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Usp46 is a quantitative trait gene regulating mouse
immobile behavior in the tail suspension and forced

swimming tests

Shigeru Tomida!, Takayoshi Mamiya?, Hirotake Sakamaki!, Masami Miura®, Toshihiko Aosaki’,
Masao Masuda3, Minae Niwa?2, Tsutomu Kameyama4, Junya Kobayashil, Yuka Iwaki!, Saki Imai!,
Akira Ishikawa®, Kuniya Abe®, Takashi Yoshimura!, Toshitaka Nabeshima? & Shizufumi Ebihara!

The tail suspension test (TST) and forced swimming test (FST) are widely used for assessing antidepressant activity and
depression-like behavior. We found that CS mice show negligible immobility in inescapable situations. Quantitative trait locus
(QTL) mapping using CS and C57BL/6) mice revealed significant QTLs on chromosomes 4 (FST) and 5 (TST and FST). To identify
the quantitative trait gene on chromosome 5, we narrowed the QTL interval to 0.5 Mb using several congenic and subcongenic
strains. Ubiquitin-specific peptidase 46 (Usp46) with a lysine codon deletion was located in this region. This deletion affected nest
building, muscimol-induced righting reflex and anti-immobility effects of imipramine. The muscimol-induced current in the
hippocampal CA1 pyramidal neurons and hippocampal expression of the 67-kDa isoform of glutamic acid decarboxylase were
significantly decreased in the Usp46 mutant mice compared to control mice. These phenotypes were rescued in transgenic mice
with bacterial artificial chromosomes containing wild-type Usp46. Thus, Usp46 affects the immobility in the TST and FST, and it

is implicated in the regulation of GABA action.

The TST and FST have been recognized as useful experimental
paradigms for assessing antidepressant activity and depression-like
behavior. In these tests, animals are subjected to the short-term,
inescapable stress of being suspended by their tail or being forced to
swim in a water-filled cylinder. In such situations, the animals rapidly
adopt a characteristic immobile posture that has been named “beha-
vioral despair” on the assumption that the animals have given up hope
of escaping!2. These tests have been widely used for screening drugs
for antidepressant activity and in preclinical depression studies for
understanding the underlying pathophysiology of affective disorders,
particularly for assessing depression-related behavior in genetically
modified mice®*,

Several mental illnesses such as affective disorders or schizophrenia
are thought to arise from naturally occurring variant genes and their
interactions, and from gene-environment interactions in which each
gene confers subtle effects on the appearance of the diseases. In the
absence of such interactions, the disease risk elicited by each variant
gene is low but increases with an appropriate combination of genetic
and environmental factors. Because diseases elicited by single gene
defects are fairly rare, QTL analysis has been extensively performed in
animal models to dissect such complex traits’. However, these

attempts have hardly been successful, and <1% of QTLs (only
approximately 20 genes) have been identified in mice and rats®. In
recent years, several QTL studies have been conducted in mice on the
basal immobility time and antidepressant response in the TST and
FST7-!1. These studies have resulted in the mapping of many QTLs,
and several candidate genes underlying these behaviors have been
proposed; however, so far investigators have not identified any genes
as responsible for these behaviors.

The CS mouse is an inbred strain originally established by the
hybridization of the NBC and SII strains, which are both now extinct.
CS mice exhibit several distinct phenotypes of circadian behavioral
rhythms, such as a long free-running period, spontaneous rhythm
splitting and entrainment of circadian rhythms in response to a daily
restricted feeding schedule under constant darkness'>!% In addition,
the sleep properties of CS mice are distinct from those of C57BL/6]
and C3H/He mice, which have normal circadian rhythms!'>. Because
many mental illnesses are associated with abnormalities in the
circadian system and sleep patterns, we characterized the behavioral
phenotypes in CS mice with a battery of behavioral tests. Among these
phenotypes, we found that CS mice show an extremely low immobi-
lity time (almost no immobility) in both the TST and FST, which
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prompted us to undertake QTL genetic analysis to identify the
responsible gene. By using a forward genetic approach®!®17, we
succeeded in identifying the responsible gene. Here, we report that
the gene encoding ubiquitin-specific peptidase 46 (Usp46) is one of
the quantitative trait genes that cause such behaviors.

RESULTS

Behavioral phenotyping of the C57BL/6) and CS strains

To assess the behavioral characteristics of the CS strain, we subjected
C57BL/6] (B6) and CS mice to a battery of behavioral tests, including
the open-field, light-dark exploration, elevated plus-maze, prepulse
inhibition, Y-maze, tail suspension and forced swimming tests (Sup-
plementary Table 1 online).

The open-field test is widely used to quantitate overall activity
and anxiety-related behavior, although this test is not so specific for
anxiety-related behavior'®, In this test, the ambulatory activity was
significantly lower in the CS mice than in the B6 mice (P < 0.01,
Student’s t-test), but no differences were observed in the other
phenotypes (grooming, rearing and defecation). In the light-dark
box test, which is primarily used to detect anxiolytic-like or
anxiogenic-like activity of a drug'®, the CS mice spent significantly
less time (P < 0.01, Student’s t-test) in the dark compartment and
defecated more frequently (P < 0.01, Mann-Whitney U test) than
the B6 mice, although there were no significant differences in the
time of light-dark transitions between the two compartments. In
the elevated plus-maze test, which is also used to detect anxiolytic-
like behavior??, no significant differences were observed in the time
spent on the open arm between the two strains; however, the CS
mice defecated more frequently (P < 0.001, Student’s t-test) than
the B6 mice. The prepulse inhibition test, in which a weak
prestimulus or prepulse suppresses the response to a startling
stimulus, is used to evaluate sensorimotor gating, and it is thought
that deficits in this response represent biological markers for
schizophrenia?®?!. In this test and in the Y-maze test, which is
considered to reflect the status of short-term and working memory
in humans??, there were no significant differences between the two
strains. In contrast to the above-mentioned phenotypes, the results
in the TST and FST were unusual in the CS mice, which showed
negligible immobility throughout the test period.

QTL analysis

To map the genes responsible for the aberrant immobility of CS
mice observed in the TST and FST, we genotyped 203 F, mice
produced by intercrossing F; mice obtained from B6 and CS mice;
interval mapping was performed using Map Manager QTXb20

Figure 1 Linkage analysis and phenotypes of the chromosome 5 congenic
strain. (a) Frequency histograms of the immobility time in the tail
suspension test (TST) and the forced swimming test (FST) for parental, F,
and F, mice. (b) Genome-wide linkage analysis for the immobility time on
TST and FST using Map Manager QTXb20. Three significant QTLs were
mapped with a peak at D5Mit134 on TST and at D4Mit232 and D5Mit113 on
FST. The solid and dotted lines indicate the significance level (LOD score =
3.30 on both TST and FST) and suggestive level (LOD score = 1.95 on both
TST and FST), respectively. (c) TST and FST immobility time (mean +
s.e.m.) in B6, CS and B6.CS-Ngu1053 male mice. The CS and B6.CS-
Ngu1053 mice showed a significantly shorter immobility time than the B6
mice on both TST and FST (one-way ANOVA: TST, F;28 = 46.3, P < 9.4 x
10710; FST, Fo 0 = 18.8, P < 6.6 x 10-8; Tukey-Kramer post hoc test:
***P < 0.001, **P < 0.01, *P < 0.05). The number of mice used is
shown within parentheses.

followed by nonparametric interval mapping using R/qtl (http://
www.rqtl.org/). Consequently, we detected significant QTLs in the
TST (likelihood of odds score (LOD) 8.90, QTXb20; LOD 8.92,
R/qtl) and FST (LOD 6.08, QTXb20; LOD 6.92, R/qtl) on chromo-
some 5, and only in the FST (LOD 4.71, QTXb20; LOD 4.09, R/qtl)
on chromosome 4 (Fig. 1a,b; Supplementary Fig. 1 and Supple-
mentary Tables 2 and 3 online). The peak positions of the QTLs on
chromosome 5 for immobility in the TST and FST were similar
(TST: 29 cM for QTXb20, 28 cM for R/qtl; FST: 30 cM for QTXb20,
30 cM for R/qtl). In addition, suggestive QTLs were detected on
chromosomes 1, 4, 6, 7 and 16 in the TST and on chromosome 14
in the FST by QTXb20, and on chromosomes 4, 6, 7 and 16 in the
TST and on chromosomes 1, 6 and 14 in the FST by R/qtl
(Supplementary Tables 2 and 3). To detect epistatic interactions,
we performed two-locus interaction analysis for all possible mar-
kers using QTXb20. However, we could not find any pair of
markers that significantly affected the immobility time in the
TST and EST (P > 0.05).

Reducing the QTL interval

To reduce the QTL interval on chromosome 5, we developed
a number of congenic or subcongenic strains by crossing CS
as the donor strain with B6 as the recipient strain using a
“speed-congenic” approach (Supplementary Fig. 2 online). The
B6.CS-Ngul053 strain, which was subsequently used in different
experiments, carried homozygous CS alleles within its congenic
interval (an approximately 16-Mb region from D5B6CS85 to
D5Mit259) on a B6 genetic background. To validate QTL linkage
analysis, we subjected the B6.CS-Ngul053 strain to TST and FST
and found that the immobility time of this strain was significantly
shorter than that of the B6 strain in both the TST and the EST;
however, its immobility time was longer than that of CS in both the
tests (TST: P < 0.001 versus B6, P < 0.01 versus CS; FST: P < 0.01
versus B6, P < 0.05 versus CS) (Fig. 1c).

To narrow down the critical interval that harbors the responsible
gene, we generated two subcongenic strains by crossing B6.CS-
Ngul053 with B6. The B6.CS-Ngu2271 strain contained an approxi-
mately 0.5-Mb nonoverlapping region with the B6.CS-Ngul053 strain
at the centromeric side, whereas the B6.CS-Ngu3042 strain carried a
nonoverlapping region at the telomeric side (Fig. 2a). The B6.CS-
Ngu2271 strain showed almost the same TST immobility time as B6,
which indicates that the 0.5-Mb nonoverlapping region represents the
critical interval. The shorter immobility time of the B6.CS-Ngu3042
strain supports the notion that the responsible quantitative trait gene
is located in this interval.
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Candidate gene screening

The above-mentioned critical interval contained four or three genes
and one expressed sequence tag (EST) gene (Usp46, Rasll1b and
2700023E23Rik have been registered as genes in the National Center
for Biotechnology Information (NCBI) database; Scfd2 is located
outside the interval as per the NCBI database; Scfd2 is included in
the interval and 1700112MOIRik is designated as an EST gene in the
Ensembl database) (Fig. 2b). To identify the responsible gene, we
examined the sequence of the coding region of these genes and their
expression in the brain by in situ hybridization and compared the
sequences and gene expression among the B6, CS and B6.CS-Ngu1053
strains (Supplementary Fig. 3 online). The result revealed only one
3-bp deletion (a lysine codon) in Usp46 (Fig. 2¢,d). We found no
other differences in the expression sites or levels of this gene. The other
genes apparently did not differ in their sequences, expression sites or
levels among the three strains (Supplementary Fig. 3).

Analysis of transgenic strains
We produced transgenic and nontransgenic progeny with homozygous
and heterozygous genotypes (Fig. 3a). Southern blot analysis revealed

Figure 3 Generations and analysis of BAC transgenic mice. (a) The genetic
cross used to produce the transgenic F, mice. The black, gray and white
mice represent the B6 homozygous (B/B), B6 and CS heterozygous (B/C)
and the CS homozygous allele (C/C) at the congenic region of the B6.CS-
Ngul053 strain, respectively. The presence of the transgene is indicated

by a double helix symbol. Each congenic genotype (B/B, B/C and C/C) was
combined with (tg) or without (non tg) the transgene. (b) The Usp46 variant
sites are indicated by an arrowhead (B6 and CS, guanine; MSM/Ms,
adenine). The SNP is silent and located in exon 3 (174 from the start
codon). Two signals derived from the inherent genome (B6 and CS) and

the transgene (MSM/Ms) were detected in the transgenic mice. (c) /n situ
hybridization analysis of Usp46 in the coronal and sagittal sections of the
transgenic and nontransgenic mice. (d) Transgenic rescue of the shortened
immobility time on TST. The behavior on TST was assessed in 339 F, mice;
however, 49 mice, which climbed on their tails?, were excluded from the
data, and therefore 290 F, mice were analyzed. The number of mice used is
shown within parentheses. Two-way ANOVA was used to detect the effects of
the transgene and congenic genotype. Transgene presence: F) o990 = 55.8,
P < 9.5 x 10713; congenic genotype: Fa200 = 11.7, P < 1.3 x 107
To confirm whether the transgene increases the TST immobility time in the
same congenic genotype, Student’s t-test was performed (***P < 0.001).

that the bacterial artificial chromosome (BAC) was integrated into the
genomes of the founder mice (Supplementary Fig. 4 online). To
confirm Usp46 transgene expression, we first sequenced the coding
region of Usp46 and detected the single nucleotide polymorphism
(SNP) that differed between the MSM/Ms strain and the other two
strains (B6 and CS). Using this SNP, we examined mRNA expression
in the brains of the transgenic mice with B6 and CS heterozygous
alleles (B/C) in the congenic region of the B6.CS-Ngu1053 strain and
detected two signals derived from the endogenous allele (B6 and CS)
and the transgene (MSM/Ms) (Fig. 3b; Supplementary Fig. 5a
online), which indicated that Usp46 was expressed in the brains of
the transgenic mice. In addition, we investigated Usp46 expression in
the brain by in situ hybridization (Fig. 3¢; Supplementary Fig. 5b).
Usp46 was strongly expressed in a number of regions, including the
olfactory bulb, cingulum bundle, amygdala, hippocampus and cere-
bellum in the transgenic strains, although these strains showed
different expression levels. As compared with the nontransgenic
mice, there were no obvious regional differences in Usp46 expression.

The Usp46 transgene (tg) completely rescued the phenotype in both
heterozygous (B/C) and CS homozygous (C/C) genotypes; however,

a c B/IC Tg BIC
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One-way ANOVA was performed to compare the degree of rescue among the different congenic genotypes; however, no differences were found in any pair of

congenic genotypes (Fp 124 = 0.63, P = 0.53).
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this did not affect the immobility time in the B/B genotype (Fig. 3d
and Fig. 4a; Supplementary Table 4 online).

Behavioral pleiotropism of Usp46

To gain insight into the function of Usp46, we subjected the B6.CS-
Ngul053 mice to a number of behavioral tests (open-field, light-dark
box, elevated plus-maze, hole-board and nest-building tests). The
results of the nest-building and light-dark box tests differed signifi-
cantly between the B6 and B6.CS-Ngul053 mice (nestlet usage, P <
0.01; nest quality score, P < 0.05; time in dark box, P < 0.02)
(Fig. 4b; Supplementary Fig. 6 online). In the nest-building test, the
B6 mice used substantial amounts of nest material and B6.CS-
Ngul053 mice used moderate amounts of nest material, whereas
virtually no nest material was used by the CS mice. In the light-dark
box test, B6.CS-Ngul053 mice spent less time in the dark compart-
ment than B6 mice, but the number of times the mice defecated
was similar in these strains (defecation, 0.33 + 0.18 for B6, 0 * 0 for
B6.CS-Ngul053; P = 0.11, Mann-Whitney U test). In addition, we
examined the effects of the administration of the antidepressant drug
imipramine on the TST immobility time to assess the role of Usp46
in the antidepressant activity of imipramine. Although imipra-
mine administration significantly reduced immobility time in the
B/B strain, no obvious effects were observed in the C/C strain
(Fig. 4c). The Usp46 transgene completely rescued the nest-building
behavior and the insensitivity to the anti-immobility effects of
imipramine (Fig. 4).

Involvement of Usp46 in the regulation of the action of GABA
Because CS mice did not exhibit immobility in the TST and FST, we
assumed that the inhibitory action on the behavior might be attenu-
ated. To test this assumption, we first measured the sensitivity to
muscimol, a selective GABA receptor agonist and a partial agonist for
GABA( receptors, in Usp46 mutant mice. Because muscimol admin-
istration eliminated the righting reflex, we analyzed the duration of
loss of the righting reflex. The results revealed that the recovery of the
righting reflex was extremely fast in the CS mice (P < 0.001 versus
B6), and this characteristic was also observed in the B6.CS-Ngu1053
mice (P < 0.01 versus B6). The idea that Usp46 is involved in the
attenuated sensitivity to muscimol is supported by the results of the
rescue experiment (Fig. 4d).

Figure 4 Behavioral pleiotropism of Usp46 and transgenic rescue.

(a) Transgenic rescue of the immobility time on FST. The C/C tg strain
showed a significantly longer FST immobility time than the C/C strain
(one-way ANOVA, F, 37 = 7.1, P < 0.0025). (b) The CS and B6.CS-
Ngu1053 mice showed a significantly lower nest usage (F, 19 = 19.8,

P < 2.3 x 1075) and nest quality score (Fp 19 = 19.0, P < 3.0 x 10-5)
than the B6 mice. The C/C tg strain showed a significantly higher level of
nest usage (F 28 = 7.2, P < 0.0031) and nest quality score (F5 28 = 8.5,
P < 0.0013) than the C/C strain. (c) Imipramine administration reduced
the immobility time on TST in the B/B and C/C tg strain (B/B, P < 0.039;
C/C tg, P < 0.034), but not in the C/C strain. (d) Duration of the loss of
righting reflex after administration of muscimol (3 mg kg™!). The CS and
B6.CS-Ngul053 strains showed a significantly shorter duration than the
B6 strain (one-way ANOVA, ;15 = 56.9, P < 7.6 x 1077). The transgene
increased the duration (F; 14 = 8.5, P < 0.0039). The number of mice
used is shown within parentheses. Tukey-Kramer post hoc test:

P < 0,001, **P < 0.01, *P < 0,05:

To directly determine whether the Usp46 mutation indeed altered
the GABA, receptor-mediated inhibitory current, we obtained
whole-cell patch-clamp recordings from CAl pyramidal neurons of
the hippocampus, one of the brain regions that strongly expressed
Usp46 as shown by in situ hybridization, in slice preparations from the
mice with the three genotypes. First, we found no statistical differences
in the resting membrane potentials (B/B, -72.7 + 1.4 mV; C/C, -72.4
+ 1.1 mV; C/Ctg, -71.9 £ 1.4 mV) and input resistances (B/B, 134 +
9.3 MQ; C/C, 148 £ 9.3 MQ; C/C tg, 132 + 8.8 MQ) of the cells among
the three mouse strains. Next, the GABA, receptor-mediated musci-
mol currents were recorded by the consecutive application of 0.1, 1.0
and 10.0 pM muscimol. Notably, the muscimol-induced outward
current in the cells from the C/C strain was the lowest among all the
mice strains at all concentrations examined (Fig. 5a). Lastly, we
performed miniature inhibitory postsynaptic current (mIPSC) analy-
sis on the same CAl pyramidal neurons. However, we found no
significant differences in the amplitude, rise time, decay time or
frequency of the mIPSCs among the three strains of mice (Fig. 5b).

Immunohistochemistry
To further study the involvement of Usp46 in the GABAergic system,
we examined the expression of the 67-kDa isoform of glutamic acid
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Figure 5 Usp46 mutation reduces muscimol-induced GABA, receptor—
mediated currents but preserves GABAergic mIPSCs. (a) Muscimol-induced
currents recorded from CAL pyramidal neurons. The C/C strain showed a
significantly lower amount of muscimol-induced currents than the B/B and

.C/C tg strains (one-way ANOVA, 0.1 pM: F2 50 = 7.60, P < 0.001; 1 uM:

F269 = 4.00, P < 0.023; 10 uM: Fp 69 = 5.25, P = 0.0076).

(b) GABAergic mIPSCs in the B/B, C/C and C/C tg strains were not
significantly different from each other in amplitude, 20-80% rise time,
decay time and frequency. Upper traces are representative mIPSCs of CA1
pyramidal neurons in the three genotypes. Each trace was obtained by
averaging the mIPSCs that occurred in a 3-min time window. The number of
cells recorded is shown within parentheses (19-26 cells from 4-5 mice; age,
33-41-days-old). Student’s t-test with Bonferroni correction: **P < 0.01,
*P < 0.05.
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Figure 6 Usp46 mutation reduces GAD67 immunostaining in the
hippocampus. (a) Immnostaining against GADE7 in the hippocampus of the
B/B, C/C and C/C tg strains. CA1, Cornet d’Ammon 1; DG, dentate gyrus;
Mol, molecular layer in the DG; scale bar, 200 um. (b) Quantification of
GADG67 expression in the hippocampus of the B/B, C/C and C/C tg strains.
The area of GAD67-positive cells mm~2 in the hippocampus was
significantly decreased in the C/C strain compared with the B/B and C/C tg
strains (one-way ANOVA, F, 17 = 23.8, P < 2.3 x 1079). **P < 0.01.

decarboxylase (GAD67, one of the GABA synthetic enzymes) in
the hippocampus by immunohistochemistry®. Immunoreactivities
against GAD67 were significantly lower (especially in the CA1 region
and dentate gyrus in the hippocampus) in the C/C strain relative to
the B/B strain, and the immunoreactive phenotype was completely
rescued in the C/C tg strain (Fig. 6).

DISCUSSION

In the present study, we found that the CS mice showed negligible
immobility in the TST and FST. Although in some studies, gender
differences in the TST and FST were reported®?*, both male and
female CS mice showed virtually no immobile posture. These char-
acteristics of the TST and FST have not been reported in any inbred
mice, even in the genetically modified mice®. This unusual character-
istic is probably due to a multiple gene system consisting of major
(chromosomes 5 and 4) and minor QTLs that act in concert to
accelerate the mobility. In fact, a congenic strain with a QTL on
chromosome 5 showed intermediate levels in these behavioral tests.

Several groups have already sought to map the QTLs that affect the
basal immobility time and the antidepressant response in the TST and
FST’-!l. Notably, two recently reported QTLs that influence the
immobility time in the TST overlap with our suggested QTLs on
chromosome 4. In particular, one peak position reported previously is
very similar to that found in our study®°,

Using congenic strains, we narrowed the chromosomal region
harboring the quantitative trait gene down to a size of 0.5 Mb. Within
this region, 1 EST gene (1700112MOIRik) was registered in the
Ensembl database. We examined the expression of the EST gene in
the brain, but we could not detect any signal by in situ hybridization
analysis. Sequencing and expression analysis of the other genes located
in this critical region led us to the idea that Usp46 with the 3-bp
deletion is the most likely candidate gene. To confirm this, we
performed a rescue experiment with transgenic BAC and confirmed
that Usp46 is the quantitative trait gene that affects immobility in the
TST and FST. Usp46, which encodes a deubiquitinating enzyme, is
implicated in the ubiquitin-proteasome system, which is critical for
the regulation of many cellular processes. In this system, the pathway
involving protein ubiquitination and proteasomal degradation has
been the focus of many studies. However, the removal of ubiquitin,
which is mediated by deubiquitinating enzymes, has not been well
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studied”>?5; thus, little is known regarding the physiological functions
of USP46. The present study demonstrates for the first time (to our
knowledge) that USP46 functions to regulate several behavioral
processes, including basal immobility, the anti-immobility effects of
imipramine, nest building and the muscimol-induced righting reflex.

To gain insight into the functions of this enzyme, it should be noted
that the muscimol-induced righting reflex is affected by the mutation
in Usp46 and is rescued by the transgene. This result suggests that
Usp46 is involved in the regulation of GABA action. The involvement
of Usp46 in GABAergic mechanisms is supported by results showing
that the immobility time in the TST and FST is reduced in mice that
lack GABA transporter subtype 1 (GAT1)?7, and by results showing
that nesting behavior is impaired in mice deficient in the gene
encoding GABA, receptor subunit B3 (Gabrb3)*8 and in mice deficient
in the gene encoding GABA, receptor subunit & (Gabrd)®. It is
reported that imipramine has similar effects for reducing the immo-
bility time in both the GAT1-knockout mice and the wild-type mice’’;
this result is different from our result that normal Usp46 is required for
anti-immobility effects. Our results suggest that Usp46 may affect
GABAergic systems by mechanisms other than those involving
GAT1. It is notable that while mapping QTLs, other investigators®
also focused on the genes coding for the GABA, receptor subunits as
candidates affecting the immobility time in the TST and FST.

To further understand the involvement of Usp46 in the GABAergic
system, we performed electrophysiological analysis of the hippocampal
CA1 pyramidal neurons. No significant changes were observed among
the three genotypes (B/B, C/C and C/C tg) in the basic cellular
electrophysiological properties such as resting membrane potentials
and input resistances; however, we found that the muscimol-induced
outward current mediated by GABA4 receptors is significantly (35% at
the maximum) decreased in the C/C strain compared with the B/B and
C/C tg strains. This finding suggested that the Usp46 transgene might
have rescued the GABAergic responses, thereby normalizing behavioral
abnormalities as observed in the C/C tg strain. However, it is unlikely
that the GABA, receptor per se is qualitatively altered in the C/C strain,
because no differences were found among the three strains with regard
to the physiological properties of the GABA receptor channel current
(such as the amplitude, rise time and decay time). The frequency of
mIPSCs depends on the number of synapses and the probability of
neurotransmitter release from presynaptic membranes®, but there
were no significant differences in the frequency of mIPSCs among
the three strains. Alternatively, it could be argued that changes in the
number of extrasynaptic GABA, receptors cause diminished musci-
mol-induced current responses in the C/C strain’’,

The involvement of Usp46 in the GABAergic system is further
supported by a marked reduction in GAD67 expression, as deter-
mined by immunohistochemistry. Because GAD67 catalyzes the
decarboxylation of glutamate to GABA, Usp46 seems to be involved
in GABA synthesis. However, unlike in the GABA-producing neurons,
the electrophysiological changes were observed in the hippocampal
CA1l pyramidal neurons, which are excitatory neurons. Thus, it is
likely that Usp46 mutation extensively affects the GABAergic system.
The pre- and postsynaptic changes observed in these experiments
might be explained by the developmental defects caused by a reduc-
tion in the levels of GABA, which acts as a neurotrophic factor. It is
known that GABA affects several developmental processes of the
nervous system, such as proliferation, migration, differentiation,
synaptic maturation and cell death®**2. These changes might lead
to the diminished responses to muscimol in the Usp46 mutant mice.
Another interpretation might be that Usp46 regulates different protein
substrates, which independently affect the pre- and postsynaptic
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events. In any case, further investigation is clearly needed to determine
how the Usp46 transgene affects the GABAergic system.

In summary, we identified Usp46 as a quantitative trait gene
responsible for the immobility in the TST and FST. Because Usp46
appears to be implicated in a wide range of behavioral functions
regulated by the GABAergic system, the present results might con-
tribute to the understanding of the neural and genetic mechanisms
that underlie the mental disorders associated with this gene.

METHODS
Animals. We purchased the C57BL/6] (B6) mice from CLEA Japan Inc., and CS
mice were originally provided by T. Namikawa (Nagoya University). The mice
were housed under a 12-h light and dark cycle (LD 12:12, 7:00 on, 19:00 off)
with free access to food and water in our animal facility at a temperature
maintained at approximately 24 “C. We performed TST and FST on both male
and female mice aged 8-12 weeks. The other tests were conducted only on male
mice aged 9-24 weeks.

For all the experiments, the animals were treated in accordance with the
guidelines issued by Nagoya University, Faculty of Pharmaceutical Sciences of
Meijo University and Tokyo Metropolitan Institute of Gerontology.

QTL analysis. Initially, we performed interval mapping using a least-squares
regression method (Map Manager QTXb20) on 203 F, hybrids (105 male,
98 female) produced by intercrossing F; mice obtained from B6 and CS mice
using 56 Mit markers (2 to 3 markers per chromosome) purchased from
Research Genetics Inc. When significant QTLs were detected, we conducted
further analysis using additional markers (n = 69) for flanking potential QTLs
(Supplementary Table 5 online). The likelihood of odds (LOD) scores at
genome-wide significance (5%) and suggestive (63%) levels were determined
by 1,000 runs of a permutation test®. The LOD scores at the genome-wide
significance (5%) and suggestive (63%) levels for TST and FST were 3.30 and
1.95, respectively. To confirm the presence of the main-effect QTLs detected
using Map Manager QTXb20, we performed nonparametric interval mapping
using the computer package R/qtl version 1.08-56 (ref. 35), because of the
extreme skew in the distribution of both traits (Fig. 1a). Epistatic interaction
analysis was performed using Map Manager QTXb20, as described pre-
viously®. The significance of the overall effect was examined by 1,000 runs
of a permutation test using Map Manager QTXb20.

Congenic strains. Congenic strains were developed by continually backcrossing
(at least six times) a donor strain that harbors the genomic region of interest with
B6 by a marker-assisted breeding strategy®’. We used Mit SSLP markers (Supple-
mentary Table 5); however, if no known polymorphic markers existed, we
identified long di- or trinucleotide repeats in the genomic sequence and designed
primers to amplify these regions. These markers were named D5B6CS (Supple-
mentary Table 6 online). We developed 17 congenic or subcongenic strains on
a B6 genetic background that contained various chromosome 5 regions of the
CS mice from the Mit marker D5Mit300 (51.8 Mb) to D5Mit259 (89.70 Mb)
(Supplementary Fig. 2). We named these strains B6.CS-Ngu and so on based on
the Mouse Genome Informatics guidelines for nomenclature of mouse strains.

Candidate gene analysis. The sequence of each gene in the B6 mice was
obtained from Mouse Genome Informatics (http://www.informatics.jax.org/),
and primers were designed to amplify the full-length open reading frame
(ORF). We carried out sequencing analysis to detect mutations in CS and
B6.CS-Ngul053 in comparison with B6. Total RNA was extracted from the
whole brain using TRIzol reagents (Invitrogen). Superscript I reverse
transcriptase (Invitrogen) and total RNA with oligo(dT) were used for first-
strand complementary DNA synthesis, and candidate genes containing the full-
length ORF were amplified by PCR and directly sequenced using the Big Dye
cycle sequencing kit (Applied Biosystems) on an ABI 3130 automated sequen-
cer. Because 2700023E23Rik showed a very low expression level in the brain, we
amplified the putative ORF from the genomic DNA. The primers obtained by
the amplification of the ORF are listed in Supplementary Table 7 online.
We carried out in situ hybridization to compare the mRNA expression levels
among the B6, CS and B6.CS-Ngul053 strains. We killed the animals by
decapitation, and we immediately removed the brains to avoid acute changes in

gene expression. In situ hybridization was carried out as described previously*®.
Antisense 45-nucleotide oligonucleotide probes were labeled with [**P]dATP
(NEN) using terminal deoxyribonucleotidyl transferase (Gibco BRL). Hybri-
dization was carried out overnight at 42 “C. After the glass slides were washed,
they were air-dried and apposed to a Biomax-MR film (Eastman Kodak Co.)
for 2 weeks with “C standards (American Radiolabeled Chemicals). The
relative optical densities were measured using a computed image-analyzing
system (Image Gauge) and were converted into the respective relative radio-
active values (nCi) by !C standards. Specific hybridization signals were
obtained by subtracting the background values obtained from the adjacent
brain areas that did not exhibit hybridization signals. The oligonucleotide
probes are listed in Supplementary Table 7.

Transgenic strain. To obtain the transgenic mice for the behavioral tests, we
first generated the B6 founder mice having the Usp46 transgene. These mice
were crossed with mice homozygous (C/C) or heterozygous (B/C) for the allele
at the congenic region of the B6.CS-Ngul053 strain. The heterozygous mice
with the Usp46 transgene obtained by this cross were then crossed with B6.CS-
Ngul053 heterozygous mice, producing six different genetic constitutions in
the progeny (Fig. 3a).

The mouse BAC clone (MSMG01-414M7, 74.31-74.48 Mb) originating from
the MSM/Ms strain covering the Usp46 locus (including 12,163 bp upstream
and 81,996 bp downstream from the 5" and 3 ends) was obtained from RIKEN
BioResource Center. We cloned genomic DNA into the pBACe3.6 vector at the
EcoRI and EcoRI methylase cloning sites®. We obtained BAC DNA from
500 ml of LB using 12.5 ug ml™! chloramphenicol and a NucleoBond BAC
100 kit (MACHEREY-NAGEL) according to the supplier’s instructions. To
separate the 162-kb MSM/Ms-derived DNA from the vector sequence, the
circular BAC clone was digested with Notl (Takara), and the restriction
fragments were separated using pulsed-field gel electrophoresis (PFGE) for
18 h on 1% pulse field certified agarose (BioRad) gel under the following
conditions: included angle, 120 6 V cm™; and switch-time ramping from 0.1 s
to 12 s (CHEF Mapper II, BioRad). After the PFGE run, the marker lanes on
either side of the preparative lane and up to ~5 mm were cut off and stained
with ethidium bromide. The position of the BAC band was marked with a
sterile razor blade, and the part of the preparative lane containing the BAC
DNA was excised. The excised gel slice was dialyzed in TE buffer.

The isolated BAC DNA was injected at a concentration of 1 ng pl™! into
fertilized mouse oocytes isolated from B6 mating. Oocytes that survived
injection were transferred later on the same day to both oviducts of pseudo-
pregnant ICR foster mothers. Transgenic mice were identified by both PCR and
Southern blot analysis of genomic DNA prepared from the tail. The sets of
primers used to identify the transgenic animals are listed in Supplementary
Table 8 online. For transgene analysis, 10 pg of genomic DNA were digested
with BamHI and size fractionated on a 1% agarose gel in 1x TAE. The
Southern blots were hybridized with [*?P]-labeled genomic probes (570 bp)
containing MSMGOI-414M07 sequences.

TST and EST. After weaning, mice of the same sex were maintained in a group
(1-5 mice per cage) under an LD 12:12 cycle (7:00 on, 19:00 off) at
approximately 24 °C with food and water ad libitum in our animal facility.
Before the TST and FST, these mice were moved to the animal room adjacent to
the test room where their behaviors were assayed, and the mice were kept there
for 1 week under the same conditions as those before moving. We assayed mice
aged 8-12 weeks during the light (11:00-16:00) after at least a 2-h adaptation to
the test room. The procedure for TST was based on a previous study?, but with
slight modifications®. In our test, the mice were suspended by their tails using
an elastic band (5 ¢m in diameter) attached to the tail by adhesive tape
(approximately 1 cm from the tip of the tail), and the elastic band was hooked
on a horizontal rod. The distance between the tip of the nose of the mouse and
the floor was approximately 20 cm. The mice were suspended for a period of
7 min, and the time spent immobile during the last 6 min of 7 min was scored
for each individual by an observer blinded to the genotype.

On day 2 after the TST, the pre-session of the FST was performed. We placed
the mice in plastic cylinders (height, 30 cm; diameter, 20 cm) containing water
(25 £ 1 °C; depth, 15 cm) for 15 min. On the next day, we placed the mice in
the same cylinder and scored the time immobile during the last 6 min of the
7 min of forced swimming®>*!,
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In the TST, we examined the effects of administration of imipramine
(Wako) on the immobility time. The mice were intraperitoneally
injected with 10 ml kg™' of the vehicle (saline) or imipramine (5 mg kg™")
and subjected to the TST at 40 min after injection.

Muscimol-induced righting reflex. Mice were subcutaneously injected with
muscimol (Bachem, 3 mg kg™!) dissolved in saline and placed on their backs into
a V-shaped trough every 10 min after the injection to measure the latency until
the return of the righting reflex. The loss of the righting reflex was defined as the
inability of the mouse to right itself within 30 s. The recovery of the righting reflex
was determined when a mouse righted twice in the 2 consecutive 30-s trials.

Nest building. Approximately 1 h before the dark phase of LD 12:12, we placed
the mice individually in a cage with wood-chip bedding and one nestlet made of
pressed cotton (Lillico; 2.5 g, 5 cm x 5 cm). Based on a previous report??, the
nests were assessed on the next morning using the following rating scale: 1,
> 90% intact; 2, 50-90% intact; 3, 10-50% intact; 4, 0~10% intact, but flat nest;
5, 0~10% intact, with walls higher than the height of the mouse. The amount of
nest material was measured by subtracting the weight of the untorn nestlet
pieces (loose material and bedding were brushed off) from the total weight.

Open-field test. Each mouse was placed in the center of a gray plastic box
(40 x 40 x 40 cm) with the floor divided into 64 compartments (5 x 5 cm
each) and was allowed to freely explore for 5 min under 40-Ix to 50-Ix
fluorescent light. The test was conducted during the light phase of LD 12:12
(11:00~16:00). During the test, the number of boundaries of the compartment
passed, grooming, rearing and defecation were scored.

Light-dark box test. The light-dark box consisted of a dark and a light
compartment (each compartment: width, 15 cm; height, 15 cm; length,
25 c¢m) that were divided by a partition with a small opening (width,
42 mm; height, 44 mm) through which the mice could move between the
compartments. The dark and light compartments were made of black and clear
plexiglas, respectively. During the light phase of LD 12:12 (11:00-16:00), each
mouse was placed in the center of the light compartment and allowed to freely
explore the box for 5 min under 40-Ix to 50-Ix fluorescent light. The inside of
the dark compartment was not illuminated. The observer scored the number of
light-dark transitions between the two compartments, the total time spent in
the dark compartment and the number of episodes of defecation®!.

Elevated plus-maze test. The elevated plus-maze consists of two open arms
(width, 8 cm; length, 25 cm) and two closed arms (width, 8 cm; height, 20 cm;
length, 25 cm) that extend from a common central platform (8 x 8 cm)*!*,
This apparatus was elevated to a height of 50 cm above the floor. Each mouse
was placed on the center square, facing an open arm, and was allowed to freely
explore for 5 min under 40-Ix to 50-1x fluorescent light. We scored the number
of open and closed arm entries, the total time spent on the open arm and the
number of episodes of defecation. We conducted this test during the light phase
of LD 12:12 (11:00-16:00).

Y-maze test. We examined short-term memory by the Y-maze test based on the
method reported previously?”. The Y-maze was made of wood that had been
painted black, and each arm was 40 cm long, 12 cm high, 3 cm wide at the
bottom and 10 cm wide at the top. The arms converged at a central equilateral
triangular area with its longest axis measuring 4 cm. The apparatus was placed
on the floor of the experimental room and was illuminated with a 100 W bulb
placed 200 cm above. Each mouse was placed at the end of one arm and
allowed to move freely through the maze during an 8-min session, and the
series of arm entries was recorded visually. The alternation behavior was
defined by successive entries into the three arms, on overlapping triplet sets,
and such behavior (%) was expressed as the ratio of actual alternations (defined
as the total number of arm entries minus two), multiplied by 100. After the
experiments, we counted the number of arm entries.

Prepulse inhibition test. The apparatus used and the procedure were the same
as reported previously*’. The startle chambers (SR-LAB; San Diego Instru-
ments) consisted of nonrestrictive plexiglas cylinders, 3.8 cm in diameter and
13 cm long, resting on a plexiglas platform in a ventilated and well-lit chamber
connected with a measurement cage containing a signal amplification sensor. A
high-frequency speaker mounted 33 cm above the cylinder produced all
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acoustic stimuli. A piezoelectric accelerometer was mounted under each
cylinder and detected transduced animal movements. A computer and interface
assembly digitized and stored the data. A dynamic calibration system (SR-LAB;
San Diego Instruments) was used to ensure comparable sensitivities across the
chambers. The sound levels were measured in decibels. The background white
noise was 70 dB in the soundproof box of the loudspeaker as measured from
the upper part of the measurement cage.

Six different trial types were presented in the test session: 40-ms broadband
87-dB (prepulse-alone trial) and 118-dB (pulse-alone trial) bursts; three
different prepulse (pp) + pulse (p) trials in which 40-ms-long 10-dB
(ppl0p118), 13-dB (pp13p118) or 17-dB (ppl7p118) stimuli above a 70-dB
background white noise preceded the 118-dB pulse by 100 ms (onset to onset);
and a no-stimulus trial, in which only the background white noise was
presented*®. Thus, the six trial types presented were pulse alone, prepulse
alone, pplOpll8, ppl3pll8, ppl7pll8 and no stimulus. Each of the six
different trial types was presented in a random order eight times. The intertrial
interval was 30 s. The test session consisted of 48 trials. The session began with
a 5-min acclimatization period followed by test session. The vibration was
examined 100 ms after auditory stimulation (pulse) as the startle amplitude.
The prepulse inhibition was obtained as follows: prepulse inhibition = ((pulse-
alone response x (prepulse + pulse response))/(pulse-alone response)) x 100.

Hole board test. The hole board test consisted of a 40-cm square plane with 16
flush-mounted cylindrical holes (each measuring 3 cm in diameter) distributed
4 x 4 in an equidistant, grid-like manner?’. The mice were placed one by one at
the center of the board and were allowed to move about freely for a period of
5 min each under 40 Ix to 50 Ix. During the test (the light phase of LD 12:12,
11:00-16:00), the number of head dips (defined as placing the head into a hole)
was counted.

Electrophysiology. Hippocampal slices (250 pm thick) were obtained from the
B/B, C/C and C/C tg strain aged P33-P41 as described previously*®. Whole-cell
patch-clamp recordings were performed from hippocampal CAl pyramidal
neurons using an EPC9/2 amplifier (HEKA Electronik) and a PowerLab
(ADI Instruments) with infrared-differential interference contrast visualization.
Patch pipettes (3-5 MQ) were filled with a solution containing (in mM)
124 Cs-methanesulfonate, 11 KCl, 2 MgCl,, 0.1 EGTA, 10 HEPES, 4 Na,-ATP,
0.3 GTP, 5 QX-314 and 0.5% biocytin (brought to pH 7.3 with CsOH,
osmolarity 280 mOsm). The liquid junction potential of the solution was
9.65 mV and corrected. GABA, receptor—mediated current was recorded as an
outward current at a holding potential of 0 mV in the presence of the NMDA
receptor antagonist b-(—)-2-amino-5-phosphonopentanoic acid (AP5; 25 uM),
the AMPA receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX;
10 uM) and tetrodotoxin (TTX; 0.5 uM). Muscimol was bath-applied for
2.5 min to the same cells recorded at increasing concentrations of 0.1, 1.0 and
10.0 uM, and the maximum current at each concentration was measured as the
muscimol current at each concentration. Miniature inhibitory synaptic currents
(mIPSCs) were analyzed offline with MiniAnalysis 6.0.7 (Synaptosoft). The
detection threshold of miniature currents was set at twice the baseline noise.

Immunohistochemistry. Immunohistochemistry was performed as previously
described?” with minor modifications. We fixed brains with 4% paraform-
aldehyde in phosphate-buffered saline (PBS) and obtained hippocampal slices
(20-pm thick) with a cryostat (MICROM HM560; MICRO EDGE) according
to a previously described atlas®®. Fluorescent images were captured directly in
some samples, and images were acquired with a confocal microscope (LSM510;
Carl Zeiss) or a light microscope (AxioCam HRg; Carl Zeiss). Monoclonal
mouse anti-GAD67 (1:100, Millipore Corporation) diluted in PBS containing
0.01% Triton X-100 and 5% rabbit serum was applied to sections, which were

“then incubated overnight at 4 °C. After washing by 0.01% Triton X-100 in PBS,

rabbit anti-mouse Alexa Fluor 488 (1:1000, Invitrogen) was added to sections
as a fluorescently conjugated secondary antibody for 2 h at room temperature
(approximately 20 “C). Every fourth, fifth and sixth section throughout the
hippocampus (total 12 sections) was processed for GAD67 immnohisto-
chemistry. To quantify the immunoreactivities of GAD67, we used the imaging
software WinRoof (Mitani Co. Ltd.)*”*°, The areas of GAD67-positive cells
mm™2 were measured in the hippocampus. The average of the three determina-
tions for each mouse was used for statistical analysis.
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Statistics. The results are represented as the mean * s.e.m. One-way ANOVA
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Abstract

Several studies have shown the disruptive effects of non-competitive N-methyl-p-aspartate (NMDA) re-
ceptor antagonists on neurobehavioural development. Based on the neurodevelopment hypothesis of
schizophrenia, there is growing interest in animal models treated with NMDA antagonists at developing
stages to investigate the pathogenesis of psychological disturbances in humans. Previous studies have
reported that perinatal treatment with phencyclidine (PCP) impairs the development of neuronal systems
and induces schizophrenia-like behaviour. However, the adverse effects of prenatal exposure to PCP on
behaviour and the function of NMDA receptors are not well understood. This study investigated the long-
term effects of prenatal exposure to PCP in mice. The prenatal PCP-treated mice showed hypersensitivity
to a low dose of PCP in locomotor activity and impairment of recognition memory in the novel object
recognition test at age 7 wk. Meanwhile, the prenatal exposure reduced the phosphorylation of NR1,
although it increased the expression of NR1 itself. Furthermore, these behavioural changes were at-
tenuated by atypical antipsychotic treatment. Taken together, prenatal exposure to PCP produced
long-lasting behavioural deficits, accompanied by the abnormal expression and dysfunction of NMDA
receptors in postpubertal mice. It is worth investigating the influences of disrupted NMDA receptors
during the prenatal period on behaviour in later life.
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Introduction

Neurodevelopmental abnormalities are considered
part of the pathogenesis of psychological disturbances.
Exposure to environmental insults during pregnancy
increases the probability of neuropsychiatric disorders
in later life (Brown & Susser, 2002; Green et al. 1994).
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According to the neurodevelopmental hypothesis of
schizophrenia, disruption of the prenatal brain pre-
disposes the neural systems to long-lasting structural
and functional abnormalities, leading to the emerg-
ence of psychopathological behaviour in adulthood
(Ashdown et al. 2006).

The N-methyl-D-aspartate (NMDA) receptor, a kind
of ligand-gated ion channel, is a heteromeric assembly
comprising a core NR1 subunit and several modu-
latory subunits. At the cell surface, including syn-
apses, NMDA receptors are anchored and clustered
forming larger complexes (Husi & Grant, 2001).
Stimulation of NMDA receptors during development

—229—



2 L. Luetal

is critical for the survival, differentiation and mi-
gration of immature neurons (Behar et al. 1999;
Komuro & Rakic, 1993), and controls structure and
plasticity (Scheetz & Constantine-Paton, 1994), as well
as establishing normal neural networks in the de-
veloping brain (Deutsch ef al. 1998). It has been found
that pharmacological inhibition of NMDA receptors
during development disturbs neural functions in the
brain (Bellinger et al. 2002). Post-mortem studies have
identified the abnormal expression (Akbarian ef al.
1996; Dracheva et al. 2001) and phosphorylation
(Emamian ef al. 2004) of NMDA receptors in the pre-
frontal cortex (PFC) of schizophrenia patients.

In clinical tests, abuse of phencyclidine (PCP), a
non-competitive NMDA receptor antagonist, causes
a schizophrenic psychosis in normal volunteers and
exacerbates symptoms in schizophrenia patients
(Javitt & Zukin, 1991). In adult rodents, PCP produces
abnormal behaviour and biochemical alterations re-
sembling schizophrenia including positive symptoms,
negative symptoms, and cognitive deficits (Mouri ef al.
2007a,c; Noda et al. 1995). However, several lines of
evidence suggest that abnormal architectural arrange-
ments of nerve cells, or cortical layers (Bogerts, 1993),
an absence of normal cerebral structural asymmetry
(Crow et al. 1989), and gliosis (Jones ef al. 1994)
are involved in the pathology of schizophrenia. This
suggests schizophrenia to be a developmental dis-
order rather than a progressive degenerative disease
{Bogerts, 1993).

Therefore, although many schizophrenia-like
symptoms are observed in adult rodents repeatedly
treated with PCP, it is unlikely that these abnormali-
ties completely resemble the pathogenesis of schizo-
phrenia, since at least in some cases, they occur in the
developing period initiated by prenatal insults
(Murray et al. 1992; Pilowski et al. 1993). Therefore,
based on the neurodevelopmental hypothesis, several
studies have modified this classic ‘PCP animal mod-
el’, through treatment with NMDA antagonists early
in the development of the brain. For instance, perinatal
PCP treatment in rats enhanced hyperlocomotion
elicited by PCP and impaired the acquisition of a de-
layed spatial alternation task in adolescent offspring,
associated with the disruption of neurodevelopment
(Deutsch ef al. 1998; Wang et al. 2001). Prenatal ex-
posure to (+)-MK-801 has been reported to reduce
the density of parvalbumin-immunoreactive inter-
neurons and enhance PCP-induced hyperlocomotion
in postpubertal rats (Abekawa et al. 2007). However,
it is unclear whether prenatal exposure to PCP leads
to behavioural and NMDA receptor dysfunction in
mice.

In this study, we investigated the influences of pre-
natal exposure to PCP during the middle and late
stages of pregnancy [embryonic days 6-18 (E6-E18)],
covering the entire neurodevelopment period in the
prenatal brain from neurulation to corticogenesis
(Theiler, 1989). PCP-induced hyperlocomotion, recog-
nition memory, and the expression and phosphoryla-
tion of NR1 protein were investigated from age 7 wk.
In addition, the effects of antipsychotics on these
behavioural abnormalities were further evaluated.

Materials and methods
Animals

Pregnant ICR dams (E5) obtained from SLC Japan
(Shizuoka, Japan) were maintained on a 12-h light/
dark cycle (lights on 08:00 hours) with free access
to food (CE2; Clea Japan Inc., Japan) and water. The
dams were randomly divided into saline-treated
and PCP-treated groups. All were housed individually
until parturition. There was no increase in maternal
deaths and resorption or stillbirths on exposure to PCP
in this study. At birth [postnatal day 0 (PD 0)], pups
were culled to eight per litter with a balance of males
and fernales wherever possible. Pups were weighed
weekly until weaning and maternal care behaviour
during feeding was monitored. After weaning at PD
21, pups given the same prenatal treatment were
mixed by gender and then randomly assigned to each
group for behavioural testing at the age of 7-8 wk. All
groups of mice had litters of 2-3 and the test was re-
peated more than three times to reduce the influence
of litters. Moreover, a balanced number of males and
females were used in each experiment, since there
were no significant differences between genders in this
study.

The experiments with offspring commenced at
the age of 7wk and were performed in a sound-
attenuated, air-conditioned room (23+1°C, 50+5%
humidity). The mice were habituated to the room for
40 min before the behavioural experiments. All the
behavioural tests were recorded with a digital camera
to re-analyse the results. The experiments were per-
formed in accordance with the Guidelines for Animal
Experiments of Meijo University Faculty of Pharma-
ceutical Sciences and the Guiding Principles for the
Care and Use of Laboratory Animals approved by
the Japanese Pharmacological Society (2008).

Drugs

PCP hydrochloride was synthesized according to the
method of Maddox et al. (1965) and checked for purity.
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Fig. 1. Experimental protocol of this study.

The PCP was dissolved in saline prior to use.
Clozapine (Sigma, USA) was dissolved in a minimum
amount of 0.1N HCI and then diluted with saline
(adjusted to pH 6-7 with 0.1 n NaOH), as previously
described (Qiao et al. 2001). An injectable solution of
haloperidol (5 mg/ml; Tanabe Seiyaku, Japan) was
diluted with saline. All compounds were adminis-
tered in a volume of 0.1 ml/10 g body weight.

Drug treatment

The dams were administered saline or PCP (20 mg/kg
s.c.) once daily at 18:00 hours on E6-E18. The injection
was made as gentle as possible to minimize potential
stress-related influences on dams. In the fetal brain,
the density of NMDA receptors is relatively low
(Monyer et al. 1994; Watanabe et al. 1992), and the
affinity for PCP, as well as the distribution of PCP,
remains unclear. According to dose-dependent re-
sponses in our preliminary study (2.5-20 mg/kg), the
dose of 20 mg/kg was selected in the present study,
since it produced more obvious and similar behav-
ioural and biochemical changes in relation to schizo-
phrenia (L. Lu ef al., unpublished data).

Based on previous studies (Mouri et al. 20074), a low
dose of PCP (3 mg/kg) or saline was used to challenge
mice 30 min after habituation in PCP-induced loco-
motion; clozapine (1 and 3 mg/kg) or haloperidol (0.1
and 0.3 mg/kg) were injected 30 min before each be-
havioural test, and PCP (3 mg/kg) was injected into all
mice to evaluate the effects of antipsychotics on it.

Different batches of mice were used for different
experiments to avoid disruption. The experiments
were performed according to the protocol shown in
Fig. 1.

Measurement of locomotor activity

Locomotor activity was measured at the age of 7 wk.
Mice were placed individually in a transparent acrylic

cage with a black frosted Plexiglas floor (45 x
26 x40 cm) for 120 min, and locomotor activity was
measured in 5-min intervals using digital counters
with infrared sensors (Scanet SV-10; Melquest Ltd,
Japan) as previously reported (Lu et al. 2009).
Locomotor activity was defined as the total number
of beam cuts due to horizontal movement measured
by the photo sensors.

Novel object recognition test (NORT)

As previously described (Mouri et al. 2007b), the test
procedure consisted of three sessions: habituation,
training, and retention. Each mouse was individually
habituated to the box (L 30 xW 30 xH 35 cm), with
10 min of exploration in the absence of objects for 3 d
(habituation session). During the training session, two
objects (a red painted triangular prism and a yellow
painted quadratic prism) were symmetrically fixed to
the floor of the box, 8 cm from the walls, and each
animal was allowed to explore the box for 10 min
(day 4). An animal was considered to be exploring the
object when its head was facing the object or it was
touching or sniffing the object at a distance of <2cm
and/or touching it with its nose. The time spent ex-
ploring each object was recorded. After training, mice
were immediately returned to their home cages.
During the retention session, animals were returned to
the same box 24 h (day 5) after the training session, in
which one of the familiar objects used during training
was replaced with a novel object (a black painted golf
ball). The animals were allowed to explore freely for
5min and the time spent exploring each object was
recorded. Throughout the experiments, the objects
were used in a counterbalanced manner in terms of
their physical complexity and emotional neutrality.
A preference index, the ratio of time spent exploring
either of the two objects (training session) or the novel
object (retention session) over the total amount of time
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spent exploring both objects, was used to assess cog-
nitive function.

Western blot analysis

Western blotting was performed as previously
described (Mouri et al. 2007¢). Dissected brain tissue
obtained 24 h after the NORT test, was homogenized
in ice-cold Tris buffer A [10 mm Tris-HCl (pH 7.4),
5mmM EDTA, 320 mm sucrose, 1 mMm EGTA, 0.1 mm
sodium orthovanadate, 1 mm NaF, 5 ug/ml aprotinin,
5 ug/ml leupeptin, and 5 ug/ml pepstatin] and cen-
trifuged at 700 g for 10 min. The supernatant was
centrifuged again at 37000g for 40 min, and the
membrance-enriched extracts were re-suspended in
Tris buffer B [10 mm Tris-HCl (pH 7.4), 0.1 muM sodium
orthovanadate, 1 mm NaF, 5 ug/ml aprotinin, 5 #g/ml
leupeptin, and 5 ug/ml pepstatin}, and the suspension
was used.

The protein concentrations were determined using
a Pierce BCA Protein Assay kit (Thermo, USA).
Samples were boiled at 95 °C for 5 min in the sample
buffer [125 mm Tris-HCl (pH 6.8), 10% 2-mercapto-
ethanol, 4% sodium diphosphate decahydrate, 10%
sucrose, and 0.0004% Bromophenol Blue], separated
on a polyacrylamide gel, and transferred to poly-
vinylidene difluoride membranes (Millipore Corpor-
ation, USA). The membranes were blocked with a
Detector Block kit (Kirkegaard & Perry Laboratories,
USA) and probed with a primary antiphospho-NR1
(Ser®) antibody (1:1000; Upstate Biotechnology,
USA). Membranes were washed with the washing
buffer [50 mm Tris-HCI (pH 7.4), 0.05% Tween-20, and
150 mm NaCl] and subsequently incubated with a
secondary horseradish peroxidase-linked antibody
(Kirkegaard & Perry Laboratories). The immune com-
plexes were detected with an ECL kit (GE Healthcare,
UK) and exposed to X-ray film (Hyperfilm, GE
Healthcare). The intensity of bands was analysed by
Atto Densitogram Software Library Lane Analyzer
(Atto, Japan). After the phosphorylated-NR1 was de-
tected, membranes were stripped with stripping buf-
fer (100 mm 2-mercaptoethanol, 2% SDS, and 62.5 mm
Tris-HCl, pH 6.7) at 50 °C for 30 min, and NR1 ex-
pression was detected with a primary anti-NR1 anti-
body (1:1000; Santa Cruz Biotechnology, USA).

Preparation of brain slices and staining

Histological procedures were performed as described
with a minor modification (Murai et al. 2007). Mice
were anaesthetized with pentobarbital sodium
(50 mg/kg i.p.) and perfused transcardially with ice-
cold phosphate-buffered saline (PBS), followed by 4%

paraformaldehyde and then soaked in 10-30% (w/v)
sucrose. Coronal sections (20-um thick) were cut with
a cryostat (CM 1850; Leica, Germany). According to a
previous method (Shen ef al. 2008), Cresyl Violet
staining was performed and the sizes of ventricles and
brains were quantified with a computer-based image
analysis system (WinRoof, Mitani, Japan). Apoptosis
was detected with an in-situ cell-death detection kit,
POD (Roche, Germany), and TUNEL-positive cells in
layers II/III of the prelimbic area were counted using
image analysis software. Images were acquired with a
microscope (BZ-9000; Keyence, Japan).

Statistical analysis

All data were expressed as the mean+s.e.m. The stat-
istical significance of differences between two groups
was determined by Student’s f test. The significance of
differences among more than three groups was deter-
mined using a two-way analysis of variance (ANOVA)
or ANOVA with repeated measures, followed by
Bonferroni’s test. Pearson’s correlation analysis was
used to identify the relationship; p<0.05 was re-
garded as statistically significant.

Results

Effect of prenatal-PCP treatment on PCP-induced
hyperlocomotion

To investigate the effects of prenatal exposure to PCP
on drug-induced sensitization, PCP-induced hyper-
locomotion was examined at age 7 wk. In the habitu-
ation period, no significant differences were observed
among groups. After the 30-min habituation, prenatal
saline- or PCP-treated mice were administered a low
dose of PCP (3 mg/kg) or saline. The time-course of
change in prenatal saline-treated mice revealed that
the PCP challenge rapidly and significantly increased
locomotion compared to the administration of saline.
PCP-induced hyperlocomotion was significantly po-
tentiated in the prenatal PCP-treated mice compared
to the prenatal saline-treated mice over 5-min intervals
after habituation (prenatal treatment: F, 4, =954, p<
0.01; PCP challenge: F,3,=64.85, p<0.01; prenatal
treatment x PCP challenge: F,3=>5.73, p<0.05; time:
Frie0=45.82, p<001; timexprenatal treatment:
Frrg20=2.33, p<0.01; time xPCP challenge: Fj;g0=
20.20, p<0.01; time x prenatal treatment x PCP chal-
lenge: Fi69=1.13, p>0.05 repeated two-way
ANOVA; Fig. 2a), and the entire 90 min (30-120 min)
(Fgroup(1,37)=9‘20: p<0.01; Ptreatment(l,37) =65.19, p<
0.01; Feroup x treatment13n =573, p<0.05, two-way
ANOVA; Fig. 2b).
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Fig. 2. Effect of prenatal phencyclidine (PCP) treatment on
PCP-induced hyperlocomotion. PCP (3 mg/kg) or saline (Sal)
was administered after 30 min of habituation. The locomotor
activity of mice was assessed over 5-min intervals during the
last 90 min after habituation (prenatal treatment: F; 3;=9.54,
p<0.01; PCP challenge: F, ;; =64.85, p <0.01; prenatal
treatment x PCP challenge: F; 5, =5.73, p <0.05; time:
Fir526=45.82, p<0.01; time x prenatal treatment: Fy; 659 =2.33,
p<0.01; time x PCP challenge: Fy; 424 =20.20, p <0.01;

time x prenatal treatment x PCP challenge: Fy9=1.13,
p>0.05, repeated two-way ANOVA) (2) and the entire 90 min
(30-120 min) {Fgroupqr,sn =9-20, p <0.01; Fireatmentq,an =65.19,
P <0.01; Fgroup x treatment(1sm = 5.73, p <0.05, two-way
ANOVA) (b). # p<0.01 compared to Sal/prenatal Sal group.
*p<0.05, ** p<0.01 compared to PCP/prenatal Sal group.

% p<0.01 compared to Sal/prenatal PCP group. Data

are expressed as the mean + s.e.m. for 10-11 mice
(Bonferroni’s test).

Effect of prenatal-PCP treatment on cognitive
function in the NORT

To investigate the effects of prenatal PCP treatment on
cognitive function, recognition memory was evaluated
in the NORT. In the training session, the prenatal sal-
ine- or PCP-treated mice spent equal amounts of time
exploring either of the two objects, and there was no
biased exploratory preference in each group (prenatal
saline-treated mice, 50.4 +1.7%; prenatal PCP-treated
mice, 53.6+2.6%; p>0.05, Fig. 3a). In addition, the

Prenatal PCP and NMDA receptor 5

total time spent in exploration of objects in the training
session did not differ between these two groups (pre-
natal saline-treated mice, 28.3+2.7 s; prenatal PCP-
treated mice, 32.0+3.7 s; p>0.05, Fig. 3b). However,
when retention performance was tested, the prenatal
PCP-treated mice showed a reduced level of explora-
tory preference for the novel objects compared to the
prenatal saline-treated group (prenatal saline-treated
mice, 70.6+2.1%; prenatal PCP-treated mice, 54.5+
2.9%; p<0.01, Fig. 3c). There was no significant dif-
ference in total exploration time in the retention ses-
sion (prenatal saline-treated mice, 17.4+2.3 s; prenatal
PCP-treated mice, 16.6+2.3 s; p>0.05, Fig. 34).

The sizes of lateral ventricles and brain in prenatal
PCP-treated mice

We examined whether prenatal exposure to PCP in-
duced any architectural abnormalities of lateral ven-
tricles and brain at age 7 wk. However, there were no
obvious differences between the prenatal saline- and
PCP-treated mice in the ratio of brain to body weight
(prenatal saline-treated mice, 6.12+0.15%; prenatal
PCP-treated mice, 6.02+0.17%; p>0.05, Supplemen-
tary Fig. S2e¢, available online), the size of lateral
ventricles (prenatal treatment: F,=1.93, p>0.05;
bregma: F;;;=493.88, p<0.01; prenatal treatment x
bregma: F;,3=0.85 p>0.05 repeated one-way
ANOVA; Suppl. Fig. 52f) and of whole brain (prenatal
treatment: F,4=0.25, p>>0.05; bregma: F; =444, p<
0.05; prenatal treatment x bregma: F; ,3=0.14, p>0.05,
repeated one-way ANOVA; Suppl. Fig. S2¢), as well
as the ratio of lateral ventricles to brain size (prenatal
treatment: I, =3.93, p>0.05; bregma: F,;;,=564.37,
p<0.01; prenatal treatmentxbregma: F;;3=1.98,
p>0.05, repeated one-way ANOVA; Suppl. Fig. S2h).
These suggested the architecture of lateral ventricles
was not affected by the prenatal treatment.

Changes in the expression and phosphorylation of
the NR1 subunit of NMDA receptors of prenatal
PCP-treated mice

We postulated that the abnormal behaviour was ac-
companied by a malfunction of NMDA receptors,
since PCP as a non-competitive NMDA antagonist
might inhibit NMDA receptors during development.
The level of NR1 protein was significantly increased in
the prenatal PCP-treated mice compared to that in the
prenatal saline-treated mice (PFC: 100.04+7.6% us.
152.04+12.9%; p<0.01, Fig. 4a; hippocampus: 100.0+
108% vs. 140.9+12.2%; p<0.05, Fig. 5e; striatum:
100.0£10.9% vs. 138.3+10.8%; p<0.05, Fig. 4i). In
contrast, the level of NR1 phosphorylated at Ser®” was
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Fig. 3. Effect of prenatal phencyclidine (PCP) treatment on cognitive function in the novel object recognition test. Exploratory
preference in (a) the training session and (c) the retention session. Total time spent exploring the objects in (b) the training session
and (d) the retention session. ** p<0.01 compared to the prenatal saline (Sal) group. Data are expressed as the mean +s.e.m. for

11-12 mice (Student’s ¢ test).

decreased in prenatal PCP-treated mice (PFC:
100.0+£5.9% vs. 75.4+7.1%, p<0.05, Fig. 4b; hippo-
campus: 100.0 +10.5% vs. 67.8 £9.5%; p <0.05; Fig. 4f;
striatum: 100.0+7.3% vs. 87.1+10.1%; p>0.05, Fig.
4j). Furthermore, the proportion of phosphorylated-
NR1 was also significantly reduced in prenatal PCP-
treated mice (PFC: 100.0+8.5% vs. 50.1+6.7%; p<
0.01, Fig. 4c; hippocampus: 100.0+13.4% vs. 48.8+
10.5%; p<0.05, Fig. 4g; striatum: 100.0+14.3% uvs.
55.0+5.8%; p<0.05, Fig. 4k). Moreover, between the
cognitive deficit in the NORT and the decreased level
of phosphorylated NR1, there was a significant corre-
lation in the PFC (r=0.587, p=0.045, Pearson’s corre-
lation; Fig. 4d), and a positive and almost significant
correlation in the hippocampus (r=0.569, p=0.054,
Pearson’s correlation; Fig. 4/1), but no correlation in
the striatum (r=0.325, p>0.05, Pearson’s correlation;
Fig. 41). )

However, a lower dose of prenatal PCP exposure
(> mg/kg) did not affect the expression of phos-
phorylated NR1 in the PFC of postpubertal mice
(100+4.23% vs.91.41+6.69%; p > 0.05, Suppl. Fig. S3).
Additionally, the behavioural test itself did not affect
the expression or phosphorylation of NR1 (p>0.05,
Suppl. Fig. 54).

The neurotoxicity of prenatal-PCP treatment in the
developing brain

To evaluate the neurotoxic effects of prenatal PCP
treatment during neurodevelopment, the TUNEL-
positive cells in the PFC were counted at PD 0, PD 7
and PD 49. As shown by the results, apoptosis was
significantly increased at PD 0 (253.4+19.9 vs. 338.8+
28.2; p <0.05, Suppl. Fig. Sla,d), but was not observed
at either PD 7 (31.5+3.9 vs. 37.2+3.5; p>0.05, Suppl.
Fig. 510, ¢), or PD 49 (35.7 £5.1 vs. 39.1+4.0; p>0.05,
Suppl. Fig. Sl¢, f).

" Freatment(z 6= 14.90,

Effect of antipsychotics on the behavioural
abnormalities in prenatal PCP-treated mice

We evaluated whether the prenatal PCP-induced be-
havioural changes were sensitive to both the atypical
antipsychotic clozapine (Clz) and the typical anti-
psychotic haloperidol (Hal). The results showed that
clozapine selectively attenuated the PCP-induced hy-
persensitivity over the 5-min intervals after habitu-
ation (30-120 min) in the prenatal PCP-treated mice
(prenatal treatment: F,4,=15.41, p<0.01; Clz: Fy 5=
29.07, p<0.01; prenatal treatment xClz: F;4,=523,
p<0.01; time: Fymeurisy=70.46, p<0.01; timex
prenatal treatment: Fi71054=1.96, p<0.05; time x Clz:
F341054=3.03, p<0.01; time x prenatal treatment x Clz:
Fsy1054=1.05, p>005, repeated two-way ANOVA;
Fig. 5a). However, haloperidol reduced the hyperlo-
comotion of mice in both the prenatal saline- and PCP-
treated groups (prenatal treatment: F,¢=6.88, p<
0.05; Hal: F,4,=17.35, p<0.01; prenatal treatment x
Hal: F;5,=1.30, p>0.05; time: Fiimemiom=29.46,
p<0.01; time x prenatal treatment: Fy ;01 =1.66, p<
0.05; time x Hal: F34 3011 =3.15, p < 0.01; time x prenatal
treatment x Hal: F;, 1971 =0.92, p>>0.05, repeated two-
way ANOVA; Fig. 5¢). Furthermore, in terms of the
entire 120-min period, the higher dose of clozapine
(3mg/kg) and haloperidol (0.1 and 0.3 mg/kg) re-
duced the locomotion in both the first 30 min and the
last 90 min (Clz: 0-30 min: Fyroup(162)=3.23, p>0.05;
Ftreah'nent(2,62) =5~98f p< 0.01 ; Fgroup x treatment(2,62) = 0.12,
p>0.05, two-way ANOVA; 30-120 min: Feroupren =
14.84, p<0.01; p<0.01;
Foroup x treatment(z,62) = 5.23, p <0.01, two-way ANOVA;
Fig. 5b; Hal: 0-30min: Fgoupuesn=1.23, p>0.05;
p<0.01; Fgroup x treatment(,63) =
0.56, p=>0.05 two-way ANOVA; 30-120 min:
Foroupre9 =743, p<0.01; Fueatmentzes=17.28, p<
0.01;  Fgroup  treatment(z63) = 1-30, p>0.05, two-way

Fireatment(z,s2) = 29.07,
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