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Abstract

Repeated administrations of NMDA receptor antagonists induce behavioural changes which resemble the

symptoms of schizophrenia in animals. ERK and GSK-3b associated signalling pathways have been

implicated in the pathogenesis of psychosis and in the action mechanisms of various psychotropic agents.

Here, we observed the phosphorylations of ERK and GSK-3b and related molecules in the rat frontal

cortex after repeated intraperitoneal injections of MK-801, over periods of 1, 5, and 10 d. Repeated treat-

ment with 0.5, 1, and 2 mg/kgMK-801 increased the phosphorylation levels of the MEK-ERK-p90RSK and

Akt-GSK-3b pathways and concomitantly and significantly increased CREB phosphorylation in the rat

frontal cortex. However, single MK-801 treatment did not induce these significant changes. In addition,

the immunoreactivities of HSP72, Bax, and PARP were not altered, which suggests that neuronal damage

may not occur in the rat frontal cortex in response to chronic MK-801 treatment. These findings suggest

that chronic exposure to MK-801 may induce pro-survival and anti-apoptotic activity without significant

neuronal damage in the rat frontal cortex. Moreover, this adaptive change might be associated with the

psychotomimetic action of MK-801.
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Introduction

MK-801 is a non-competitive, selective NMDA recep-

tor antagonist, and has been demonstrated to induce

psychotomimetic behaviour in rodents. The single

administration of an NMDA receptor antagonist was

found to result in acute psychotomimetic behavioural

effects, including locomotor activity and stereotypy

(Andine et al., 1995). On the other hand, prolonged

treatment of rats with NMDA receptor antagonists

were found to induce behavioural effects, which are

consistent with the cognitive deficits and negative

symptoms of schizophrenia, and sensitized psychoto-

mimetic behaviour. Therefore, the chronic exposure of

rats to NMDA receptor antagonist may provide a

more appropriate animal model than acute exposure

since it results in adaptive responses that model in

certain aspects of the schizophrenic state in humans

(Jentsch and Roth, 1999).

NMDA receptor antagonists induce functional

alterations in the brain, and the NMDA receptor

hypofunctional state induces aberrations in the

GABAergic, serotonergic, adrenergic, and dopamin-

ergic neurotransmission systems (Farber, 2003), and

chronic exposure to phencyclidine (PCP) has been

reported to generate compensatory hyperfunctional

NMDA receptors (Yu et al., 2002). Blood flow, dopa-

mine neurotransmission, and glucose utilization,

which together represent brain functional activity, can
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also be influenced by NMDA receptor antagonist

treatment (Jentsch and Roth, 1999). On the other hand,

NMDA receptor antagonists also affect the fates of

neuronal cells. Although many studies have indicated

that neuronal damage occurs in response to NMDA

receptor antagonists (Carter et al., 2004 ; Sharp et al.,

1991 ; Tomitaka et al., 2000), NMDA receptor antag-

onists can also protect neurons from various stimuli

including excitotoxicity (Molinuevo et al., 2005;

Thomas and Kuhn, 2005). Moreover, these functional

and structural changes induced by NMDA receptor

antagonists can result from the actions of intracellular

signalling pathways. However, the action mechanisms

of NMDA receptor antagonists on intracellular sig-

nalling pathways in vivo, altering the activity of neural

system has yet to be clarified.

Although the intracellular mechanisms underlying

the psychotomimetic effects of NMDA antagonists

remain poorly understood, the Ras-MAPK kinase

(MEK)-MAPK and the PI3 kinase-Akt-GSK-3b signal-

ling pathways have been suggested to be the primary

signalling pathways exploited by NMDA receptors

(Grewal et al., 1999 ; Zhu et al., 2005). It has been

reported that ERK1/2 and Akt can be activated by

NMDA receptor activation, and that MK-801 treat-

ment reduces the phosphorylation levels of ERK1/2

and Akt in cortical neuronal cultures (Bading and

Greenberg, 1991; Chandler et al., 2001; Sutton and

Chandler, 2002).

The Ras-MAPK kinase (MEK)-MAPK and the PI3

kinase-Akt-GSK-3b signalling pathways have been

implicated in both the pathogenesis and in the thera-

peutic mechanisms associated with the treatment

of psychosis. Reduced protein levels and GSK-3b

activities in the frontal cortex (Beasley et al., 2001;

Kozlovsky et al., 2001), and increased ERK2 protein

and mRNA levels in the thalamus (Kyosseva, 2004)

have been revealed by post-mortem studies of

schizophrenia. The pathway involving GSK-3b was

also suggested to be a common signalling pathway

on which various psychotomimetic agents act

(Svenningsson et al., 2003). Moreover, antipsychotics

such as clozapine and olanzapine, and electro-

convulsive shock treatment (ECS) have been shown to

increase the phosphorylation of GSK-3b and ERK in

both cell lines and in rat brains (Browning et al., 2005;

Kang et al., 2004 ; Lu et al., 2004 ; Roh et al., 2003).

Recently, our group reported that a single treat-

ment with MK-801 results in acute dose-dependent

phosphorylation changes in the Akt-GSK-3b and

c-Raf-MEK-ERK signalling pathways in the rat frontal

cortex, and associated these phosphorylation changes

with the behavioural changes induced by MK-801

(Ahn et al., 2005a,b). Although the evaluation of

possible changes in these pathways after repeated

applications of MK-801, will provide necessary infor-

mation regarding the intracellular mechanisms

underlying the psychotomimetic effects exerted by

MK-801, it cannot be expanded from the results of

acute experiments alone (Jentsch and Roth, 1999).

In this study, we observed changes in GSK-3b and

ERK1/2 related molecules in the rat frontal cortex

after repeated intraperitoneal (i.p.) injections of 0.5, 1,

and 2 mg/kg MK-801. Changes in these pathways can

be associated with alterations in the fates of neuronal

cells and with altered brain functional activities

induced by repeated MK-801 treatment. Here, we

found that chronic MK-801 treatment up-regulates the

Akt-GSK-3b and MEK-ERK-p90RSK pathways and

concurrently activates CREB in the rat frontal cortex.

These findings suggest that the pro-survival activity of

signalling pathways is enhanced by chronic exposure

to MK-801.

Materials and Methods

Animals and drug treatment

Male Sprague–Dawley rats (150–200 g) were separ-

ated into groups (described below), and maintained

on a 12-h light–dark cycle with food and water

available ad libitum. All animal treatments were con-

sistent with the protocols described in the NIH Guide

for the Care and Use of Laboratory Animals. MK-801

(Tocris, St. Louis, MO, USA), dissolved in normal

saline was administered by i.p. injection to treated

animals, whereas saline-treated control (Vehicle)

animals received injections containing equivalent

volumes of normal saline. Sham (Normal control)

animals were treated in precisely the same way but

were not injected intraperitoneally.

MK-801 dosages were decided upon based on our

previous acute experimental findings (Ahn et al.,

2005a,b). In our previous acute experiments, MK-801

dosages of 0.5, 1, and 2 mg/kg induce different levels

of psychotomimetic behavioural change. In the frontal

cortex, MK-801 at 0.5 mg/kg increased Akt-GSK-3b

phosphorylation, but reduced MEK1/2-ERK1/2

phosphorylation at 1 h after a single MK-801 injection.

MK-801 at 1 mg/kg also induced the same pattern of

phosphorylation changes, with maximal Akt-GSK-3b

phosphorylation. However, 2 mg/kgMK-801 elevated

the phosphorylation levels of Akt-GSK-3b and MEK1/

2-ERK1/2. Therefore, we attempted to determine the

effects of 0.5, 1, and 2 mg/kg MK-801 on GSK-3b- and

ERK-related molecules in the rat frontal cortex after

repeated MK-801 treatment.
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Rats were given a single injection (of MK-801 or

normal saline) or repeated injections (of MK-801 or

normal saline) for 5 or 10 consecutive days (one injec-

tion per day at the same time of the day) [abbreviation:

1r (single injection), 5r, and 10r (repeated injec-

tions)]. Animals were sacrificed by decapitation 24 h

after final injections to examine chronic changes and

rat frontal cortices were excised and immediately (<2

min) frozen in liquid nitrogen to exclude the possible

confounding effect of GSK-3 phosphorylation changes

(Li et al., 2005) until required for analysis.

Western blot analysis

Whole extracts of frontal cortex were used for Western

blot analysis. Frontal cortices were immediately

homogenized in RIPA(+) (0.1% SDS, 1.0% Triton,

1.0% deoxycholate, 0.1% NaN3 in PBS) containing

5 mm DTT, 1% protease inhibitor cocktail (Sigma-

Aldrich, St. Louis, MO, USA), and 1 mm PMSF

(Sigma-Aldrich) for 15 min at 4 xC. Protein concen-

trations were quantified using a Bio-Rad protein assay

kit (Bio-Rad Laboratories, Hercules, CA, USA). Homo-

genates were then centrifuged, and supernatants were

boiled in Laemmli’s sample buffer. Equal quantities of

proteins were separated by SDS–polyacrylamide gel

electrophoresis (SDS–PAGE), and the resulting gels

were then either stained with Coomassie Blue, or

transferred to nitrocellulose membranes (Bio-Rad

Laboratories). For Western blotting, membranes were

blocked with 5% skim milk in TBS-T (0.1% Tween-20

in TBS) for 1 h at room temperature, on a shaker and

then incubated with anti-actin (Sigma-Aldrich), anti-

phospho-GSK-3 (Tyr216 of GSK-3b/Tyr297 of GSK-

3a) (Upstate Biotechnology, Lake Placid, NY, USA),

anti-HSP72 (C92, StressGen, Victoria, BC, Canada),

anti-GSK-3, anti-CREB, anti-ERK1/2, anti-MEK1/2,

anti-c-Raf, anti-p90RSK, anti-Bax (Santa Cruz Bio-

technology, Santa Cruz, CA, USA), anti-PARPP,

anti-phospho-GSK-3b (Ser9), anti-phospho-GSK-3a

(Ser21), anti-phospho-Akt (Ser473), anti-phospho-Akt

(Thr308), anti-phospho-CREB (Ser133), anti-phospho-

ERK1/2 (Thr202/Tyr204), anti-phospho-MEK1/2

(Ser217/Ser221), anti-phospho-c-Raf (Ser259), anti-

phospho-c-Raf (Ser338), and anti-phospho-p90RSK

(Ser380) (Cell Signaling Technology, Beverly, MA,

USA) specific antibodies, at 1 :1000–3000 dilutions at

4 xC overnight. The membranes were then incubated

with horseradish peroxidase-conjugated anti-rabbit

IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA),

and signals were detected using an ECL system

(Pierce, Rockford, IL, USA). Film exposures were

adjusted as determined by preliminary experiments.

Immunohistochemistry

Different animals were used for immunohistohemistry

from the animals used for Western blot analysis.

However, they were treated in the same way except

the methods of analysis. Rats received injections

(1 mg/kg MK-801 i.p.), and were then transcardially

perfused with 200 ml saline solution, followed by

500 ml of 4% paraformaldehyde (Sigma-Aldrich) in

0.01 M PBS (pH 7.4). Brains were then immediately

removed and cryoprotected in 20% sucrose solution at

4 xC for 24 h. Cryoprotected brains were sectioned at

20 mm on a freezing microtome (Leitz, Wetzlar,

Germany). In order to perform immunohisto-

chemistry, we used the FR1 and FR2 areas of the

frontal cortex (Paxinos and Watson, 1998), and sec-

tions were incubated with phospho-Thr202/Tyr204-

ERK1/2 and phospho-Ser9GSK-3b (Cell Signaling

Technology) at a 1 :10000 dilution for 7 d at 4 xC and

then incubated with FITC-488 conjugated secondary

antibody (1 :200 ; Molecular Probes, Eugene, Oregon,

USA) for 2 h at room temperature. The sections were

then fluorescence-labelled, and were also counter-

stained with DAPI (0.4 ml/ml ; Sigma-Aldrich), and

then examined by fluorescence microscopy.

Statistical analysis

Three animals were assigned to each treatment group

[Sham, vehicle, 0.5, 1, and 2 mg/kg MK-801, single/

repeated (for 1, 5 and 10 d)]. Results are expressed as

relative optical densities, and are presented as

mean¡S.E. The mean relative optical densities of each

immunoreactivity of molecules were compared with

the vehicle control value of each group using analysis

of variance (ANOVA) (Figures 1, 2, 4, and 5). In order

to determine dose dependency effects, data were

analysed using two-way ANOVA followed by the

Student–Newman–Keuls post-hoc test with respect to

doses of MK-801 and treatment length (Figure 4).

p values of <0.05 were considered statistically sig-

nificant. All tests were performed using SPSS 12.0 for

Windows (SPSS Inc., Chicago, IL, USA).

Results

Repeated treatment with 1 mg/kg MK-801 for 5 d was

found to increase the immunoreactivities of p-Ser473-

Akt and p-Ser9-GSK-3b in the rat frontal cortex at 24 h

after the final injection. After 10 d of repeated injec-

tions, the phosphorylations of these molecules were

also increased in the rat frontal cortex again at 24 h

after the final injection. However, p-Ser473-Akt and

p-Ser9-GSK-3b were unchanged 24 h after a single
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injection of 1 mg/kg MK-801. The p-Ser473-Akt

immunoreactivity levels in the 5-d and 10-d treatment

groups were 248% and 254% of those of the corre-

sponding vehicle controls (F=50.14, d.f.=1, p<0.01

and F=181.05, d.f.=1, p<0.01). The p-Ser9-GSK-3b

immunoreactivity levels of the 5-d and 10-d treat-

ment groups were 305% and 277% of the vehicle

control values (F=197.66, d.f.=1, p<0.01 and F=
107.03, d.f.=1, p<0.01). The immunoreactivities of

total Akt, GSK-3b, and GSK-3a were unchanged after

repeated injections with 1 mg/kg MK-801 and the

immunoreactivities of p-Thr308-Akt, p-Ser21-GSK-3a,

p-Tyr216-GSK-3b, and p-Tyr297-GSK-3a were not af-

fected at 24 h after the repeated injections of 1 mg/kg

MK-801 (Figure 1).

The immunoreactivitiesofp-Ser217/Ser221-MEK1/2,

p-Thr202/Tyr204-ERK1/2, and p-Ser380-p90RSK

were increased in frontal cortices in the 5-d and 10-d

treatment groups (1 mg/kg MK-801), but were

unchanged in the 1-d treatment group (1 mg/kg

MK-801). p-Ser217/Ser221-MEK immunoreactivity

levels in the 5-d and 10-d treatment groups were

244% and 284% of the vehicle control levels

(F=17.346, d.f.=1, p=0.01 and F=105.88, d.f.=1,

p<0.01). Immunoreactivity levels of p-Thr202/

Tyr204-ERK1/2 in the 5-d and 10-d treatment groups

were 259% and 232% of the vehicle control levels,

respectively (F=130.74, d.f.=1, p<0.01 and F=30.70,

d.f.=1, p<0.01). p-Ser380-p90RSK immunoreactivity

levels in the 5-d and 10-d treatment groups were 224%

and 264% of that of the vehicle controls (F=
53.41, d.f.=1, p<0.01 and F=92.42, d.f.=1, p<0.01).

The immunoreactivities of total MEK, ERK, and

p90RSK were unchanged after repeated 1 mg/kg

MK-801 treatment in any group, and the phosphoryl-

ations of c-Raf on Ser259 and Ser338 remained

unchanged in the 5-d and 10-d treatment groups

(Figure 2).

Phospho-Ser133-CREB immunoreactivity was also

elevated in the frontal cortex in the 5-d and 10-d

treatment groups (1 mg/kg MK-801), but was

unchanged in the 1-d treatment group (1 mg/kg

MK-801). Immunoreactivity levels of p-Ser133-CREB

in the 5-d and 10-d treatment groups were 267%

and 243% of the vehicle control values, respectively

(F=69.21, d.f.=1, p<0.01 and F=128.66, d.f.=1,

p<0.01). However, total CREB immunoreactivity was

unchanged after repeated injection with 1 mg/kg of

MK-801 (Figure 2).

In order to confirm the immunoblot findings,

immunohistochemical analysis was conducted on

rat frontal cortical tissues. Increased p-Ser9-GSK-3b

and p-Thr202/Tyr204-ERK1/2 immunoreactivities

were observed in the 10-d treatment group (1 mg/kg

MK-801). Based on cell morphology observations,

neurons in the frontal cortex were observed to contain

both p-Ser9-GSK-3b and p-Thr202/Tyr204-ERK1/2.

The number of neuronal cells densely stained for

p-Ser9-GSK-3b and p-Thr202/Tyr204-ERK1/2 were

higher in the 10-d treatment group than in the vehicle

control group (Figure 3).

As mentioned previously, 0.5, 1, and 2 mg/kg

MK-801 induced different pattern of acute changes in
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Figure 1. Increased immunoreactivity of p-Ser473-Akt and

p-Ser9-GSK-3b induced by repeated treatments with

1 mg/kg MK-801 in the rat frontal cortex. (a) Immunoblots

of rat frontal cortex after repeated treatments with MK-801

(1 mg/kg) for 1, 5, or 10 d. The immunoreactivities of

p-Ser473-Akt and p-Ser9-GSK-3b were increased vs. the

vehicle controls in the 5-d and 10-d treatment groups. The

immunoreactivities of Akt, p-Thr308-Akt, GSK-3a, GSK-3b,

p-Tyr216-GSK-3b, and p-Tyr297-GSK-3a were similar to

those of the vehicle controls after 1-d, 5-d, and 10-d MK-801

treatment. (b) Comparison of immunoblot and densitometry

results. Mean optical densities (ODs) of p-Ser473-Akt and

p-Ser9-GSK-3b were significantly elevated vs. vehicle control

in the 5-d and 10-d MK-801 treatment groups. Data are

expressed as relative ODs, and represent means¡S.E. Relative

ODs are quoted as percentages vs. the ODs of the sham

(normal untreated controls). S and V indicate the normal

and vehicle controls respectively. The asterisks (*) denote

significant differences between the OD of the MK-801

treatment group and the OD of the vehicle controls (p<0.05).
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the phosphorylations of ERK- and GSK-3b-related

molecules at 1 h after intraperitoneal injection of

MK-801. In order to confirm this dose-dependency in

the chronic experiments, we also examined the

immunoreactivities of p-Ser473-Akt, p-Ser9-GSK-3b,

p-Ser217/Ser221-MEK1/2, p-Thr202/Tyr204-ERK1/2,

p-Ser380-p90RSK, and p-Ser133-CREB in the rat

frontal cortex after repeated injections with 0.5 and
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Figure 2. Increased immunoreactivities of p-Ser217/Ser221-

MEK1/2, p-Thr202/Tyr204-ERK1/2, p-Ser380-p90RSK, and

p-Ser133-CREB induced by repeated treatment with 1 mg/kg

MK-801 in the rat frontal cortex. (a) Immunoblots of rat

frontal cortex after repeated MK-801 (1 mg/kg) treatment

for 1, 5, or 10 d. Immunoreactivities of p-Ser217/Ser221-

MEK1/2, p-Thr202/Tyr204-ERK1/2, p-Ser380-p90RSK, and

p-Ser133-CREB were increased vs. the vehicle controls in

the 5-d and 10-d treatment groups. The immunoreactivities

of MEK1/2, ERK1/2, p90RSK and CREB were similar to

those of the vehicle controls in the 1-d, 5-d, and 10-d

groups. (b) Quantification of immunoblot data by

densitometric analysis. The mean optical densities of

p-Ser217/Ser221-MEK1/2, p-Thr202/Tyr204-ERK1/2,

p-Ser380-p90RSK, and p-Ser133-CREB were significantly

increased vs. those of the vehicle controls in the 5-d and

10-d treatment groups. Quantification of immunoblot data

by densitometric analysis performed as described in the

Figure 1 legend.

Vehicle

p-GSK-3β

(a) (b)

(d)(c)

(e)

(g)

(f)

(h)
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p-ERK1/2
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MK801 (1 mg/kg)

Figure 3. Increased immunostaining of p-Ser9-GSK-3b and

p-Thr202/Tyr204-ERK in rat prefrontal cortices after 10-d

treatment with MK-801 (1 mg/kg). Representative

fluorescence microscopic images taken from sections stained

for p-Ser9-GSK-3b [(a) and (b)] or p-Thr202/Tyr204-ERK1/2

[(e) and (f)], and counterstained with DAPI to label nuclei

[(c), (d), (g) and (h)]. All captured images were obtained

24 h after repeated daily treatment with MK-801 (1 mg/kg)

[(b), (d), (f) and (h)] or saline [(a), (c), (e) and (g)] for 10 d.

Phospho-Ser9-GSK-3b and phospho-Thr202/Tyr204-ERK1/2

stainings coincided with DAPI nuclear staining

(arrowheads). Phospho-Ser9-GSK-3b and phospho-Thr202/

Tyr204-ERK1/2 stainings were increased by increasing

MK-801 (arrowheads). Magnification bar=50 mm.
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2 mg/kg MK-801. Immunoreactivities of these phos-

phoproteins were all determined to have increased

significantly at 24 h after 5 d and 10 d repeated treat-

ments with 0.5 and 2 mg/kgMK-801 (all p<0 .05). The

findings with 0.5 and 2 mg/kg MK-801 showed same

pattern with those with 1 mg/kg MK-801. All optical

densities of these molecules’ immunoreactivities

with 0.5, 1, and 2 mg/kg MK-801 showed significant

increase compared to the vehicle controls value of

each treatment length group, whereas there were no

significant differences among immunoreactivities of

eachmolecule with 0.5, 1, and 2 mg/kgMK-801 within

each treatment length group. This finding demon-

strates that there was no dose-dependency with re-

peated treatments with MK-801 (0.5, 1, and 2 mg/kg)

(Figure 4).

In addition, immunoreactivities of HSP72, PARP,

and Bax were evaluated to investigate whether

neuronal damage occurred in response to repeated

treatments of MK-801. There were no significant

differences between the vehicle group and the

MK-801-treated group with regard to the HSP72,

PARP, and Bax immunoreactivity in the rat frontal

cortex, 24 h after 1, 5, and 10 daily repeated injections

with 1 and 2 mg/kg MK-801 (Figure 5).

Discussion

The most important finding of the present study is that

repeated treatments with 1 mg/kg MK-801 resulted

in the up-regulation of phosphorylation levels of the

Akt-GSK-3b and MEK-ERK-p90RSK pathways in the

rat frontal cortex. However, single MK-801 treatment

did not induce significant changes in these pathways.

CREB phosphorylation was also increased in the 5r
and 10r groups, and the same pattern of changes in

these molecules were found in the corresponding 0.5

and 2 mg/kg MK-801 groups. We also found that the

level of HSP-72 protein, a known marker of neuronal

death (Sharp et al., 1991), was not increased as a result

of these treatments.

It is interesting that the above alterations in the

Akt-GSK-3b and MEK-ERK-p90RSK pathways were

not observed after a single administration. Kyosseva

et al. (2001) reported that PCP increased MEK and

ERK1/2 phosphorylations in the cerebellum of rats

after 10-d and 20-d treatment, whereas 3 d of PCP

treatment did not result in any significant increases in

their phosphorylations. In contrast to these chronic

changes, we previously observed acute changes, at

1 h after a single injection of MK-801, on the phos-

phorylation levels of Akt-GSK-3b and MEK-ERK

pathways, and the responses of these pathways were
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Figure 4. Increased immunoreactivities of p-Ser473-Akt,

p-Ser9-GSK-3b, p-Ser217/Ser221-MEK1/2, p-Thr202/

Tyr204-ERK1/2, p-Ser380-p90RSK, and p-Ser133-CREB

in the rat frontal cortex induced by repeated daily treatment

with 0.5, 1, or 2 mg/kg MK-801. (a) Immunoblots of rat

frontal cortex after repeated exposure to MK-801 at the

indicated doses. The immunoreactivities of p-Ser473-Akt,

p-Ser9-GSK-3b, p-Ser217/Ser221-MEK1/2, p-Thr202/

Tyr204-ERK1/2, p-Ser380-p90RSK, and p-Ser133-CREB

were increased in the rat frontal cortex 24 h after 5-d

and 10-d daily treatment with 0.5, 1, and 2 mg/kg MK-801.

(b) Quantification of immunoblot data by densitometry.

The mean optical densities of p-Ser473-Akt, p-Ser9-GSK-3b,

p-Ser217/Ser221-MEK1/2, p-Thr202/Tyr204-ERK1/2,

p-Ser380-p90RSK, and p-Ser133-CREB were significantly

higher than those of the 2vehicle control after 5-d and

10-d MK-801 treatment. Quantification of immunoblot

data by densitometry performed as described in the

Figure 1 legend.
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different from each other (Ahn et al., 2005a,b). These

findings suggest that alterations in intracellular

signalling pathways induced by NMDA receptor

antagonists are dependent on the duration of exposure

and that this reflects an adaptive response to a chronic

NMDA receptor hypofunctional state.

Our finding that MK801, an NMDA receptor

antagonist, increases the phosphorylations of Akt and

ERK seems to contradict to reports that MK-801

reduces NMDA receptor-mediated ERK and Akt

phosphorylations in primary cortical cell cultures

(Chandler et al., 2001 ; Sutton and Chandler, 2002 ; Zhu

et al., 2005). This apparent discrepancy may be due to

compensatory changes induced by NMDA receptor

antagonist treatment in the brain, as MK-801 can

induce alterations in GABAergic, serotonergic, and

adrenergic neurotransmission systems (Farber, 2003 ;

Olney and Farber, 1995). Moreover, chronic treatments

with PCP can induce the synthesis of new synaptic

hyperfunctional NMDA receptors (Yu et al., 2002).

Therefore, the increased phosphorylations of Akt and

ERK may be related to a mechanism independent of

NMDA receptor antagonism by MK-801.

The PI3K-Akt and MEK-ERK pathways are

the principal pathways that contribute to neuronal

survival (Hetman and Gozdz, 2004 ; Zhu et al., 2005 ;

Zimmermann and Moelling, 1999). CREB exerts its

pro-survival effect by mediating Akt and ERK signal-

ling (Walton and Dragunow, 2000). The activation of

p90RSK is necessary for CREB to mediate ERK sig-

nalling (Frodin and Gammeltoft, 1999 ; Xing et al.,

1996), and we found that Ser380-p90RSK phosphory-

lation was increased after repeated MK-801 treatment

with a similar pattern with ERK1/2 and CREB phos-

phorylation. Of the many phosphorylation sites on

p90RSK, Ser380 phosphorylation is known to be im-

portant for activating the N-terminal kinase domain to

phosphorylate substrates of p90RSK, including CREB

(Dalby et al., 1998 ; Frodin and Gammeltoft, 1999).

Therefore, it appears that Ser133-CREB phosphoryl-

ation is mediated by MEK-ERK-p90RSK signalling in

response to repeated MK-801 treatment. In addition,

the apoptosis-inducing property of GSK-3b is in-

hibited by its phosphorylation at Ser9 by Akt (Cross

et al., 1995). Akt-GSK-3b signalling can also facilitate

CREB activation, but this activation is mediated by

phosphorylation at Ser129, not at Ser133 (Grimes and

Jope, 2001). Taken together, chronic MK-801 treatment

activates the Akt-GSK-3b and the MEK-ERK-p90RSK-

CREB pathways, which suggests that pro-survival and

anti-apoptotic activities of these signalling pathways

are enhanced in response to chronic exposure to

MK-801.

The immunoreactivities of HSP72, Bax, and PARP

remained unchanged in the rat frontal cortex, even

after repeated injections of 2 mg/kg MK-801. It is
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Figure 5. No significant changes occurred in the

immunoreactivities of HSP72, Bax, or PARP in rat frontal

cortices after repeated MK-801 (1 and 2 mg/kg) treatment.

(a) Immunoblots of rat frontal cortex after repeated

treatments with MK-801 (1 and 2 mg/kg) for 1, 5, and 10 d.

Immunoreactivities of HSP72, Bax, and PARP were similar to

those of the vehicle controls in the 1-d, 5-d, and 10-d groups.

(b) Quantification of immunoblot data by densitometry. The

mean optical densities of HSP72, Bax, and PARP were similar

to those of the vehicle controls in the 5-d and 10-d groups.

Quantification of immunoblot data by densitometry

performed as described in the Figure 1 legend.
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known that HSP72 can be used to detect neuronal

injury (Carter et al., 2004 ; Sharp et al., 1991 ; Tomitaka

et al., 2000), and that HSP72 immunoreactivity (deter-

mined by Western blotting) may reflect neuronal

damage in brain tissue caused by NMDA receptor

antagonist treatment (Tomitaka et al., 2000). Bax

and PARP are constituents of the intrinsic caspase-

mediated cell-death pathway (Ferrer and Planas,

2003). Moreover, although it cannot completely pre-

clude the possibility of neuronal damage, it appears

that neuronal damage did not occur in the rat frontal

cortex in the present study, which may be related to

the activation of the pro-survival and anti-apoptotic

activities of signalling pathways. However, NMDA

receptor antagonists, such as MK-801, PCP, and

ketamine, have been reported to induce neuronal

damage in the corticolimbic regions of the rat brain

(Carter et al., 2004 ; Olney and Farber, 1995 ; Tomitaka

et al., 2000). In the present study, the absence of

observed changes in the immunoreactivities of HSP,

Bax, and PARP can be attributable to several factors.

First, male rats have been reported to be more resistant

to neuronal damage by MK-801 than female rats (Fix

et al., 1995), and the present experiments were con-

ducted on male rats. Second, we analysed the rat

frontal cortex. However, the regions reported to

show neuronal damage induced by NMDA receptor

antagonists are ; the posterior cingulate cortex, retro-

splenial cortex, and the limbic cortex (Carter et al.,

2004 ; Corso et al., 1997 ; Sharp et al., 1991 ; Tomitaka

et al., 2000). Thus, gender and brain regional differ-

ences could account for the observed discrepancy.

Recently, we reported that the behavioural changes

induced by MK-801 could be associated with the

phosphorylation levels of ERK and Akt pathways

in the rat frontal cortex (Ahn et al., 2005a,b). MEK

inhibitor (SL327), which blocks the ERK pathway in

the brain, has been reported to increase locomotion

(Einat et al., 2003). Moreover, repeated MK-801

administrations have been reported to induce behav-

ioural sensitization ; a phenomenon characterized by

the progressive enhancement of the drug’s ability to

stimulate locomotion and stereotypy, which are con-

sidered to be psychotomimetic behavioural changes

(Carey et al., 1995 ; Wedzony et al., 1993 ; Yang et al.,

2002). Although we did not measure behavioural

changes in this study, we did observe that the loco-

motor activity became more prominent and rapid

on increasing the number of MK-801 injections. Carey

et al. (1995) demonstrated that repetitive MK-801

treatments changed behavioural baselines, rather than

simply enhancing the behavioural responses elicited

by MK-801 treatment. This behavioural baseline

shift was considered to be adaptive change induced by

repetitive MK-801 treatment. Therefore, the acti-

vations of the ERK and Akt signalling pathways may

be the adaptive response in intracellular signal trans-

duction pathways related to the behavioural changes

induced by chronic exposure to MK-801.

In addition, NMDA receptor antagonists, such as,

MK-801, ketamine, and riluzole, have been suggested

to have antidepressant effects (Berman et al., 2000;

Papp and Moryl, 1994 ; Zarate et al., 2003), and the

ERK and GSK-3b signalling pathways have been

reported to be intracellular targets of antidepressant

action. Lithium is a well known GSK-3b inhibitor, and

other GSK-3b inhibitors have been shown to be able to

elicit rapid antidepressant-like effects (Gould et al.,

2004 ; Kaidanovich-Beilin et al., 2004). Fluoxetine was

reported to increase ERK1/2 expression in the frontal

cortex (Gould et al., 2004), but another study indicated

that fluoxetine inhibits ERK1/2 phosphorylation in the

hippocampus and frontal cortex (Fumagalli et al.,

2005). Moreover, imipramine reduced the patho-

physiologically induced dephosphorylation of GSK-3b

(Roh et al., 2005), or increased ERK1 phosphorylation

in the rat frontal cortex (Fumagalli et al., 2005). These

results suggest the drug-specific effects of ERK and

GSK-3b. The increased phosphorylations of ERK and

GSK-3b observed in the present study may also be

related to the antidepressant-like effect of MK-801, and

further studies are necessary to clarify this possible

relationship.

In summary, repeated treatment with MK-801

increased the activities of the MEK-ERK-p90RSK-

CREB and Akt-GSK-3b pathways in the rat frontal

cortex, without inducing significant neuronal damage.

This observed prolonged up-regulation of pro-

survival and anti-apoptotic activities indicates the

induction of adaptive changes in intracellular signal-

ling pathways to the chronic NMDA receptor hypo-

functional state, which could be related to the

schizophrenia-like effects of chronic MK-801 treat-

ment. Our findings can facilitate understanding with

regard to the action mechanism of NMDA receptor

antagonists as psychotomimetic agents.

Acknowledgements

This research was supported by the Brain Research

Center of the 21st Century Frontier Research Pro-

gramme funded by the Ministry of Science and Tech-

nology (grant no. M103KV010007-05K2201-00730).

Statement of Interest

None.

366 M. S. Seo et al.



References

Ahn YM, Seo MS, Kim SH, Kim Y, Juhnn YS, Kim YS

(2005a). The effects of MK-801 on the phosphorylation of

Ser338-c-Raf-MEK-ERK pathway in the rat frontal cortex.

International Journal of Neuropsychopharmacology.

doi : 10.1017/S1461145705005882. Published online :

4 August 2005.

Ahn YM, SeoMS, Kim SH, Kim Y, Yoon SC, Juhnn YS, Kim

YS (2005b). The increased phosphorylation of Ser473-AKT,

Ser9-GSK-3b and Ser133-CREB in the rat frontal cortex

after MK-801 intraperitoneal injection. International Journal

of Neuropsychopharmacology 8, 607–613.

Andine P, Axelsson R, Jacobson I (1995). The effect of

anosmia on MK-801-induced behaviour in mice.

Neuroscience Letters 190, 113–116.

Bading H, Greenberg ME (1991). Stimulation of protein

tyrosine phosphorylation by NMDA receptor activation.

Science 253, 912–914.

Beasley C, Cotter D, Khan N, Pollard C, Sheppard P,

Varndell I, Lovestone S, Anderton B, Everall I (2001).

Glycogen synthase kinase-3b immunoreactivity is

reduced in the prefrontal cortex in schizophrenia.

Neuroscience Letters 302, 117–120.

BermanRM,CappielloA,AnandA,OrenDA,HeningerGR,

Charney DS, Krystal JH (2000). Antidepressant effects of

ketamine in depressed patients. Biological Psychiatry 47,

351–354.

Browning JL, Patel T, Brandt PC, Young KA, Holcomb LA,

Hicks PB (2005). Clozapine and the mitogen-activated

protein kinase signal transduction pathway: implications

for antipsychotic actions. Biological Psychiatry 57, 617–623.

Carey RJ, Dai H, Krost M, Huston JP (1995). The NMDA

receptor and cocaine : evidence that mk-801 can induce

behavioral sensitization effects. Pharmacology Biochemistry

and Behavior 51, 901–908.

Carter K, Dickerson J, Schoepp DD, Reilly M, Herring N,

Williams J, Sallee FR, Sharp JW, Sharp FR (2004). The

mGlu2/3 receptor agonist LY379268 injected into cortex or

thalamus decreases neuronal injury in retrosplenial cortex

produced by NMDA receptor antagonist MK-801 : possible

implications for psychosis. Neuropharmacology 47,

1135–1145.

Chandler LJ, Sutton G, Dorairaj NR, Norwood D (2001).

N-methyl D-aspartate receptor-mediated bidirectional

control of extracellular signal-regulated kinase activity in

cortical neuronal cultures. Journal of Biological Chemistry

276, 2627–2636.

Corso TD, Sesma MA, Tenkova TI, Der TC, Wozniak DF,

Farber NB, Olney JW (1997). Multifocal brain damage

induced by phencyclidine is augmented by pilocarpine.

Brain Research 752, 1–14.

Cross DA, Alessi DR, Cohen P, Andjelkovich M,

Hemmings BA (1995). Inhibition of glycogen synthase

kinase-3 by insulin mediated by protein kinase B.

Nature 378, 785–789.

Dalby KN, Morrice N, Caudwell FB, Avruch J, Cohen P

(1998). Identification of regulatory phosphorylation sites

in mitogen-activated protein kinase (MAPK)-activated

protein kinase-1a/p90rsk that are inducible by MAPK.

Journal of Biological Chemistry 273, 1496–1505.

Einat H, Yuan P, Gould TD, Li J, Du J, Zhang L, Manji HK,

Chen G (2003). The role of the extracellular

signal-regulated kinase signaling pathway in mood

modulation. Journal of Neuroscience 23, 7311–7316.

Farber NB (2003). The NMDA receptor hypofunction model

of psychosis. Annals of the New York Academy of Sciences

1003, 119–130.

Ferrer I, Planas A (2003). Signaling of cell death and cell

survival following focal cerebral ischemia : life and death

struggle in the penumbra. Journal of Neuropathology and

Experimental Neurology 62, 329–339.

Fix AS, Wozniak DF, Truex LL, McEwen M, Miller JP,

Olney JW (1995). Quantitative analysis of factors

influencing neuronal necrosis induced by MK-801 in

the rat posterior cingulate/retrosplenial cortex. Brain

Research 696, 194–204.

Frodin M, Gammeltoft S (1999). Role and regulation of

90 kDa ribosomal S6 kinase (RSK) in signal transduction.

Molecular and Cellular Endocrinology 151, 65–77.

Fumagalli F, Molteni R, Calabrese F, Frasca A, Racagni G,

Riva MA (2005). Chronic fluoxetine administration

inhibits extracellular signal-regulated kinase 1/2

phosphorylation in rat brain. Journal of Neurochemistry 93,

1551–1560.

Gould TD, Zarate CA, Manji HK (2004). Glycogen synthase

kinase-3 : a target for novel bipolar disorder treatments.

Journal of Clinical Psychiatry 65, 10–21.

Grewal SS, York RD, Stork PJ (1999). Extracellular-signal-

regulated kinase signalling in neurons. Current Opinion

Neurobiology 9, 544–553.

Grimes CA, Jope RS (2001). CREB DNA binding activity is

inhibited by glycogen synthase kinase-3 beta and

facilitated by lithium. Journal of Neurochemistry 78,

1219–1232.

Hetman M, Gozdz A (2004). Role of extracellular signal

regulated kinases 1 and 2 in neuronal survival. European

Journal Biochemistry 271, 2050–2055.

Jentsch JD, Roth RH (1999). The neuropsychopharmacology

of phencyclidine : from NMDA receptor hypofunction to

the dopamine hypothesis of schizophrenia.

Neuropsychopharmacology 20, 201–225.

Kaidanovich-Beilin O, Milman A, Weizman A, Pick CG,

Eldar-Finkelman H (2004). Rapid antidepressive-like

activity of specific glycogen synthase kinase-3 inhibitor

and its effect on b-catenin in mouse hippocampus.

Biological Psychiatry 55, 781–784.

Kang UG, Seo MS, Roh MS, Kim Y, Yoon SC, Kim YS

(2004). The effects of clozapine on the GSK-3-mediated

signaling pathway. FEBS Letters 560, 115–119.

Kozlovsky N, Belmaker RH, Agam G (2001). Low GSK-3

activity in frontal cortex of schizophrenic patients.

Schizophrenia Research 52, 101–105.

Kyosseva SV (2004). Differential expression of

mitogen-activated protein kinases and immediate early

genes fos and jun in thalamus in schizophrenia. Progress

Chronic MK-801, ERK and GSK-3b 367



in Neuropsychopharmacology and Biological Psychiatry 28,

997–1006.

Kyosseva SV, Owens SM, Elbein AD, Karson CN (2001).

Differential and region-specific activation of mitogen-

activated protein kinases following chronic administration

of phencyclidine in rat brain. Neuropsychopharmacology 24,

267–277.

Li X, Friedman AB, Roh MS, Jope RS (2005). Anesthesia and

post-mortem interval profoundly influence the regulatory

serine phosphorylation of glycogen synthase kinase-3 in

mouse brain. Journal of Neurochemistry 92, 701–704.

Lu XH, Bradley RJ, Dwyer DS (2004). Olanzapine produces

trophic effects in vitro and stimulates phosphorylation of

Akt/PKB, ERK1/2, and the mitogen-activated protein

kinase p38. Brain Research 1011, 58–68.

Molinuevo JL, Llado A, Rami L (2005). Memantine : targeting

glutamate excitotoxicity in Alzheimer’s disease and other

dementias. American Journal of Alzheimer’s Disease and Other

Dementias 20, 77–85.

Olney JW, Farber N (1995). NMDA antagonist as

neurotherapeutic drugs, psychotogens, neurotoxins, and

research tools for studying schizophrenia. Neuro-

psychopharmacology 13, 335–345.

Papp M, Moryl E (1994). Antidepressant activity of

non-competitive and competitive NMDA receptor

antagonists in a chronic mild stress model of depression.

European Journal of Pharmacology 22, 1–7.

Paxinos G, Watson C (1998). The Rat Brain in Stereotactic

Coordinates (4th edn). Sydney: Academic Press.

Roh MS, Eom TY, Zmijewska AA, De Sarno P, Roth KA,

Jope RS (2005). Hypoxia activates glycogen synthase

kinase-3 in mouse brain in vivo : protection by mood

stabilizers and imipramine. Biological Psychiatry 57,

278–286.

Roh MS, Kang UG, Shin SY, Lee YH, Jung HY, Juhnn YS,

Kim YS (2003). Biphasic changes in the Ser-9

phosphorylation of glycogen synthase kinase-3b after

electroconvulsive shock in the rat brain. Progress in

Neuro-psychopharmacology and Biological Psychiatry 27, 1–5.

Sharp FR, Jasper P, Hall J, Noble L, Sagar SM (1991).

MK-801 and ketamine induce heat shock protein HSP72 in

injured neurons in posterior cingulate and retrosplenial

cortex. Annals of Neurology 30, 801–809.

Sutton G, Chandler LJ (2002). Activity-dependent NMDA

receptor-mediated activation of protein kinase B/Akt in

cortical neuronal cultures. Journal of Neurochemistry 82,

1097–1105.

Svenningsson P, Tzavara ET, Carruthers R, Rachleff I,

Wattler S, Nehls M, McKinzie DL, Fienberg AA,

Nomikos GG, Greengard P (2003). Diverse

psychotomimetics act through a common signaling

pathway. Science 302, 1412–1415.

Thomas DM, Kuhn DM (2005). MK-801 and

dextromethorphan block microglial activation and

protect against methamphetamine-induced neurotoxicity.

Brain Research 1050, 190–198.

Tomitaka M, Tomitaka S, Rajdev S, Sharp FR (2000).

Fluoxetine prevents PCP- and MK-801-induced HSP70

expression in injured limbic cortical neurons of rats.

Biological Psychiatry 47, 836–841.

Walton MR, Dragunow I (2000). Is CREB a key to neuronal

survival? Trends Neuroscience 23, 48–53.

Wedzony K, Golembiowska K, Klimek V (1993). MK-801-

induced symptoms of sensitization. The lack of correlation

with the extracellular concentration of dopamine in the rat

prefrontal cortex. Brain Research 625, 333–336.

Xing J, Ginty DD, Greenberg ME (1996). Coupling of the

RAS-MAPK pathway to gene activation by RSK2, a growth

factor-regulated CREB kinase. Science 273, 959–963.

Yang PB, Swann AC, Dafny N (2002). Valproate prevents the

induction and the expression of MK-801 sensitization.

Brain Research 954, 151–159.

Yu B, Wang C, Liu J, Johnson KM, Gallagher JP (2002)

Adaptation to chronic PCP results in hyperfunctional

NMDA and hypofunctional GABA(A) synaptic receptors.

Neuroscience 113, 1–10.

Zhu D, Wu X, Strauss KI, Lipsky RH, Qureshi Z,

Terhakopian A, Novelli A, Banaudha K, Marini AM

(2005). N-methyl-D-aspartate and TrkB receptors protect

neurons against glutamate excitotoxicity through an

extracellular signal-regulated kinase pathway. Journal of

Neuroscience Research 80, 104–103.

Zarate Jr. CA, Du J, Quiroz J, Gray NA, Denicoff KD, Singh

J, Charney DS, Manji HK (2003). Regulation of cellular

plasticity cascades in the pathophysiology and treatment

of mood disorders : role of the glutamatergic system.

Annals of the New York Academy of Sciences 1003, 273–291.

Zimmermann S, Moelling K (1999). Phosphorylation and

regulation of Raf by Akt (protein kinase B). Science 286,

1741–1744.

368 M. S. Seo et al.


