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We recently proposed a new psychostimulant animal model of the progressive pathophysiological
changes of schizophrenia. Studies using that model produced a treatment strategy for preventing pro-
gression. Lamotrigine (LTG) blocks repeated high-dosage methamphetamine (METH)-induced initiation
and expression of prepulse inhibition deficit and development of apoptosis in the medial prefrontal cor-
tex (mPFC). Moreover, it inhibits METH-induced increases in extracellular glutamate levels in the mPFC

geywords: tivati (Nakato et al., 2011, Neurosci. Lett.). Abnormal behavior induced by METH or NMDA receptor antagonists
L;cr)r?;;iegr;;lelza lon is regarded as an animal model of schizophrenia. This study examined the effects of LTG on the develop-

ment of behavioral sensitization to METH and cross-sensitization to dizocilpine (MK-801) by repeated
administration of high-dose METH (2.5 mg/kg, 10 times s.c.). Rats were injected repeatedly with LTG
(30 mg/kg) after 120 min METH administration (2.5 mg/kg). Repeated co-administration of LTG blocked
the development of behavioral cross-sensitization to MK-801 (0.15 mg/kg), but it did not prevent behav-
ioral sensitization to METH (0.2 mg/kg). The LTG-induced prevention of increased glutamate by high-dose
METH might be related to the former finding. Combined results of our previous studies and this study
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suggest that LTG is useful to treat schizophrenia, especially at a critical point in its progression.

© 2011 Elsevier Ireland Ltd. All rights reserved.

Although the precise mechanism of sensitization is unknown,
repeated administration of psychostimulants can induce behav-
ioral sensitization, characterized by enhanced locomotor activity,
in rodents [18]. We postulated that changes in glutamatergic
neural transmission induced by psychostimulants such as metham-
phetamine (METH) and amphetamine are closely related to this
sensitization [1,2,10,16].

All antipsychotics currently on the market have a blocking
effect on dopamine D2 receptors. Consequently, reactivity to
the dopamine D2 receptor antagonist is an important factor in
the treatment of schizophrenia. The pathology of this dopamine
D2 receptor antagonist treatment-resistance is classifiable into
two types. The first does not respond well to dopamine D2
receptor antagonists from the onset. The second responds well to
dopamine D2 receptor antagonists in the first psychotic episode,
but the process of psychotic relapse or recurrence engenders
treatment resistance [19]. Hyperdopaminergic neurotransmission
via dopamine D2 receptors is believed to be involved in the
latter type, whereas changes in neurotransmission other than
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the D2 receptor-mediated dopaminergic neurotransmission are
involved in the former type. METH-induced and amphetamine-
induced hyperlocomotion respond well to dopamine D2 receptor
antagonists, but NMDA receptor antagonist-induced,
phencyclidine-induced, and MK-801-induced hyperlocomotion do
not [9,20]. To produce a strategy for preventing the progression,
our group developed a comprehensive animal model for these pro-
gressive pathophysiological changes caused by schizophrenia[1,2].
The model uses repeated administration of METH 2.5 mg/kg. That
dosage, but not 1.0 mg/kg (which increases extracellular dopamine
levels but not glutamate levels), can increase both extracellular
glutamate and dopamine levels in the medial prefrontal cortex
(mPFC) [1,2]. It induces schizophrenia-related behavioral and his-
tological abnormalities including cross-sensitization to the NMDA
receptor antagonist, a neuroplastic prepulse inhibition (PPI) deficit,
and an apoptotic reaction in the mPFC [1,2,10,11,15,16].
Clinically, lamotrigine (LTG) is known as an anticonvulsant [12].
A clinical trial demonstrated that administration of LTG along with
stable clozapine elicited beneficial effects on the psychopatho-
logical symptoms of clozapine-resistant schizophrenic patients
[7,8,23]. Furthermore, LTG pretreatment prevents regional blood
oxygenation level-dependent (BOLD) signal changes and psychotic
symptoms induced by ketamine in healthy men [6]. In an ani-
mal model, LTG plus clozapine decreased hyperlocomotion induced
by the NMDA receptor antagonist phencyclidine in rats [25]. Our
recent report described that prepulse inhibition deficit and the
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Fig. 1. Schematic representation of a time-line of the experiments.

increase of TUNEL-positive cells in the mPFC induced by repeated
administration of 2.5 mg/kg of METH are prevented by repeated co-
administration of LTG [15,16]. Moreover, our group presented data
showing that LTG inhibits increased extracellular glutamate levels
in the mPFC induced by 2.5 mg/kg of METH [16].

This study analyzed the effects of LTG on the development
of behavioral cross-sensitization to MK-801 by repeated METH.
The METH 2.5mg/kg induced a delayed increase in the basal
levels of glutamate in the mPFC [1,2,16]. Therefore, we admin-
istered LTG 120min after METH injection to block phenomena
related to the delayed increase in glutamate levels. If LTG pre-
vents METH-induced cross-sensitization to an NMDA receptor
antagonist, MK-801, then it might be a promising treatment strat-
egy to prevent longitudinal pathophysiological progression from
dopamine D2 receptor antagonists that are responsive to the resis-
tant pathophysiology of schizophrenia.

Experiments 1 and 2 involved examination of six-week-old male
Sprague-Dawley rats (SLC, Inc., Japan) weighing 160-180g at the
start of the experiment. In experiment 1, each group comprised
5-8 animals (28 animals total). In experiment 2, each group com-
prised 8 animals (32 animals total). The animals were housed
individually in plastic cages (30cm x 25 cm x 18 cm) with a wire
mesh top and sawdust bedding. The animal house was maintained
under controlled conditions of light (6:30-18:30), temperature
(24°C), and humidity (50%). The animals were provided a stan-
dard laboratory diet and tap water. They were handled daily for
at least 3 days before the start of the experiment. This study was
conducted in accordance with guidelines for the care and use of
laboratory animals of the Hokkaido University Graduate School of
Medicine and the National Institutes of Health guidelines on animal
care.

For this study, METH (Dainippon Sumitomo Pharma Co. Ltd.,
Japan), after dissolution in sterile physiological saline, was injected
subcutaneously at a volume of 1ml/kg. We dissolved MK-801
(Tocris Bioscience, MO, USA) in distilled water and injected it sub-
cutaneously at a dosage of 1 ml/kg. Then we dissolved LTG (a gift
from GlaxoSmithKline, UK) in 10ml of distilled water with 10
drops of 0.1 N HCL. It was injected intraperitoneally at 4 ml/kg. The
respective vehicles for METH and LTG were saline (1 ml/kg) and
approximately 0.002 N HCl in distilled water (4 ml/kg). This study
used dosages of METH (2.5 mg/kg) and LTG (30 mg/kg) that were
chosen after considering the results obtained from previous studies
[15,16].

In experiment 1, we observed the effects of LTG on the devel-
opment of behavioral sensitization to METH. Rats were assigned
randomly to one of the following four groups. The METH +LTG
group was injected with LTG 30mg/kg after 120min METH
2.5 mg/kg administration. The METH + Vehicle group was injected
with vehicle after 120 min METH 2.5 mg/kg administration. The
Saline + LTG group received LTG 30 mg/kg after 120 min after saline
injection. The Saline + Vehicle group received vehicle after 120 min
after saline injection. All these treatments were repeated five times
on alternate days, and for an additional five times every day,
amounting to 10 times in the rats’ home cages (Fig. 1) [15]. Then
METH 0.2 mg/kg was administered in the home cages to four groups

following an 8-9-day period of withdrawal from the repeated treat-
ments.

In experiment 2, we observed the effects of LTG on the develop-
ment of behavioral sensitization to MK-801. Rats were assigned
randomly to one of the following four groups. The METH +LTG
group was injected with LTG 30mg/kg after 120min METH
2.5 mg/kg administration. The METH + Vehicle group was injected
with vehicle after 120 min METH 2.5 mg/kg administration. The
Saline +LTG group received LTG 30 mg/kg after 120 min follow-
ing saline injection. The Saline +Vehicle group received vehicle
after 120 min following saline injection. All these treatments were
repeated five times on alternate days, and for an additional five
times every day, amounting to a total of 10 times in the rats’
home cages (Fig. 1). Following a 30-31-day withdrawal period from
the repeated treatments, MK-801 0.15 mg/kg was administered in
activity chambers to the four groups.

The home cage for each rat was placed under a sensor. Measure-
ments of locomotor activity using an apparatus with an infrared
sensor that detects thermal radiation from animals (Supermex;
Muromachi Kikai Co. Ltd., Tokyo, Japan) began after a 2-h habit-
uation period, as described previously [17]. Horizontal movements
of the rats were digitized and stored in a computer every 10 min.

Data from the locomotor activity were analyzed using repeated-
measures two-way analysis of variance (ANOVA), with the
treatment group as the between-subjects variable and time as the
repeated-measures variable. The respective areas under the curve
for the 20-40 min periods in experiment 1 and the 60-80 min peri-
ods in experiment 2 were compared among the four groups using
one-way ANOVA, followed by Bonferroni testing. Differences in
absolute values measured at each time point of collection among
the four groups were analyzed using Bonferroni post hoc tests.
Differences were considered significant at p <0.05.

Results show that LTG 30 mg/kg did not block the development
of repeated METH 2.5 mg/kg administration-induced behavioral
sensitization to METH (0.2 mg/kg). However, unexpectedly, it did
partly enhance the development of behavioral sensitization to
METH (Fig. 2). A repeated-measures two-way ANOVA showed
significant effects of time [F(9, 207)=54.03, p<0.01], treatment
[F(3, 23)=3.95, p=0.02], and time x treatment interaction [F(27,
207)=3.49, p<0.01]. Bonferroni post hoc tests revealed that loco-
motor activity of the METH +Vehicle group was significantly
higher than that of the Saline +Vehicle group at 30min, and
that of METH+LTG group was significantly higher than that of
METH + Vehicle or the Saline +Vehicle group at 40 min. One-way
ANOVA indicated a significant main effect of treatment on the area
under the curve (20-40 min) for locomotor activity [F(3, 23)=5.58,
p<0.01] (data not shown). The area under the curve (20-40 min)
for locomotor activity of the METH +LTG treatment group was sig-
nificantly greater than that of the Saline + LTG group (Bonferroni
test; p<0.05), but was not significantly different from that of the
METH + Vehicle group.

Administration of LTG 30mg/kg blocked the development
of repeated METH 2.5 mg/kg administration-induced behavioral
cross-sensitization to MK-801 (0.15 mg/kg) (Fig. 3). A repeated-
measures two-way ANOVA revealed significant effects of time
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Fig. 2. Effects of a challenge injection of METH 0.2 mg/kg on locomotor activity after
8-9 days of withdrawal from repeated co-administration of LTG 30 mg/kg or vehicle
with METH 2.5 mg/kg or saline.

[F(9, 252)=35.34, p<0.01], treatment [F(3, 28)=4.55, p=0.01], and
time x treatmentinteraction [F(27,252)=2.47,p < 0.01]. Bonferroni
post hoc testing revealed that locomotion of the METH + Vehicle
group was significantly higher than that of Saline + Vehicle group
at 60-70 min, and that of METH + LTG group was significantly lower
than that of METH + Vehicle group at 70-90 min. One-way ANOVA
showed a significant main effect of treatment on the area under the
curve (60-80 min) for locomotor activity [F(3, 28)=5.42, p<0.01]
(datanotshown).The area under the curve (60-80 min) for locomo-
tor activity of the METH + Vehicle treatment group was significantly
greater than that of the Saline + Vehicle or METH + LTG group (Bon-
ferroni test; p<0.05).

The repeated administration of METH 2.5 mg/kg induces behav-
ioral sensitization to the locomotion-stimulating effects of METH
and behavioral cross-sensitization to MK-801. Repeated co-
administration of LTG 30 mg/kg with METH 2.5 mg/kg blocks this
behavioral sensitization to MK-801, but not sensitization to METH.
Repeated administration of METH, with a main effect of increasing
the dopamine levels in the dopaminergic terminals, induces behav-
ioral sensitization [24]. Actually, METH-induced abnormal behavior
is regarded as a model for dopamine D2 receptor antagonist-
responsive pathogenesis of schizophrenia [21]. This behavioral
sensitization is associated with enhanced dopaminergic neuro-
transmission in the nucleus accumbens [18]. Furthermore, it is
inhibited by dopamine D2 receptor antagonists. Abnormal behav-
ior induced by NMDA receptor antagonists such as phencyclidine
and MK-801 is also an animal model of schizophrenia. However,
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Fig. 3. Effects of a challenge injection of MK-801 0.15 mg/kg on locomotor activity
after 30-31 days of withdrawal from repeated co-administration of LTG 30 mg/kg
or vehicle with METH 2.5 mg/kg or saline.

this abnormal behavior was not blocked by a dopamine D2 recep-
tor antagonist [5]. The behavioral cross-sensitization to an NMDA
receptor antagonist induced by repeated administration of METH
2.5 mg/kg in the present study suggests that the repeated admin-
istration of METH 2.5 mg/kg can induce dopamine D2 receptor
antagonist-resistant schizophrenia.

Our group also confirmed that 2.5 mg/kg, but not 1.0 mg/kg, of
METH induces delayed increases in glutamate levels in the nucleus
accumbens and the mPFC [1,2,10,16]. Repeated administration of
METH reduces the protein levels of NMDA receptors, including
NMDA receptor 1 (NR1), in the hippocampus [22]. In addition,
repeated administration of METH reduces immunoreactivities of
NR1 and NMDA receptors comprising NMDA receptor 2A and 2B
in the striatum [26]. Continuous stimulation of NMDA receptors
induces desensitization of this type of receptor [13,14]. Consider-
ing these findings, the repeated administration of METH 2.5 mg/kg
might desensitize NMDA receptors, thereby inducing hypersensi-
tivity to MK-801. Although this study did not examine the effects
of repeated administration of METH on the function of NMDA
receptors, this examination confirms the hypothesis presented
above. Moreover, this report describes that LTG 30 mg/kg adminis-
tered 120 min after administration of METH 2.5 mg/kg inhibits the
METH 2.5 mg/kg-induced delayed increase in glutamate levels in
the mPFC [16]. Based on results of the present study, we specu-
late that LTG inhibits repeated stimulation of NMDA receptors by
METH-induced increases in glutamate. Moreover, LTG prevents the
development of desensitization and hypofunction of NMDA recep-
tor to induce behavioral cross-sensitization to MK-801.

Unexpectedly, co-administration of LTG with METH elicited
greater behavioral sensitization to METH at 40 min after METH
administration than that shown by the METH +Vehicle group.
Actually, LTG was administered at 120 min after METH 2.5 mg/kg
administration, when locomotion induced by METH 2.5 mg/kg had
almost disappeared (data not shown), but the increased extracellu-
lar levels of dopamine and glutamate in the mPFC were still induced
by METH 2.5 mg/kg [2]. The LTG inhibits hyperlocomotion induced
by p-amphetamine [4] and decreases the basal extracellular lev-
els of dopamine in the hippocampus [3], but it remains unclear
whether LTG affects the increased extracellular levels of dopamine
in the brain induced by METH. The mechanism of the enhancement
of behavioral sensitization to METH by co-administration of LTG
remains unclear. Future studies are necessary to clarify that point.

In rats, repeated administration of METH 2.5 mg/kg caused
pathological conditions resembling the progressive pathological
conditions of schizophrenia [1,2,10]. This new animal model will
contribute to screening of antipsychotics such as olanzapine,
risperidone, and aripiprazole, which can block the progression
of schizophrenia pathology [1,2]. Our group earlier reported that
LTG blocks the initiation of PPI deficit and apoptosis induced
by repeated administration of METH 2.5 mg/kg [15,16]. Consid-
ering results of those earlier studies and this study together, we
infer that LTG is a useful drug for the treatment of schizophre-
nia, especially at the critical point of progressive pathology of
schizophrenia.

In summary, repeated co-administration of LTG 30mg/kg
with METH 2.5mg/kg blocked the development of behavioral
cross-sensitization to MK-801, but it did not prevent behavioral
sensitization to METH. Inhibiting the effects of LTG on increased
extracellular glutamate levels induced by METH might prevent
neuronal plasticity produced by repeated administration of METH.

Disclosure

During the past three years, Dr. Nakato has received research
support (gift of lamotrigine) from GlaxoSmithKline.



134 Y. Nakato et al. / Neuroscience Letters 504 (2011) 131-134

Acknowledgements

The authors would like to thank A. Kakuta and A. Kato for tech-
nical assistance.

References

[1] T.Abekawa, K.Ito, S. Nakagawa, Y. Nakato, T. Koyama, Effects of aripiprazole and
haloperidol on progression to schizophrenia-like behavioural abnormalities
and apoptosis in rodents, Ans. Schizophr. Res. 125 (2011) 77-87.

[2] T. Abekawa, K. Ito, S. Nakagawa, Y. Nakato, T. Koyama, Olanzapine and risperi-

done block a high dose of methamphetamine-induced schizophrenia-like

behavioral abnormalities and accompanied apoptosis in the medial prefrontal

cortex, Schizophr. Res. 101 (2008) 84-94.

S. Ahmad, LJ. Fowler, P.S. Whitton, Effect of acute and chronic lamotrigine

on basal and stimulated extracellular 5-hydroxytryptamine and dopamine

in the hippocampus of the freely moving rat, Br. . Pharmacol. 142 (2004)

136-142.

R. Arban, G. Maraia, K. Brackenborough, L. Winyard, A. Wilson, P. Gerrard, C.

Large, Evaluation of the effects of lamotrigine, valproate and carbamazepine in

arodent model of mania, Behav. Brain Res. 158 (2005) 123-132.

[5] R. Corbett, Clozapine but not haloperidol antagonizes an MK-801 discrimina-
tive stimulus cue, Pharmacol. Biochem. Behav. 51 (1995) 561-564.

[6] J.F. Deakin, ]. Lees, S. McKie, J.E. Hallak, S.R. Williams, S.M. Dursun, Glutamate
and the neural basis of the subjective effects of ketamine: a pharmaco-magnetic
resonance imaging study, Arch. Gen. Psychiatry 65 (2008) 154-164.

[7] S.M. Dursun, S. Devarajan, When treating patients with schizophrenia, what
clinical points should be considered if lamotrigine is chosen to augment cloza-
pine? J. Psychiatry Neurosci. 26 (2001) 168.

[8] S.M.Dursun, D. McIntosh, H. Milliken, Clozapine plus lamotrigine in treatment-
resistant schizophrenia, Arch. Gen. Psychiatry 56 (1999) 950-951.

[9] S.D. Gleason, H.E. Shannon, Blockade of phencyclidine-induced hyperloco-
motion by olanzapine, clozapine and serotonin receptor subtype selective
antagonists in mice, Psychopharmacology (Berl.) 129 (1997) 79-84.

[10] K. Ito, T. Abekawa, T. Koyama, Relationship between development of cross-
sensitization to MK-801 and delayed increases in glutamate levels in the
nucleus accumbens induced by a high dose of methamphetamine, Psychophar-
macology (Berl.) 187 (2006) 293-302.

[11] K. Ito, T. Abekawa, T. Koyama, Valproate blocks high-dose methamphetamine-
induced behavioral cross-sensitization to locomotion-inducing effect of
dizocilpine (MK-801), but not methamphetamine, Psychopharmacology (Berl.)
186 (2006) 525-533.

[12] S. Karceski, M.]. Morrell, D. Carpenter, Treatment of epilepsy in adults: expert
opinion, 2005, Epilepsy Behav. 7 (Suppl. 1) (2005) S1-S64.

[3

[4

[13] J.J. Krupp, B. Vissel, C.G. Thomas, S.F. Heinemann, G.L. Westbrook, Calcineurin
acts via the C-terminus of NR2A to modulate desensitization of NMDA recep-
tors, Neuropharmacology 42 (2002) 593-602.

[14] R. Nahum-Levy, D. Lipinski, S. Shavit, M. Benveniste, Desensitization of NMDA
receptor channels is modulated by glutamate agonists, Biophys. ]. 80 (2001)
2152-2166.

[15] Y. Nakato, T. Abekawa, K. Ito, T. Inoue, T. Koyama, Lamotrigine blocks the
initiation and expression of repeated high-dose methamphetamine-induced
prepulse inhibition deficit in rats, Neurosci. Lett. 481 (2010) 183-187.

[16] Y.Nakato, T. Abekawa, K. Ito, T. Inoue, T. Koyama, Lamotrigine blocks apoptosis
induced by repeated administration of high-dose methamphetamine in the
medial prefrontal cortex of rats, Neurosci. Lett. 490 (2011) 161-164.

[17] T. Ohmori, T. Abekawa, A. Muraki, T. Koyama, Competitive and noncompeti-
tive NMDA antagonists block sensitization to methamphetamine, Pharmacol.
Biochem. Behav. 48 (1994) 587-591.

[18] R.C. Pierce, P.W. Kalivas, A circuitry model of the expression of behavioral sen-
sitization to amphetamine-like psychostimulants, Brain Res. Rev. 25 (1997)
192-216.

[19] D.G. Robinson, M.G. Woerner, J.M. Alvir, S. Geisler, A. Koreen, B. Sheitman, M.
Chakos, D. Mayerhoff, R. Bilder, R. Goldman, ].A. Lieberman, Predictors of treat-
ment response from a first episode of schizophrenia or schizoaffective disorder,
Am. ]. Psychiatry 156 (1999) 544-549.

[20] T.E. Robinson, ].B. Becker, Enduring changes in brain and behavior produced
by chronic amphetamine administration: a review and evaluation of animal
models of amphetamine psychosis, Brain Res. 396 (1986) 157-198.

[21] M. Sato, C.C. Chen, K. Akiyama, S. Otsuki, Acute exacerbation of paranoid
psychotic state after long-term abstinence in patients with previous metham-
phetamine psychosis, Biol. Psychiatry 18 (1983) 429-440.

[22] P.F. Simoes, A.P. Silva, F.C. Pereira, E. Marques, S. Grade, N. Milhazes, F. Borges,
C.F.Ribeiro, T.R. Macedo, Methamphetamine induces alterations on hippocam-
pal NMDA and AMPA receptor subunit levels and impairs spatial working
memory, Neuroscience 150 (2007) 433-441.

[23] ]. Tiihonen, K. Wahlbeck, V. Kiviniemi, The efficacy of lamotrigine in clozapine-
resistant schizophrenia: a systematic review and meta-analysis, Schizophr. Res.
109 (2009) 10-14.

[24] H. Ujike, T. Onoue, K. Akiyama, T. Hamamura, S. Otsuki, Effects of selective D-1
and D-2 dopamine antagonists on development of methamphetamine-induced
behavioral sensitization, Psychopharmacology (Berl.) 98 (1989) 89-92.

[25] H.J.Williams, C.R. Zamzow, H. Robertson, S.M. Dursun, Effects of clozapine plus
lamotrigine on phencyclidine-induced hyperactivity, Prog. Neuropsychophar-
macol. Bol. Psychiatry 30 (2006) 239-243.

[26] H. Yamamoto, N. Kitamura, X.H. Lin, Y. Ikeuchi, T. Hashimoto, O. Shi-
rakawa, K. Maeda, Differential changes in glutamatergic transmission via
N-methyl-p-aspartate receptors in the hippocampus and striatum of rats
behaviourally sensitized to methamphetamine, Int. ]. Neuropsychopharmacol.
(1999) 155-163.



	Lamotrigine blocks repeated high-dose methamphetamine-induced behavioral sensitization to dizocilpine (MK-801), but not me...
	Disclosure
	Acknowledgements
	References


