Hashimoto, 2007]. Glutathione (GSH), one of the major non-
protein antioxidants and redox regulators, detoxifies reactive
oxidative stress (ROS) and thus plays amajor role in protecting
neural tissues [Dringen, 2000; Schulz et al., 2000]. A number of
papers have demonstrated the neuroprotective effects of GSH
or its related compounds such as N-acetyl-L-cysteine on
METH-induced dopaminergic neuronal damage [Choi et al.,
2002; Fukami et al., 2004; Hashimoto et al., 2004]. Given the
role of GSH in the antioxidative process, the genes encoding the
proteins known as polymorphic glutathione S-transferases
(GSTs: Enzyme Commission (EC) number 2.5.1.18), gluta-
thione cysteine ligase (GCL: EC 6.3.2.2), and glutathione
peroxidase (GPX: EC 1.11.1.9) are clearly worthy of inves-
tigation [Thomas et al., 1990; Smythies and Galzigna, 1998;
Anema et al., 1999; Nakamura et al., 2002; Mcllwain et al.,
2006]. The GST's are a family of multifunctional enzymes that
catalyze the conjugation of reduced GSH with electrophilic
groups of a wide variety of compounds, including carcinogens,
environmental contamination, and products of oxidative stress
[Mannervik, 1985; Hayes and Strange, 2000; Hayes et al.,
2005]. We reported that the functional polymorphisms of the
GSTP1 and GSTM1 genes are associated with METH abuse
and METH-induced psychosis [Koizumi et al., 2004; Hashi-
moto et al., 2005], suggesting that the GSTP1 and GSTM1
genes play a role in the pathogenesis of METH abuse.

Both GSTM1 and GSTT1 contain gene deletions, resulting in
no enzymatic activity for that isozyme [McLellan et al., 1997;
Sprenger et al., 2000]. The single nucleotide polymorphisms
(SNPs) related to amino acid substitution among GSTs were
shown in GSTT2 (G > A, Met139lle, rs1622002) and GSTO1
(C> A, Alal40Asp, rs4925) [Yoshimura et al., 2003; Li et al.,
2006]. The SNPs in the promoter regions of the GSTA1 gene
contain three linked base substitutions (-567T/G, ~69C/T,
and —52G/A), and affect the gene expression [Ambrosone et al.,
2006]. Furthermore, glutathione peroxidase 1 (GPX1), which
belongs to a family of selenium-dependent peroxidases,
protects cells by eliminating hydrogen peroxides and a wide
range of organic peroxides by using GSH as a reducing
substrate [Schweizer et al., 2004]. One functional polymor-
phism of the GPX1 gene is a substitution at codon 198
(Pro198Leu), and the leucine allele is less responsive to added
selenium than the proline allele [Hu and Diamond, 2003].
Human glutamate cysteine ligase (GCL) is a rate-limiting
enzyme for GSH synthesis, and GCL modifier (GCLM) is one of
two subunits composing GCL [Huang et al., 1993). The SNP
(—588C/T) in the promoter region of the GCLM gene was
associated with higher promoter activity [Nakamura et al.,
2002], and an SNP (G> A, rs2301022) in the intron was
demonstrated to be associated with the pathogenesis of
schizophrenia [Tosic et al., 2006].

Given these “findings; it is of great interest to study the
association between the gene polymorphisms in GSH-related
enzymes and METH abusers. The present study was under-
taken to examine the association between the genetic poly-
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morphisms among GSH-related enzymes (GSTT1, GSTTZ,
GSTAL, GSTO1, GPX1, GCLM) and METH use disorder in a
Japanese population.

MATERIALS AND METHODS
Subjects

The subjects included 218 patients (176 males and
42 females, age: 36.9£12.0 years (mean=+ SD), age range:
18-69 years) with METH dependence and a psychotic disorder
meeting the ICD-10-DCR criteria (F15.2 and F15.5) and
who were outpatients or inpatients of psychiatric hospitals
affiliated with the Japanese Genetics Initiative for Drug Abuse
(JGIDA), and 233 age-, gender-, and geographical-origin-
matched normal controls (187 males and 46 females, age:
38.7 £ 12.6 years (mean + SD), agerange: 19--73 years) with no
past history and no family history of drug dependence or
psychotic disorders (Table I). The age of the normal subjects
did not differ from that of the METH abusers (Table I). The
research was performed after approval was obtained from
the Ethics Committees of each institute of the JGIDA, and all
subjects provided written informed consent for the use of their
DNA samples as part of this study.

Background of METH Abusers

Diagnoses were made by two trained psychiatrists based on
interviews and available information, including hospital
records. Subjects were excluded if they had a clinical diagnosis
of schizophrenia, another psychotic disorder, or an organic
mental syndrome. All subjects were Japanese, and were born
and living in restricted areas of Japan, including northern
Kyushu, Setouchi, Chukyo, Tokai, and Kanto. The patients
were divided into subgroups based on their characteristic
clinical features (Table I). We excluded the subjects for whom
there was insufficient clinical data to analyze the genetic
polymorphisms in the subgroups of METH abusers. One
hundred fifty-two patients had abused both METH and other
drugsin the present or the past. After METH, organic solvents
and marijuana were the most frequently used substances.
Cocaine and heroin were rarely abused in this sample of
subjects.

Clinical Course of METH Psychosis

Prognosis of psychosis. The prognosis of METH psycho-
sis varied among patients, some of whom showed continued
psychotic symptoms, even after METH discontinuance, as
previously reported [Sato et al., 1983, 1992]. Accordingly,
the patients were categorized by prognosis into two groups, a
transient type and a prolonged type, based on the duration
of the psychotic state after METH discontinuance. The transient
type of patient was defined as a patient whose symptoms
improved within 1 month after METH discontinuance and the

TABLE 1. Characteristics of Control Subjects and METH Abusers

Variable Controls Abusers P values
Sex, male/female 187/46 176/42 0.906*
Age, mean+SD, y 38.74:12.6 (19-73) 36.9+12.0 (18-69) 0.131**
METH psychosis 191

Transient type 104

Prolonged type 87
Spontaneous relapse

Positive 91

Negative 100

*The comparison between two groups was performed using the % test.
**The comparison between two groups was performed using the t-test,
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start of treatment with neuroleptics, and the prolonged type
was defined as a patient whose psychosis continued for more
than 1 month after METH discontinuance and the start
of treatment with neuroleptics. In this study, there were 104
transient-type and 87 prolonged-type patients with METH
psychosis (Table I). One of the issues in categorizing was the
difficulty of distinguishing patients who coincidentally devel-
oped schizophrenia. Therefore, we excluded cases in which the
predominant symptoms were of the negative and/or disorgan-
ized type, in order to maintain the homogeneity of the
subgroup.

Spontaneous relapse. 1t has been well documented that
once METH psychosis has developed, patients in a state
of remission are susceptible to spontaneous relapse without
re-consumption of METH [Sato et al., 1983, 1992]. It has thus
been postulated that a sensitization phenomenon induced by
the repeated consumption of METH develops in the brains of
patients with METH psychosis, which provides a neural basis
for an enhanced susceptibility to relapse. Therefore, the
patients in this study were divided into two groups according
to the presence or absence of spontaneous relapse. In this
study, 91 patients underwent a spontaneous relapse, and
100 patients did not (Table I).

Genotyping of Identified Polymorphisms

A multiplex polymerase chain reaction (PCR) technique that
detects homozygous deletion of GSTT1 was used, including
primers for the p-globin gene (forward, 5-CAA CTT CAT CCA
CGT TCA CC-3'; reverse; 5'-GAA GAG CCA AGG ACA GGT
AC-3) as an internal control, with an annealing temperature of
60°C. For GSTT1, primers forward (5-TTC CTT ACT GGT
CCT CACATCTC-3') andreverse (5-TCA CCG GAT CAT GGC
CAG CA-3") were used. The PCR products were separated on
2% agarose gel stained with ethidium bromide.

The absence of amplified GSTT1 product (in the presence
of B-globin as a PCR product) indicated the respective “null”
genotype. The individuals in whom the GSTT1 gene was
present were genotyped as “non-deletion” referring to previous
studies [Sreelekha et al., 2001; Ambrosone et al., 2006]. The
genotype of GSTA1 (GSTA1*A-69C and GSTA1*B-69T) was
determined by polymerase chain reaction-restriction fragment
length polymorphism (PCR-RFLP) according to Coles et al.
[2001). Briefly, the primers used in the PCR were a forward
primer (5'“TGT TGA TTG TTT GCC TGA AAT T-3') and a
reverse primer (5'-GTT AAA CGC TGT CAC CCG TCC T-3).
The amplification was performed by denaturing at 94°C for
5 min, followed by 36 cycles at 94°C for 20 sec, annealing
at 65°C for 20 sec, and extending at 72°C for 20 sec. The
amplification products (10 pl) were digested by 6 U of

.restriction endonuclease Earl (New England Biolabs, Inc.,
Beverly, MA) at 37°C for 6 hr.

Table II shows the following SNPs information. For genotyping
of GSTT2 (G > A, rs1622002), GSTO1 (C > A, rs4925), GPX1
(C>T, rs1050450), GCLM-588 (C>T), and GCLM (G>A,
rs2301022), we used TagMan SNP Genotyping Assays to score
SNPs with the ABI Prism 7000 Sequence Detection System
(Applied Biosystems, Foster City, CA). Thermal cycling
conditions for PCR were 1 cycle at 95°C for 10 min followed
by 50 cycles of 92°C for 15 sec and 60°C for 1 min. The data were
analyzed using the Allelic Discrimination Program (Applied
Biosystems).

Statistical Analysis

Genotype deviation from the Hardy—Weinberg equilibrium
was evaluated Chi-square test. The differences between
groups were evaluated by Fisher’s exact test. The odds ratio
and 95% confidence intervals (CI) between two variables were
calculated as an estimate of risk. We estimated the power of
association for our sample size using Genetic Power Calculator
Software [Purcell et al., 2003] with an o of 0.05 and a disease
prevalence of 0.01. Differences were considered significant.
at P <0.05.

RESULTS

The genotypic and allelic frequencies of the seven poly-
morphisms are presented in Table III. For confirmation of the
appropriate genotyping, the genotypic frequencies of all
variants (GSTT2 (rs1622002): P=0.168, GSTA1 (—69C/T): P=
0.688, GSTO1 (rs4925). P=0.168, GPX1 (rs1050450): P=
0.374, GCLM (-588C/T): P=0.380, GCLM (rs2301022):
P=0.371) in the all subjects including METH abuser samples
and control samples were found to be in Hardy—Weinberg
equilibrium.

We found significantly different frequencies of genotype
between METH abusers and controls in GSTT1 (Table III).
There was a significant difference in GSTT1 genotype
frequency between METH abusers and controls (P=0.037).
The frequency (50.0%) of the GSTT1 null genotype among
METH abusers was significantly higher (P =0.037, odds ratio:
1.51, 95% CI 1.04—2.19) than that (39.9%) in controls. There
was also a significant difference in GSTT1 genotype frequency
between patients with METH psychosis and controls
(P =0.039). The frequency (50.3%) of the GSTT1 null genotype
among patients with METH psychosis was also significantly
higher (P = 0.039, odds ratio: 1.52, 95% CI 1.03—2.24) than that
(39.9%) in controls. We examined the association between the
clinical features of patients with METH psychosis G.e.,
transient-type or prolonged-type psychosis, with or without
spontaneous relapse) and controls in GSTT1 genotype
frequency (Table III). The frequency (58.6%) of the GSTT1
null genotype among patients who were METH abusers with

TABLE II. TagMan Primers and Probes for Genotyping Assays

Primer sequences forward, F, or
reverse, R, primer (§'-3')

SNP

Probe sequences reporter VIC or
FAM probe (5'~3')

GSTT2 (rs1622002, G > A)
GSTO1 (xs4925, C > A)
GPX1 (rs1050450, C>T)
GCLM -588C/T(C>T)
GCLM (rs2301022, G> A)

F: GAGAAGGTGGAACGCAACAG

R: TTGTCCTCCAGCCATTGCA

F: GCCATCCTTGGTAGGAAGCTTTAT

R: GGAGAAATAATTACCTCCTCTAGCTTGGT
F: CATCGAAGCCCTGCTGTCT

R: CACTGCAACTGCCAAGCA

F: GCCCTTTAAAGAGACGTGTAGGAA

R: CCGCCTGGTGAGGTAGAC

F: CAGAGTCACACACCACAGTTTGTA

R: GTTTTATCCTACTGTTATGAAGCACCCTAA

VIC-CTGCCATGGACCAGG-MGB
FAM-CTGCCATAGACCAGG-MGB
VIC-TCTTTTAGGCCAGCATAGT-MGB
FAM-TTCTTTTAGGCCATCATAGT-MGB
VIC-ACAGCTGGGCCCTT-MGB
FAM-ACAGCTGAGCCCTT-MGB
VIC-CTCCCGGCGTTCAG-MGB
FAM-TCTCCCAGCGTTCAG-MGB
VIC-CAAAGGACTAATTCTGG-MGB
FAM-CAAAGGACTAGTTCTGG-MGB
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TABLE III. Frequencies of Genotype and Allele of GSH-Related Gene Polymorphisms Between Controls and METH Abusers

Genotype
GSTT1 n Non-deletion Null Qdds ratios (95%CI) P
Controls 233 140(60.1%) 93 (39.9%)
Abusers 218 109 (50.0%) 109 (50.0%) 1.51 (1.04-2.19) 0.037*
Prognosis of psychosis 191 95 (49.7%) 96 (560.3%) 1.52 (1.03-2.24) 0.039*%
Transient 104 59 (56.7%) 45 (43.3%) 1.15 (0.72-1.83) 0.632
Prolonged 87 36(41.4%) 51(58.6%) 2.13 (1.29-3.52) 0.0036**
Spontaneous relapse
Positive 91 41(451%) 50 (54.9%) 1.84 (1.13-2.99) 0.018*
Negative 100 54 (54.0%) 46 (46.0%) 1.28 (0.80-2.06) 0.333
Genotype Allele
GSTT2 (rs1622002) n G/G G/A A/A P G A P
Controls 233 157 (67.4%) 73 (31.3%) 3(1.3%) 387 (83.0%) 79 (17.0%)
Abusers 218 149 (68.3%) 63(28.9%) 6 (2.8%) 0.501 361 (82.8%) 75(17.2%) 0.930
Prognosis of psychosis 191 133 (69.6%) 52 (27.2%) 6 (3.2%) 0.298 318(83.2%) 64(16.8%) 1
Transient 104 71(68.3%) 30 (28.8%) 3 (2.9%) 0.536 172 (82.7%) 36 (17.3%) 0.912
Prolonged 87 62(71.3%  22(25.3%) 3 (3.4%) 0.256 146 (83.9%) 28 (16.1%) 0.905
Spontaneous relapse
Positive 91 63(69.2%) 27 (29.7%) 1(1.1%) 0.912 153 (84.1%) 29 (15.9%) 0.815
Negative 100 70 (70.0%) 25 (25.0%) 5 (5.0%) 0.080 165 (82.5%) 35 (17.5%) 0.911
Genotype Allele
GSTA1 -69C/T n C/C C/T T/T P C T P
Controls 233 180 (77.3%) 50 (21.4%) 3 (1.3%) 410 (88.0%) 56 (12.0%)
Abusers 218 158(72.5%) 56 (25.7%) 4(1.8%) 0.508 372 (85.3%) 64 (14.7%) 0.241
Prognosis of psychosis 191 144 (75.4%) 44 (23.0%) 3 (1.6%) 0.916 332 (86.9%) 50 (13.1%) 0.677
Transient 104 79 (76.0%) 23 (22.1%) 2 (1.9%) 0.811 181 (87.0%) 27(13.0%) 0.706
Prolonged 87 65(74.71%) 21 (24.1%) 1(1.2%) 0.852 151 (86.8%) 23 (13.2%) 0.686
Spontaneous relapse
Positive 91 66(72.5%) 23 (25.3%) 2 (2.2%) 0.552 155 (85.2%) 27 (14.8%) 0.360
Negative 100 78(78.0%) 21 (21.0%) 1 (1.0%) 1 177 (88.5%) 23 (11.5%) 0.897
Genotype Allele
GSTO1 (rs4925) n C/C C/A A/A P C A P
Controls 233 166 (71.2%) 55 (23.6%) 12 (5.2%) 387 (83.0%) 79 (17.0%)
Abusers 218 163 (74.8%) 53 (24.3%) 2 (0.9%) 0.033* 379 (86.9%) 57(13.1%) 0.114
Prognosis of psychosis 191 140 (73.3%) 49 (25.7%) 2 (1.0%) 0.057 329 (86.1%) 53 (13.9%) 0.253
Transient 104  74(71.1%) 29 (27.9%) 1(1.0%) 0.140 177 (85.1%) 31 (14.9%) 0.573
prolonged 87 66(75.9%) 20 (23.0%) 1(1.1%) 0.295 152 (87.4%) 22 (12.6%) 0.223
Spontaneous relapse i
Positive 91 64 (70.3%) 27 (29.7%) 0 (0.0%) 0.042* 155 (85.2%) 27 (14.8%) 0.556
Negative 100 76 (76.0%) 22 (22.0%) 2 (2.0%) 0.404 174 (87.0%) 26 (13.0%) 0.246
Genotype Allele
GPX1 (rs1050450) n c/C C/T T/T P C T P
Controls 233 207 (88.8%) 23 (9.9%) 3(1.3%) 437 (93.8%) 29 (6.2%)
Abusers 218 189(86.7%) 29 (13.3%) 0 (0.0%) 0.142 407 (93.3%) 29(6.7%)  0.892
Prognosis of psychosis 191 165 (86.4%) 26 (13.6%) 0 (0.0%) 0.185 356 (93.2%) 26(6.8%)  0.780
Transient 104 90(86.5%) 14 (13.5%) 0 (0.0%) 0.457 194 (93.3%) 14 (6.7%)  0.865
Prolonged 87 75(86.2%) 12 (13.8%) 0(0.0%) 0.403 162 (93.1%) 12(6.9%) 0.720
Spontaneous relapse -
Positive 91  82(90.1%) 9 (9.9%) 0 (0.0%) 0.796 173 (95.1%) 9(4.9%)  0.710
Negative 100 83(83.0%) 17 (17.0%) 0 (0.0%) 0.105 183 (91.5%) 17(8.5%)  0.318
Genotype Allele
GCLM -588C/T n C/C C/T T/T P C T P
Controls 233 172(73.8%) 59 (25.3%) 2 (0.9%) 403 (86.5%) 63 (13.5%)
Abusers 218 150(68.8%) 62 (28.4%) 6 (2.8%) 0.214 362 (83.0%) 74(17.0%) 0.164
Prognosis of psychosis 191 131 (68.6%) 55 (28.8%) 5 (2.6%) 0.241 317 (83.0%) 65 (17.0%) 0.177
Transient 104  73(70.2%) 29 (27.9%) 2 (1.9%) 0.594 175 (84.1%) 33 (15.9%) 0.474
Prolonged 87 58(66.7% 26 (29.9%) 33.4% 0.143 142 (81.6%) 32 (18.4%) 0.134
Spontaneous relapse
Positive 91 60(65.9%) 29 (31.9%) 2 (2.2%) 0.217 149 (81.9%) 33 (18.1%) 0.141
Negative 100 71(71.0%) 26 (26.0%) 3 (3.0%) 0.343 168 (84.0%) 32 (16.0%) 0.400
(Continued)
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TABLE III. (Continued)
Genotype Allele

GCLM (rs2301022) n G/G G/A A/A P G A P
Controls 233 125 (53.7%) 90 (38.6%) 18 (7.7%) 340 (73.0%) 126 (27.0%) .
Abusers 218 126 (57.8%) 176 (34.9%) 16 (7.3%) 0.682 328 (75.2%) 108 (24.8%) 0.448
Prognosis of psychosis 191 109 (5§7.1%) 66 (34.5%) 16 (8.4%) 0.694 284 (74.3%) 98 (25.7%) 0.696

Transient 104 61(58.7%) 34 (32.7%) 9 (8.6%) 0.587 156 (75.0%) 52 (25.0%) 0.636

Prolonged 87 48(55.2%) 32 (36.8%) 7 (8.0%) 0.925 128 (73.6%) 46 (26.4%) 0.920
Spontaneous relapse

Positive 91 52 (57.1%) 34 (37.4%) 5 (5.5%) 0.790 138 (75.8%) 44 (24.2%) 0.488

Negative 100 57 (657.0%) 32 (32.0%) 11 (11.0%) 0.403 146 (73.0%) 54 (27.0%) 1

Bold shows a significant difference.
*P<0,05, **P<0.01 as compared to control group.

prolonged-type psychosis was significantly higher (P=0.0036,
odds ratio: 2.13, 95% CI 1.29-3.52) than that (39.9%) of
controls, although there was no difference in GSTT1 genotype
frequency between METH abusers with transient-type
psychosis and controls (Table III). The frequency (54.9%) of
the GSTT1 null genotype among METH abusers with sponta-
neous relapse was significantly higher (P=0.018, odds ratio:
1.84,95% CI 1.13—2.99) than that (39.9%) of controls, although
there was no difference in GSTT1 genotype frequencies
between METH abusers without spontaneous relapse and
controls (Table ITT). Furthermore, to examine the association
between GSTT1 gene polymorphism and the clinical course of
METH psychosis, we analyzed the frequency of the GSTT1
genotype among patients with METH psychosis. As shown in
Table IV, we classified patients with METH psychosis into four
subgroups based on the course of METH psychosis (e,
transient or prolonged METH psychosis with or without
spontaneous relapse of psychotic symptoms). There was a
significant difference in GSTT1 genotype frequency between
prolonged-type METH psychotic patients with spontaneous
relapse and transient-type METH psychotic patients without
spontaneous relapse (P =0.025). The frequency (66.0%) of the
GSTT1 null genotype among prolonged-type METH psychotic
patients with spontaneous relapse was significantly higher
(P=0.025, odds ratio: 2.43, 95% CI 1.13-5.23) than that
(44.4%) of transient-type METH psychotic patients without
spontaneous relapse (Table IV).

No significant differences were found in the allelic and
genotypic frequencies of the SNPs of GSTT2 (rs1622002),
GSTA1 (—69C/D), GPX1 (rs1050450), GCLM —588C/T, and GCLM
(rs2301022) between METH abusers and controls (Table III).
Although there was a significant difference in the genotype
frequency (P=0.033) of GSTO1 (rs4925) between METH
abusers and controls, no difference in terms of allele frequency

(P=0.114, odds ratio: 0.74, 95% CI 0.51-1.07) was detected
between the two groups. There was also no difference in the
allele frequency (P = 0.556) of GSTO1 between METH abusers
with spontaneous relapse and controls, though a significant
difference in genotype frequency (P=10.042) of GSTO1 was
detected between the two groups.

DISCUSSION

The present study showed that the polymorphism of the
GSTT1 gene was associated with METH psychosis in a
Japanese population. The finding supports the hypothesis that
oxidative stress mechanisms including GSH-related enzymes
might play a role in the pathogenesis of METH psychosis. In
this study, we found that the frequency of the GSTT1 null
genotype was significantly higher among patients with METH
psychosis than among controls. This finding was consistent
with our previous report that the frequency of the GSTP1 gene
with the 105 valine allele, which results in low activity of GST
[Pemble et al., 1994; Watson et al., 1998], was significantly
higher among patients with METH psychosis than among
controls [Hashimoto et al., 2005].

It has been suggested that the ROS and dopamine (DA)
quinones generated by the administration of METH covalently
conjugate with the sulfhydryl group of cysteine on functional
proteins such as dopamine transporter (DAT), leading to
METH-induced neuronal damage in the brain [Smythies and
Galzigna, 1998; Whitehead et al., 2001; Asanuma et al., 2003;
Miyazaki et al., 2006; Hashimoto, 2007]. GSTs are considered
to play arole in the protective effect against oxidative stress by
catalyzing the conjugation of electrophilic substrates such as
ROS and DA quinones [Smythies and Galzigna, 1998; White-
head et al., 2001]. In addition, recent studies reported that the
mRNA expressions of both GSTT1 and GSTP1 were detected in

TABLE IV. Analysis of GSTT1 Polymorphisms in Patients with METH Psychosis

Genotype
n Age, mean+ SD Non-deletion Null Odds ratios (95% CI) P

Transient-type psychosis

spontaneous relapse

Negative 63 38.9+11.7 35 (55.6%) 28 (44.4%)

Positive 41 37.1+10.5 24 (58.5%) 17 (41.5%) 0.89 (0.40-1.96) 0.84
Prolonged-type psychosis

spontaneous relapse

Negative 37 33.4+13.8 19 (51.4%) 18 (48.6%) 1.18 (0.52-2.67) 0.84

Positive 50 38.1+12.0 17 (34.0%) 33 (66.0%) 2.43 (1.13-5.23) 0.025*

P-value as compared to transient METH psychotic patients without spontaneous relapse (Fisher’s exact test).

Bold shows a significant difference.

*P < 0.05 as compared to transient METH psychotic patients without spontaneous relapse.
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the human brain [Nishimura and Naito, 2006], and that
GSTT1 and GSTP1 were induced under conditions of oxidative
stress [Strange et al., 2000; Brind et al., 2004]. Therefore, these
findings suggest that the gene polymorphisms related to low
activity of GST may lead to an excess of oxidative products (e.g.,
ROS and DA quinones) induced by the administration of
METH, and might lead to METH-induced neuronal damage in
the human brain, and consequently METH-related psychiatric
symptoms such as METH psychosis.

In the present study, we found that the polymorphism of
GSTT1 gene was associated with prolonged, but not transient,
METH psychosis, and with spontaneous relapse of a psychotic
state. It is of great interest to find an association between
GSTT1 gene polymorphism and the clinical course of METH
psychosis. Patients with prolonged-type psychosis, that is,
psychosis continuing for more than 1 month even after METH
discontinuance, or patients with spontaneousrelapse of psychotic
symptoms are categorized as having a “severe clinical course of
METH psychosis,” while patients with transient-type psycho-
sis, defined as improvement of the psychotic state within
1 month, or patients without spontaneous relapse are cate-
gorized as having a “mild clinical course” [Ujike et al., 2008;
Ujike and Sato, 2004]. Our findings suggest that the GSTT1
null genotype may be associated with the severe clinical course
of METH psychosis. Given that GSTs are considered to play a
role in the protective effect against oxidative stress induced
by METH in the brain, METH users with the GSTT1 null
genotype may be more vulnerable to METH-induced neuro-
toxicity than those with the GSTT1 non-deletion genotype.
Taken all together, the findings of the present study suggest
that the polymorphism of the GSTT1 gene might be a genetic
risk factor for the development of METH psychosis. Further-
more, it is alsolikely that a genetic polymorphism in the GSTT1
gene might serve as a molecular marker for monitoring the
clinical course among patients with METH psychosis.

In this study, we found no associations between the gene
polymorphisms of the GSH-related enzymes, including GSTT2
(rs1622002), GSTAL (—69C/T), GSTO1 (rs4925), GPX1 (rs1050450),
GCLM -588C/T, and GCLM (rs2301022), and METH abusers
in a Japanese population, although the genotype frequency of
the GSTOL1 gene was significantly different between METH
abusers and controls. Therefore, the GSH-related genes,
including GSTT2, GSTA1, GSTO1, GPX1, and GCLM, may
have no major genetic effects on the pathogenesis of METH
abuse in the Japanese population. In contrast, a post-mortem
brain study showed that GST activity in the putamen of METH
users with severe DA loss in the caudate was decreased,
although the activities of both GPX and glutamate-cysteine
ligase were not changed [Mirecki et al., 2004], a finding that
supports the possibility that oxidative stress plays a role in the
pathophysiology of patients who engage in METH abuse.

Some limitations of the present study are as follows. First,
the sample size is small. Because of the small number of
subgroups, we cannot rule out type I or type Il errors. Using the
genetic statistics package Genetic Power Calculator prepared
by Purcell et al. {2003], the genetic power of the present
association analysis has been estimated to be as high as 30%.
Further studies with larger samples are clearly needed to
verify the present findings. Second, there is sample collection
in this study. The strengths of the sample collection is the
geographically matched sample of cases and controls, since we
matched these cases and controls based on geographic data.
The weakness of the sample collection is the small sample size
of METH users without psychosis, since we collected the
sample from subjects at a psychiatric hospital. Therefore, it
will be very useful to collect a sample of METH users without
psychosis.

In conclusion, the present findings suggest that the poly-
morphism of the GSTT1 gene might be a genetic risk factor of
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the development of METH use disorder, and that genetic
polymorphism in the GSTT1 gene may serve as a molecular
marker for monitoring clinical course among patients with
METH psychosis. Furthermore, it is possible that the GSH-
related genes, including GSTT2, GSTAL, GSTO1, GPX1, and
GCLM, have no major genetic effects on the pathogene51s of
schxzophrema in a Japanese population.
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Phencyclidine-Induced Cognitive Deficits in Mice Are
Improved by Subsequent Subchronic Admmlstratlon
of the Novel Selective a7 Nicotinic Receptor

Agonist SSR180711

Kenji Hashimoto, Tamaki Ishima, Yuko Fujita, Masaaki Matsuo, Tatsuhiro Kobashi, Makoto Takahagi,
Hideo Tsukada, and Masaomi lyo

Background: Accumulating evidence suggests that a7 nicotinic receptor (a7 nAChR) agonists could be potential therapeutic drugs for cognitive
deficits in schizophrenia. The present study was undertaken to examine the effects of the novel selective a7 nAChR agonist SSR18071 1 on cognitive
deficits in mice after repeated administration of the N-methyl-D-aspartate receptor antagonist phencyclidine (PCP).

Methods: Saline or PCP (10 mg/kg/day for 10 days) was administered to mice. Subsequently, vehicle, SSR180711 (.3 or 3.0 mg/kg/day),
SSR180711 (3.0 mg/kg/day) + the selective a7 nAChR antagonist methyllycaconitine {MLA; 3.0 mg/kg/day)}, or MLA (3.0 mg/kg/day)
was administered IP for 2 consecutive weeks, Twenty-four hours after the final administration, a novel object recognition test was performed.

Results: The PCP-induced cognitive deficits were significantly improved by subsequent subchronic (2-week) administration of SSR180711
(3.0 mg/kg). The effects of SSR180711 (3.0 mg/kg) were significantly antagonized by co-administration of MLA (3.0 mg/kg). Furthermore,
Western blot analysis and immunohistochemistry revealed that levels of a7 nAChRs in the frontal cortex and hippocampus of the PCP (10
mg/kg/day for 10 days)-treated mice were significantly lower than those of saline-treated mice.

Conclusions: These findings suggest that repeated PCP administration significantly decreased the density of a7 nAChRs in the brain and
that the o7 nAChR agonist SSR180711 could ameliorate cognitive deficits in mice after repeated administration of PCP. Therefore, a7 nAChR

agonists including SSR180711 are potential therapeutic drugs for treating cognitive deficits in schizophrenic patients.

Key Words: o7 Nicotinic receptors, cognition, NMDA receptor,
object recognition test, schizophrenia, SSR180711

feature of the illness, which predicts vocational and social
disabilities in patients (1-5). Accumulating evidence sug-
gests that a dysfunction in the glutamatergic neurotransmission
via the N-methyl-D-aspartate (NMDA) receptors might be in-
volved in the pathophysiology of schizophrenia (3,6-11). The
NMDA receptor antagonists such as phencyclidine (PCP) and
ketamine are known to induce schizophrenia-like symptoms
including cognitive deficits in healthy subjects (6,12). Therefore,
PCP has been used as an animal model of cognitive deficits in
schizophrenia (13-16). We recently found that PCP-induced
cognitive deficits in the novel object recognition test (NORT)
could be significantly improved by subsequent subchronic (2-
week) administration of clozapine but not haloperidol (14).
These findings suggest that reversal of PCP-induced cognitive
deficits as measured by the NORT might be a potential animal
model of atypical antipsychotic activity related to the ameliora-
tion of cognitive deficits in schizophrenia (14-16).
Several lines of evidence suggest that o7 nicotinic receptors (o7
nAChRs) might play a role in the pathophysiology of schizophrenia
and that o7 nAChR agonists might have therapeutic potential in

C ognitive deficits in patients with schizophrenia are a core
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the treatment of cognitive deficits in patients with schizophrenia
(17-26). It has been reported that ARR17779, a full agonist at a7
nAChRs, significantly improved learning and memory as well as
social recognition in rats (27,28) although one report did not find
any effects of ARR17779 in the five-choice task (29). Furthermore, it
has been reported that the administration of tropisetron or 3-(2,4)-
dimethoxybenzylidine anabaseine (DMXB), partial agonists at «7
nAChRs, improved the deficient inhibitory processing of the P20-
N40 auditory evoked potential in DBA/2 mice (30,31). Recently,
these two drugs have been demonstrated to improve the P50
auditory gating deficits in schizophrenic patients (32,33). Thus, it is
likely that @7 nAChR agonists such as tropisetron and DMXB could
be therapeutic for cognitive deficits in schizophrenia.

SSR180711, 4-bromophenyl 1,4-diazabicyclol3.2.2jnonane-4-car-
boxylate hydrochloride, is a novel selective partial agonist at o7
nAChRs with a high affinity (Ki = 50 nmol/L for rat «7 nAChRs, Ki
= 78 nmol/L for human a7 nAChRs) (25,34,35). Furthermore, it has
been reported that SSR180711 restores the selective attention deficits
induced by PCP administration at the neonatal stage and the spatial
working memory deficit induced by dizocilpine (35). These findings
suggest that SSR180711 has the potential to improve cognitive
deficits in schizophrenic patients (25,34,35).

In the present study, with the NORT, we examined the effects
of subsequent acute or subchronic (2-week) treatment with
SSR180711 on cognitive deficits in mice after repeated adminis-
tration of PCP. Furthermore, we studied whether repeated PCP
treatment alters the density of a7 nAChRs in the mouse brain.

Methods and Materials

Animals

Male ICR mice (6 weeks old) weighing 25-30 g were pur-
chased from SLC Japan (Hamamatsu, Shizuoka, Japan). The mice
were housed in clear polycarbonate cages (22.5 X 33.8 X 14.0
cm) and in groups of 5 or 6 mice under a controlled 12-hour/

BIOL PSYCHIATRY 2008;63:92-97
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12-hour light—dark cycle (light from 7:00 aM to 7:00 pM), with
room temperature at 23 * 1°C and humidity at 55 * 5%. The
mice were given free access to water and food pellets. The
experimental procedure was approved by the Animal Care and
Use Committee of Chiba University Graduate School of Medicine.

Drugs

The PCP hydrochloride was synthesized in our laboratory at
Chiba University. The SSR180711 was synthesized at Nard Institute
(Amagasaki, Hyogo, Japan). Methyllycaconitine citrate (MLA) was
purchased from Sigma-Aldrich Corporation (St. Louis, Missouri).
Other drugs were purchased from commercial sources.

Drug Administration

Saline (10 mL/kg) or PCP (10 mg/kg expressed as a hydro-
chloride salt) was administered subcutaneously (SC) for 10 days
(once daily on days 1-5, 8—12), with no treatment on days 6,7,
13, and 14. In the experiment involving acute treatment, 3 days
after the final administration of saline or PCP (ie., on day 15),
vehicle (10 mi/kg; saline) or SSR180711 (.3 or 3.0 mg/kg) was
administered intraperitoneally (IP). In the experiment involving
subchronic (2-week) treatment, 3 days after the final administra-
tion of saline or PCP (i.e., on day 15), vehicle (10 mL/kg; saline),
SSR180711 (.3 or 3.0 mg/kg), SSR180711 (3.0 mg/kg) + MLA (3.0
mg/kg), or MLA (3.0 mg/kg) was administered IP for 2 consec-
utive weeks (once daily on days 15-28). A 3-mg/kg dose of MLA
was selected, because this dose was effective in the deficient
inhibitory processing of the P20-N40 auditory evoked potential
in DBA/2 mice (31) or in PCP-induced cognitive deficits (15).

NORT

In the experiment involving acute treatment, 1 hour after the
final administration of vehicle or SSR180711, NORT was performed
as previously reported (14-16,36). In the experiment involving
subchronic (2-week) treatment, a training session for NORT was
performed 24 hours after the final administration of vehicle,
SSR180711 (.3 or 3.0 mg/kg), SSR180711 (3.0 mg/kg) + MLA (3.0
mg/kg), or MLA (3.0 mg/kg). The apparatus for this task consisted
of a black open field box (50.8 X 50.8 X 25.4 am). Before the test,
mice were habituated in the box for 3 days. During the training
session, two objects (various objects differing in their shape and
color but similar in size were used) were placed in the box 35.5 cm
apart (symmetrically), and each animal was allowed to explore in
the box for 10 min (5 min X 2). The animals were considered to be
exploring the object when the head of the animal was facing the
object within an inch of the object or when any part of the body,
except for the tail, was touching the object. The time that the mice
spent exploring each object was recorded. After the training, the
mice were immediately retumed to their home cages, and the box
and objects were cleaned with 75% ethanol to avoid any possible
instinctive odorant cues. Retention test sessions were carried out at
1-day intervals after the initial training, During the retention test
sessions, each mouse was placed back in the same box, but one of
the objects in the box used during the initial training was replaced
with a novel one. The mice were then allowed to freely explore for
5 min, and the time spent exploring each object was recorded.
Throughout the experiments, the objects were used in a counter-
balanced manner in terms of their physical complexity. A prefer-
ence index, the ratio of the amount of time spent exploring any one
of the two obijects (training session) or the novel object (retention
session) to the total time spent exploring both objects, was used to
measure memory performance,
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Western Blotting

Saline (10 mL/kg/day) or PCP (10 mg/kg/day) was adminis-
tered SC for 10 days (once daily on days 1-5, 8-12). First, 3 days
after the final administration of saline or PCP (10 mg/kg/day for
10 days; i.e., on day 15), the mice were killed by decapitation.
Second, 3 days after the last administration of saline or PCP (i.e.,
on day 15), vehicle (10 mi/kg/day; saline) or SSR180711 (3.0
mg/kg/day) was administered IP into mice for 2 consecutive
weeks (once daily on days 15-28). Twenty-four hours after the
last administration of vehicle or SSR180711, the mice were killed
by decapitation. Then, the frontal cortex and hippocampus were
dissected on ice and stored at —80°C.

Briefly, brain tissue was homogenized in 10 vol of 5 mmol/L
Tris/hydrochloric acid (HCD (pH 7.4) containing .32 mol/L sucrose
and centrifuged for 10 min at 1,000 X g. The resulting supernatant
was recentrifuged for 10 min at 40,000 X g to obtain the crude
membrane fraction. The pellet was washed twice in buffer and
resuspended. Aliquots (frontal cortex: 25 pg protein, hippocampus:
40 pg protein) of the membranes were incubated for 5 min at 95°C
with an egual volume of 125 mmol/L Tris/HCl, pH 6.8, 20%
glycerol, .002% bromphenol blue, 10% B-mercaptoethanol, and 4%
sodium dodecylsulfate (SDS), and subjected to SDS-polyacrylamide
gel electrophoresis (PAGE) with 10% mini-gels (Mini Protean If;
Bio-Rad, Hercules, California). Proteins were transferred onto poly-
vinylidene fluoride (PVDF) membranes with a Trans Blot Mini Cell
(Bio-Rad). For immunodetection, the blots were blocked for 1-2
hours in Tris-buffered saline-Tween (TBST) (50 mmol/L Tris/HCl,
pH 7.8, .13 mol/L sodium chloride, .1% Tween 20) containing 5%
nonfat dry milk at room temperature, followed by incubation with
rabbit anti-a7 nAChR antibody (1:2,000, Cat. No: AB5637, Chemicon
International, Temecula, California) overnight at 4°C in TBST/5%
blocker. The blots were washed five times with TBST. Incubation
with the secondary antibody (GE Healthcare Bioscience, Bucking-
hamshire, United Kingdom) was performed for 1 hour at room
temperature. After extensive washing, immunoreactivity was de-
tected by enhanced chemiluminescence (ECL) plus the Western
Blotting Detection system (GE Healthcare Bioscience). Images were
captured with a Fuji LAS3000-mini imaging system (Fujifilm, Tokyo,
Japan), and immunoreactive bands were quantified. -Actin immu-
noreactivity was used to monitor equal sample loading. The levels
of a7 nAChRs in the PCP-treated mice were expressed as percent-
ages of those of saline-treated mice (control animals).

Immunohistochemistry

Three days after the final administration of saline (10 ml/kg/day
for 10 days; days 1-5 and days 8-12) or PCP (10 mg/kg/day for 10
days; days 1-5 and days 8-12) (i.e., on day 15), the mice were killed
with sodium pentobarbital and perfused transcardially with 10 mL
of isotonic saline, followed by 40 mL of ice-cold 4% paraformalde-
hyde in .1 mol/L phosphate buffer (pH 7.4). The brains were
removed from the skulls and postfixed overnight at 4°C in the same
fixative, For the immunohistochemical analysis, 50-um-thick serial
sagittal sections of brain were cut in ice-cold .01 mol/L phosphate
buffer saline (PBS; pH 7.5) with a vibrating blade microtome
(VT10008, Leica Microsystems AG, Wetzlar, Germany). Free-floating
sections were treated with .3% hydrogen peroxide (H,0,) in .05
mol/L Tris-HCl saline (TBS) for 30 min and blocked in TBS
containing .2 % Triton X-100 (TBST) and 1.5% normal serum for 1
hour at room temperature. The samples were then incubated for 36
hours at 4°C with rabbit anti-a7 nAChR antibody (1:10,000, Cat. No:
ABS5637, Chemicon International). The sections were washed twice
in TBST and processed according to the avidin-biotin-peroxidase
method (Vectastain Elite ABC, Vector Laboratories, Burlingame,
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Training on Retention test session

)

Figure 1. Effects of acute administration of 4-bromophe-
nyl 1,4-diazabicyclo[3.2.2lnonane-4-carboxylate hydro-
chloride (SSR180711) on phencyclidine (PCP)-induced
cognitive deficits in mice. Saline (10 ml/kg) of PCP (10

Exploratory preference (%)

mg/kg) was administered SC for 10 days (once daily on
days 1-5,8-12). Three days after the last administration of
saline or PCP (i.e, on day 15), vehicie (10 ml/kg; saline) or
SS5R180711 (3 mg/kg) was administered IP to the mice.
The novel object recognition test (NORT) was performed
1 hour after the administration, Values are the means *
SEM (n = 7-13). #p < .05 as compared with the saline-
treated group (control).
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California). The sections were then reacted for 5 min in a solution of
.15 mg/mL diaminobenzidine containing .01% H,0O,. Alternate
sections, incubated in the absence of primary antibody as an
immunohistochemical control, showed no immunostaining. The
sections were mounted on gelatinized slides, dehydrated, cleared,
and coverslipped under Entellan New (Merck KGaA, Darmstadt,
Germany). The sections were imaged, and the intensity of o7
nAChR-immunoreactivity in the frontal cortex and hippocampus
was analyzed by using a light microscope equipped with a CCD
camera (Olympus IX70, Olympus Corporation, Tokyo, Japan) and
the SCION IMAGE software package (Scion Corporation, Frederick,
Maryland). The a7 nAChR immunoreactivity was quantified in the
regions of the frontal cortex and hippocampus in a blinded manner.
The levels of a7 nAChRs in the PCP-treated mice were expressed as
percentages of those of saline-treated mice (control animals).

Determination of PCP and SSR180711 in the Mouse Brain

In the experiment involving an acute single treatment, mice were
killed by decapitation 1 hour after a single administration of vehicle
(10 ml/kg, IP) or SSR180711 (3 mg/kg, IP). In the experiment
involving subchronic (2-week) treatment, saline (10 ml/kg/day, SC)
or PCP (10 mg/kg/day/ SC) was administered for 10 days (once
daily on days 1-5, 8~12), and no treatment was given on days 6, 7,
13, and 14. Three days after the final administration of saline or PCP
(i.e., on day 15), vehicle (10 mL/kg/day; saline) or SSR180711 (3.0
mg/kg/day) was administered IP for 2 consecutive weeks (once
daily on days 15-28). Twenty-four hours after the final administra-
tion of vehicle or SSR180711, the mice were killed by decapitation.
Then brains were dissected on ice, and the frontal cortex and
hippocampus were weighed.

Briefly, the brain tissues were homogenized in 20 volumes of
methanol high-performance liquid chromatography (HPLC grade)
on ice. The homogenates were centrifuged at 4,500 g for 10 min,
and 20 pl of supernatant was injected into the HPLC system with

Figure 2. Effects of subchronic administration of SSR180711
on PCP-induced cognitive deficits in mice. Saline (10 mL/kg)
or PCP (10 mg/kg) was administered SC for 10 days (once

daily on days 1-5,8~12). Three days after the last administra- ®

tion of saline or PCP (i, on day 15), vehicle (10 mL/kg/day; ™
saline), SSR180711 (3 or 3.0 mg/kg/day), SSR180711 (30 £ ®
mg/kg/day) + methyllycaconitine citrate (MLA) 3.0mg/kg/ 5 %
day), or MLA (3.0 mg/kg/day) was administered IP tothe & ©
micefor 2 consecutive weeks (once daily ondays 15-28).0n ¢ %
days 29 and 30, the NORT was performed. Valuesaremeans § 2
+ SEM (n = 7-24). +++p < 001 as compared withthePCP+ £ ©
saline-treated group. ***p < .001 as compared withthe ¥ o -

PCP + SSR180711 (3.0 mg/kg)-treated group. Other abbre-

pcP

UV detector (Shimadzu, Kyoto, Japan). A column (4.6 X 250 mm;
TSKgel ODS-80Ts, Tosoh Corporation, Tokyo, Japan) was used.
The UV detector was set at 244 nm. The mobile phases for the
determination of PCP and SSR180711 were acetonitrile: 100
mmol/L sodium acetate (30: 70, vol/vol) containing .1% triethyl-
amine (final pH 5.6) and acetonitrile: 30 mmol/L ammonium
acetate: acetic acid (HPLC grade) (300: 700: 2, vol/voD), respec-
tively. The flow rate was 1.0 mL/min.

Statistical Analysis

Data were expressed as mean * SEM. Statistical analysis was
performed by using the Student ¢ test or one-way analysis of
variance (ANOVA) and the post hoc Bonferroni test. Pvalues <
.05 were considered statistically significant.

Results

Effects of SSR180711 on PCP-Induced Cognitive
Deficits in Mice

In the NORT, repeated administration of PCP (10 mg/kg/day
for 10 days) caused significant cognitive deficits in the mice, a
result that is consistent with previous reports (14-16). During the
training session, there were no significant differences among the
four groups in the total amount of time spent exploring the two
objects nor in the exploratory preference (Figure 1A). In the
retention session, the exploratory preference (approximately
40%) of the PCP-treated group was significantly lower than that
(approximately 509) of the saline-treated group, suggesting that
the behavior of the PCP-treated mice might not have been a
result of memory impairment (14). Therefore, it is likely that our
model of PCP-induced cognitive deficits with NORT might show
negative symptoms, such as social withdrawal, that are related to
cognitive deficits (14). In the retention session, a single admin-
istration of SSR180711 (.3 or 3.0 mg/kg, 1 hour) did not alter the

24hrs

Training session Retention test session

Stine  SSREO) SSRA(S)  SSRIY)  MLAGY
MLAY)

viations as in Figure 1.
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%) . . - Figure 3. Effects of repeated administration of PCP on a7 nic-
o %) otinic receptor (o7 nAChR) protein in the mouse brain, Saline
1 I 1 l (10 ml/kg/day) or PCP (10 mg/kg/day) was administered SC for
£ 100 I £ m ki 10 days (once daily ondays 1-5,8-12). Three days after the fast
& a 2 © administration of saline or PCP (i.e, on day 15), the mice were
3 & killed by decapitation. Western blot analysis with a7 nAChR
£ @ & 5 antibody was performed as described in Methods. The levels of
% © § 0 o7 nAChRs in the PCP-treated mice were expressed as percent-
£ £ agesofthose of the saline-treated mice. Valuesare themeans =
g g SEM (n = 8), *p < .05, *»p < 01 as compared with the saline-

o S== 13 treated group (control). Other abbreviations as in Figure 1.

Contrel PCP Control PCP

reduction of the exploratory preference in mice after repeated
administration of PCP (Figure 1B).

In contrast, PCP-induced cognitive deficits were significantly
improved after subsequent subchronic (2-week) administration of
the higher dose (3.0 mg/kg/day) but not of the lower dose (3
mg/kg/day) of SSR180711. In the training session, the exploratory
preferences of the six groups were not significantly different
[F(5,74) = .762, p'= .580] (Figure 2A). However, in the retention
session, ANOVA analysis revealed that the exploratory preferences
of the six groups were significandly different [F(5,74) = 12.11, p <
.001] (Figure 2B). A post hoc Bonferroni test indicated that the
exploratory preference of the PCP-treated group was signifi-
cantly (p < .001) increased after subchronic (2-week) adminis-
tration of SSR180711 (3.0 mg/kg/day) but not SSR180711 (.3
mg/kg/day) (Figure 2B). Furthermore, the effect of SSR180711
(3.0 mg/kg) on the PCP-induced cognitive deficits was signifi-
cantly (p < .001) antagonized by the co-administration of MLA (3
mg/kg/day) (Figure 2B). Moreover, subchronic (2-week) admin-
istration of MLA (3.0 mg/kg/day) alone did not alter PCP-induced
cognitive deficits in mice (Figure 2B).

Effects of Repeated PCP Administration on the Levels of a7
nAChRs in the Mouse Brain

Western blot analysis revealed that the levels of a7 nAChRs in
the frontal cortex (¢t = 2.589, p = .021) and hippocampus (¢ =
3.024, p = .009) of the PCP-treated (10 mg/kg/day for 10 days)
mice were significantly lower than those of saline-treated mice
(Figure 3). Furthermore, immunohistochemistry revealed that the
immunoreactivity of a7 nAChRs in the frontal cortex (1 = 3.182,
p = .005) and hippocampus (¢ = 5.820, p < .001) of mice treated
with PCP (10 mg/kg/day 10 days) was significantly lower than
that of the saline-treated group (Figure 4).

Next, we examined whether subsequent subchronic (2-week)
administration of SSR180711 (3 mg/kg/day) alters the reduction
of a7 nAChRs in the mouse brain after repeated PCP administra-
tion. In this study, we found that subchronic administration of
SSR180711 (3 mg/kg/day) did not alter the reduction of a7

Figure 4. Effects of repeated administration of PCPon the &)

distribution of a7 nAChR immunoreactivity in the mouse
brain, Saline (10 mL/kg/day) or PCP (10 mg/kg/day) was

8

—

I

Frontal Cortex

nAChRs in the frontal cortex and hippocampus after repeated
PCP administration (Figure 5). These findings suggest that re-
peated PCP administration caused a long-term reduction of a7
nAChRs in the mouse brain (more than 2 weeks after the final
administration of PCP).

HPLC Determination of PCP and SSR180711 Levels in the
Mouse Brain

To ascertain whether the behavioral effects of SSR180711 are
due to the stimulation at a7 nAChRs in the mouse brain or due to
another effect (residual PCP) in the mouse brain, we measured
the PCP levels in the mouse brain at the time of the behavioral
NORT test. In this study, we did not detect the compound PCP in
the mouse brain 24 hours after the subsequent subchronic
(2-week) administration of SSR180711 (3 mg/kg/day). Therefore,
it is likely that the behavioral effect of SSR180711 on PCP-induced
cognitive deficits might be due to the stimulation at o7 nAChRs in
the mouse brain but not to residual PCP in the mouse brain.

Next, we measured the levels of SSR180711 in the mouse
brain at the time of the behavioral NORT test. We could detect
the compound SSR180711 (SSR180711-treated group: 33.04 =
10.97 ng/mg tissue [n = 6]; vehicle-treated group: not detected)
in the mouse brain at 1 hour after a single acute administration of
SSR180711 (3 mg/kg). However, we did not detect the com-
pound SSR180711 in the mouse brain at 24 hours after the
subchronic (2-week) administration of SSR180711 (3 mg/kg/
day). These findings suggest that the behavioral effect of
$SR180711 on PCP-induced cogaitive deficits might be due to the
subchronic stimulation at «7 nAChRs in the mouse brain but not
to residual SSR180711 in the mouse brain.

Discussion

The major findings of the present study are that repeated PCP
administration significantly decreased the density of o7 nAChRs in
the mouse brain and that PCP-induced cognitive deficits could be
improved by subsequent subchronic (2-week) administration of the

Hippocampus

okl whE

—

T

%)

8

E]

administered SC for 10 days (once daily on days 1-5,
8-12), Three days after the last administration of saline or
PCP (i.e., on day 15}, the mice were perfused. immunohis-
tochemistry was performed as described in Methods. Val-
ues are the means = SEM (n = 11). #xp < .01, *»+p < 001
as compared with the saline-treated group (control).
Other abbreviations as in Figure 1.

o7 nAChR immunoreactivity (55}
8 8

-
E]

o nAChR immunoreactivity (26)
8 & 8 8
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Figure 5. Effects of subsequent subchronic administration of
SSR180711 on the reduction of a7 nAChR immunoreactivity in
the mouse brain after the repeated administration of PCP. Sa-
line (10 mi/kg/day) or PCP (10 mg/kg/day) was administered
SC for 10 days (once daily on days 1-5, 8~12). Three days after

100 100

«f nAChR protein
o7 NAChR protein
3

the last administration of saline or PCP (ie, on day 15), vehicle
(10 mL/kg/day; saline) or SSR180711 (3.0 mg/kg/day) was ad-
ministered IP to the mice for 2 consecutive weeks (oncedailyon
days 15--28). Twenty-four hours after the last administration of
vehicle or SSR180711, the mice were killed by decapitation.
Westem blot analysis with a7 nAChR antibody was performed
as described in Methods. The levels of o7 nAChRs in the PCP-
treated mice were expressed as percentages of those of the
saline-treated mice. Values are the means + SEM (n = 8). #p <

PCP+
SSR180711

Control PCP Control PCP

novel selective o7 nAChR agonist SSR180711. We reported recently
that, in the NORT, PCP-induced cognitive deficits could be im-
proved by subsequent subchronic (2-week) administration of clo-
zapine but not of haloperidol, suggesting that the reversal of
PCP-induced cognitive deficits with the NORT might be a potential
animal model of atypical antipsychotic activity related to the ame-
lioration of cognitive deficits in schizophrenia (14). Very recently,
Pichat et al. (35) reported that SSR180711 significantly reversed
dizocilpine-induced deficits in the retention of episodic memory in
rats (object recognition test). SSR180711 was co-administered with
dizocilpine (1 mg/kg, IP) in that study (35), whereas SSR180711
was administered after repeated PCP administration in the present
study. Taken together, these findings suggest that SSR180711 could
ameliorate cognitive deficits after the administration of NMDA
receptor antagonists (PCP and dizocilpine), although the treatment
schedules differed between the two studies. Nonetheless, it is likely
that SSR180711 can be used as a therapeutic drug in the treatment of
cognitive deficits in schizophrenia.

In the present study, we found that repeated PCP administration
caused the reduction of &7 nAChRs in the mouse brain. This is the
first report demonstrating that the administration of PCP significantly
decreased the density of a7 nAChRs in the brain. The precise
mechanism(s) underlying how repeated PCP administration could
modulate «7 nAChRs in the brain are currently unknown. A
postmortem human brain study demonstrated decreased expres-
sion of hippocampal a7 nAChRs in schizophrenic patients (37),
suggesting that schizophrenic patients have fewer a7 nAChRs in the
hippocampus, a condition that might lead to the failure of cholin-
ergic activation of the inhibitory intemneurons, manifesting clinically
as decreased gating of responses to sensory stimulation (18,37).
Furthermore, it has been reported that the immunoreactivity of a7
nAChRs in the prefrontal cortex of schizophrenia was significantly
decreased as compared with normal control subjects (38). Interest-
ingly, a7 nAChR agonists can increase the release of glutamate from
the presynaptic terminals, resulting in stimulation of the NMDA
receptors on the postsynaptic neurons, suggesting that stimulation
at o7 nAChRs might potentiate the NMDA receptors (11,25). Taken
together, these findings suggest that a7 nAChRs might interact with
the NMDA receptors in the brain (11,25), although further study on
the cross-talk between a7 nAChRs and NMDA receptors in the brain
is necessary (39).

Deficient inhibitory processing of the P50 auditory evoked
potential is a pathophysiological feature of schizophrenia
(17,18,40). Several lines of evidence suggest that «7 nAChRs play
a critical role in this phenomenon (17-19,22), Similar to schizo-
phrenic patients, DBA/2 mice (decreased levels of a7 nAChRs)
spontaneously exhibit a deficit in the inhibitory processing of the
P20-N40 auditory evoked potential, which is thought to be a

www.sobp.org/journal
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rodent analogue of the human P50 auditory evoked potential
(41). We reported that the administration of tropisetron, a partial
agonist at «7 nAChRs, improved the deficient inhibitory process-
ing of the P20-N40 auditory evoked potential in DBA/2 mice and
that the co-administration of MLA (3 mg/kg) blocked the nor-
malizing effect of tropisetron, suggesting that «7 nAChRs play a
role in the mechanism of action of tropisetron (15). In addition,
we also reported that tropisetron improved the deficits of P50
suppression in schizophrenic patients (32). Recently, we also
reported that, via a7 nAChRs, tropisetron could improve PCP-
induced cognitive deficits in mice (31). Furthermore, it has been
reported that the selective a7 nAChR agonist PNU-282987 re-
stores auditory gating deficits in rats after the administration of
amphetamine (42) and that the selective a7 nAChR agonists,
(R)-3’(5-chlorothiophen-2-yDspiro-1-azabicyclo[2,2,2]octane-
3,5-[1’,3'loxazolidin-2’-one (25,43) and W-56203, (R)-3’-(3-meth-
ylbenzo[blthiophen-5-yDspirof1-azabicyclo[2.2.2Joctane-3,5"-0xazo-
lidin}-2-one (25,44), significantly improved dizocilpine-induced
auditory gating deficits in rats. Therefore, it might be of interest to
study the P20-N40 auditory evoked potential in mice with the
repeated PCP administration, because repeated PCP administra-
tion decreased the density of a7 nAChRs in the mouse brain.

In conclusion, the present findings suggest that repeated
administration of PCP decreased the density of a7 nAChRs in the
mouse brain and that SSR180711 could improve the cognitive
deficits that occur in mice after the repeated administration of
PCP. These findings suggest that &7 nAChR agonists such as
SSR180711 could be used as potential therapeutic drugs in the
treatment of cognitive deficits in schizophrenia.
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Abstract

Background: The N-methyl-D-aspartate (NMDA) receptor antagonist phencyclidine (PCP)-induced cognitive deficits have been used as an animal
model for schizophrenia. This study was undertaken to determine whether the antibiotic drug minocycline could improve PCP-induced cognitive
deficits in mice.

Methods: Saline (10 mi/kg/day, s.c., once daily on day 1-5, 8-12) or PCP (10 mg/kg/day, s.c., once daily on day 1-5, 8—12) were administered to
mice for 10 days. Subsequently, vehicle (10 ml/kg/day, i.p.) or minocycline (4.0 or 40 mg/kg/day, i.p.) was injected for 14 consecutive days. One
day after the final injection, a novel object recognition test was performed.

Results: PCP-induced cognitive deficits in mice were significantly improved by subsequent subchronic (14 days) administration of minocycline

(40 mg/kg), but not minocycline (4.0 mg/kg).

Conclusions: This study suggests that minocycline could be a potential therapeutic drug for cognitive deficits in schizophrenic patients.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Cognitive deficits in patients with schizophrenia are a core
feature of the illness, which predicts vocational and social
disabilities for patients (Green, 1996). Accumulating evidence
suggests that N-methyl-p-aspartate (NMDA) receptor plays a
role in the pathophysiology of schizophrenia (Javitt and Zukin,
1991; Hashimoto et al., 2004, 2005b). The NMDA receptor
antagonists such as phencyclidine (PCP) are known to induce
schizophrenia-like symptoms including cognitive deficits in
healthy subjects (Javitt and Zukin, 1991). In the novel object

Abbreviations: ANOVA, One-way analysis of variance; NMDA, N-methyl-
D-aspartate; NORT, Novel object recognition test; PCP, Phencyclidine.
* Cormesponding author. Tel.: +81 423 226 2147; fax: +81 423 226 2150.
E-mail address: hashimoto@faculty.chiba-u jp (K. Hashimoto).

0278-5846/% - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.pnpbp.2007.08.031

recognition test (NORT), we found that PCP-induced cognitive
deficits in mice could be significantly improved by subsequent
subchronic (14 days) administration of clozapine, but not
haloperidol (Hashimoto et al.,, 2005a). These findings suggest
that the reversal of PCP-induced cognitive deficits as measured
by the NORT may be a potential animal model of atypical
antipsychotic activity in relation to the amelioration of cognitive
deficits in schizophrenia (Hashimoto et al., 2005a, 2006,
2007a).

Minocyline is a semisynthetic second-generation tetracy-
cline which has anti-inflammatory effects that appear to be
completely separate and distinct from its anti-microbial
activity. Accumulating evidence suggests that minocycline
has potential therapeutic effects in several animal models of
neurological diseases (Domercq and Matute, 2004; Yong et al.,
2004; Thomas and Le, 2004; Stirling et al., 2005). In addition,
we reported that minocycline could ameliorate the behavioral
changes (e.g., acute hyperlocomotion and the development of
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behavioral sensitization) and neurotoxicity that occur in mice
and monkeys due to the administration of methamphetamine or
3,4-methylenedioxymethamphetamine (Zhang et al., 2006a,
2006b; Hashimoto et al., 2007b). Furthermore, we found that
the hyperlocomotion and prepulse inhibition deficits in mice
that occur after the administration of the NMDA receptor
antagonist dizocilpine were significantly attenuated by the
administration of minocycline (Zhang et al.; 2007). These
findings suggest that minocycline may be a potential
therapeutic drug for neuropsychiatric disorders including
schizophrenia. In the present study, using the NORT, we
examined the effects of subsequent subchronic (14 days)
treatment with minocycline on cognitive deficits in mice after
repeated administration of PCP.

2. Methods
2.1. Animals

Male ICR mice (6 weeks old) weighing 25-30 g were
purchased from SLC Japan (Hamamatsu, Shizuoka, Japan). The
mice were housed in clear polycarbonate cages
(22.5%33.8x14.0 cm) and in groups of 5 or 6 mice under a
controlled 12/12-h light-dark cycle (light from 7:00 AM to 7:00
PM) at a room temperature of 23+ 1 °C and humidity of 55+
5%. The mice were given free access to water and to food
pellets designed for mice. The experimental procedure was
approved by the Animal Care and Use Committee of Chiba
University Graduate School of Medicine.

2.2. Drug administration

PCP hydrochloride was synthesized by K.H. in our
laboratory. Saline (10 ml/kg/day) or PCP (10 mg/kg/day
expressed as a hydrochloride salt) were administered subcuta-
neously (s.c.) for 10 days (once daily on day 1--5, 8-12), and no
treatment was given on days 6, 7, 13 and 14. In the experiment
involving subchronic treatment, 3 days (day 15) after the final
administration of saline or PCP, vehicle (10 ml/kg/day;
physiological saline) or minocycline (4.0 or 40 mg/kg/day,
.Wako Pure Chemical Ltd., Tokyo, Japan) was administered
intraperitoneally (i.p.) for 14 consecutive days (once daily on
days 15-28). The dose (40 mg/kg) of minocycline was selected
based on the fact that this dose was effective in mitigating the
methamphetamine-induced hyperlocomotion (Zhang et al,
2006a) as well as prepulse inhibition deficits in mice after the
administration of the NMDA receptor antagonist dizocilpine
(Zhang et al., 2007). The dose (4.0 mg/kg) of minocycline was
used as a low-dose, negative control dose. The experiments
were conducted separately, and the individual dose groups were
distributed across the duration of the experiments.

2.3. Novel object recognition test (NORT)
NORT was performed 1 day after a final administration of

vehicle (10 ml’kg/day for 14 days) or minocycline (4.0 or
40 mg/kg/day for 14 days). The apparatus for this task consisted

of a black open field box (50.8 x50.8 x25.4 cm). Before the test,
mice were habituated in the box for 3 days. During a training
session, two objects (various objects differing in shape and
color but similar in size) were placed in the box 35.5 ¢m apart
(symmetrically), and each animal was allowed to explore in the
box for 10 min (5 min % 2). The animals were considered to be
exploring the object when the head of the animal was facing the
object within an inch of the object or when any part of the body,
except for the tail, was touching the object. The time that the
mice spent exploring each object was recorded. After the
training, the mice were immediately returned to their home-
cages, and the box and objects were cleaned with 75% ethanol
to avoid any possible instinctive odorant cues. Retention tests
were carried out at 1-day intervals following the training,
During the retention test, each mouse was placed back into the
same box, with one of the objects used during training replaced
by a novel object. The mice were then allowed to freely explore
for 5 min, and the time spent exploring each object was
recorded. Throughout the experiments, the objects were used in
a counter-balanced manner in terms of their physical complex-
ity. A preference index, the ratio of the amount of time spent
exploring any one of the two objects (training session) or the
novel object (retention test session) over the total time spent
exploring both objects, was used to measure the memory
performance.

2.4. Statistical analysis

Data were expressed as means+S.E.M. Statistical analysis
was performed using one-way analysis of variance (ANOVA)
and the post hoc Bonferroni/Dunn test. P-values less than 0.05
were considered statistically significant.

3. Results

During the training session, there were no significant
differences (F (4,80)=1.92, p=0.115) among the five groups
in the total amount of time spent exploring two objects
(Table 1). In the retention session, the exploratory preference
(approximately 40%) of the PCP-treated group was significant-
ly lower than that (approximately 50%) of the saline-treated

Table 1
Total amount of time spent exploring both objects during object recognition in
the training and retention sessions

Group Training session Retention session
(10 min) (5 min)
Time exploring objects (seconds)
Vehicle+Vehicle 63.97+3.37 48.12+3.81
PCP+ Vehicle 65.24:+4.64 43.93+3.30
PCP+Minocycline (4.0 mg/kg) 63.47£6.92 42.65+5.99
PCP+Minocycline (40 mg/kg) 82.65+£6.74 48.81+3.90
Vehicle+Minocycline 71.08+13.14 32.44+6.67
(40 mg/kg)

Data are expressed as the mean+S.E.M (#=9-24). There were no significant
differences among five groups.
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group, suggesting that the behavior of the PCP-treated mice
may not have been due to memory impairment (Hashimoto
et al., 2005a). Therefore, it is likely that our model of PCP-
induced cognitive deficits using NORT may show behavioral
deficits such as reduction in motivation for a novel object,
concentration, and withdrawal symptoms, which might be
related to cognitive deficits.

We examined the effects of subsequent subchronic (14 day)
administration of minocycline on PCP-induced cognitive
deficits in mice. As shown in Fig. 1, PCP-induced deficits
were significantly improved after subsequent subchronic
(14 days) administration of minocycline (40 mg/kg/day), but
not minocycline (4.0 mg/kg/day). In the training session, the
exploratory preference was not different among the five groups
(F (4,80)=1.011, p=0.407) (Fig. 1). However, in the retention
test session, ANOVA analysis revealed that the exploratory
preferences of mice in the five groups were significantly
different (F (4,80)=14.30, p<0.001) (Fig. 1). A post hoc
Bonferroni test indicated that the exploratory preference of the
PCP-treated group was significantly (»<0.001) increased after
subchronic (14 days) administration of minocycline (40 mg/kg/
day) (Fig. 1). Furthermore, subchronic (14 days) administration
of minocycline (40mg/kg/day) alone did not alter the explor-
atory preference in either the training session or the retention
session (Fig. 1).

4, Discussion

In this study, we found that PCP-induced cognitive deficits
could be improved by subsequent subchronic (14 days) admin-
istration of minocycline. In the NORT, no significant differences
in the total amount of time spent exploring two objects or in
exploratory preference were found among all of the groups during
the training session, suggesting that the levels of motivation,
curiosity, and interest in exploring novel objects were the same in
all groups (Hashimoto et al., 2005a, 2006, 2007a). In the NORT,
we reported that PCP-induced cognitive deficits in mice could be
improved by subsequent subchronic (14 days) administration of
the atypical antipsychotic drug clozapine, but not the typical
antipsychotic drug haloperidol (Hashimoto et al,, 2005a).
Therefore, the reversal of PCP-induced cognitive deficits using
the NORT may be a potential animal model of atypical
antipsychotic activity in relation to the amelioration of cognitive
deficits in schizophrenia (Hashimoto et al., 2005a).

It has been reported that minocycline enhanced the discrim-
inative stimulus effects of PCP in rats, suggesting that
minocycline may interact either directly or indirectly with the
NMDA receptors (Munzar et al., 2002). These data seem to be in
conflict with the present data. The precise mechanisms underlying
this discrepancy are currently unclear. The discrepancy may be
due to the difference in the treatment schedule. In the paper by

24 hr

Training session

70

Exploratory Preference (%)

Control 0 40 40

Retention session

Control 0 40 40

40 (mgikg) 40 (mgikg)
Minocycline Minocycline
PCP PcP

Fig. 1. Effects of minocycline on PCP-induced cognitive deficits in mice Saline (10 mbkg/day) or PCP (10 mg/kg/day) were administered s.c. for 10 days (once daily
on day 1-5, 8-12). (A) Three days (day 15) after the last administration of saline or PCP, vehicle (10 mUkg/day; saline), or minocycline (4.0 or 40 mg/kg/day) were
administered i.p. into mice for consecutive 14 days (once daily on day 15-28). Twenty four hours (day 29) after the last administration of vehicle or minocycline, the
training session of NORT was performed. Then the retention test session was performed 24 h after the training session. Values are the mean=S.EM. (n=9-24),

**p<0.01, ***p<0.001 as compared with PCP plus saline-treated group.
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Munzar et al. (2002), minocycline was administered 30 min
before PCP administration. It is, therefore, possible that
minocycline may increase PCP levels in the rat brain by
pharmacokinetic interaction. In contrast, in the present study,
minocycline was administered 24 h after the final administration
of PCP.

Recently, we reported that minocycline significantly atten-
uated hyperlocomotion in mice after the administration of
methamphetamine (Zhang et al., 2006a), and that hyperlocomo-
tion and prepulse inhibition deficits in mice after the
administration of the NMDA receptor antagonist dizocilpine
were significantly attenuated by the administration of minocy-
cline (Zhang et al., 2007). Taken together, these results suggest
that minocycline is likely to have antipsychotic activity in
animal models of schizophrenia. Although the molecular and
cellular mechanisms underlying the efficacy of minocycline on
PCP-induced cognitive deficits are currently unclear, it seems
that at least two mechanisms (the attenuation of innate and
adaptive immunity and the blockade of apoptotic cascades)
(Domercq and Matute, 2004) may be implicated in the
mechanism of minocycline. Further studies of the mechanism
of minocycline are necessary.

Recently, Miyaoka et al. (2007) reported two cases of
schizophrenic patients treated with minocycline. In the two
patients, minocycline was effective in the treatment of acute
schizophrenia with predominantly catatonic symptoms (Miyaoka
et al., 2007). Ahuja and Carroll (2007) have hypothesized that
minocycline acts as a functional NMDA receptor antagonist
and helps improve the catatonic symptoms when used as an
adjunct to antipsychotic medication. However, the precise
mechanisms underlying the improvement induced by minocy-
cline are cumently unknown. Further double-blind placebo
control studies of minocycline in schizophrenic patients as
well as molecular and cellular studies of the mechanisms of
minocycline are necessary.

5. Conclusion

This study shows that PCP-induced cognitive deficits in
mice could be attenuated by subsequent subchronic adminis-
tration of minocycline, although the precise mechanisms
underlying the mechanism of action for minocycline remain
unresolved. Therefore, minocycline may be a potential
therapeutic drug for schizophrenia.
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Fig. 2. Differential effects of PCP on Lmod2 (A), Tmod1 (B) and Tmod2 (C) expression in thethalamus
of the infant (PD8) and adult (PD50) rats. The data were obtained by the real-time RT-PCR method and
are expressed as percentage of the values of the respective saline-treated controls. ** P<0.01 vs.
respective saline-treated controls (Scheffee test). n=5. (a) Lmod2: two-way ANOVA, postnatal days
effect; F1,16=76.878, p<0.0001 ; PCP treatment effect : F1,16=51.066, p<0.0001 ; postnatal
daysrPCP treatment effect: F1,16=77.456, p<0.0001).
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Fig. 3. Postnatal changes in the basal and
PCP-induced expression of the thalamic Lmod2
mRNA. Rats at PD 8, 13, 20, 26, 32 and 50
were treated with 7.5 mgkg PCP
subcutaneously and the relative expression
levels of Lmod2 mRNA (Lmod2:GAPDH mRNA
ratio) were determined by the real-time
RT-PCR method 60 min after administration of
PCP or saline. Results are the means with
S.E.M. of data obtained from five or six rats per
group and are expressed as a percentage of
the values of the adult (PD 50) saline-treated
animals (# p<0.01 vs. respective saline-treated
controls ; # p<0.01 vs. saline-treated rats at PD
8)
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