as their cell-type distribution in cultures.

Immunoblots revealed that ammonia did not affect significantly total and phosphorylated-
Erk1/2 levels (Fig. 2A). Double labeling for MAP-2 protein (a neuronal marker) and phospho-
Erk1/2 revealed that Erk1/2 was activated within nuclei of neurons both in untreated and
ammonia-exposed cultures (Fig. 2B and C). No activated Erk1/2 could be detected in

astrocytes and oligodendrocytes (data not shown).

Ammonia exposure significantly repressed SAPK/JNK phosphorylation, while total
SAPK/JINK expression remained unchanged (Fig. 3A). Immunofluorescent labeling show that

in control condition, phospho-SAPK/JNK expression was cytoplasmic and was more intense
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at the periphery of the aggregates (Fig. 3B1), where axonal outgrowth process takes place
(Honegger and Monnet-Tschudi, 2001; Braissant et al., 2002). Ammonia exposure induced a
drastic down-regulation of activated SAPK/JNK staining, with only few cells expressing
phospho-SAPK/JNK at the periphery of the aggregates (Fig. 3C;). Double immuno-labeling
show that in control condition SAPK/IJNK was activated in neurons (MAP-2 positive cells)
(Fig. 3Bi.2-3.4), while in ammonia-exposed cultures, SAPK/JNK was activated in
oligodendrocytes (MBP-positive cells) (Fig. 3Ci34). In untreated cultures, no
oligodendrocytes expressing phospho-SAPK/INK could be observed (data not shown),
suggesting that ammonia exposure induced SAPK/JNK activation in oligodendroyctes.

Activated SAPK/JNK could not be detected in astrocytes (data not shown).

Ammonia exposure significantly increased the phosphorylation of p38 MAPK, while total
p38 MAPK level remained unchanged (Fig. 4A). Immuno-labeling showed that phospho-p38
MAPK staining was very weak in control condition (Fig. 4B;) while it was intense under
ammonia exposure (Fig. 4C;). Double immuno-labeling showed that ammonia exposure
activated p38 MAPK in cellular bodies and fibers of astrocytes (GFAP-positive cells) (Fig.
4Cs.4), as well as in numerous cells that were negative for GFAP (Fig. 4C;.2-3.4), MAP-2 and

MBP (data not shown).

The activation of p38 MAPK by ammonia exposure prompted us to evaluate the activation
state of two targets of p38 MAPK: MAPKAPK2 and ATF2. We showed that phospho-
MAPKAPK?2 level was increased while total MAPKAPK2 level was decreased (Fig. 4D). The
ratio of phospho-MAPKAPK2 on total MAPKAPK2 revealed that MAPKAPK2 was
significantly activated by ammonia exposure (Fig. 4E). In contrast, ATF2 was significantly

deactivated by ammonia exposure (Fig. 4D and F).
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The inhibition of SAPK/JNK and p38 MAPK repressed the ammonia-induced up-
regulation of CNTF expression, while inhibition of Erk1/2 over-activated CNTF

In order to examine the role of MAPKSs activation in ammonia-induced up-regulation of
CNTF expression, cultures were co-treated with U0126, SP600125 and SB203580, which are
inhibitors of Erk1/2, SAPK/JNK and p38 MAPK, respectively. Erk1/2 inhibition amplified
the ammonia-induced up-regulation of CNTF expression while inhibition of SAPK/IJNK and
p38 MAPK significantly repressed CNTF up-regulation (Fig. 5). U0126 alone induced an
increase of CNTF expression as compared to controls, while SP600125 and SB203580 alone
had no significant effect on CNTF expression (Fig. 5). These results suggest that ammonia-
induced CNTF up-regulation was mediated by SAPK/INK and p38 MAPK activation, while
Erk1/2 negatively regulated CNTF expression, independently of ammonia exposure. Because
CNTF is specifically synthesized by astrocytes and because p38 MAPK is activated in these
cells by ammonia, the inhibition of p38 MAPK in astrocytes most probably directly inhibits
CNTF synthesis. In contrast, as SAPK/JNK and Erk1/2 are not activated in astrocytes, their

inhibition probably affect CNTF synthesis indirectly via other brain cells.

Co-treatment with exogenous CNTF protected oligodendrocytes but not neurons

In reaction to brain injury, astrocytes become reactive and increase CNTF expression, which
is known to have strong protective effects on neurons and oligodendrocytes. The ammonia-
induced up-regulation of CNTF may be an endogenous protective mechanism against
ammonia toxicity. To evaluate potential protective effects of exogenous CNTF in developing
brain cells exposed to ammonia, cultures were co-treated with CNTF from DIV 5 to 13.
CNTF at 150 ng/ml did not protect the expression of neuronal markers such as NF-M and
MAP-2, but efficiently protected the expression of the oligodendroglial marker MBP (Fig. 6A
and B). Other doses of CNTF were also tested (100 and 200 ng/ml), leading to the same result

(data not shown). In particular, the higher dose of 200 ng/ml CNTF did not protect neurons
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either. Immunohistochemistry against another oligodendroglial marker, GalC, demonstrated
also that ammonia exposure not only inhibits MBP expression, but also leads to a decrease in
the number of oligodendrocytes (Fig. 6C). CNTF also appeared to protect the number of
oligodendrocytes differentiating in ammonia-exposed cultures (Fig. 6C). Because the
expression of MBP closely parallels the course of oligodendrocytes differentiation (Staugaitis
et al., 1996), our results suggest that CNTF co-treatment protected oligodendrocytes survival

and differentiation against ammonia toxicity.

The protective effects of CNTF on oligodendrocytes were mediated by c-jun activation

CNTF was previously shown to up-regulate c-jun expression (Lu et al., 2003), a component of
the transcription factor AP-1. Moreover, an AP-1-like site was observed within the promoter
of MBP gene (Miskimins and Miskimins, 2001). Thus, we hypothesized that the protection of
MBP expression by CNTF may be mediated by AP-1 signaling. We investigated the effect of
CNTF treatment on c-jun expression and phosphorylation, in cultures exposed to ammonia.
Immunoblot analysis revealed that ammonia inhibited the expression of both total and
phosphorylated c-jun, while CNTF co-treatment protected both c-jun phosphorylation and

expression (Fig. 7A, B and C).

To determine whether c-jun signaling was required for the protective effects of CNTF on
MBP expression, we investigated whether the inhibition of c-jun synthesis and
phosphorylation could abolish CNTF effects on MBP expression. We tested an inhibitor of
SAPK/IJNK (SP600125), which is an upstream regulator of both c-jun expression and
phosphorylation (Pearson et al., 2001; Brantley-Finley et al., 2003). As several studies
demonstrated that the JAK/STAT pathway mediates CNTF intracellular effects (Stahl and
Yancopoulos, 1994; Narazaki et al., 1994; Alonzi et al., 2001), we also tested an inhibitor of

JAK/STAT, named AG490. Inhibition of either the SAPK/JNK pathway with SP600125 or
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JAK/STAT with AG490 abolished the protective effects of CNTF on MBP expression (Fig. 7
D and E). SP600125 and AG490 alone produced a small decrease of MBP levels. Moreover,
both SP600125 and AG490 abolished the protective effects of CNTF on phosporylated-c jun

expression (Fig. 7 D and F).
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Discussion

Ammonia-induced up-regulation of CNTF expression is mediated by MAPKSs

In CNS, CNTF is a factor synthesized exclusively by astrocytes in response to various brain
injuries (Lee et al., 1997; Lin et al., 1998; Choi et al., 2004; Yokota et al., 2005). CNTF
expression was up-regulated by ammonia exposure, an effect amplified with the duration of
exposure. In contrast, CNTFRa was slightly up-regulated after 3 days of ammonia exposure
but returned to basal level thereafter. Strong up-regulation of CNTF together with a shorter,
transient up-regulation of its receptor CNTFRa have been observed in brain injuries such as
kainic acid-induced excitotoxicity, entorhinal cortex lesion, transient global ischemia and
intracerebral hemorrhage (Lee et al., 1997; Choi et al., 2004; Sarup et al., 2004; Yokota et al.,
2005). So far, the mechanism leading to this differential regulation of CNTF and CNTFRa.
under these various injuries is unknown. The slight up-regulation of CNTF observed in
control cultures is attributable to culture maturation and suggests a physiological role for
CNTF. Indeed, CNTF was shown involved in the generation, survival, maturation and
myelination rate of oligodendrocytes (Mayer et al., 1994; Barres et al., 1996; Stankoff et al.,

2002).

Moreover, p38 MAPK was activated in astrocytes by ammonia exposure, as well as its
cytoplasmic target, MAPKAPK?2. P38 MAPK was also activated in cells negative for MAP-2,
MBP and GFAP, which may be Alzheimer’s type Il astrocytes, which are induced by
ammonia exposure and known to downregulate their GFAP expression (Norenberg et al.,
1990). The inhibition of p38 MAPK repressed the ammonia-induced CNTF synthesis,
suggesting that the activation of p38 MAPK in astrocytes mediates ammonia-induced CNTF
synthesis. In contrast to MAPKAPK2, ATF2, a nuclear target of p38 MAPK, was not

activated by ammonia exposure. As ATF2 is also target of SAPK/INK, our data suggest that
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ATF2 deactivation by ammonia may be due to the concomitant deactivation of SAPK/INK.
SAPK/INK deactivation in ammonia-exposed cultures was observed in neurons, suggesting
that ATF2 deactivation also occurs in neurons. The deactivation of SAPK/JNK pathway in
neurons may play a role in the inhibition of neurite outgrowth observed previously under
ammonia exposure (Braissant et al., 2002) as SAPK/JNK regulates neuronal differentiation
(Heasley et al., 1996; Giasson et al., 1999; Xiao and Liu, 2003). Although ammonia exposure
did not activate SAPK/JNK in astrocytes, the inhibition of SAPK/JNK pathway abolished the
ammonia-induced CNTF expression. The induction of phosphorylated-SAPK/INK in
oligodendrocytes was observed under ammonia exposure, suggesting that the inhibition of
SAPK/INK in oligodendrocytes may indirectly prevent the up-regulation of CNTF expression
in astrocytes through an alteration of the extracellular crosstalk between oligodendrocytes and
astrocytes. In contrast, the inhibition of Erk1/2 increased CNTF expression both in control
and ammonia-exposed cultures suggesting that the Erk1/2 pathway negatively regulates
CNTF synthesis. Because phosphorylated-Erk1/2 was detected only in neurons, we can
hypothesize that the effect of Erk1/2 inhibition on CNTF expression in astrocytes is also

indirect and mediated by neurons.

Our results are in contrast with data showing that ammonia induces a down-regulation of
CNTF in primary cultures of astrocytes (Bodega et al., 2006; Bodega et al., 2007a). However,
these latter experiments were conducted in primary astrocytes, while our model contains
intermingled brain cells. We can thus hypothesize that astrocytes deprived of natural
communications with other brain cells may react differently to ammonia exposure from
astrocytes in vivo. Astrocytes might up-regulate CNTF synthesis in reaction to ammonia
injury on neurons or oligodendrocytes, which might release a specific factor of injury, as it
was suggested for epidermal growth factor (EGF; Kamiguchi et al., 1995; Zelenaia et al.,

2000).
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Treatment with CNTF prevents ammonia-induced inhibition of MBP expression and c-
jun expression and phosphorylation

Ammonia exposure repressed NF-M, MAP-2 and MBP expression, confirming our previous
results (Braissant et al., 1999; Braissant et al., 2002; Braissant et al., 2008) (Cagnon and
Braissant, 2008). Because MBP expression reflects the maturation of oligodendrocytes and
their capacity of myelination (Staugaitis et al., 1996), the toxic effect of ammonia on MBP
expression is in accordance with clinical data showing hypomyelination in patients with

neonatal onset of hyperammonemia (Takanashi et al., 2003; Majoie et al., 2004).

Exogenous treatment with CNTF protected both the number of oligodendrocytes developing
in the culture, and their MBP expression, against ammonia toxicity. These results are in line
with data showing that CNTF promotes survival and maturation of oligodendrocytes (Mayer
et al., 1994; Barres et al., 1996; Stankoff et al., 2002), increases myelin synthesis (Stankoff et
al., 2002) and protects oligodendrocytes against Tumor Necrosis Factor-induced death (Louis
et al.,, 1993). CNTF might directly act on oligodendrocytes as CNTFRa is expressed in
oligodendrocytes and this expression can be up-regulated following injury (Miotke et al.,
2007). However, because our cultures contain intermingled brain cell types, the protective
effect of CNTF on MBP expression may be indirect, through astrocyte activation, which
could release a trophic factor for oligodendrocytes as recently demonstrated (Albrecht et al.,
2007), one likely candidate being platelet-derived growth factor (PDGF; Richardson et al.,
1988; Hu et al., 2008). Despite its protective effects on oligodendrocytes against ammonia
toxicity, CNTF was unable to protect neurons. In a model of glutamate-mediated
excitotoxicity on neurons, CNTF alone had no protective effects while the CNTF complexed
with soluble CNTFRa protected both neuron survival and neurite outgrowth (Ozog et al.,

2007). However, more work is requested to determine whether soluble CNTFRa-CNTF
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complex can protect neurons in our model. Indeed, ammonia-exposed neurons may be
completely unresponsive to CNTF as ammonia is neurotoxic through many other gene-

independent mechanisms (see Cagnon and Braissant, 2007, for a review).

We then investigated the signaling pathway mediating the protective effects of CNTF on
MBP expression. It was previously observed that the AP-1 signaling pathway mediates
CNTF-dependent transcription (Symes et al., 1997; Lu et al., 2003) and that the MBP gene
promoter contains an AP-1-like site (Miskimins and Miskimins, 2001). Thus, we
hypothesized that the protection of MBP expression by CNTF could be mediated by AP-1
signaling. AP-1 is composed of Fos and Jun family proteins. Homo- and heterodimers of Jun
proteins can bind DNA directly, whereas Fos members require interaction with any of the Jun
proteins to act as transcriptional activators (Angel and Karin, 1991). Phosphorylation of c-Jun
potentiates its ability to activate transcription either as a homodimer or a heterodimer with c-
Fos (Karin, 1995). Thus, we investigated the level of c-jun expression and phosphorylation in
cultures exposed to ammonia alone or in combination with CNTF. Ammonia-exposure
inhibited expression and phosphorylation of c-jun. CNTF protected both total and
phosphorylated c-jun protein expression in cultures exposed to ammonia, suggesting that c-
jun synthesis and activation may mediate the effects of CNTF on MBP expression. This
parallel increase in the expression of total and phosphorylated c-jun was expected as activated
c-jun can induce the expression of its own gene, together with increased stability of the

phosphorylated protein (Angel et al., 1988; Kolomeichuk et al., 2008).

To determine whether c-jun signaling was required for the protective effects of CNTF on
MBP expression, we investigated whether the inhibition of c-jun synthesis and
phosphorylation could abolish CNTF effects on MBP expression. We tested an inhibitor of
SAPK/IJNK (SP600125), which is an upstream regulator of both c-jun expression and

phosphorylation (Pearson et al., 2001; Brantley-Finley et al., 2003). As several studies
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demonstrated that the JAK/STAT pathway mediates CNTF intracellular effects (Stahl and
Yancopoulos, 1994; Narazaki et al., 1994; Alonzi et al., 2001), we also tested an inhibitor of
JAK/STAT, named AG490. Inhibition of either the SAPK/JNK pathway with SP600125 or
JAK/STAT with AG490 abolished the protective effects of CNTF on MBP expression under
ammonia exposure. Similarly, both SP600125 and AG490 abolished the protective effects of

CNTF on phosporylated-c jun expression

Our data suggest that JAK/STAT, SAPK/INK and phosphorylated-c jun mediate the
protective effects of CNTF on MBP. It was shown that SAPK/JNK up-regulates c-jun
(Pearson et al., 2001; Brantley-Finley et al., 2003) and that JAK/STAT can up-regulate
SAPK/INK (Okugawa, et al., 2003). Altogether, these results suggest that the protective
effects of CNTF on the maturation of oligodendrocytes exposed to ammonia were mediated

by the activation of c-jun, through the successive activation of JAK/STAT and SAPK/INK.

Conclusion

Our work showed that CNTF expression was induced by ammonia toxicity through the
activation of p38 MAPK in astrocytes. Intracellular signaling occurring in other brain cells
could have indirect inhibiting or activating effects on synthesis of CNTF in astrocytes. Our
observations stress the importance of investigating the toxic effects of ammonia in a model
containing all brain cell types. While we have recently shown that creatine, as well as cdk5
inhibition, exerts protective effects on neurons exposed to ammonia (Braissant et al., 2002;
Braissant et al., 2008; Cagnon and Braissant, 2008), this new study demonstrates that a
treatment with CNTF protects oligodendrocytes against ammonia toxicity, and that
JAK/STAT, SAPK/JNK and c-jun are involved in this process. In vivo experiments are clearly
needed to assess whether CNTF may have therapeutic implications for the treatment of

demyelination observed in the brain of young patients experiencing hyperammonemia.

19



Acknowledgements

The authors thank Marc Loup for his excellent technical assistance. This work was supported
by the Swiss National Science Foundation, Grants n° 3100-063892, 3100A0-1000778 and

3100A0-116859.

References

Albrecht, P.J., Enterline, J.C., Cromer, J., Levison, S.W., 2007. CNTF-activated astrocytes
release a soluble trophic activity for oligodendrocyte progenitors. Neurochem. Res. 32,

263-271.

Alonzi, T., Middleton, G., Wyatt, S., Buchman, V., Betz, U.A., Muller, W., Musiani, P., Poli,
V., Davies A. M., 2001. Role of STAT3 and PI 3-kinase/Akt in mediating the survival

actions of cytokines on sensory neurons. Mol. Cell. Neurosci. 18, 270-282.

Angel, P., Hattori, K., Smeal, T., Karin, M., 1988. The jun proto-oncogene is positively

autoregulated by its product, Jun/AP-1. Cell 55, 875-885.

Angel, P., Karin, M., 1991 The role of Jun, Fos and the AP-1 complex in cell-proliferation

and transformation. Biochim. Biophys. Acta 1072, 129-157.

Barres, B.A., Burne, J.F., Holtmann, B., Thoenen, H., Sendtner, M., Raff, M.C., 1996. Ciliary
neurotrophic factor enhances the rate of oligodendrocyte generation. Mol. Cell. Neurosci.

8, 146-156.

20



Bodega, G., Suarez, I., Lopez-Fernandez, L.A., Almonacid, L., Zaballos, A., Fernandez, B.,
2006. Possible implication of ciliary neurotrophic factor (CNTF) and B-synuclein in the
ammonia effect on cultured rat astroglial cells: A study using DNA and protein

microarrays. Neurochem. Int. 48, 729-738.

Bodega, G., Suarez, ., Almonacid, L., Ciordia, S., Beloso, A., Lopez-Fernandez, L.A.,
Zaballos, A., Fernandez B., 2007a. Effect of ammonia on ciliary neurotrophic factor
MRNA and protein expression and its upstream signalling pathway in cultured rat astroglial
cells: possible implication of c-fos, Spl and p38MAPK. Neuropathol. Appl. Neurobiol. 33,

420-430.

Bodega, G., Suarez, I., Paniagua, C., Vacas, E., Fernandez, B., 2007b. Effect of ammonia,
glutamine, and serum on calcineurin, p38MAPK-diP, GADD153/CHOP10, and CNTF in

primary rat astrocyte cultures. Brain Res. 1175, 126-133

Braissant, O., Honegger, P., Loup, M., Iwase, K., Takiguchi, M., Bachmann, C., 1999.
Hyperammonemia: regulation of argininosuccinate synthetase and argininosuccinate lyase

genes in aggregating cell cultures of fetal rat brain. Neurosci. Let. 266, 89-92.

Braissant, O., Henry, H., Villard, A.M., Zurich, M.G., Loup, M., Eilers, B., Parlascino, G.,
Matter, E., Boulat, O., Honegger, P., Bachmann, C., 2002. Ammonium-induced impairment

of axonal growth is prevented through glial creatine. J Neurosci 22, 9810-9820.

Braissant, O., Cagnon, L., Monnet-Tschudi, F., Speer, O., Wallimann, T., Honegger, P.,
Henry, H., 2008. Ammonium exposure alters the CNS gene regulation for creatine

transport and synthesis. Eur. J. Neurosci. 27, 1673-1685.

Brantley-Finley, C., Lyle, C.S., Du, L., Goodwin, M.E., Hall, T., Szwedo, D., Kaushal, G.P.,

Chambers, T.C., 2003. The JNK, ERK and p53 pathways play distinct roles in apoptosis

21



mediated by the antitumor agents vinblastine, doxorubicin, and etoposide. Biochem.

Pharmacol. 66, 459-469.

Cagnon L., Braissant, O., 2007. Hyperammonemia-induced toxicity for the developing central

nervous system. Brain Res. Rev. 56, 183-197.

Cagnon L., Braissant, O., 2008. Role of caspases, calpain and cdk 5 in ammonia-induced cell

death in developing brain cells. Neurobiol. Dis. in press

Choi, J.S., Kim, S.Y., Park, H.J., Cha, J.H., Choi, Y.S., Chung, J.W., Chun, M.H., Lee, M.Y .,
2004. Differential regulation of ciliary neurotrophic factor and its receptor in the rat

hippocampus in response to kainic acid-induced excitotoxicity. Mol. Cells 17, 292-296.

Cordoba, J., Blei, A.T., 1996. Brain edema and hepatic encephalopathy. Semin. Liver Dis. 16,

271-280.

Enns, G.M., Berry, S.A., Berry, G.T., Rhead, W.J., Brusilow, S.W., Hamosh, A., 2007.
Survival after treatment with phenylacetate and benzoate for urea-cycle disorders. N. Engl.

J. Med. 356, 2282-2292.

Giasson, B.l., Bruening, W., Durham, H.D., Mushynski, W.E., 1999. Activation of stress-
activated protein kinases correlates with neurite outgrowth induced by protease inhibition

in PC12 cells. J. Neurochem. 72, 1081-1087.

Gropman, A.L., Summar, M., Leonard, J.V., 2007. Neurological implications of urea cycle

disorders. J. Inherit. Metab Dis. 30, 865-879.

Heasley, L.E., Storey, B., Fanger, G.R., Butterfield, L., Zamarripa, J., Blumberg, D., Maue,
R.A., 1996. GTPase-deficient G alpha 16 and G alpha g induce PC12 cell differentiation

and persistent activation of cJun NH2-terminal kinases. Mol. Cell. Biol. 16, 648-656.

22



Honegger, P., Monnet-Tschudi, F., 2001. Aggregating neural cell culture. In: Fedoroff, S.,
Richardson, E. (Eds.), Protocols for neural cell culture. Humana Press Inc., Totowa NJ, pp.

199-218.

Hu, J.G., Fu, S.L., Wang, Y.X., Li, Y., Jiang, X.Y., Wang, X.F., Qiu, M.S., Lu, P.H., Xu,
X.M., 2008. Platelet-derived growth factor-AA mediates oligodendrocyte lineage
differentiation through activation of extracellular signal-regulated kinase signaling

pathway. Neuroscience 151, 138-147.

Hudgins, S.N., Levison, S.W., 1998. Ciliary neurotrophic factor stimulates astroglial

hypertrophy in vivo and in vitro. Exp. Neurol. 150, 171-182.

Karin, M., 1995. The regulation of AP-1 activity by mitogen-activated protein kinases. J.

Biol. Chem. 270, 16483-16486.

Kamiguchi, H., Yoshida, K., Sagoh, M., Sasaki, H., Inaba, M., Wakamoto, H., Otani, M.,
Toya, S., 1995. Release of ciliary neurotrophic factor from cultured astrocytes and its

modulation by cytokines. Neurochem. Res. 20, 1187-1193.

Kolomeichuk, S.N., Bene, A., Upreti, M., Dennis, R.A., Lyle, C.S., Rajasekaran, M.,
Chambers, T.C., 2008. Induction of apoptosis by vinblastine via c-Jun autoamplification

and p53-independent down-regulation of p21WAF1/CIP1. Mol. Pharmacol. 73, 128-136.

Lee, M.Y., Deller, T., Kirsch, M., Frotscher, M., Hofmann, H.D., 1997. Differential
regulation of ciliary neurotrophic factor (CNTF) and CNTF receptor alpha expression in
astrocytes and neurons of the fascia dentata after entorhinal cortex lesion. J. Neurosci. 17,

1137-1146.

23



Lin, T.N., Wang, P.Y., Chi, S.I., Kuo, J.S., 1998. Differential regulation of ciliary
neurotrophic factor (CNTF) and CNTF receptor alpha (CNTFR alpha) expression

following focal cerebral ischemia. Brain Res. Mol. Brain Res. 55, 71-80.

Louis, J.C., Magal, E., Takayama, S., Varon, S., 1993. CNTF protection of oligodendrocytes

against natural and tumor necrosis factor-induced death. Science 259, 689-692.

Lu, Q., Cui, Q., Yip, H.K., So, K.F., 2003. c-Jun expression in surviving and regenerating
retinal ganglion cells: effects of intravitreal neurotrophic supply. Invest. Ophthalmol. Vis.

Sci. 44, 5342-5348.

Majoie, C.B., Mourmans, J.M., Akkerman, E.M., Duran, M., Poll-The, B.T., 2004. Neonatal
citrullinemia: Comparison of conventional MR, diffusion-weighted, and diffusion tensor

findings. AJNR Am. J. Neuroradiol. 25, 32-35.

Mayer, M., Bhakoo, K., Noble, M., 1994. Ciliary neurotrophic factor and leukemia inhibitory
factor promote the generation, maturation and survival of oligodendrocytes in vitro.

Development 120, 143-153.

Miotke, J.A., MacLennan, A.J., Meyer, R.L., 2007. Immunohistochemical localization of
CNTFRalpha in adult mouse retina and optic nerve following intraorbital nerve crush:
evidence for the axonal loss of a trophic factor receptor after injury. J. Comp. Neurol. 500,

384-400.

Miskimins, R., Miskimins, W.K., 2001. A role for an AP-1-like site in the expression of the

myelin basic protein gene during differentiation. Int. J. Dev. Neurosci. 19, 85-91.

Mitchell, J.J., Paiva, M., Moore, D.B., Walker, D.W., Heaton, M.B., 1998. A comparative

study of ethanol, hypoglycemia, hypoxia and neurotrophic factor interactions with fetal rat

24



hippocampal neurons: A multi-factor in vitro model developmental ethanol effects. Brain

Res. Dev. Brain Res. 105, 241-250.

Mittoux, V., Joseph, J.M., Conde, F., Palfi, S., Dautry, C., Poyot, T., Bloch, J., Deglon, N.,
Ouary, S., Nimchinsky, E.A., Brouillet, E., Hof, P.R., Peschanski, M., Aebischer, P.,
Hantraye, P., 2000. Restoration of cognitive and motor functions by ciliary neurotrophic

factor in a primate model of Huntington's disease. Hum. Gene Ther. 11, 1177-1187.

Narazaki, M., Witthuhn, B.A., Yoshida, K., Silvennoinen, O., Yasukawa, K., lhle, J.N.,
Kishimoto, T., Taga, T., 1994. Activation of JAK2 kinase mediated by the interleukin 6

signal transducer gp130. Proc. Natl. Acad. Sci. U. S. A. 91, 2285-2289.

Norenberg, M.D., Neary, J.T., Norenberg, L.O., McCarthy, M., 1990. Ammonia induced
decrease in glial fibrillary acidic protein in cultured astrocytes. J. Neuropathol. Exp.

Neurol. 49, 399-405.

Norenberg, M.D., Rao, K.V., Jayakumar, A.R., 2005. Mechanisms of ammonia-induced

astrocyte swelling. Metab. Brain Dis. 20, 303-318.

Okugawa, S., Ota, Y., Kitazawa, T., Nakayama, K., Yanagimoto, S., Tsukada, K., Kawada,
M., Kimura, S., 2003. Janus kinase 2 is involved in lipopolysaccharide-induced activation

of macrophages. Am. J. Physiol. Cell. Physiol. 285, C399-C408.

Oshitari, T., chi-Usami, E., 2003. The effect of caspase inhibitors and neurotrophic factors on

damaged retinal ganglion cells. Neuroreport 14, 289-292.

0Ozog, M.A., Modha, G., Church, J., Slotwinska, D. Naus, C.C., 2008. Co-administration of
CNTF with its soluble receptor protects against neuronal death and enhances neurite

outgrowth. J. Biol. Chem. 283, 6546-6560.

25



Pearson, G., Robinson, F., Beers, G.T., Xu, B.E., Karandikar, M., Berman, K., Cobb, M.H.,
2001. Mitogen-activated protein (MAP) kinase pathways: Regulation and physiological

functions. Endocr. Rev. 22, 153-183.

Richardson, W.D., Pringle, N., Mosley, M.J., Westermark, B., Dubois-Dalcq, M., 1988. A
role for platelet-derived growth factor in normal gliogenesis in the central nervous system.

Cell 53, 309-319.

Sarup, V., Patil, K., Sharma, S.C., 2004. Ciliary neurotrophic factor and its receptors are
differentially expressed in the optic nerve transected adult rat retina. Brain Res. 1013, 152-

158.

Semkova, 1., Haberlein, C., Krieglstein, J., 1999. Ciliary neurotrophic factor protects

hippocampal neurons from excitotoxic damage. Neurochem. Int. 35, 1-10.

Sleeman, M.W., Anderson, K.D., Lambert, P.D., Yancopoulos, G.D., Wiegand, S.J., 2000.
The ciliary neurotrophic factor and its receptor, CNTFR alpha. Pharm. Acta Helv. 74, 265-

272.

Stahl, N., Yancopoulos, G., D., 1994. The tripartite CNTF receptor complex: Activation and

signaling involves components shared with other cytokines. J. Neurobiol. 25, 1454-1466.

Stankoff, B., Aigrot, M.S., Noel, F., Wattilliaux, A., Zalc, B., Lubetzki, C., 2002. Ciliary
neurotrophic factor (CNTF) enhances myelin formation: A novel role for CNTF and

CNTF-related molecules. J. Neurosci. 22, 9221-9227.

Staugaitis, S.M., Colman, D.R., Pedraza, L., 1996. Membrane adhesion and other functions

for the myelin basic proteins. Bioessays 18, 13-18.

26



Symes, A., Gearan, T., Eby, J., Fink, J.S., 1997. Integration of Jak-Stat and AP-1 signaling
pathways at the vasoactive intestinal peptide cytokine response element regulates ciliary

neurotrophic factor-dependent transcription. J. Biol. Chem. 272, 9648-9654.

Takanashi, J., Barkovich, AJ., Cheng, S.F., Weisiger, K., Zlatunich, C.O., Mudge, C.,
Rosenthal, P., Tuchman, M., Packman, S., 2003. Brain MR imaging in neonatal
hyperammonemic encephalopathy resulting from proximal urea cycle disorders. AJNR Am.

J. Neuroradiol. 24, 1184-1187.

Weston, C.R., Davis, R.J., 2007. The JNK signal transduction pathway. Curr. Opin. Cell Biol.

19, 142-149.

Xia, Z., Dickens, M., Raingeaud, J., Davis, R.J., Greenberg, M.E., 1995. Opposing effects of

ERK and JNK-p38 MAP kinases on apoptosis. Science 270, 1326-1331.

Xiao, J., Liu, Y., 2003. Differential roles of ERK and JNK in early and late stages of

neuritogenesis: A study in a novel PC12 model system. J. Neurochem. 86, 1516-1523.

Yokota, H., Yoshikawa, M., Hirabayashi, H., Nakase, H., Uranishi, R., Nishimura, F., Sugie,
Y., Ishizaka, S., Sakaki, T., 2005. Expression of ciliary neurotrophic factor (CNTF), CNTF
receptor alpha (CNTFR-alpha) following experimental intracerebral hemorrhage in rats.
Neurosci. Lett. 377, 170-175.

Zelenaia, O., Schlag, B.D., Gochenauer, G.E., Ganel, R., Song, W., Beesley, J.S., Grinspan,
J.B., Rothstein, J.D., Robinson, M.B., 2000. Epidermal growth factor receptor agonists
increase expression of glutamate transporter GLT-1 in astrocytes through pathways
dependent on phosphatidylinositol 3-kinase and transcription factor NF-kappaB. Mol.

Pharmacol. 57, 667-678.

27



Figure legends

Figure 1. Time course of CNTF and CNTFRa expressions in cultures exposed to
ammonia. A: Immunoblot analysis of CNTF and CNTFRa expressions. Histone H1 was used
as loading control. B and C: Data quantification of CNTF (B) and CNTFRa (C) expressions
after 3 (DIV 5-8), 6 (DIV 5-11) and 8 (DIV 5-13) days of ammonia exposure. The values are
expressed as percentage of respective controls and represent the mean £ SEM from at least 5
replicates taken from 3 independent cultures. t-test: **p<0.01 *** p< 0.001 as compared to

corresponding controls.

Figure 2. Effect of ammonia exposure on Erk1/2 activation. A: Immunoblots and data
quantification of total and phosphorylated levels of Erk1/2 in cultures exposed for 8 days
(DIV 5-13) to ammonia. Histone H1 was used as loading control. The values are expressed as
the ratio of phosphorylated Erk1/2 on total Erk1/2 and represent the mean = SEM from 10
replicates taken from 3 independent cultures. B and C: Double immunofluorescent staining of
phospho-Erk1/2 (red) and MAP-2 (green) in control (B) and ammonia-exposed (C) cultures,

showing that phospho-Erk1/2 is expressed in nuclei of neurons. Scale bar = 50 pm.

Figure 3. Effect of ammonia exposure on SAPK/JNK activation. A: Immunoblots and data
quantification of total and phosphorylated levels of SAPK/INK in cultures exposed for 8 days
(DIV 5-13) to ammonia. Histone H1 was used as loading control. The values are expressed as
the ratio of phosphorylated SAPK/JNK on total SAPK/IJNK and represent the mean + SEM
from 10 replicates taken from 3 independent cultures. t-test: *** p< 0.001 as compared to
control. B: Double immunofluorescent staining of phospho-SAPK/JNK (red) and MAP-2
(green) showed that SAPK/JNK is activated in cytoplasm of neurons in control cultures. C:

Double immunofluorescent staining of phospho-SAPK/INK (red) and MBP (green) showed

28



that SAPK/JINK activation is induced in oligodendrocytes by ammonia exposure. Scale bar =

50 pm.

Figure 4. Effects of ammonia exposure on p38 MAPK activation. A: Immunoblots and
data quantification of total and phosphorylated levels of p38 MAPK in cultures exposed for 8
days (DIV 5-13) to ammonia. Histone H1 was used as loading control. The values are
expressed as the ratio of phosphorylated p38 MAPK on total p38 MAPK and represent the
mean + SEM from 9 replicates taken from 3 independent cultures. t-test: *** p< 0.001 as
compared to control. B and C: Double immunofluorescent staining of phospho-p38 MAPK
(red) and GFAP (green) in control (B) and ammonia-exposed (C) cultures, showing that p38
MAPK is activated in cellular bodies and fibers of astrocytes by ammonia exposure. Scale bar
= 50 um. D: Immunoblots of phosphorylated and total MAPKAPK2 and ATF2. Histone H1
was used as loading control. E and F: Data quantification of immunoblots presented in D. The
values are expressed as the ratio of phosphorylated-MAPKAPK?2 on total MAPKAPK2 and of
phosphorylated-ATF2 on total ATF2 and represent the mean + SEM from 13 replicates and 4
replicates, respectively, taken from 3 independent cultures. t-test: ** p<0.01 and *** p< 0.001

as compared to controls.

Figure 5. Effects of MAPKSs inhibitors on CNTF synthesis under ammonia exposure.
Immunoblot analysis and corresponding data quantification of CNTF expression in cultures
exposed or not to ammonia for 8 days (DIV 5-13) and treated or not with MAPKSs inhibitors.
Histone H1 was used as loading control. The values are expressed as percentage of control
and represent the mean = SEM from 6 replicates taken from 2 independent cultures. * p<0.05,
** n<0.01 as compared to control, and ° p<0.05, °* p<0.001 as compared to ammonia (one-

way ANOVA followed by Fisher’s LSD post-hoc test).
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Figure 6. Effect of exogenous CNTF treatment on neurons and oligodendrocytes under
ammonia exposure. A: Immunoblot analysis of the neuronal (NF-M and MAP-2) and
oligodendroglial (MBP) markers in cultures exposed to ammonia and co-treated or not with
CNTF. Histone H1 was used as loading control. B: Data quantification of MBP expression.
The values are expressed as percentage of control and represent the mean = SEM from 6
replicates taken from 2 independent cultures. *** p< 0.001 as compared to control and °*°
p<0.001 as compared to ammonia (one-way ANOVA followed by Tukey post-hoc test). C:
Immunohistochemical analysis of GalC, an oligodendroglial marker, in cultures exposed to

ammonia and co-treated or not with CNTF. Bar: 50 pm.

Figure 7. Mediation of the oligodendroglial protective effects of CNTF by c-jun. A:
Immunoblot analysis of total and phosphorylated c-jun expressions in cultures exposed to
ammonia and co-treated or not with CNTF. Histone H1 was used as loading control. B and C:
Data quantification of total (B) and phosphorylated (C) c-jun expression. The values are
expressed as percentage of control and represent the mean + SEM from 6 replicates taken
from 2 independent cultures. * p<0.05 and *** p< 0.001 as compared to control and °*°
p<0.001 as compared to ammonia (one-way ANOVA followed by Tukey’s post-hoc test). D:
Immunoblot analysis of MBP and phosphorylated c-jun expression in cultures exposed to
ammonia, CNTF and/or SP600125 and AG490. Histone H1 was used as loading control. E
and F: Data quantification of MBP and phosphorylated c-jun expression in cultures exposed
to ammonia, CNTF and/or SP600125 and AG490. The values are expressed as percentage of

control and represent the mean £ SEM from 6 replicates. t-test: * p<0.05 and *** p< 0.001 as

compared to ammonia.
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