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reduces JNK activation in oligodendrocytes
after cerebral ischaemia

Alessia Melani,"? Sara Cipriani," Maria Giuliana Vannucchi,®> Daniele Nosi,®> Chiara Donati,*
Paola Bruni,* Maria Grazia Giovannini’ and Felicita Pedata’

1 Department of Preclinical and Clinical Pharmacology, University of Florence, Florence, Italy

2 IRCCS Centro Neurolesi ‘Bonino-Pulejo’, Messina, ltaly

3 Department of Anatomy, Histology and Forensic Medicine, University of Florence, Florence, Italy
4 Department of Biochemical Sciences, University of Florence, Florence, Italy

Correspondence to: Prof. Felicita Pedata,
Department of Preclinical and Clinical Pharmacology,
University of Florence,

Viale Pieraccini,

6, 50139 Florence, Italy

E-mail: felicita.pedata@unifi.it

Adenosine is a potent biological mediator, the concentration of which increases dramatically following brain ischaemia.
During ischaemia, adenosine is in a concentration range (pM) that stimulates all four adenosine receptor subtypes (A4, Aja,
Azg and A3). In recent years, evidence has indicated that the A, receptor subtype is of critical importance in stroke. We have
previously shown that 24 h after medial cerebral artery occlusion (MCAo), A, receptors up-regulate on neurons and microglia of
ischaemic striatum and cortex and that subchronically administered adenosine A, receptor antagonists protect against brain
damage and neurological deficit and reduce activation of p38 mitogen-activated protein kinase (MAPK) in microglial cells. The
mechanisms by which A, receptors are noxious during ischaemia still remain elusive. The objective of the present study was to
investigate whether the adenosine A, antagonist SCH58261 affects JINK and MEK1/ERK MAPK activation. A further aim was to
investigate cell types expressing activated JNK and MEK1/ERK MAPK after ischaemia. We hereby report that the selective
adenosine A, receptor antagonist, SCH58261, administered subchronically (0.01 mg/kg i.p) 5min, 6 and 20h after MCAo in
male Wistar rats, reduced JNK MAPK activation (immunoblot analysis: phospho-JNK54 isoform by 81% and phospho-JNK46
isoform by 60%) in the ischaemic striatum. Twenty-four hours after MCAo, the Olig2 transcription factor of oligodendroglial
progenitor cells and mature oligodendrocytes was highly expressed in cell bodies in the ischaemic striatum. Inmunofluorescence
staining showed that JNK MAPK is maximally expressed in Olig2-stained oligodendrocytes and in a few NeuN stained neurons.
Striatal cell fractioning into nuclear and extra-nuclear fractions demonstrated the presence of Olig2 transcription factor and JNK
MAPK in both fractions. The A,, antagonist reduced striatal Olig 2 transcription factor (immunoblot analysis: by 55%) and
prevented myelin disorganization, assessed by myelin-associated glycoprotein staining. Twenty-four hours after MCAo, ERK1/2
MAPK was highly activated in the ischaemic striatum, mostly in microglia, while it was reduced in the ischaemic cortex. The A,
antagonist did not affect activation of the ERK1/2 pathway. The efficacy of A,, receptor antagonism in reducing activation of
JNK MAPK in oligodendrocytes suggests a mechanism of protection consisting of scarring oligodendrocyte inhibitory molecules
that can hinder myelin reconstitution and neuron functionality.
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Introduction

Adenosine is a potent biological mediator which increases
dramatically in concentration following brain ischaemia (Melani
et al., 1999, 2003; Phillis, 2004). During ischaemia, extra-cellular
adenosine is in a concentration range (uM) that stimulates all four
adenosine receptor subtypes (A4, Aza, Ag and As). In recent
years, evidence has shown that the A, receptor subtype is of
critical importance in stroke (Chen et al., 2007). Genetic deletion
of Aa receptors reduces ischaemic and functional damage in
a mouse model, where focal ischaemia is induced by medial
cerebral artery occlusion (MCAo) (Chen et al., 1999). In the
same model, we have recently reported an up-regulation of Aja
adenosine receptors on neurons and microglia of ischaemic
striatum and cortex (Trincavelli et al., 2008). After MCAo, selec-
tive A,a receptor antagonists reduce ischaemic brain damage and
neurological deficit (Monopoli et al., 1998b; Melani et al., 2003,
2006). All evidence suggests a noxious role of adenosine Aja
receptors in brain ischaemia. The intimate mechanisms by which
Ayp receptors are noxious in ischaemia still remain elusive and
must be clarified.

Aoa receptors are expressed at high levels in the corpus
striatum, nucleus accumbens and olfactory tubercles and to a
lesser extent in the cortex (Rosin et al., 1998). A,a-receptor
mRNA has been found in neurons (Schiffmann et al., 1991;
Fink et al., 1992), in microglia (Fiebich et al., 1996) and in
oligodendrocytes (Stevens et al., 2002), while controversial data
on its presence in astrocytes have been reported (Fiebich et al.,
1996; Nishizaki et al., 2002; Brambilla et al., 2003; Lee et al.,
2003; Wittendorp et al., 2004). Evidence indicates that the Aja
receptor stimulates glutamate outflow from neurons and glial cells
(Chen and Pedata, 2008). A,s receptor antagonists, in turn,
reduce glutamate outflow in the MCAo model in the rat (Melani
et al., 2003). Therefore, A4 receptors present on neurons or glial
cells may exert a deleterious effect by increasing early excitotoxi-
city after ischaemia. We have demonstrated that repeated admin-
istration of the selective A,a receptor antagonist, SCH 58261,
reduces activation of p38 mitogen-activated protein kinase
(MAPK) in microglial cells (Melani et al., 2006). Recent studies
suggest that inflammation mediated by microglia plays a role in
neurodegeneration. This suggests that A,s receptors are also
involved in regulating factors responsible for the delayed detri-
mental inflammatory effects in brain ischaemia. Activation of
p38 and JNK MAPKs is well documented in focal cerebral ischae-
mia models (Irving et al., 2000; Melani et al., 2006). Modification
of phospho-ERK1/2 MAPK has been reported at different times
after focal cerebral ischaemia models both in neurons and glial
cells (Irving et al., 2000; Wu et al., 2000; Borsello et al., 2003;
Wang et al., 2003). MAPKs are essential in regulating cell growth,
survival, differentiation and death (Irving and Bamford, 2002).
The cell type in which MAPKs are activated is relevant to the
understanding of death or survival mechanisms in ischaemia.

Several agents preventing the activation of JNK or c-Jun
phosphorylation have been shown to protect the brain after cere-
bral ischaemia (Repici and Borsello, 2006). The protease-resistant
cell-penetrating peptide D-JNK administered i.c.v. (Borsello et al.,
2003) or i.v (Esneault et al., 2008) between 3h and 6h after
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transient ischaemia in adult mice and rats, improves motor perfor-
mance and cognitive functions. In the MCAo model, inhibition of
the MEK1/ERK pathway protects the brain from ischaemic injury,
reducing both brain damage, neurological deficit (Alessandrini
et al.,, 1999; Namura et al., 2001; Wang et al., 2003) and
IL-1beta expression (Wang et al., 2004).

In the present study, we evaluated the capacity of the selective
A, receptor antagonist, SCH 58261 subchronically administered
i.p. after permanent focal ischaemia, to modulate JNK and ERK1/2
MAPKs activation after permanent MCAo. Twenty-four hours
after MCAo, the A, antagonist did not affect ERK1/2 activa-
tion but substantially reduced JNK activation. Reduced JNK
phosphorylation occurs predominantly in oligodendrocytes and
might account for A,s antagonist-protection from ischaemic
damage.

Materials and Methods

Animal housing and surgery

Male Wistar rats (Harlan, Italy) weighing 270-290 g were used. They
were housed in groups of three with free access to food and water
and kept on a 12h light/dark cycle. The animals were kept under
standardized temperature, humidity and light conditions with free
access to food and water.

Animal care and use followed the directives of the Council of the
European Community (86/609/EC). All efforts were made to minimize
animal suffering and to reduce the number of animals used.

Focal cerebral ischaemia was induced by permanent MCAo in the
right hemisphere. The animals were anaesthetized with 5.0% isoflur-
ane (Baxter International) and spontaneously inhaled 1.0-2.0% isoflur-
ane in air by the use of a mask. Body core temperature was
maintained at 37°C with a recirculating pad and K module and was
monitored via an intrarectal type T thermocouple (Harvard, Kent, UK).
The rats were placed in a stereotaxic frame (Kopf). The surgical pro-
cedure to occlude the MCA consisted of the insertion of a 4-0 nylon
monofilament (Ethilon, Johnson & Johnson, Somerville, NJ, USA), pre-
coated with silicone (Xantopren, Heraeus Kulzer, Germany) mixed with
a hardener (Omnident, Germany), via the external carotid artery into
the internal carotid artery to block the origin of the MCA according to
the procedure originally described by Longa et al. (1989) and modified
by Melani et al. (1999). The sham operation was conducted by insert-
ing the filament into the internal carotid artery and immediately with-
drawing it. At the end of the surgical procedure, anaesthesia was
discontinued and the animals were returned to a prone position.
Recovery from anaesthesia took 15min, thereafter the animals were
allowed free access to food and water.

SCH 58261 (Sigma-Aldrich, St. Louis, Missouri, USA) was dissolved
by sonication in saline with 1% Tween 80. In the SCH 58261-treated
(n=14) and vehicle-treated (n=13) rats, the drug or vehicle was
administered intraperitoneally 5min, 6h and 20h after occlusion,
respectively. The SCH 58261 dose administered (0.01 mg/kg) was cal-
culated on the basis of those found protective against ischaemia in
previous in vivo studies (Monopoli et al., 1998b; Melani et al., 2003;
Pedata et al., 2005). It is worth mentioning that SCH 58261 up to the
dose of 1 mg/kg i.p. (Monopoli et al., 1998a) does not modify any of
the rat's hemodynamics. Sham-operated rats (n=12) did not receive
any treatment.
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Motor behaviour

About 1h after MCAo rats showed spontaneous turning behaviour
that was evaluated every 15min for 3—4 h after MCAo, according to
the procedure described by Melani et al. (2003). Motor activity was
investigated in sham-operated, vehicle and drug-treated rats. After
being placed in a round cage, the rat began rapid unidirectional walk-
ing along the perimeter of the cage and to chase its tail. The number
of rotations was recorded manually. One rotation was computed when
the rat completely circled the cage. Five separate counting periods of
3min each, separated by 15min intervals, were made. Values are
reported as the mean rotation number during the five counting periods
per hour. The same rats were also evaluated soon after awakening
and 24h later for failure to extend fully the left forepaw and for
contralateral turning when pulled by the tail. Under this condition all
rats showed a clear circling to the left side.

Neurological test

Neurological evaluation of motor sensory functions was carried out
prior to and 24 h after MCAo. The examiners were blind as to the
procedure that the rat had undergone. Evaluations were always
performed between 10 and 11 am to exclude behavioural changes
based on circadian rhythm. The neurological examination consisted
of six tests (Garcia et al., 1995b; Melani et al., 2003): (i) spontaneous
activity; (i) symmetry in the movement of four limbs; (iii) forepaw
outstretching; (iv) climbing; (v) body proprioception; and (vi) response
to vibrissae touch. The score assigned to each rat at completion of the
evaluation equalled the sum of all six test scores. The final minimum
score was 3 and the maximum was 18.

Histological analysis

After evaluation of motor behaviour and neurological deficit, i.e. 24 h
after MCAo, some of the vehicle-treated (n=5), SCH 58261-treated
(n=5) and sham-operated rats (n=4) were randomly chosen and
analysed for ischaemic damage using the following histological
method.

The rats were anaesthetized with chloral hydrate (i.p., Sigma-
Aldrich, St. Louis, MI, USA) and sacrificed by decapitation. The
brains were rapidly removed and fixed with Liquid of Carnoy (6:3:1
absolute ethanol, chloroform and glacial acetic acid) and then
embedded in paraffin after dehydration in different concentrations of
ethanol and xylol. Coronal sections (7-8 um) were collected at 1-mm
intervals at eight different levels through the striatum (from +2.2
Bregma to —4.8 Bregma, corresponding to the ischaemic area) and
were stained with acetate cresyl violet (1%). The lesioned area of
the brain was detected as a pale zone lacking the acetate cresyl
violet staining reflecting mainly the extent of unlabelled necrotic
neurons 24 h after MCAo (Garcia et al., 1995a). Tissue damage was
found neither in the sham-operated rats nor in the hemisphere
contralateral to the ischaemic side. Definite ischaemic tissue damage
was found in the vascular territory supplied by the MCA i.e. the
sensorimotor cortex and striatum.

The pallid area was measured utilizing an image analysis system
(Image ProPlus, Image & Computer, Milan, Italy). Striatal and cortical
damage was calculated in cubic milli metre.

Immunohistochemistry

After evaluation of motor behaviour and neurological deficit, i.e. 24 h
after MCAo, some of the vehicle-treated (n=3), SCH 58261-treated
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(n=3) and sham-operated rats (n=3) were randomly chosen and used
for immunohistochemical studies.

The rats were perfused transcardially, under deep anaesthesia, with
an ice-cold 4% paraformaldehyde solution (in phosphate buffer, pH
7.4). Brains were post-fixed overnight and cryoprotected in an
18% sucrose solution (in phosphate buffer) for at least 48 h.

Brains were cut with a cryostat and 30 um-thick coronal sections
were collected between +1.7 and —0.90 mm from bregma, therefore
including almost the entire striatum area. Sections were placed in anti-
freeze solution (30% ethylene glycol, 30% glycerol in phosphate
buffer) and stored at —20°C until assay.

Phospho-JNK and phospho-ERK1/2 were detected using specific
primary antibodies [1:500 phospho-SAPK/JNK MAPKase (Thr183/
Tyr185) antibody; 1:500 phospho-p44/42 MAPKase (Thr/Tyr204)
antibody; and Cell Signaling Technology].

Day 1: Coronal sections were mounted on gelatin-coated slides and
processed for immunohistochemistry. The sections were washed with
PBS-Triton X-100 0.3% (PBS-TX), incubated for 15min in PBS-TX
containing 0.75% H,O,, rinsed in PBS-TX and incubated at room
temperature in blocking buffer (5mg/ml albumin, 0.05% NaNs in
PBSB-TX) for 60 min. After washing in PBS-TX, the sections were
incubated overnight at 4°C with the polyclonal primary antibodies
anti-phospho-JNK and anti-phospho-ERK1/2, dissolved in blocking
buffer.

Day 2: The sections, rinsed three times in PBS-TX, were incubated
for 1h at room temperature, with the biotinylated secondary antibody
anti-rabbit-1gG (1:333) dissolved in blocking buffer. After washing in
PBS-TX, sections were incubated in avidin-biotin—peroxidase complex
(ABC kit Elite standard, Vectastain, Vector Laboratories, Burlingame,
CA, USA) for 60 min.

Finally, all sections were stained using diaminobenzidine (DAB-
peroxidase, Vectastain, Vector) in the presence of NiCl.

All sections were examined using an Olympus BX40 microscope
(Olympus, Milan, Italy) and photographed using a digital camera
(Olympus DP50).

Confocal laser microscopy
immunohistochemistry

To identify the cellular types that expressed phospho-JNK and
phospho-ERK1/2 MAPKs, confocal laser microscopy, using a modifica-
tion of the previously described method (Giovannini, 2002), was used
on 30 pum-thick coronal sections cut and stored as described above.

Day 1. Coronal sections were mounted on gelatin-coated slides
and washed in 0.1 M PBS-TX for 10 min, then blocked with blocking
buffer for 40 min. Sections were then incubated, for 24h at room
temperature, with different antibodies: rabbit polyclonal antibodies,
anti-phospho-JNK  (phospho-SAPK/INK,  1:500; Cell Signaling
Technology), mouse monoclonal antibodies, anti-glial fibrillary acid
protein (GFAP, 1:500; BD Biosciences Pharmingen, USA) used to
visualize astrocytes, anti-Neuronal Nuclei (NeuN, 1:200 dilution;
Chemicon, Temecula, CA, USA) used to visualize neurons, anti-
myelin-associated glycoprotein (MAG, 1:250; Chemicon International)
used to visualize myelinated processes of oligodendrocytes and OX-42
CD11b/c (1:200, BD Biosciences Pharmingen, USA), used to visualize
microglia; and goat polyclonal antibody, anti-OLIG2 (N-17) (1:100;
Santa Cruz Biotechnologies) used to visualize the cell body of
oligodendrocytes.

Day 2. After washing in PBS-TX (three times, 10 min each), slices
were incubated for 2h at room temperature in the dark with
fluorescein-conjugated goat anti-rabbit 1gG and Texas red-conjugated
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goat anti-mouse 1gG (1:400; Vector Laboratories) or CY3-conjugated
anti-goat 1gG (1:500; Vector Laboratories) in Blocking buffer.
After extensive washings, slices were mounted using Vectashield
(Vectastain, Vector Laboratories) as a mounting medium and, after
drying, were observed under an epifluorescent Zeiss Axioskop micro-
scope and under a BioRad 1024 confocal laser scanning microscope
(Cambridge, MA, USA) with laser beam excitation at 488 and 568 nm
wavelength. —Fifteen to 20 optical sections were taken at 1.3 pum
intervals, keeping all the parameters (pinhole, contrast and brightness)
constant for slices from the same experiment. Images of 512 x 512
pixels were obtained, opened with Confocal Assistant 4.02 and image
analysis was conducted on image z-stacks which contained the entire
field of interest. Images were then digitally converted to green
(phospho-JNK) and red (OLIG2, GFAP, NeuN, MAG, OX-42
CD11b/c). The images were then assembled into montages using
Adobe Photoshop 7.0 (Adobe Systems, Mountain View, CA, USA).

Western blotting

After evaluation of motor behaviour and neurological deficit, i.e. 24 h
after MCAo, some of the vehicle-treated (n=5), SCH 58261-treated
(n=5) and sham-operated rats (n=5) were randomly chosen and
used for Western blot quantification of phospho-JNK and phospho-
ERK1/2 MAPK.

Western immunoblotting was carried out as previously described
(Giovannini et al., 2001). Rats were sacrificed 24h after surgery.
The right and left striata were microdissected and transferred to ice-
cold microcentrifuge tubes, and kept at —80°C until assay. Care was
taken to ensure that brain tissue remained frozen throughout
the procedure. All Western analyses were performed blind to the
experimental conditions. 20 ul of ice-cold RIPA buffer were added to
each microgram of tissue and the samples were homogenized on
ice directly into the Eppendorf tube. RIPA buffer had the following
composition: Igepal 1:100; Na-deoxycholate 0.5%; 0.1% sodium
dodecyl sulphate (SDS, Sigma, St. Louis, MO, USA); a protease inhib-
itor tablet (Sigma, St Louis, MO); 2mM sodium pyrophosphate;
4mM paranitrophenylphosphate; and 1mM sodium ortovanadate.
After homogenization, protein determination was performed in 4pl
for each sample using Bio-Rad Protein Assay reagent (Bio-Rad,
Hercules, CA, USA). An appropriate volume of 6x loading buffer
was added to the homogenates, and samples were boiled for 5min.
Samples (50ug of proteins per well) were loaded onto a 10% SDS-
PAGE gel and resolved by standard electrophoresis. The proteins were
then transferred electrophoretically onto nitrocellulose membrane
(Hybond-C extra; Amersham, Arlington Heights, IL, USA) using a
transfer tank kept at 4°C, with typical parameters being O/N with a
constant current of 10 mA. Membranes were blocked for 1h at room
temperature with blocking buffer (5% non-fat dry milk in Tris buffered
saline, 0.1%TWEEN-20 and TBS-T), then probed using primary anti-
body for phospho-INK and phospho-ERK1/2 (rabbit polyclonal,
1:1000; Cell Signaling Technology) or Olig2 (N-17) (1:50; Santa
Cruz Biotechnologies) O/N at 4°C. After washing in TBS-T, the
membranes were incubated with horseradish peroxidase-conjugated
anti-rabbit 1gG (1:3000; Pierce, Biotechnology, Rockford, IL, USA) or
anti-goat 1gG (1:3000; Santa Cruz Biotechnologies) and proteins were
visualized using chemiluminescence (ECL, Pierce Biotechnology,
Rockford, IL, USA). In order to normalize the values of phospho-
INK, phospho-ERK1/2 and Olig2, we detected B-actin in the same
analysis. Membranes were stripped by strong agitation with 0.2N
NaOH (10min, room temperature), blocked in blocking buffer for
1h at room temperature and probed for 2h at room temperature
with anti p-actin antibody (1:5000; Sigma, St Louis, MO, USA).
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Afterwards membranes were incubated with horseradish peroxidase-
conjugated anti-rabbit 1gG (1:7500; Pierce, Biotechnology, Rockford,
IL, USA) and developed as above. The bands were acquired as TIFF
files and the densitometric analysis of the bands was quantified by
Image J system software (NIH, Bethesda, MD, USA). Phospho-JNK,
phospho-ERK1/2 and Olig2 values were expressed as percentage of
B-actin run in the same Western blot analysis.

Striatal nuclear fraction

Nuclear fraction from the striatum of vehicle-treated rats (n=3) was
prepared according to the method of Giufrida et al. (1975). Briefly,
striata were immersed in five volumes of ice-cold 0.3M sucrose
solution containing 1 mM K-phosphate pH 6.4, 3mM MgCl, and
protease inhibitors (buffer 1), diced using a pair of scissors before
being homogenized in a Dounce homogenizer (60 strokes). The homo-
genate was then gravity filtered through a 110-mesh nylon bolting
cloth. The filtered homogenate was centrifuged at 850xg for 10 min
at 4°C. The pellet was used for nucleus isolation. After washing with
buffer I, the pellet was resuspended in 2.4 M sucrose solution contain-
ing 1mM K-phosphate pH 6.4 and 1mM MgCl, and spun
at 75000 x g for 60 min at 4°C. The nuclear-rich fraction was resus-
pended in 0.3 M sucrose solution containing 1 mM K-phosphate pH
6.4 and 1 mM MgCl,. The protein equivalent of 50 mg was subjected
to SDS-PAGE followed by Western blot analysis as described above.
Membranes were incubated overnight at 4°C with the following
primary antibodies: mouse monoclonal anti-histone H1 (1:1000;
Abcam, Cambridge, UK), mouse monoclonal anti MAG (1:200;
Chemicon International), goat polyclonal anti Olig2 (1:200; Santa
Cruz Biotechnologies) and rabbit polyclonal anti phospho-JNK
(1:1000, Cell Signaling Technology). After washing in TBS-T, the
membranes were incubated with the respective horseradish peroxi-
dase-conjugated antibodies: anti-rabbit IgG (1:3000; Pierce, Biotech-
nology, Rockford, IL), anti-mouse (1:3000; Pierce, Biotechnology,
Rockford, IL, USA) or anti-goat 1gG (1:3000; Santa Cruz Biotech-
nologies). Proteins were visualized as described above. The bands
were acquired as TIFF files and the densitometric analysis of the
bands was quantified by Image J system software (NIH, Bethesda,
MD). Phospho-JNK and Olig2 were normalized by an aspecific protein
dye (Ponceau).

The purity of nuclear fraction was assessed by the presence of
the band corresponding to histone H1 and the absence of the band
corresponding to MAG. Histone that labelled nuclear-associated
proteins was localized in the nuclear fraction, while MAG was localized
in the extra-nuclear fraction.

Statistical analyses

Statistically significant differences in the neurological scores among
vehicle-treated, SCH 58261-treated and sham-operated rats were
evaluated by one-way ANOVA, followed by Newman-Keuls multiple
comparison test. Statistically significant differences in brain damage, in
turning behaviour and in Olig2 expression between vehicle-treated
and SCH 58261-treated rats were evaluated by unpaired Student's
t-test. Statistically significant differences in phospho-JNK and phos-
pho-ERK1/2 levels among vehicle-treated, SCH 58261-treated and
sham-operated rats were evaluated by one-way ANOVA followed
by Bonferroni test.

Differences at P<0.05 were considered to be statistically significant.
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Results

Neuroprotective effects of SCH 58261
on turning behaviour, neurological
deficit and ischaemic brain damage

SCH 58261, administered subchronically 5min, 6 and 20h after
MCAo, blocked an acute behavioural response, turning behaviour,
and reduced the neurological deficit and ischaemic brain damage
evaluated 24 h after occlusion, in agreement with our previous
data (Melani et al., 2006). One hour after MCAo, rats engaged
in turning behaviour towards the side contralateral to the ischae-
mic hemisphere. This acute behavioural response lasted for
several hours, but was no longer evident 24h after ischaemia.
Turning behaviour, expressed as mean rotations per hour, was
788.33+£178.01 in MCAo vehicle-treated rats (n=13) and
116.92+34.56 in MCAo SCH 58261-treated rats (n=14).
Subchronically administered SCH 58261 blocked this behaviour
in a statistically significant manner (unpaired Student's t-test:
P<0.0012 vs vehicle-treated rats). Sham-operated rats (n=12)
did not show any turning behaviour. Turning behaviour after
permanent intraluminal MCAo is a precocious index of neuro-
logical deficit and neuronal damage (Melani et al., 2003).

The neurological deficit and ischaemic striatal and cortical
damage of vehicle-treated, SCH 58261-treated and sham-
operated rats, evaluated 24h after MCAo, are reported in
Table 1. Subchronically administered SCH 58261 significantly
improved the neurological deficit by 18.1% in comparison to
vehicle-treated rats and reduced both cortical and striatal
damage by 27.2 and 46.6%, respectively, in comparison to
vehicle-treated rats. No damage was found in the sham-operated
rats or in the hemisphere contralateral to the ischaemic side.

SCH 58261 reduces JNK MAPK
activation in striatal fascicula of
ischaemic hemisphere

In ischaemic vehicle-treated rats, 24 h after MCAo, activation of
INK increased within the white matter fascicula of the ventral

Table 1 Effect of SCH 58261 (0.01 mg/kg, i.p. 5 min,

6 and 20 h after occlusion) on neurological score and
ischaemic brain damage evaluated 24 h after permanent
MCAo

Treatment Neurological Cortical Striatal

score damage (mm3) damage (mm3)
Vebhicle 9.12+0.34** 56.04 +3.82 25.12+2.87
SCH 58261 10.774+0.38%  40.81+£2.65" 13.41+2.07%
Sham-operated 17.60+0.15 0 0

Data are the mean =+ SE of ‘n’ rats (neurological score, n=12-14; brain damage,
n=4-5). The volume of the ipsilateral hemisphere was (mean + SE):
132.08+4.89 mm? in vehicle- and 128.05+4.85mm? in SCH 58261-treated
rats. One-way ANOVA followed by Newman—-Keuls multiple comparison test:
*P<0.01 versus SCH 58261-treated rats;

#5p <0.001 versus sham-operated rats. Unpaired Student's t-test.

"P<0.02 and *P<0.014 versus vehicle-treated rats.
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caudate-putamen in structures that have features similar to
fibres running parallel to each other (Fig. 1B). Some phospho-
JNK immunoreactivity was also detected in the corpus callosum
(data not shown). No detection of phospho-JNK was observed in
the ischaemic cortex and in the contralateral hemisphere. No
detection of phospho-JNK was detected in sham-operated
rats either (Fig. 1A). SCH 58261 reduced phospho-JNK immuno-
reactivity in comparison to vehicle-treated rats (Fig. 1C).
Quantification of the two phospho-INK isoforms (54 and
46 kDa) was performed by immunoblot analysis in the ischaemic
striatum of vehicle-treated, SCH 58261-treated and sham-
operated rats 24h after MCAo (Fig. 1D). MCAo increased
INK54 isoform activation by 145% and JNK46 by 273% com-
pared to sham-operated rats. In the ischaemic striatum, SCH
58261 caused a statistically significant reduction in both
phospho-JNK isoforms: phospho-JNK54 by 81% and phospho-
IJNK46 by 60%, in comparison to MCAo vehicle-treated rats.
The representative gels of each rat group are shown in Fig. 1E.

MCAo induces JNK MAPK activation
in oligodendrocytes of ischaemic
hemisphere

To identify the cell type where JNK is activated, double immuno-
fluorescence staining was used (Fig. 2). Figure 2C (yellow-orange
colour) shows that by using Olig2 antibody directed against
oligodendrocyte transcription factors, a definite co-localization
between phospho-JINK (Fig. 2A, green) and oligodendrocytes
(Fig. 2B, red) was found in the ventral striatum. Phospho-JNK
immunoreactivity was distributed in the cell body of oligodendro-
cytes. Olig2 positive cells were also detected in the dorsal striatum
but they did not express phospho-JNK. (not shown). Olig2 was
faintly detectable in sham-operated animals (not shown).

Figure 2D shows that phospho-JNK positive cells are present
only in white matter fascicula of the caudate-putamen and that
neurons (NeuN-immunopositive cells, Fig. 2E, red) are present
around white matter fascicula. Phospho-INK was stained in
a few scattered neurons (see arrow in Fig. 2F). Phospho-JNK
positive cells are localized inside striatal white matter fascicula
(Fig. 2G). They do not co-localize with astrocytes (Fig. 2H,
GFAP-immunoreactive cells) which are localized around striatal
white matter fascicula (Fig. 2I).

Figure 3C shows that the anti-MAG staining (Fig. 3B, red),
which stains the myelin sheath, did not co-localize with
phospho-JNK immunoreactivity (Fig. 3A, green), but lay in the
proximity of phospho-JNK staining. Similarly, Fig. 3F shows that
the anti-MAG staining (Fig. 3E, red) did not co-localize with Olig2
immunoreactivity (Fig. 3D, green) that is directed against oligo-
dendrocyte transcription factors within the white matter fascicula
of the caudate-putamen.

With the aim of localizing Olig2 and phospho-JNK in nuclear
and extra-nuclear fractions, immunoblot analysis was performed in
the ischaemic striatum of vehicle-treated rats (n=3), 24h after
MCAo0. Phospho-JNK extra-nuclear fraction was 1.5-fold the
nuclear fraction (10.07 £2.97 vs 6.71 £ 0.49 values were obtained
by averaging the sum of the two phosphorylated isoforms
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Figure 1 Effect of the selective adenosine A4 receptor antagonist SCH 58261 on JNK activation in the ischaemic striatum 24 h after
MCAo. (A-C) Representative photomicrographs of phospho-JNK immunoreactivity within white matter fascicula of the striatum in the
occluded side of sham-operated (A), vehicle-treated (B) and SCH 58261-treated (C) rats. Scale bar (A-C): 50 um. (D) Immunoblot
analysis of INK54 and JNK46 activation in the ischaemic striatum of sham-operated (n=5), vehicle-treated (n=5), SCH 58261-treated
(n=5) rats 24 h after MCAo. Phospho-JNK levels are expressed as means &= SEM of ‘n" animals in each group, normalized by control
protein (B-actin). Statistical analysis by one-way ANOVA: *P<0.05 vs sham and SCH 58261 values. (E) Representative phospho-JNK
and actin gel of sham-, vehicle- and SCH 58261-treated rats in ischaemic striatum.

normalized by an aspecific protein dye). Olig2 extra-nuclear frac-
tion was 2.5-fold the nuclear fraction (4.43 +1.33 vs 1.79+0.54
values normalized by an aspecific protein dye).

SCH 58261 restores myelin distribution
and reduces Olig2 expression in the
ischaemic hemisphere

Myelin distribution in the ischaemic area was studied by an
antibody against MAG. Figure 4 shows the MAG immunostaining

in the striatum of sham-operated (Fig. 4A), vehicle-treated
(Fig. 4B) and SCH 58261 -treated (Fig. 4C) rats. In sham-operated
rats (Fig. 4A), MAG labelling is well organized within the
white matter fascicula of the caudate-putamen. The same distri-
bution of MAG labelling appeared in the contralateral non-
ischaemic hemisphere (data not shown). In vehicle-treated rats
(Fig. 4B), MAG labelling is not characterized by the typical pro-
file of the white matter fascicula but appears irregularly
distributed around the fascicula. In SCH 58261-treated rats
(Fig. 4C), MAG staining appears similar to that observed in
sham-operated rats.
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Figure 2 Double immunofluorescence was used to characterize the localization of phospho-JNK in oligodendrocytes of the ischaemic
striatum 24 h after MCAo. Phospho-JNK-immunoreactive cells (pJNK, in green with fluorescein) (A) and Olig2-immunopositive
oligodendrocytes (in red with Texas red) (B) showed a total co-localization (C) within white matter fascicula of the ischaemic striatum.
Phospho-JNK-immunoreactive cells (D) and NeuN-immunopositive neurons (E) co-localized only in a neuron (F, see arrow) around the
fascicula of the ischaemic striatum. Phospho-JNK-immunoreactive cells (G) and GFAP-immunopositive astrocytes (H) did not show
co-localization (I). The images were obtained from serial laser confocal microscopy scans through the depth of the slice. The images
were reconstructed by stacking z-step scans (1.3 pm each) which were then flattened onto one plane (A-I: 9 z-step scans). Scale

bar (A-1)=20pm.

Olig2 expression in the white matter fascicula of the caudate-
putamen appeared reduced in SCH-58261-treated rats (Fig. 5B) in
comparison with vehicle-treated rats (Fig. 5A). The quantitative
immunoblot analysis confirmed that Olig2 expression in the
ischaemic striatum was significantly reduced in SCH 58261 -treated
rats (Fig. 5C). The representative gels of each rat group are shown
in Fig. 5D.

SCH 58261 does not modify ERK1/2
MAPK activation in ischaemic
hemisphere

Phospho-ERK1/2  immunoreactive cells, with morphological
features of neurons, were present in the striatum (Fig. 6A) and

frontoparietal cortex of sham-operated rats (Fig. 6B). While there
were few phospho-ERK1/2 positive cells in the striatum and
scattered throughout the structure, they were numerous and
distributed in layers in the cortex.

In the ischaemic hemisphere (Fig. 6C, D), 24h after MCAo,
phospho-ERK1/2-immunoreactivity was mainly detected in cells
with morphological features of glial cells and occasionally in cells
with neuronal features. In the ischaemic striatum, phospho-ERK1/
2 positive cells were localized around the striatal white matter
fascicula (Fig. 6C). Ischaemia-induced ERK1/2 activation both
in the striatum and cortex were not modified by treatment with
SCH 58261 (Fig. 6E and F). Quantification of ERK1/2 activa-
tion was performed by immunoblot analysis on ischaemic
striatum and cortex homogenates (Fig. 6G) of vehicle-treated,
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Figure 3 Phospho-JNK-immunoreactive cells (pJNK, in green with fluorescein) (A) and MAG-immunoreactivity (in red with Texas red)
(B) showed a close association (C) but not co-localization within white matter fascicula of the ischaemic striatum, indicating that these
antibodies label different elements of the same cell. Similarly Olig2-immunopositive oligodendrocytes (in green with fluorescein) (D)
and MAG-immunoreactivity (in red with Texas red) (E) do not co-localize (F). The images were obtained from serial laser confocal
microscopy scans through the depth of the slice. The images were reconstructed by stacking z-step scans (1.3 um each) which were
then flattened onto one plane (A-C: 1 z-step scans; D-F: 3 z-step scans). Scale bar (A-F) = 10 um.

SCH 58261-treated and sham-operated rats 24h after MCAo.
Quantitative analysis was performed separately on the two phos-
pho-ERK isoforms of apparent molecular weights of 42 and
44 kDa, respectively. MCAo caused a 30-fold increase in ERK44
and a 3-fold increase in ERK42 in the ischaemic striatum of vehi-
cle-treated rats compared to sham-operated rats. SCH 58261 did
not significantly decrease either ERK isoform activation (Fig. 6G).
In the cortex of sham-operated rats ERK44 and ERK42 were sig-
nificantly more activated than in the striatum (Fig. 6G). MCAo
caused a 51% reduction in ERK44 and 56% reduction in ERK42
activation compared to sham-operated rats. SCH 58261 did not
modify activation of ERK1/2 compared to vehicle-treated rats
(Fig. 6G). Representative gels of each rat group are shown in
Fig. 6H.

Twenty-four hours after MCAo, activation of ERK1/2 did not
differ between vehicle-treated and SCH 58261-treated rats in
either the striatum (Fig. 7A and C) or the frontoparietal cortex
(Fig. 7B and D) of the contralateral, non-occluded hemisphere.
Phospho-ERK1/2 was distributed mainly in the cell body and in
neuronal dendrites, as demonstrated by the strict co-localization
(Fig. 7G) between phospho-ERK1/2 (Fig. 7E) and NeuN- (Fig. 7F)

positive cells. Quantification of the two phospho-ERK1/2 isoforms
was performed by immunoblot analysis, in the contralateral
striatum and cortex (Fig. 7H) of vehicle-treated, SCH 58261-
treated and sham-operated rats 24 h after MCAo. Levels of phos-
pho-ERK42 and phospho-ERK44 tended to increase (not
statistically significant) in the striatum of vehicle-treated rats in
comparison to sham-operated rats. SCH 58261 treatment did
not significantly modify either ERK isoform activation compared
to vehicle-treated rats both in the striatum and cortex.
Representative gels of each rat group are shown in Fig. 71.

MCAo induces ERK1/2 MAPK
activation in microglia and neurons
of the ischaemic hemisphere

To identify the cellular type where ERK1/2 was activated, double
immunofluorescence staining was performed (Fig. 8).

A co-localization existed (Fig. 8C) between phospho-ERK1/2
(Fig. 8A) and OX-42 (Fig. 8B) positive cells in the ischaemic
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Figure 4 MAG staining in the striatum of the sham-operated rats is shown (A). In vehicle-treated rats, myelin redistribution is evident
in the ischaemic striatal tissue (B). In SCH 58261 -treated rats, the distribution of MAG staining is similar to that observed in sham-

operated rats (C). Scale bar (A—C) = 20 um. The images were obtained from serial laser confocal microscopy scans through the depth
of the slice. The images were reconstructed by stacking z-step scans (1.3 um each) which were then flattened onto one plane (A-C:
10 z-step scans).
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Figure 5 Olig2-immunopositive oligodendrocytes stained within white matter fascicula of the ischaemic striatum of vehicle-treated

(A) and SCH 58261-treated (B) rats. Scale bar (A-B)=40pum. The images were obtained from serial laser confocal microscopy scans
through the depth of the slice. The images were reconstructed by stacking z-step scans (1.3 um each) and then flattened onto one
plane (A-B: 19 z-step scans). (C) Immunoblot analysis of Olig2 in ischaemic striatum of vehicle-treated (n=5) and SCH 58261 -treated
(n=5) rats 24 h after MCAo. Olig2 levels are expressed as means + SEM of ‘n" animals in each group normalized by control protein
(B-actin). Statistical analysis by unpaired Student's t-test: *P<0.05 vs vehicle-treated rats. (D) Representative Olig2 and B-actin gel

of vehicle- and SCH 58261-treated rats in ischaemic striatum.
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Figure 6 Effect of the selective adenosine A,a receptor antagonist SCH 58261 on ERK1/2 activation in the ischaemic striatum and
cortex 24 h after MCAo. (A-F) Representative photomicrographs of phospho-ERK1/2 positive cells in the ischaemic striatum and cortex
of sham-operated (A, B), vehicle-treated (C, D) and SCH 58261-treated (E, F) rats. Scale bar (A-F): 25 um. (G) Immunoblot analysis
of ERK44 and ERK42 activation in the ischaemic striatum and cortex of sham-operated (n=5), vehicle-treated (n=5) and SCH
58261-treated (n=5) rats 24 h after MCAo. Phospho-ERK42/44 levels are expressed as means+SEM of ‘n' animals in each group
normalized by control protein (B-actin). Statistical analysis by one-way ANOVA: *P<0.05 vs sham value; *P<0.001 vs sham value;
8P <0.05 vs sham value. (H) Representative phospho-ERK42/44 and actin gel of sham-, vehicle- and SCH 58261-treated rats in
ischaemic striatum and cortex.

hemisphere. Phospho-ERK1/2 immunoreactivity was distributed in
the cell body and processes of microglial cells which show

Discussion

morphological features of reactive cells.

A co-localization existed (Fig. 8F, see arrows) between
phospho-ERK1/2 (Fig. 8D) and some NeuN- (Fig. 8E) positive
cells in the ischaemic hemisphere.

No co-localization existed (Fig. 8l) between phospho-
ERK1/2 positive cells (Fig. 8G) and GFAP-immunopositive cells
(Fig. 8H) in the ischaemic tissue. Co-localization between
phospho-ERK1/2 positive cells and astrocytes was found only
around the blood vessels of the ischaemic hemisphere (insets
of Fig. 8G-I).

In this article, we report that JNK MAPK is definitely activated in
the ischaemic striatum 24 h after MCAo and that the selective Asa
receptor antagonist SCH 58261 is protective against neurological
deficit, brain damage and activation of JNK. We report, for the
first time, that after cerebral ischaemia, oligodendrocytes strongly
express the Olig2 transcription factor and that JNK is activated
mainly in oligodendrocytes located in the ventral white matter
fascicula of the caudate-putamen and in a minority of neurons
of the ischaemic striatum. The A,A antagonist does not affect
ERK1/2 activation.
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Figure 7 Phospho-ERK1/2 immunopositive neurons in the non-occluded contralateral hemisphere 24 h after MCAo. (A-D)
Representative photomicrographs of phospho-ERK1/2 immunoreactive cells in the contralateral striatum and cortex of vehicle-treated
(A, B) and SCH 58261-treated (C, D) rats. Scale bar = 25 um. (E-G) Double immunofluorescence was used to characterize the
localization of phospho-ERK1/2 (p-ERK, in green with fluorescein) in neurons (in red with Texas red). Phospho-ERK1/2-immunoreactive
cells (E) and NeuN-immunopositive neurons (F) co-localized (G). The images were obtained from serial laser confocal microscopy scans
through the depth of the slice. The images were reconstructed by six stacking z-step scans (1.3 um each) and then flattened onto one
plane. Scale bar = 20 um. (H) Immunoblot analysis of ERK44 and ERK42 activation in the non-occluded contralateral striatum and
cortex of sham-operated (n=5), vehicle-treated (n=5) and SCH 58261-treated (n=5) rats 24 h after MCAo. Phospho-ERK42/44 levels
are expressed as means & SEM of ‘n" animals in each group normalized by control protein (actin). (I) Representative phospho-ERK42/44
and actin gel of sham-, vehicle- and SCH 58261-treated rats in contralateral striatum and cortex.

Olig2 immunoreactivity is increased
after MCAo in the ischaemic striatum

Olig2 is a transcription factor that regulates the phenotype
specification of cells of oligodendroglial lineage (Lu et al., 2000;
Zhou et al., 2000). The antibody to Olig2 immunolabels both
developing oligodendrocyte progenitor cells and mature oligoden-
drocytes (Ligon et al., 2004; Shintaku and Yutani, 2004; Yokoo
et al., 2004; Kuhlmann et al., 2008), and is currently one of the
most reliable immunohistochemical markers of oligodendrocytes.
Our study demonstrates the presence of Olig2 not only in the
nuclear but also in the extra-nuclear fraction. Interestingly, a trans-
location of the Olig2 transcription factor into cytoplasm early after
brain wound injury was recently reported (Magnus et al., 2007).

Oligodendrocytes are now known to be quite vulnerable to
ischaemic stress (Shibata et al., 2000; Tanaka et al., 2001,
2003; Dewar et al., 2003). A widespread injury to oligodendro-
cytes with formation of spaces between myelin sheaths and
axolemma was reported as early as 3h after MCAo, before the
appearance of necrotic neurons (Pantoni et al., 1996) and after
chronic brain hypoperfusion (Hattori et al., 1992). Rapid alteration
of tau was reported in oligodendrocytes after focal ischaemic
injury (Irving et al., 1997). Therefore, oligodendrocytes and mye-
linated fibres appear to be extremely sensitive to ischaemic insults
which result in early alteration of the subcortical white matter
(Pantoni, 1998).

Mature oligodendrocytes elaborate the axonal myelin sheath
(Bunge, 1968) and then play an important role in axonal
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Figure 8 Phospho-ERK1/2 was identified in microglia and in a few neurons of the ischaemic hemisphere 24 h after MCAo. Double
immunofluorescence was used to characterize the localization of phospho-ERK1/2 (pERK, in green with fluorescein) in microglia,
neurons and astrocytes (in red with Texas red). Phospho-ERK-immunoreactive cells (A) and OX-42 immunopositive microglia (B)
showed total co-localization (C). Phospho-ERK-immunoreactive cells (D) and NeuN-immunopositive neurons (E) showed partial
co-localization (F, see arrows). Phospho-ERK-immunoreactive cells (G) and GFAP-immunopositive astrocytes (H) did not co-localize (1).
The insets in G-I show phospho-ERK1/2 positive astrocytes around a blood vessel. The images were obtained from serial laser confocal
microscopy scans through the depth of the slice. The images were reconstructed by ten stacking z-step scans (1.3 um each) which
were then flattened onto one plane. Scale bar = 10 um (A-C) and 25 um (D-I).

conduction and white matter injury in stroke (Sasaki et al., 2007).
Numerous studies show that the few surviving oligodendrocytes
within a region of demyelination are not induced to divide and do
not significantly contribute to remyelination (Levine et al., 2001)
whereas adult progenitor oligodendrocytes, present throughout
the normal CNS, respond with reactive changes and cell division
in response to tissue damage, inflammation and demyelination
(Levine, 1994; Nishiyama et al., 1997; Redwine and Armstrong,
1998). Olig2 expressing cells in our study were definitely immu-
nostained in the ventral striatum, the most affected area, 24 h
after MCAo, and also in the dorsal striatum. On the contrary,
Olig2 expressing cells were poorly detectable in sham-operated
rats. The A, antagonist-induced reduction of Olig2 expression,

as detected by Western blotting, indicates a lower reactivity of
striatal oligodendrocytes to ischaemia.

Phospho-JNK MAPK is increased in
oligodendrocytes and the selective A,
receptor antagonist SCH58261 reduces
JNK MAPK activation

Phospho-JNK mainly co-localizes with Olig2 stained-cells and only
with a few neurons. A substantial part of phospho-JNK appeared
to have already translocated into the nucleus. The cell body label-
ling properties of the anti-Olig2 certainly contributed positively to
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this study. The anti-MAG antibodies used in our study did not
point out the co-localization of phospho-JNK and oligodendro-
cytes but only showed that phospho-JNK staining was adjacent
to MAG staining. MAG staining predominantly described myelin
sheaths in nerve fibre tracts of the striatum. Co-localization
of Olig2 and phospho-JNK is particularly evident in the ventral
portion of the ischaemic striatum which is the most affected
area 24 h after MCAo.

For the first time, this research describes the ability of adenosine
Aya receptors to control JNK activation in the brain. A relation
between adenosine A, receptors and JNK was recently described
in the heart. Reduced activation of JNK and reactive oxygen
species (ROS) has been described in cardiomyocytes of A4 recep-
tor knock-out mice as well as in Ay receptor antagonist-treated
mice (Ribe et al., 2008). We report here that the A, receptor
antagonist reduces JNK activation in oligodendrocytes after focal
ischaemia.

Previous works demonstrate that activation of JNK is involved in
oligodendrocyte death (Howe et al., 2004; Jurewicz et al., 2006).
TNF-induced death of adult human oligodendrocytes is mediated
by activated JNK (Jurewicz et al., 2003). Activation of both JNK
and NF-kB transcription was described in oligodendrocytes in
multiple sclerosis lesions, where oligodendrocytes are major targets
of the disease (Bonetti et al., 1999). Following traumatic spinal
cord injury, JNK activation contributes to activation of caspase 3
and of the proapoptotic regulator DP5 in oligodendrocytes and
neurons (Yin et al., 2005).

A specific peptide inhibitor of JNK protects against cell death
induced by oxygen and glucose deprivation (OGD) in vitro (Hirt
et al., 2004) and by MCAo in vivo (Borsello et al., 2003; Hirt
et al., 2004). JNK2/3 knock-out mice are protected from
damage following cerebral ischaemia (Kuan et al., 2003;
Gelderblom et al., 2004). Therefore, we must assume that
activation of JNK in oligodendrocytes and neurons represent a
noxious event after ischaemia. Aya receptors have been identified
in oligodendrocytes (Stevens et al., 2002). The possibility must be
considered that A,a receptors directly control JNK activation in
oligodendrocytes, however, the only evidence in mouse macro-
phages shows that adenosine does not modify phosphorylation
of JNK (Hasko et al., 2000).

Oligodendroglia are extremely sensitive to glutamate receptor
overactivation and ensuing oxidative stress (Matute et al., 1997,
McDonald et al., 1998; Matute et al., 2002) as well as to
cytokines and adenosine (Back, 2006). Therefore, activation of
JNK after ischaemia may be an epiphenomenon consequent to
oxidative stress and oxidative glutamate toxicity. Glutamate
toxicity in brain cortical cultured oligodendrocytes is reduced by
the pan-JNK inhibitor SP600125 (Rosin et al., 2004). We have
previously demonstrated that adenosine A, receptor antagonists
reduce glutamate outflow in the first hour after ischaemia (Melani
et al., 2006). By reducing glutamate, A, receptor antagonists
may reduce JNK activation, thus allowing better survival and/or
functionality of mature myelinating oligodendrocytes, as indicated
by normalization of MAG staining in the ischaemic striatum. Also,
reduced JNK activation might be responsible for reduced damage
to developing oligodendrocyte progenitors. By reducing phospho-
INK, the A, antagonist might also reduces Olig2 expression.

A. Melani et al.

This is supported by the recent observation that in spinal cord
primary cultures, inhibition of the MAPK pathway activation
abolishes Olig2 expression (Bilican et al., 2008).

In conclusion, since JNK may be crucial to cell survival and
regeneration in stroke, it may represent a target for pharmacolog-
ical tools aimed at improving damage after ischaemia.

Activation of ERK1/2 MAPK pathway in
the ischaemic striatum and reduction
in the ischaemic cortex

We report that in the cortex and striatum of sham-operated
animals and in the contralateral hemisphere of ischaemic animals,
ERK1/2 is activated in neurons. Interestingly, in the cortex,
phospho-ERK1/2 is at a much higher level in comparison to the
striatum. Twenty-four hours after MCAo, in the striatum, the
ERK1/2 activation occurs mainly in cells sharing the morphological
features of microglia. Unlike in the striatum, 24 h after MCAo,
phospho-ERK1/2 is decreased in the ischaemic cortex and
immunohistochemical results show that neuronal cells are not
phospho-ERK1/2 positive, whereas some microglial cells are phos-
pho-ERK immunoreactive but only in a few areas of the cortex,
i.e. frontal and cingulated areas. In agreement with our previous
data (Melani et al., 2006), microglial cells have the features of
activated cells, 24 h after focal ischaemia. Slevin et al. (2000)
also reported ERK1/2 activation in microglial cells after brain
focal ischaemia.

In light of the distinct fates of glia and neurons after ischaemia,
it is likely that the same signal might be differentially activated in
different brain areas at the same time after ischaemia according to
cell types expressing it. After MCAo is induced by the suture
technique, in relation to collateral supply, progression of ischaemic
damage first appears in the striatum and thereafter in the cortex
(Garcia et al., 1995a; Melani et al., 1999). In the striatum, the
poor expression of phospho-ERK1/2 in neurons of naive sham-
operated animals and, after MCAo, precocious microglial expres-
sion in comparison to the cortex, may account for the net increase
in phospho-ERK1/2 as detected by Western blot.

The selective A, receptor antagonist
SCH58261 does not modify ERK1/2
MAPK activation

Activation of the ERK1/2 pathway results in activation of
transcriptional activity, leading to cell growth and differentiation
(Boulton et al., 1991; Marshall, 1995; Segal and Greenberg,
1996). However, in post-mitotic cells within the central and
peripheral nervous system, ERK1/2 may play additional roles. In
the MCAo model, pre-treatment with inhibitors of the MEK1/ERK
pathway results in protection of the brain 22-24 h after ischaemic
injury, reducing both brain damage, neurological deficit
(Alessandrini et al., 1999; Namura et al., 2001; Wang et al.,
2003) and IL-1beta expression (Wang et al., 2004). Treatment
of neuronal cultures with the specific MEK inhibitor PD-98059
reduces damage following glutamate (Bading and Greenberg,
1991) or okadic acid (Runden et al., 1998) exposure or
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seizure-like activity (Runden et al., 1998), showing that activation
of the ERK pathway is involved in neuronal death. This suggests
that, although normally involved in cell growth and differentiation,
prolonged activation of the ERK pathway in certain conditions may
be detrimental to survival of neurons. A main cell location of
ERK1/2 is described in neurons, although modifications of ERK1/
2 activation after focal cerebral ischaemia have been reported in
different spatial locations and different cell types (Irving et al.,
2000; Wu et al., 2000; Borsello et al., 2003; Wang et al., 2003).

In this study, we have demonstrated that the A,a receptor
antagonist SCH 58261 does not modify phospho-ERK1/2.
Therefore, modification of the activation of the ERK1/2 pathway
does not help explain the protective effect of A,a receptor
antagonism that is seen 24 h after focal ischaemia.

Conclusions

These results show that protection attained 24h after MCAo,
by repeated post-ischaemic administration of A, receptor antago-
nists, involves reduced activation of JNK MAPK. The adenosine
Aya receptor antagonist reduces activation of JNK mostly in
oligodendrocytes of the ischaemic striatum and protects from
myelin disorganization, as demonstrated by the normalization of
MAG staining in the striatum of treated rats in comparison to
vehicles. Oligodendrocytes are known to be quite vulnerable to
ischaemic stress before the appearance of necrotic neurons
(Pantoni et al., 1996). Suffering probably involves both mature
oligodendrocytes and adult progenitors by reducing the potential
of oligodendrogenesis that might occur in response to demyelina-
tion (see Dubois-Dalcq et al., 2008; Nait-Oumesmar et al., 2008).
Although, therapeutic transplantation and mobilization of endo-
genous precursors to repair the diseased or injured brain are still
in their infancy, drug strategies aimed at overcoming the activity
of glial scar inhibitory molecules that hinder myelin and neuronal
reconstitution, might be valuable in the treatment of ischaemic
stroke (Levine et al.,, 2001). The efficacy of A, receptor
antagonism in reducing activation of JNK MAPK in oligodendro-
cytes suggests a mechanism of protection consisting of scarring
oligodendrocyte inhibitory molecules that can hinder myelin and
neuronal reconstitution.
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