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ABSTRACT

Antipsychotics are the drugs of choice for the treatment of
schizophrenia. Besides blocking monoamine receptors, thase
miolacules affect intracellular signaling mechanisms, resulting in
long-tarm synaptic alterations. Westam blot analysis was used
to investigate the effect of long-term administration (14 days)
with the typical antipsychotic haloperidol and the atypical olan-
zapine on the exprassion and phosphorylation state of extra-
callular signal-related kinases (ERKs) 1 and 2 (ERK1/2), protains
imvolhved in the requilation of multiple intracellular signaling cas-
cades. A single injection of both drugs produced an overall
decrease in ERK1/2 phosphorylation in differant subcellular
compartmeants. Conversely, long-term treatment with olanzap-
ineg, but not halopandol, increased ERK1/2 phosphorylation in
the prafrontal cortex in a compartmeant-speciiic and time-de-

pendent fashion. In fact, ERK1/2 phosphorylation was elevated
in the nuclear and cytosolic fractions 2 h after the last drug
administration, whereas it was enhanced only in the mambrane
fraction when the animals were Killad 24 h after the last injec-
tion. This effect might be the result of an activation of the
mitogen-activated protein kinase pathway, becausa the phos-
phorylation of axiracellular signal-regulated kinase kinass 1/2
was also increased by long-term olanzapine administration.
Our data demonstrate that long-term exposure to olanzaping
dynamically requiates ERK1/2 phosphorylation in differant sub-
callular compartmeants, revealing a novel mechanism of action
for this atypical agent and pointing to temporally separated
locations of signaling events mediatad by these kinasas after
long-term olanzapine administration.

Antipsycholtic drugs represent the mamstay of pharmaco-
therapy for schizophrenia. Whereas first-generation (typical)
drugs are mainly effective for positive symptoms, atypical
apents also improve negative symptoms and cogmitive dete-
rioration (Keefe ot al, 2008). Although these drugs act
through the short-term blockade of several neurotransmtter
recepltors, functional recovenng of schizophrenic patients de-
velopa over time, implying that neurcadaptive changes take
place 1n selected brain regons (Meltzer, 1991). One possible
target of the action of antipaychotic drugs might be repre-
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sented by intracellular signaling pathways governing infor-
mation shuffling from the synaptic cleft to the nocleus.

It has been shown that patients with schizophrenia have
altered brain expression andfor phosphorylation of B-catenin
and AKT-glycogen synthase kinase-3 (Cotter et al., 1998;
Koxloveky et al., 2000; Beasley et al., 2001; Emaman et al.,
2004). The relevance of these pathways to schizophrenia 15
corroborated by the evidence that antipsycholics increase
levels andfor the activation state of these proteins mn the
brain of experimental animals (Emamian et al., 2004; Kang
et al., 2004; Alimohamad et al., 2005) regardless of the ther-
apeutic clase. In addition, antipsychotics regulate cAMP-de-
pendent protein kinase-mediated signaling in different rat
cerebral regions (Turalba et al., 2004).

Recent data have shown that the MAP kinase pathway
might also be modulated by short-term adminstration of

ABBREVIATIONS: ERK1/2, extracellular signal-requlated kinase 1/2; MEK1/2, extracellular signal-regulated kinase kinase 1/2;, MAP, mitogen-
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antipaychotics (Pozzi et al., 2003; Valjent et al., 2004; Brown-
ing et al., 2005). Mitopen-activated protein kinase and extra-
cellular sipnal-repulated kinase (ERK) represent a critical
crossroad of multiple mipnaling cascades involved in the rep-

ulation of different cellular processes spanning from cell pro-
Iiferation, differentiation, and survival (Schaeffer and We-

ber, 1999; Colucci-I¥Amato et al., 2003; Sweatt, 2004) to
synaptic plasticity and cognition (Valjent et al., 2001; Adams
and Sweatt, 2002; Thomas and Hugamr, 2004 ).

Because these proteins operate as multifunctional signal-
ing integrators involved in the regulation of gene transenp-
tion (Sweatt, 2004), we investigated whether long-term ad-
ministration of antipeychotics could alter thewr expression
and phosphorylation state in the prefrontal cortex, a remon
that contributes most to the copnitive impairments observed
in patients with schizophrema (Weimnberger et al | 2001).

Our results show that long-term treatment with the atyp-
ical antipsychobic olanzapine has specific modulatory effects
on ERK1/2 phosphorylation that might account for the 1m-
provements in cognitive symptoms of schzophrena produced
by the drug.

Materials and Methods

Malterials. General reagents were purchased from Sipma-Aldrich
(Milano, Italy)y, and molecular biokogy reagents were obtained from
Ambion (Austin, TX), New England Hiolabs (Beverly, MA) and Pro-
mega (Milan, Italy). Olanzapine wasa obtained from Eli Lilly (Sesto
Fuwrenting, Italyy, haloperidol was purchased from Sigma-Aldrich.

Animal Treatment and Drog Paradigms. Male Sprague-Daw-
bey rats (Charles River, Caleo, Italy)y weighing 225 to 250 g were used
throughout the sxperiments. Animals were housed for 2 weeks be-
fore any treatment and were maintained under a 12-h light/dark
cyele with food and water available ad libitum.

For the short-term trestment, animals received a single injection
only of either wehicle (saline), haloperidol (1 mg'kg), or olanxapine (2
mg'kg) and were killed by decapitation 30 min or 2 h later. For the
hng-term treatment, rats were injected daily with the drogs for 14
days and were killed 2 or 24 h after the last drog inpection. Vehicle,
haloperidol, and olanzapine were sdministered by subcutaneous in-
jection. Although appropriste drug dosing in rats s conbroversial, in
our experiments, drug doses were chosen in accordance with pob-
lished protocols (Schotie el al., 1996, Bobser and Deutch, 2002;
Kapur of al, 2003). All animal handling and experimental proce-
dures were performed in accordance with the EC guidelines (EC
Couneil Directive 86609 1987) and with the Italian legislation on
animal experimentation (Decreto Legislative 11642),

Preparation of Protein Extracts. Prefrontal cortex (approxi-
mataly weight, 8 mg) was dizsected from 2-mm slices {prefrontal
cortex defined as Cgl, Cpld, and 1L subregions, corresponding to the
plates &9 of the atlas of Paxinos and Watson, 1996), immediataly
fromen on dry ice, and stored at —80°C. Different subeellular frae-
tions were prepared a3 deseribed previously (Maragnoli of al., 2004
Tissuss were homogenized in a glass-glass potler in cold 032 M
sucrose containing 1 mM HEPES solution, 0.1 mM EGTA, and 0.1
mM phenyimethylsulfonyl flucride, pH 7.4, in presence of 8 complete
gel of protease inhitators and a phosphatase inhibitor cocktail. The
homogenixzed tizsue was centrifuged at S for 10 min. The resalt-
ing pellet (P1), corresponding to the noclear fraction, was resus-
pended in a buffer (20 mM HEPES, 0.1 mM dithiothreitol, and 0.1
mM EGTA) with prolesse and phosphatase inhibitors; the superna-
tant (51) was centrifuged at 900dg for 15 min to obtain a clarfied
fraction of cytosalic profeins (52), and the pellet, corresponding to the
membrane fraction (P2), was resuspended in the same buffer uwsed
for P1. Total protein content was measured in the P1, 52, and P2
fractions with the Bio-Rad Prolein Azsay (Bio-Rad, Milano, Italy)
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Western Blot Analysis. ERK 12 protein analyais was performed
on P1, 52, and P2 fractions as described previously (Fumagalli et al.,
2005). Tolal protein concentrations were adjusied to the same
amount for all samples (10 pg per lane). All of the samples were run
on an SDE-3% polyacrylamide gel under reducing conditions, and
profeins were then elecirophoretically transferred onte nitroeello-
lose membranes (Bio-Had). Bloks were blocked with 10%: nonfat dry
milk and then incubated with primary antibody. The blots were firat
probed with antibodies against the phosphorylated forms of the
profein and then stripped and reprobed with antibodies against total
profeins of same type. ERK1 and ERK2 native forms were detected
by evaluating the band density at 44 and 42 kDa, respectively, after
probing with a polyelonal antibody (1:10 000, 2 h, room temperature)
{Banta Cruz Biolechnology, Santa Crux, CA). Membranes were in-
cabated for 1 h at room temperature with a 110,000 dilution of
peroxidase-conjugated anbi-rabbit gl (Sigma-Aldrich). ERK1 and
ERKZ phosphorylated forms were detected by evaluating the band
density at 44 and 42 kDa, respactively, after probing with a mono-
clonal antibody (1:10,008, 4°C, overnight) (Santa Cruz Biotechnol-
ogv). Mambranes were incubated for 1 b with a 1:10,000 dilution of
peroxidase-conjugated anti-mounse g (Sigma-Aldrich).

MEEK1/2 native form was delected by evaluating the hand density
at 45 ks after probing with a polyclonal antibody (1:5000, 2 h, rommn
temperature) (Cell Signaling Technology). Membranes wers incuo-
bated for 1 h at room temperatore with a 125000 dilution of perog-
dase-conjugated anti-rabbit Igc (Cell Signaling Technology).
MERK1/2 phosphorylated form was detected by evaluating the band
density at 45 klba after probing with a polyelonal antibody (11000,
4°C, overnight) (Cell Signaling Technology). Membranes were incu-
bated for 1 b at room temperatore with a 1:1000 dilution of perog-
dase-conjugated anti-rabbit gl (Cell Signaling Technology).

ERK1 and ERK2 phosphorylated immunocomplexes were visual-
ized by chemiluminescence using the Superdignal West Fembo
{Pieree Chemieal, Rockford, IL), wheress MER1/2 phosphorylated
immunotHnplexes were detected wsing the ECL Western Blotting kit
{Amersham Life Scienee, Milana, [taly). ERK1, ERKZ, and MEK1/2
native immunacomplexes were visualized by chemiluminescenes us-
ing the ECL Western Blotfing kit (Amersham Life Science) according
to the manufacturer's instroctiona.

Results were standardized to a g-actin control protein, which was
detected by evaluating the band density at 43 kla after probing with
a polyclonal antibody with a 110,000 dilution (Sigma-Aldrich). Mem-
branes weore incubated for 1 h at room temperatore with a 1:10,000
dilution of perocidase-conjugated anti-mouse IgG (Sigma-Aldrich).

Statistical Analysis. Expression and phosphorylation state of
ERK1/2 were measured using the Quantity One software from Bio-
Rad. The mean value of the conbrol proup within a single experiment
was seb at 100, and the data of animals injected with olanzapine or
haloperidol were expressed as “percentages™ of saline-treated ani-
mala. The phosphorylation of ERK1/2 was expressed as a ratio be-
tween phosphorylated ERKs and total ERKs (pEREafiERKs). The
total levels of ERRa were normalized with g-actin (ERKs/g-actin.
The same analysiz was carried out for the expression and phosphor-
ylation state of MEK1/2.

Statistical evaluation of the changes produced by antipsychotic
treatment on the phosphorylation state or expression of targels
profeins was performed uwsing a one-way analysis of varianee
(ANOVA) followed by Scheffé's F best. Significance for all tests was
aasumed ab p < 0.05.

Resulis

The major aim of the present study was to examine the
subeellular expression and phosphorylation state of ERK1/2
in rat prefrontal cortex after treatment with the typical an-
tipaychotic halopenidol and the atypical olanzapine. The pu-
rity of cellular compartment preparation was demonstrated
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previously (Fumagall et al., 2005). Both ERK isoforms were
revealed by Western blot analysis, with 3 more intense 1m-
munaoreactivity for ERK2.

We first analyzed the short-term modulation of ERK ex-
pression and phosphorylation by both antipsychoties, killing
the animals 30 min and 2 h after drug treatment. Owerall,
short-term treatment with antipsychotics showed a peneral-
1zed decrease of ERKL2 phosphorylation, although subile
differences can be detected. In the nuclear fraction, haloper-
1dol and olanzapine significantly reduced ERK1/2 phosphor-
ylation 30 min 'I_hﬂ.ltlp-Er.il:ll:I]: ERK]1 = —30%, p < 0.05 and

ERK2 = —29%, p < 0.05; olanzapine: ERK1 = —25%, p <
0.05, ERK2 = —25%, p < I].ﬂﬂ] and 2 h {halc-p-e-:i-:l-:l]: ERK]1 =

44%, p < 0.05 and ERK2 = —34%, p < h; olanzapine:
ERK1 = —51%, p < 0.05, ERK2 = —35 *5{-. p = 0.05) after

mmjection (Fig. 1, a and ¢). In the cytosohe compartment, the
two antipsychotics did not produce any change 1n ERK1/2
phosphorylation 30 min afier imjection, whereas both drugs
sipnificantly decreased ERK2 phosphorylation (halopen-
dol = —32%, p <2 0.05; olanzapine = —33%, p < 0.05), with a
tendency toward a decrease for ERK1 2 h after drug treat-
ment (Fig. le). A sumilar trend was also detected n the
membrane fraction, at both of the time points Investipated,
although a statistically sigmificant reduction was only found
for ERK2 phosphorylation after clanzapine injection (—25%,
p < 0.05) when examined 2 h after injection.

Although 30 min after adminstration of both drugs total
levels of ERK1/2 were not changed (Fig. 1b), single injection
of olanzapine mcreased total ERK1/2 levels in the nucleus,
with a concomitant decrease of their levels in the cytosol 2 h
later (Fig. 1d). Conversely, at this time pomnt, the short-term
admimstration of haloperidol did not preduce any sigmificant
change of the levels for both ERK 1soforms in any cellular
compartments.

We then performed two different long-term treatments (14
days) with haloperidol and clanzapine that could be distin-
guished on the basis of the time of sacrifice from the last
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injection. We reasoned that these distinet expenmental par-
adigms could allow us to dissect between mechamnisms di-
rectly related to (2 h) and those independent from (24 h) the
last drup admimistration.

Figure 2a shows a representative immunoblotting demon-
strating the increased ERK1/2 phosphorylation 2 h after the
last imection of a 2-week treatment with olanzapine 1n rat
prefrontal cortex. Quantitative analysiz demonstrated that
long-term treatment with olanzapine sipmificantly enhanced
ERK1 (+58%, p < 0.01) and ERK2 (+35%, p < 0.01) phos-
phorylation in the nuclear fraction of thes hIaLrL region (Fig.
2h), whereas 1n the cytosolhic fraction, the increase was re-
stnicted to ERK2 (+25%, p <= 0.05) I:Flg 2b). Conversely,

long-term haloperidol treatment did not eheit any siprificant
change of ERK1/2 phosphorylation in the noclear or in the
eytosolie fractions (Fig. 2b). Furthermore, at this ime point,
phosphorylation of ERK1/2 1soforms was nol changed after
long-term haloperidol or olanzapine 1in the membrane frac-
tion (Fig. 2b). No changes were measured in the total levels of
ERK soforms with either drugs in the different subcellular
fractions (Fig. 2c).

When the ammals were killed 24 h after the last drug
injection, olanzapine, but not haloperidol, up—ret::ulated
ERK1 and ERK2 phosphorylation (+58%, p < 0.05 and
+ 68%, p < 0.05, respectively) only in the membrﬂle fraction,
whereas 1n the nuclear or cytosolic compartments, the levels
of ERK1/2 phosphorylation decayed back to control level (Fig.

3b). Mo changes were measured in these experimental con-
ditions 1n the total levels of ERK 1soforms with either drugs
in the different fractions examined (Fig. 3c).

To dissect out the molecular mechanisms underlying mn-
creased ERK1/2 phosphorylation produced by long-term
olanzapine treatment, we analyzed the expression and phos-
phorylation state of MEKL/2, a kinase upstream of ERK1/2.
The analyeis of MEK1L/2 phosphorylation in the cytosol, the
subcellular compartment i which MEK1/2 = primarnly lo-
cated and enrnched, revealed that olanzapine sipmificantly

Fig. 1. Efect of shori-term
treatment with holopendol or
olanzapne on EREN2 i mi
refrontal cortex. The phos-
phorylation (o amd c) and ex-
pression (b and d) of ERE /2
were investigated n ammals
that receved a single 1njection
of halopendol (1 i ar olan-
N uu:IE hﬂﬁtﬂl were
k Eﬂﬂ-ﬂmm[n:lnﬂl:]n-rzhlfc
and d} later. The mean volue of
the control group was ==t at
10}, nrwd the dats of anemals in-
pected with haloperidol or olan-
MpINe Were resseid ns
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