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It is known that the activation of 5-hydroxytryptamine receptor type 1A (5HT1A receptor) may
protect against brain damage induced by transient global ischemia. The biochemical
mechanisms that underlie this neuroprotective effect remain however to be fully elucidated.
Given that serotonergic drugs may regulate N-methyl-D-aspartate (NMDA) receptor function,
which is implicated inevents leading to ischemia-inducedneuronalcell death,andalsostimulate
the expression of brain-derived neurotrophic factor (BDNF), which is down-regulated in cerebral
ischemia,wesought todetermine theeffects of the selective 5-HT1A receptor agonist, 8-hydroxy-
2-(di-n-propylamino)tetralin (8-OH-DPAT), on the levels ofNMDAreceptorNR1subunit andBDNF
in gerbil hippocampus after transient global cerebral ischemia. Pretreatment with 8-OH-DPAT
(1 mg/kg) prevented the neuronal loss in CA1 subfield 72 h after ischemia and also the dramatic
decrease in BDNF immunoreactivity observed in this area at an earlier time. NMDA receptor NR1
levels in whole hippocampus were not affected 24 h after ischemia, but the levels of the subunit
phosphorylatedat theproteinkinaseA (PKA) site, pNR1(Ser897),weresignificantly increased, and
this increase was prevented by the same 8-OH-DPAT dose, a probable consequence of
the increased phosphatase 1 (PP1) enzyme activity found in ischemic gerbils pretreated with
the 5-HT1A receptor agonist. The results indicate that bothNR1 subunit phosphorylation and the
neurotrophin BDNF account, at least in part, for the neuroprotective effect of 8-OH-DPAT on cell
damage induced by global ischemia in the gerbil hippocampus and support the potential interest
of 5-HT1A receptor activation in the search for neuroprotective strategies.
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1. Introduction

Transient ischemia results in a number of neuropathological
changes that lead to severe brain damage, including the
delayed death of neurons in vulnerable areas, such as CA1
subfield of the hippocampus (Kirino, 1982; Pulsinelli et al.,
1982; Uchino et al., 2002). The excessive release of excitatory
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amino acids, especially glutamate, during ischemia plays a
major role in the mediation of ischemic neuronal damage
(Rothman and Olney, 1986) by producing a sustained activa-
tion of postsynaptic ionotropic glutamate receptors with the
consequent rise of intracellular free calcium (Ca2+), initiating a
cascade of metabolic events leading to cell death (Siesjo, 1988;
Choi, 1992).
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Fig. 1 – Representative images of hippocampus; upper row: Nissl-stained sections; lower row: NeuN immunohistochemistry.
A: sham-control animals, B: 24 h after ischemia, C: 72 h after ischemia and D: 72 h after ischemia +8-OH-DPAT. Note the
extensive and localized neuronal loss in CA1 72 h after ischemia (indicated by arrows in C) compared with controls. No
pyramidal neuronal death was observed 24 h after ischemic insult in this area (B). The selective 5-HT1A receptor agonist
protected CA1 against delayed neuronal death (D). Scale bar=250 μm.
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Amajor route for Ca2+ entry into the postsynaptic neuron is
through activation of the N-methyl-D-aspartate (NMDA)
receptors which are directly implicated in events leading to
ischemia-induced delayed neuronal death (Takagi et al., 1997).
The NMDA receptor is formed by a combination of two major
subunits, NR1 andNR2 (Parsons et al., 1998; Swope et al., 1999).
The four types of NR2 subunit do not form functional channels
but rather modulate the properties of heteromeric receptors
consisting of NR1 plus one or more NR2 subunits (Hollmann
Fig. 2 – Representative BDNF immunostained sections of hippoc
20×. A: sham-control animals, B: 24 h after ischemia, C: 24 h afte
treated animals. CA1 pyramidal layer of hippocampus is indicat
immunoreactivity in CA1 pyramidal neurons 24 h after ischemia
insult, but are Nissl and NeuN positive 24 h after ischemia (Fig. 1
time (C). No changes were observed in non ischemic 8-OH-DPAT
row=250 μm. Scale bar lower row=50 μm.
and Heinemann, 1994). NMDA receptors are regulated through
phosphorylation by the kinases PKC and PKA (Leonard and
Hell, 1997; Tingley et al., 1997). In particular, NR1 subunits are
phosphorylated by cAMP-dependent protein kinaseA (PKA) on
Ser897 (Tingley et al., 1997). PKA activation may increase Ca2+

influx through NMDA receptors (Raman et al., 1996), so the
enhanced phosphorylation of NR1 at Ser897may contribute to
alterations in NMDA receptor function in the postischemic
brain which may be related to pathogenic events leading to
ampus at different magnification, upper row: 4×; lower row:
r ischemia +8-OH-DPAT and D: non ischemic 8-OH-DPAT
ed by arrows. Note the marked and localized loss of BDNF
(B) compared with control; these cells die 72 h after ischemic
). Also note that 8-OH-DPAT prevents the BDNF loss at this
treated animals (D) compared with controls. Scale bar upper



Fig. 3 – A. Levels of pNR1 (Ser897) in P2 membrane
preparations from thehippocampus of gerbils killed 24h after
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neuronal death (Cheung et al., 2001). Transient forebrain
ischemia also induces the expression of serine/threonine
protein phosphatase 1 (PP1) mRNA in the vulnerable regions
of the gerbil brain 24 h after bilateral carotid artery occlusion,
as a possible compensatory reaction against hyperphosphor-
ylation (Horiguchi et al., 2002). The selective 5-HT1A receptor
agonist 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT)
and also other 5-HT1A receptor agonists, such as buspirone
and urapidil, inhibit NMDA receptor-mediated ionic currents
(Yuen et al., 2005), attenuate excitotoxicity (Madhavan et al.,
2003) and show neuroprotective properties in models of global
and focal cerebral ischemia in mice, rats and gerbils (Bielen-
berg and Burkhardt, 1990; Prehn et al., 1991; Peruche et al.,
1994; Piera et al., 1995; Torup et al., 2000). Moreover, activation
of 5-HT1A receptors by 8-OH-DPAT reduces PKA and increases
PP1 activity in the hippocampus (Moyano et al., 2004) while,
conversely, the selective 5-HT1A receptor antagonist WAY-
100635 increases PKA and reduces PP1 activity in this brain
region (Schiapparelli et al., 2005).

The neurotrophin brain-derived neurotrophic factor (BDNF)
is abundant in the rodent hippocampus (Wetmore et al., 1990;
Dugich-Djordjevic et al., 1995) and it is generally accepted that
this growth factor, like others, confers protection mainly by
interfering with apoptotic pathways (Leker and Shohami,
2002). A marked reduction in BDNF expression in CA1 area of
the hippocampus has been found 24 h after transient global
cerebral ischemia (Ferrer et al., 1997; Ferrer et al., 1998).
Different neurotrophic factors may prevent cell damage
following transient brain ischemia or injury (Wu, 2005) and,
in particular, much attention has been paid to the neuropro-
tective effects of BDNF in several brain ischemia models (Beck
et al., 1994; Tsukahara et al., 1994; Schabitz et al., 1997;
Yamashita et al., 1997; Schabitz et al., 2000). Both BDNF and
serotonin (5-hydroxytryptamine, 5-HT) are known to regulate
synaptic plasticity and neuronal survival in the adult brain.
These two signals co-regulate one another so 5-HT stimulates
the expression of BDNF, and BDNF enhances the growth and
survival of 5-HT neurons (Mattson et al., 2004). In particular,
both 5-HT and the selective 5HT1A receptor agonist 8-OH-DPAT
are able to produce an increased expression of BDNF mRNA
(Galter and Unsicker, 2000).

Here, we sought to determine the effects of 8-OH-DPAT on
the levels of NMDA receptor NR1 subunit and BDNF in the
gerbil hippocampus after transient ischemia looking for a
correlation with the neuroprotective effect of the 5HT1A re-
ceptor agonist.
carotid arterial occlusion or 8-OH-DPAT administration. The
experimentwasperformed induplicate.Values,means±SEM
of 7 animals or 5–6 animals (all other groups), are expressed
as percentage of optical density (OD) values of sham animals.
It is shown that 8-OH-DPAT prevents the ischemia-induced
increase phosphorylation of NR1 subunit 24 h after the
ischemic insult. ** p<0.01 vs. shamcontrols, (onewayANOVA
followed by Scheffé test). B. Total levels of NR1 in P2
membrane preparations from the hippocampus of gerbils
killed 24 h after ischemia or 8-OH-DPAT administration. The
experimentwasperformed induplicate.Values,means±SEM
of 7 animals or 5–6 animals (all other groups), are expressed
as percentage of optical density (OD) values of sham animals.
No differences were observed (one way ANOVA).
2. Results

2.1. Neuroprotective effect of 8-OH-DPAT in transient global
cerebral ischemia

By using Nissl staining, we initially characterized the pattern
of neuronal death in the CA1 area of the hippocampus in this
model of cerebral ischemia. No neuronal death was observed
24 h after the arterial occlusion, and neuronal loss was found
72 h after ischemia. Animals treated with 8-OH-DPAT (1 mg/
kg) 30 min before arterial occlusion were protected against
pyramidal neuronal loss in CA1 (Fig. 1).
2.2. Prevention by 8-OH-DPAT of the reduction in BDNF
levels after ischemia

In order to ensure that CA1 pyramidal neurons of brain
sections of gerbils subjected to transient global ischemia were
still present 24 h after arterial occlusion, the expression of the
phenotypic marker for neurons, NeuN, in the hippocampus of
the four animals groups was initially studied, and no
differences were observed (Figs. 1A and B).

Inspection of hippocampal sections revealed a marked
reduction of BDNF immunoreactivity in the CA1 area 24 h after
transient global ischemia (Fig. 2B). 8-OH-DPAT protected
against the reduction in BDNF immunoreactivity in gerbils
treated with this selective 5-HT1A receptor agonist 30 min
before transient ischemia (Fig. 2C). There were no significant
differences between the sham-operated and the 8-OH-DPAT-
treated groups. BDNF-labelled neurons were present in areas



Fig. 4 – Phosphatase 1 (PP1) activity in tissue lysates from
the hippocampus of gerbils killed 24 h after carotid arterial
occlusion or 8-OH-DPAT administration. Enzyme activities
are expressed as percentage of sham PP1 activity (2.4±
0.06 pmol/min/μg). The experiment was performed in
duplicate. Values are means±SEM of 7 animals or 5 animals
(all other groups). Ischemia and 8-OH-DPAT increased PP1
activity and this increase was more pronounced in ischemic
animals treated with 8-OH-DPAT. *p<0.05 vs. sham controls,
†p<0.05 vs. ischemia or 8-OH-DPAT treated groups (one way
ANOVA followed by Scheffé test).
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not showing delayed neuronal death 72 h after ischemia, such
as the dentate gyrus and cerebral cortex (Fig. 2).

2.3. Reversion by 8-OH-DPAT of the increased
phosphorylation of NMDA receptor NR1 subunit following
ischemia

Increased levels of the NR1 subunit phosphorylated at Ser897
were found in gerbil hippocampus 24 h after ischemia. 8-OH-
DPAT prevented the ischemia-induced increase in NR1 sub-
unit phosphorylation (Fig. 3A). Total levels of NR1 subunit
remained unchanged in the four experimental groups, indi-
cating that the increase in phosphorylated NR1 subunit found
in ischemic animals was not a consequence of increased NR1
levels (Fig. 3B).

2.4. Effects of ischemia and 8-OH-DPAT on PP1 enzyme
activity

The method for PP1 enzyme activity assays in tissue lysates
was initially validated using the PP1 inhibitor okadaic acid. No
differences were observed between sham-operated and con-
trol animals. Ischemia and 8-OH-DPAT administration
increased PP1 activity; the enzyme activity was higher in
ischemic animals pretreated with 8-OH-DPAT (Fig. 4).
3. Discussion

Activation of serotonin 5HT1A receptors exerts a neuroprotec-
tive effect in different animal models of ischemia. Here we
show that the neuroprotective effect of the 5HT1A agonist, 8-
OH-DPAT, on hippocampal cell damage in the gerbil induced
by transient global ischemia is correlated with a reduced
phosphorylation of the NMDA receptor NR1 subunit along
with a prevention of the marked reduction of hippocampal
BDNF levels elicited by global ischemia.

Serotonin 5-HT1A receptor activation by 8-OH-DPAT has
been associated with neuroprotection against NMDA-induced
apoptotic cell death in cell cultures (Madhavan et al., 2003).
Other studies have shown that 5-HT1A receptor stimulation
protects against ischemic neuronal cell death (Nakata et al.,
1997; Harkany et al., 2001). Although the cellular mechanisms
underlying the neuroprotective effect of 5-HT1A receptor
activation remain unclear, a proposed mechanisms is the
hyperpolarization of pyramidal neurons that inhibits the
excitotoxicity by glutamate after cerebral ischemia (Torup
et al., 2000). Previous studies have shown that 5-HT1A receptor
stimulation canmodulate NMDA receptor-induced Ca2+ influx
(Strosznajder et al., 1996; Matsuyama et al., 1997), and other
reports have provided evidence for functional interactions
between NMDA channels and 5-HT1A receptors (Ross et al.,
1992; Becquet et al., 1993), suggesting that 5-HT1A receptors
may serve as mediators of autoprotective mechanisms of the
brain against the effects of excitatory amino acid overstimula-
tion (Oosterink et al., 1998).

In the present study, we found an increased phosphoryla-
tion of the NMDA receptor NR1 subunit at the PKA phosphor-
ylation site (Ser897) in P2 membrane preparations from the
hippocampus of gerbils killed 24 h after ischemia, a result in
keeping with a previous finding in a rat model of transient
global ischemia (Cheung et al., 2001). Increased phosphoryla-
tion of NR1 by PKA may be caused by ischemia-induced
increases in intracellular Ca2+ levels which may activate Ca2+-
dependent enzymes, among others PKA. A possible activation
of this enzyme by an increase in cAMP levels associated to
ischemia cannot be ruled out (Blomqvist et al., 1985). Given
that enhanced NMDA receptor-mediated excitatory postsy-
naptic currents (EPSCs) by activation of PKA can increase
charge transfer and Ca2+ influx through NMDA receptors
(Raman et al., 1996), and that intracellular Ca2+ overload that
results from glutamatergic NMDA receptor-mediated Ca2+

influx after cerebral ischemia leads to cellular death (Choi,
1995; Leker and Shohami, 2002), it is possible that the
ischemia-induced enhancement in NR1 phosphorylation
play an important role in neuronal death after global cerebral
ischemia. The 5-HT1A receptors are coupled to Gi/Go proteins
to mediate a range of biological effects, especially a negative
modulation of adenylate cyclase and cAMP formation, which
subsequently reduces the phosphorylation of ion channels
and thereby reduces neuronal excitation (Raymond et al., 2001;
Carr et al., 2002). It should be noted that 8-OH-DPAT prevented
the ischemia-induced increase in NR1 subunit phosphoryla-
tion, but total levels of the NR1 subunit remained unchanged,
indicating that the increase in phosphorylated NR1 subunit
was not a consequence of an increase in total NR1 levels.

On the other hand, transient forebrain ischemia enhanced
PP1 mRNA expression in the vulnerable regions of gerbil brain
(CA1) 24 h after bilateral carotid artery occlusion as a possible
reaction against the hyperphosphorylated state, suggesting
that PP1 may play a key role in delayed neuronal death
(Horiguchi et al., 2002). In general, a crucial role in cell survival
has been associated to protein phosphatases (Nuydens et al.,
1998). In the present study, we found, in line with our previous
data (Moyano et al., 2004), that 8-OH-DPAT increased PP1
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activity in the hippocampus of ischemic animals and such an
increase in phosphatase activity may account for the preven-
tion of the ischemia-induced phosphorylation of the NR1
subunit.

In keeping with previous findings (Ferrer et al., 1997; Ferrer
et al., 1998), we found that there was a marked reduction in
BDNF protein expression in the CA1 subfield of hippocampus
24 h after 5 min of transient global cerebral ischemia. As
demonstrated by NeuN-labelling of the same tissue sections,
pyramidal neurons were still present in this area 24 h after the
ischemic insult, indicating that thedecrease inBDNFexpression
was not a result of cellular death, which was not apparent until
72 h after ischemia. Endogenous BDNF plays an important role
in preventing neuronal cell death during development, and
promotes cell survival during stressful conditions such as
ischemia and trauma in the adult brain (Larsson et al., 1999). It
seems consequently that reduction of this neurotrophic factor
leads to the appearance of delayed cell death in this area. The
prevention in the decrease of the neurotrophin BDNF observed
after administration of the selective 5HT1A receptor agonist, 8-
OH-DPAT, might play a crucial role in the protection against
ischemia-induceddelayedpyramidal neuronal death in theCA1
subfield of hippocampus showed by this agonist.

It is known that BDNF and other growth factors confer
protection against cerebral ischemia mainly by both suppres-
sion of apoptotic pathways and activation of anti-apoptotic
pathways (Kaplan and Miller, 2000; Leker and Shohami, 2002).
Global ischemia induces expression of activated caspase-3
(Chen et al., 1998; Namura et al., 1998), which activates a host
of downstream events leading to fragmentation of genomic
DNA, a hallmark of apoptotic cell death (Cohen, 1997;
Nicholson and Thornberry, 1997). It was found (Madhavan
et al., 2003) that NMDA-induced caspase-3 activity and DNA
fragmentation were almost completely blocked by 8-OH-DPAT
in cell cultures, and these protective effects of 8-OH-DPAT
were reversed by pretreatment with the 5-HT1A antagonist N-
[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-N-(2-pyridinyl)
cyclohexane carboxamide (WAY 100635). Serotonin 5-HT1A

receptor stimulation could then represent a useful therapeutic
approach for modulating apoptotic processes in neurodegen-
erative processes.

The anti-apoptotic properties of 5-HT1A receptor stimula-
tion against excitotoxic insult aswell as the protective effect of
8-OH-DPAT on ischemia-induced hippocampal cell damage
found in our study might to be related, among others, to a
facilitation of the anti-apoptotic effect of neurotrophin BDNF.
In addition to the potential effect on cell survival, BDNF may
also have a role in tissue regeneration and it seems that
surviving BDNF containing neurons participate in synaptic
remodelling of the damaged hippocampus following transient
forebrain ischemia in the gerbil (Ferrer et al., 1997). It is known
that 5-HT and BDNF often function in a cooperativemanner to
regulate neuronal plasticity and survival. Activation of 5-HT
receptors coupled to cAMP production and CREB activation
can induce transcription of the BDNF gene but also, interest-
ingly, it was found that serotonin acting on 5-HT1A auto-
receptors increases BDNF expression (Galter and Unsicker,
2000). Conversely, BDNF can stimulate the growth and
sprouting of 5-HT neuron axons innervating the cerebral
cortex, presumably increasing the number of 5-HT synapses in
this brain region (Mattson et al., 2004). Recent research has
identified BDNF and serotonin as two prominent signals that
act in concert to regulate aspects of neural plasticity in
multiple brain regions.

Overall, the present results suggest that the NMDA receptor
NR1 subunit and BDNF are implicated in the neuroprotective
effects of the selective 5-HT1A receptor agonist, 8-OH-DPAT,
against CA1 neurons apoptotic death after transient global
cerebral ischemia. 5-HT1A receptors seem to be a promising
target for the development of neuroprotective agents designed
to interferewith excitotoxic and apoptotic cell death processes
in the postischemic brain.
4. Experimental procedure

4.1. Animals and experimental design

Adult male Mongolian gerbils (11–12 weeks of age; Harlan,
Barcelona, Spain) weighing 60–65 gwere used for these studies
and divided into five groups: controls (n=15), animals
subjected to 5 min of global cerebral ischemia (n=20; see
below), sham controls (n=20), animals subjected to ischemia
and treated with 8-OH-DPAT (1 mg/kg sc) 30 min before
ischemia (n=20) and animals treated only with 8-OH-DPAT
(n=20). The gerbils were sacrificed 24–72 h later. One third of
the animals was used to measure protein levels by Western
blotting, another third for enzyme assay activity, and the rest
for immunohistochemistry. Procedures involving animals
were in accordance with the guidelines established by the
normative of the European Community of November 24, 1986
(86/609/EEC).

4.2. Transient global cerebral ischemia

Gerbils were anesthetized with Equithesin (chloral hydrate
4.26%, sodium pentobarbital 0.96% and magnesium sulfate
2.12%, in aqueous solution with 9.5% ethanol), 3 ml/kg ip
(Gaese and Ostwald, 1995, 2001). After a medial neck incision,
both common carotid arteries (CCAs) were exposed and
occluded with aneurysm clips for 5 min. The clips were then
removed to restore cerebral blood flow. The rectal temperature
was controlledwith a heating blanket to prevent hypothermia.
Only animals showing a restless behaviour with continuous
circling for about 9 h after ischemia were considered in this
study. Sham-operated animals were treated identically,
except that the CCAswere not occluded after the neck incision
and carotid exposition.

4.3. Fixation and tissue processing

For immunohistochemistry, gerbils were anaesthetized as
above and perfused transcardially with saline followed by 4%
paraformaldehyde in phosphate-buffered saline (PBS). The
brains were removed and cryoprotected in 30% sucrose
solution in phosphate buffer (PB) overnight. Microtome
sections (30-μm-thick) were cut coronally through the entire
hippocampus, collected free-floating and stored in 30%
ethylene glycol, 30% glycerol, and 0.1 M PB at −20°C until
processed for immunostaining. Some sections were processed
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for staining with thionin (Nissl staining) for histological
assessment of damage. For biochemical studies animals
were killed by decapitation, the brains were removed and
immediately frozen in isopentane/dry ice.

4.4. Immunohistochemistry

For BDNF immunostaining free-floating sections (4 per
animal) were first washed in three changes of PBS 0.1 M (pH
7.4) and treated with 0.3% hydrogen peroxide in methanol to
eliminate endogenous peroxidase activity. Sections where
then washed in 0.05 M Tris-buffered saline (TBS) containing
0.3% Triton X-100 at pH 8.0 (TBS-Tx) and preincubated for 1 h
in 5% normal goat serum in TBS-Tx at room temperature.
Afterwards, the sections were incubated for 60 h at 4 °C with
the primary antibody, rabbit polyclonal anti-Brain Derived
Neurotrophic Factor (1:1500; Chemicon), in the same preincu-
bation solution and then washed three times for 10 min each
in TBS-Tx and incubated with the secondary antibody,
biotinylated goat-anti-rabbit (1:300; Vector Lab.), for 2 h.
Sections were again rinsed in TBS-Tx three times and the
subsequent visualization procedure was performed by the
avidin-biotin complex (ABC) method (Vectastain ABC Kit;
Vector Lab.) with diaminobenzidine (DAB) as chromogen
(peroxidase substrate kit, Vector Lab.). Sections weremounted
on super frost plus slides, air dried for 24 h, dehydrated,
cleared with xylene and cover-slipped with DPX mounting
medium.

For NeuN immunostaining, free-floating sections (2 per
animal) were rinsed in several changes of PBS 0.1 M (pH 7.4),
treated with 1% hydrogen peroxide in PBS during 15 min,
preincubated for 2 h in blocking solution (PBS 0.1 M, pH 7.4,
containing 0.3% Triton X-100, 2% normal goat serum and 0.1%
BSA) and then incubated overnight at 4 °C with the primary
antibody, mouse monoclonal anti-NeuN (1:200; Chemicon) in
blocking solution. The sections were thenwashed in PBS three
times and incubated with the secondary antibody, biotiny-
lated goat-anti-mouse (1:200; Vector Lab.), for 2 h at room
temperature. The subsequent visualization and mounting
procedures were performed as above.

To ensure comparable immunostaining, sections were
processed together at the same time under the same condi-
tions. For the assessment of non-specific immunostaining,
sections from each experimental group were incubated with-
out the primary antibodies. In this case no immunostaining
was observed.

4.5. Production of protein extracts

To obtain P2 membrane proteins, the hippocampus was
homogenized in ice-cold 10 mM Tris–HCl (pH 7.4)/5 mM
EDTA buffer containing 320 mM sucrose, protease inhibitors
(0.1 mM phenylmethylsulfonyl fluoride, 1 mM EGTA, 5 μg/mL
aprotinin, 5 μg/mL leupeptin) and phosphatase inhibitors
(0.1 mM Na3 VO4, 1 mM NaF) and centrifuged at 700 g for
10 min. The supernatant was centrifuged again at 37000 g for
40 min at 4 °C and the pellet (P2) was resuspended in 10 mM
Tris–HCl (pH 7.4) in the presence of the indicated enzyme
inhibitors (Dunah et al., 2000). The protein concentration was
determined using the Bio-Rad protein assay with bovine
serum albumin as standard and the aliquots were frozen at
−80 °C. ForWestern blot analysis, aliquots of the P2membrane
preparation were solubilized in denaturing conditions by
adding 0.1 volumes of 20% sodium dodecyl sulphate (SDS)
containing 50% β-mercaptoethanol and boiled for 5 min. The
denatured preparations were diluted 20-fold in 50 mM Tris
−HCl (pH 7.4)/0.1% Triton X-100 buffer in the presence of
protease and phosphatase inhibitors and centrifuged at
37000 g for 10 min at 4 °C. The supernatant was used for
immunoblotting.

4.6. Western blotting

Solubilized membrane enriched proteins were separated
onto 10% SDS-polyacrylamide gels. Samples were diluted in
an equal volume of electrophoresis buffer and boiled for
5 min. Proteins were transferred to a nitrocellulose mem-
brane (Hybond ECL, Amersham Biosciences) using a trans-
Blot® SD semidry (Bio-Rad) system for 30 min at 12 V. The
membranes were blocked with 5% milk, 0.05% Tween-20 in
PBS followed by overnight incubation with the primary
antibodies, rabbit anti-pNR1 (Ser897) and rabbit anti-NR1
(both for Upstate Biotechnology, dilution 1:500), in the cor-
responding buffer. Membranes were washed three times in
PBS/Tween-20 at room temperature, and horseradish perox-
idase-conjugated anti-rabbit antibody (Dako, dilution 1:1500)
was added and incubated for 60 min. Following two washes
in PBS/Tween-20 and one in PBS alone, immunolabelled pro-
tein bands were detected using an enhanced chemiluminis-
cence system (ECL Amersham Biosciences), following
an autoradiographic exposure to Hyper-film™ ECL (Amer-
sham Biosciences). The quantification of signals was deter-
mined by densitometry using the program ImageMaster I-D
(Pharmacia).

4.7. Phosphatase 1 assay

PP1 activity was measured in tissue lysates using the ‘Protein
Serine/Threonine Phosphatase (PSP) Assay Kit’ (BioLabs),
which quantifies the release of inorganic phosphate from a
labelled protein. The substrate used was myelin basic protein,
labelled with [γ-32P]ATP following the kit recommendations.
Ten μg of tissue lysate, prepared without phosphatase
inhibitors, were added to 30 μl of assay buffer containing
2 nm okadaic acid and 50 μm FK-506 as PP2A and calcineurin
inhibitors, respectively. After a preincubation for 5 min at
30 °C, the reaction was started by adding 10 μl of substrate and
incubated for 10 min at 30 °C. The reaction was terminated by
adding 200 μl of cold 20% trichloroacetic acid and, after
centrifugation at 12000 g, radioactivity was counted in the
supernatant using the BCS Scintillation Cocktail (Amersham
Biosciences). Activity of PP1 was expressed as pmol of
phosphate released from labelled myelin basic protein/min/
μg protein (Schiapparelli et al., 2005).

4.8. Statistical analysis

Results, reported as means±SEM, were analyzed using one
way ANOVA, and post hoc comparisons were made using the
Scheffé test.
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