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PAR; belongs to the cell surface G-protein—coupled
receptor family and has seven transmembrane domains
and an extracellular N-terminus (20). In addition to
plasmin, PAR, is activated by a highly selective group of
serine proteases, including thrombin (20), Xa (21), and
activated protein C (22). Proteolytic activation of the
PAR, by serine proteases at the N-terminus results in
unmasking of the tethered ligand sequence, which then
binds to a specific binding site for the tethered ligand
on extracellular loop 2 and causes receptor activation
through G-protein subunits, Ga,, Ga, and Gains
(23 - 25). Cleavage of PAR, at Args by plasmin can
lead to receptor activation, whereas plasmin cleaves
downstream of the activating site on PAR,, subsequently
terminating the signaling by removing the tethered
ligand (19, 26). In this review, we briefly summarize
our data indicating that the tPA—plasmin-PAR; system
regulates the rewarding effect of nicotine (27).

Nicotine and dependence

Nicotine, a primary component of tobacco, is one of
the most abused drugs worldwide. Repeated tobacco
smoking leads to nicotine addiction, which in tumn
causes devastating health problems, including heart
disease, lung disease, and cancer. It is estimated that
nearly two billion people smoke on a regular basis and
four million people die each year because of diseases
associated with tobacco smoking (28); however,
approximately 80% of smokers who attempt to quit on
their own relapse within the first month of abstinence
and only about 3% remain abstinent at 6 months (29).

Nicotine rapidly reaches the brain through smoking
and nicotine binds to nicotinic acetylcholine (ACh)
receptors (nAChRs) in the central nervous system.
nAChRs are pentameric, ligand-gated ion channels
abundant in the central nervous system (30). Twelve
neuronal subunits have been identified, designated a2
to al0 and A2 to 4, which potentially assemble in
multiple combinations with a broad range of pharmaco-
logical and electrophysiological properties (31). Thus,
many nAChR subtypes exist because most subunits can
form heteromeric channels, whereas subsets a7 to al0
may form homomeric channels. Nicotine exerts its
positive reinforcing effects by acting on a442 nAChRs.
In mice, targeted deletion of the 2 subunit gene
eliminates the behavioral effects of nicotine, including
self-administration (32). Reinserting the f2 subunit
gene in 2 knockout mice restores behavioral responses
to nicotine (33). Single nucleotide point mutation in the
a4 subunit causes hypersensitivity to nicotine-induced
reward behavior (34).

Stimulation of nAChRs by nicotine results in the
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release of a variety of neurotransmitters, including
dopamine, noradrenaline, serotonine, glutamate, GABA,
and opioid peptide (35). In particular, dopaminergic
neurons possess high-affinity nAChRs on cell bodies
and terminals (36). Activation of the mesocorticolimbic
dopamine system, which originates in the midbrain
ventral tegmental area (VTA) and projects to the nucleus
accumbens (NAc), has been implicated in the positive
reinforcing (rewarding) effects of nicotine and other
drugs of abuse (37, 38). Lesioning dopamine neurons in
the brain prevent nicotine self-administration in rats
(39); thus, nicotine activates the brain reward system
through dopamine release.

Regulation of nicotine-induced dopamine and ACh
release by tPA-plasmin system

Nicotine-induced dopamine release is dose-
dependently potentiated by microinjections of either
exogenous tPA or plasmin into the NAc (27). In contrast,
microinjection of PAI-1 into the NAc inhibits nicotine-
induced dopamine release. Microinjection of tPA and
plasmin by themselves had no effect on basal levels in
the NAc, whereas PAI-1 slightly but significantly
decreased basal extracellular dopamine levels (27),
suggesting that the endogenous tPA-plasmin system
regulates dopamine release in the NAc. These findings
indicate that the tPA-plasmin system regulates nicotine-
induced dopamine release in the NAc. Regulation of
nicotine-induced dopamine release by the tPA-plasmin
system has also been confirmed in tPA—/— mice. Extra-
cellular dopamine levels in the NAc are markedly
increased by nicotine stimulation in wild-type mice, but
are diminished in tPA—/- mice (27). Microinjection
of either recombinant tPA or plasmin into the NAc
dramatically restores the level of dopamine in tPA—/—
mice (27). These results suggest that the defect in
nicotine-induced dopamine release in tPA—/— mice is
due to a deficiency of tPA in the NAc, not to a
developmental malfunction. Furthermore, tPA modulates
nicotine-induced dopamine release, probably by convert-
ing plg to plasmin in the NAc.

We have reported that morphine-induced dopamine
release is markedly diminished in tPA-/- mice and
plg—/— mice compared to wild-type mice (11). Micro-
injection of tPA or plasmin into the NAc dramatically
increased morphine-induced dopamine release in tPA—/—
mice, as observed in wild-type mice, although micro-
injection of tPA into the VTA had no effect on
morphine-induced dopamine release in the NAc of
tPA—/—mice (11). In addition, microinjections of either
exogenous tPA or plasmin into the NAc of tPA—/— mice
restored the defect of high-potassium—evoked dopamine
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release in the NAc of the mutant mice (9). It is plausible
that plasmin converted from plg by tPA may have a role
in the regulation of dopamine release in the NAc.

In contrast, there is no difference in high-potassium-
evoked ACh release in the hippocampus between wild-
type and tPA—/— mice (9). Nicotine-induced ACh
release is also slightly but significantly decreased in the
striatum and the hippocampal CA1 subfield of tPA—/—
mice (27). Accordingly, it is likely that the nicotine-
induced release of ACh is also regulated, at least in part,
by the tPA-plasmin system, although the contribution
may be minimal.

Regulation of tPA release induced by nicotine

tPA is stored in synaptic vesicles in the nervous
system and released into the extracellular space by a
depolarization stimulus (40, 41). Thus, if nicotine-
induced dopamine release is modulated under the
control of the tPA-plasmin system, nicotine should
increase extracellular tPA activity in the NAc. Single
nicotine treatment significantly increases tPA activity in
the NAc (27). The effect of nicotine is dose-dependent
and is completely inhibited by pretreatment with the
nAChR antagonist mecamylamine. Furthermore, nicotine-
induced increase in extracellular tPA activity in the NAc
is inhibited by pretreatment with either the dopamine D,
antagonist SCH23390 or the dopamine D;-receptor
antagonist raclopride (27). These results suggest that
nicotine stimulates tPA release through both nACh and
dopamine receptors.

Regarding the regulation of tPA release in the nervous
system, previous studies using primary cultured hippo-
campal neurons demonstrated that tPA resides in dense-
core granules that move to postsynaptic dendritic spines
and that high-potassium-induced depolarization elicits
a slow calcium-dependent exocytotic release of tPA
in spines (41). Furthermore, it is suggested that
phospholipase D1 (PLD1) functions endogenously to
regulate tPA secretion in cultured hippocampal neurons
(42). The mechanisms by which drugs of abuse increase
extracellular tPA activity in the NAc has been demon-
strated in vivo. The dopamine D;-receptor agonist
SKF38393 significantly increases extracellular tPA
activity in the NAc (43). The effect of SKF38393 is
blocked by pretreatment with the dopamine D,—receptor
antagonist SCH23390. Microinjection of Rp-cAMPs,
a protein kinase A (PKA) inhibitor, into the NAc
completely blocks the effect of SKF38393. Lesions
of presynaptic dopaminergic neurons by 6-hydroxy-
dopamine have no effect on the basal and SKF38393-
induced tPA activity in the NAc (43). Systemic admin-
istration of morphine and methamphetamine increases

extracellular tPA activity in the NAc, and these effects
are completely blocked by pretreatment with SCH23390
and raclopride (43). Taken together, it is suggested that
activation of postsynaptic dopamine D, receptors in the
NAc leads to an increase in extracellular tPA activity via
PKA signaling. Furthermore, dopamine D, receptors are
also involved in the release of tPA induced by morphine
and methamphetamine (43).

Nicotine-induced tPA release is also confirmed in
vitro by using cultured hippocampal neurons. The
addition of nicotine to the culture medium results in a
concentration-dependent increase in tPA activity (27).
Nicotine-induced tPA release is completely blocked by
pretreatment with a selective a7 subunit-containing
nAChR (a7 nAChR) antagonist, methyllycaconitine, and
partially blocked by a a4f2 subunit-containing nAChR
(@42 nAChR) antagonist, dihydro-f-erythroidine. These
findings suggest that nicotine directly promotes the
release of tPA from neurons via the activation of both
a7 and a4B2 nAChRs. Accordingly, the following
scenario is proposed for nicotine-induced tPA release in
the NAc (Fig. 1): nicotine activates dopamine release
through the activation of high-affinity nAChRs on
presynaptic dopaminergic neurons, and the resultant
activation of postsynaptic dopamine D, and D, receptors
would cause tPA release from dense-core granules in
postsynaptic dendritic spines, as demonstrated recently
with fluorescent tPA chimeras (41).

RAR, as a target molecule of the tPA-plasmin system

A previous study has demonstrated high levels of
PAR, mRNA in dopaminergic neurons in the substantia
nigra/VTA (44). PAR, immunoreactivity in the NAc
and VTA appears to be partially co-localized with
tyrosine hydroxylase (TH), a marker for dopaminergic
neurons (27). A PAR, agonist peptide, TRAP7, increases
[*S]GTPyS binding in the striatal membranes containing
the NAc, and the effect is completely inhibited by a
PAR, antagonist peptide, tyrTRAP7 (27). Plasmin also
increases [**S]GTPyS binding, which is antagonized by
tyrTRAP7 (27). These findings indicate the functional
expression of PAR,; in presynaptic dopaminergic neurons,
which is activated by plasmin.

Regulation of dopamine release by tPA-plasmin
system via PAR,

Microinjection of tyrTRAP7 into the NAc signifi-
cantly reduces nicotine-induced dopamine release,
although the antagonist has no effect on basal dopamine
levels (27). Co-microinjection of tyrTRAP7 with
plasmin into the NAc of tPA—/— mice significantly
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Fig. 1. Possible mechanisms by which abused drugs increase extracellular tPA activity in the NAc in vivo. Abused drugs,
including morphine, methamphetamine (METH), and nicotine, increase the amount of dopamine released in the NAc through
interaction with their respective target molecules and activate post-synaptic dopamine receptors, especially D, receptors (DR).
The DR coupled to Gs protein activate cAMP/PKA signaling upon activation of adenylate cyclase (AC). Activation of the
D;R-cAMP-PKA pathway leads to an increase in extracellular tPA activity in the NAc. PPTg, pedunculopontine tegmental
nucleus. Modified from Ref. 43 with permission from Wiley-Blackwell Publishing.

attenuates the rescue effect of plasmin on the defect of
nicotine-induced dopamine release in tPA-/— mice. In
addition to this pharmacological evidence, nicotine-
induced dopamine release in the NAc is markedly
diminished in PAR,—/— mice compared with that in
wild-type mice (27). It is likely that PAR; expressed on
the dopaminergic nerve terminals in the NAc is an
essential component for the modulation of nicotine-
induced dopamine release by the tPA-plasmin system.
Interestingly, microinjection of the PAR, antagonist,
tyrTRAP7, into the NAc significantly reduces morphine-
induced dopamine release in the NAc (45). The PAR,
antagonist also blocks the ameliorating effect of plasmin
on the defect of morphine-induced dopamine release in
the NAc of tPA—/— mice (45).

Nicotine reward and tPA-plasmin-PAR, system

Various behavioral tests have been used to study
the neuronal substrates of addiction-related brain
abnormalities such as reward, craving, and relapse.
These include self-stimulation, self-administration, and
conditioned place-preference tests (46). In the condi-
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tioned place preference test, the rewarding properties
of drugs of abuse are associated with the particular
characteristics of a given environment (place); after
conditioning, the animal prefers to spend more time in
the drug-associated environment.

The tPA-/- and plg—/— mice show defects of
morphine- and methamphetamine-induced conditioned
place preference (11, 13). The rewarding effects of
nicotine are also markedly diminished in tPA—/— mice
(27). There are no differences in dopamine-induced
increases in [**S]GTPyS binding, apomorphine-induced
hyperlocomotion, and TH protein levels between wild-
type and tPA—/— mice (11). Accordingly, it is unlikely
that the decrease in the rewarding effect of nicotine in
tPA—/— mice is due to dysfunctional dopamine receptors.
Rather, as described in the previous section, the defect of
nicotine-induced dopamine release in the NAc may be
responsible for the marked reduction of nicotine reward
in tPA—/— mice. Moreover, nicotine fails to induce
place preference in PAR,—/— mice. Taken together, it is
suggested that the tPA-plasmin-PAR; system plays a
crucial role in the rewarding effects of nicotine.
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Fig. 2. Regulation of nicotine reward by tPA-plasmin system via proteinase-activated receptor;. Nicotine increases tPA
expression, and its secretion in neuronal cells of the nucleus accumbens (NAc), by activating nicotinic acetylcholine receptor
(nAChR). The tPA-plasmin system regulates nicotine-induced dopamine (DA) release through activation by plasmin of
proteinase-activated receptor; (PAR,) expressed on DAergic neurons and is thereby involved in the rewarding effect. PAR, is
also involved in the enhancement of morphine-induced DA release. OR, opioid receptor; VTA, ventral tegmental area. Modified

from Ref. 47 with permission.

Conclusion

It is demonstrated that the tPA-plasmin system
regulates nicotine-induced dopamine release and condi-
tioned place preference through activation by plasmin of
PAR, expressed on dopaminergic neurons. PAR, also
participates in the enhancement of morphine-induced
dopamine release and hyperlocomotion (45). These
findings suggest that PAR, is a molecular target for the
tPA-plasmin system to regulate nicotine- and morphine-
induced dopamine release in the NAc (Fig. 2) (47).

The pharmacotherapy most widely used for managing
tobacco dependence and withdrawal is nicotine replace-
ment therapy (NRT) (48). NRT makes it easier to abstain
from tobacco by replacing, at least partially, the nicotine
formerly obtained from tobacco and thereby proving
some nicotine effects. Clinical studies suggested that
NRT suppressed some withdrawal symptoms, but left
smokers vulnerable to craving and relapse when they
confronted smoking cues (49). Recently, varenicline, a
selective a4f2 nAChR partial agonist, was approved
for use as a smoking cessation aid (50). The partial
agonist activity of varenicline at the a4f2 nAChR
promotes a low level of dopamine release, which reduces
withdrawal symptoms. Through its higher affinity, low

efficacy, and relatively long half-life compared to
nicotine, varenicline is able to block the a4/2 nAChR
activation induced by nicotine during a smoking
cessation relapse. In addition to a4f2 nAChR, we
propose that targeting the tPA-plasmin-PAR, system
would provide new approaches to the treatment of
nicotine dependence.
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Involvement of Pallidotegmental Neurons in
Methamphetamine- and MK-801I-Induced Impairment of
Prepulse Inhibition of the Acoustic Startle Reflex in Mice:
Reversal by GABAg Receptor Agonist Baclofen
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We have previously demonstrated that pallidotegmental GABAergic neurons play a crucial role in prepulse inhibition (PPI) of the startle
reflex in mice through the activation of GABAg receptors in pedunculopontine tegmental neurons. In this study, we investigated whether
PPI disruption induced by methamphetamine (METH) or MK-801 is associated with the dysfunction of pallidotegmental neurons.
Furthermore, we examined the effects of baclofen, a GABAg receptor agonist, on METH- and MK-801-induced PPl impairment. Acute
treatment with METH (3 mg/kg, subcutaneouly (s.c.)) and MK-80!1 (>0.3 mg/kg. s.c.) significantly disrupted PPI, accompanied by the
suppression of c-Fos expression in lateral globus pallidus induced by PPI. Furthermore, acute treatment with METH and MK-80
stimulated c-Fos expression in the caudal pontine reticular nucleus (PnC) in mice subjected to the PPT test, although PPl alone had no
effect on c-Fos expression. Repeated treatment with | mg/kg METH for 7 days, which did not affect PPl acutely, showed similar effects on
PPl and c-Fos expression to acute treatment with METH (3 mg/kg). Baclofen dose-dependently ameliorated PPl impairment induced by
acute treatment with METH (3 mg/kg) and MK-801 (| mg/kg), and decreased METH- and MK-80 | -stimulated c-Fos expression in PnC to
the basal level. These results suggest that dysfunction of pallidotegmental neurons is involved in PPl disruption caused by METH and MK-
801 in mice. GABAg receptor may constitute a putative target in treating neuropsychiatric disorders with sensorimotor gating deficits,

such as schizophrenia and METH psychosis.

INTRODUCTION

Prepulse inhibition (PPI) of the startle reflex is commonly
viewed as an operational measure of a process called
‘sensorimotor gating,’ by which excess or trivial stimuli are
screened or ‘gated out’ of awareness (Hoffman and Ison,
1980; Braff and Geyer, 1990). PPI is the reduction of the
startle response, which occurs when a weak sensory
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stimulus (prepulse) is presented several hundred millise-
conds before a sudden intense stimulus (pulse) (Ison and
Hammond, 1971; Swerdlow et al, 2001; Fendt et al, 2001;
Yeomans et al, 2006).

Like the startle reflex itself, PPI is also a cross-species
phenomenon. Deficits in PPI are observed in patients
suffering from certain neuropsychiatric disorders such as
schizophrenia. (Braff et al, 1978; Castellanos et al, 1996).
Deficits of PPI in schizophrenia can be mimicked in rodents
by treatment with psychostimulants such as methampheta-
mine (METH) (Dai et al, 2004) and non-competitive
N-methyl-p-aspartate (NMDA) receptor antagonists such
as MK-801 and phencyclidine (Curzon and Decker, 1998).

In a previous study, we investigated the neuronal circuits
underlying the control of PPI of the acoustic startle reflex in
mice by quantifying changes in the expression of c-Fos
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protein in various areas of the brain in mice exposed to
either background noise, pulses without prepulses, pulses
with prepulses, or prepulses without pulses. c-Fos immu-
nohistochemistry revealed that the lateral globus pallidus
(LGP) was activated by prepulses whereas activation of the
caudal pontine reticular nucleus (PnC) evoked by startle
pulses was inhibited by prepulses. Double-immunostaining
revealed that c-Fos-positive cells in LGP following prepulse
trials were GABAergic neurons. Furthermore, it was
demonstrated that fluoro-gold infusion into PnC and the
pedunculopontine tegmental nucleus (PPTg) retrogradely
labeled neurons in PPTg and LGP, respectively. Inactivation
of LGP by lidocaine resulted in impairment of PPI of the
startle reflex. Microinjection with phaclofen, a GABAg
receptor antagonist, into PPTg significantly impaired PPI,
whereas picrotoxin, a GABA, receptor antagonist, had no
effect. Based on these findings, we have proposed the
hypothesis that neural circuits containing pallidotegmental
GABAergic neurons play a crucial role in PPI of the acoustic
startle reflex via GABAy receptors in mice (Takahashi et al,
2007).

GABA is the most important inhibitory neurotransmitter
in the brain, and deficits of the GABAergic system,
including the reduced number of parvalbumin-containing
GABAergic interneurons, have been documented in the
prefrontal cortex of patients with schizophrenia (Benes and
Berretta, 2001; Lewis et al, 2001). Previous studies have
indicated that the reduction of GABAergic interneurons in
schizophrenia is paralleled by increased GABA, receptor
binding in the prefrontal cortex (Benes et al, 1996). In
contrast, a marked reduction of GABAjg receptors was
reported in the hippocampus and prefrontal cortex
(Mizukami et al, 2000; Ishikawa et al, 2005). Although the
role of GABAy receptors in schizophrenia and related
disorders is still poorly understood, recent pharmacologic
studies have demonstrated that baclofen, a GABAj receptor
agonist, prevents PPI deficits in rodents (Bortolato et al,
2004, 2007).

In this study, we investigated whether PPI disruption
caused by METH and MK-801 is associated with the
dysfunction of pallidotegmental neurons in mice, by
quantifying changes in c-Fos expression in LGP and PnC
after the PPI test. Furthermore, we examined the effect of
baclofen on METH- and MK-801-induced disruption of PPI
of the startle reflex in mice.

MATERIALS AND METHODS
Animals

Male ICR mice (Nihon SLC Co., Shizuoka, Japan), 7 weeks
old at the beginning of the experiments, were used. The
animals were housed in plastic cages (5-6 mice per cage),
and kept in a regulated environment (23+1°C, 50 5%
humidity), with a 12 h light-dark cycle (lights on at 0900 h).
Food (Labo MR Stock, Nihon Nosan Kogyou Inc.,
Kanagawa, Japan) and tap water were available ad libitum.
The animals were used for the experiments after 7 days of
acclimatization to laboratory conditions. All behavioral
experiments were carried out between 1000 and 1700 hours.

All animal care and use were in accordance with the
National Institutes Health Guide for the Care and Use of
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Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee of Kanazawa University.

Drugs

METH hydrochloride (Dainippon Sumitomo Pharma Co.
Ltd., Osaka, Japan), MK-801 (Sigma-Aldrich Co., St Louis,
MO), and baclofen (Sigma-Aldrich) were dissolved in
physiological saline and administered at a volume of
0.1 ml/10 g body weight.

For the acute treatment test, mice were given a
subcutaneous (s.c) injection of saline, METH (1 or 3mg/
kg), or MK-801 (0.3 or 1 mg/kg), 10 min before the PPI test.
Baclofen (1 or 5mg/kg, s.c.) was pretreated 15min before
METH and MK-801 treatments. For the repeated METH
treatment test, animals were injected with METH (1 mg/kg,
s.c.) once a day for 7 days. The animals were subjected to
the PPl test 10min, 3, 7 or 14 days after the last
administration of METH. Control animals were given saline
under the same schedule as for repeated administration of
METH.

PPI Test

A standard startle chamber applicable to mice and rats (San
Diego Instruments, San Diego, CA) was used. The startle
chamber consisted of a Plexiglas tube for mice (105mm,
38 mm i.d., 50 mm o.d.), placed in a sound-attenuated text
box, in which animals were individually placed. The tube
was mounted on a plastic frame under which a piezoelectric
accelerometer was mounted, which recorded and trans-
duced the motion of the tube.

Animals were randomly divided into non-stimulated and
PPI groups, and subjected to the behavioral test only once.
Mice were placed into the chamber in the PPI test cage, and
then habituated to the experimental environment for 10 min
with 65dB of background white noise. Non-stimulated
control mice were used without being subjected to PPI
trials. The PPI test has three continuous sessions: (1) five
startle trials, (2) 10 startle trials, 10 no-stimulus trials, and
40 PPI trials, and (3) five startle trials. The intertrial interval
was between 10 and 20s, and the total duration of three
sessions was 17 min. The startle trial consisted of a single
120dB white noise burst lasting 40ms. The PPI trials
consisted of a prepulse (20 ms burst of white noise with
intensities of 69, 73, 77, or 81 dB) followed, 100 ms later, by
the startle stimulus (120 dB, 40 ms white noise). Each of the
four prepulse trials (69, 73, 77, or 81 dB) was presented 10
times. During the no-stimulus trial, no stimulus was
presented but the movement of the animal was scored.
Sixty different trials were presented pseudo-randomly,
ensuring that each trial was presented 10 times and that
no two consecutive trials were identical. The resulting
movement of the animal in the startle chamber was
measured during 100ms after startle stimulus onset
(sampling frequency 1kHz), rectified, amplified, and fed
into a computer, which calculated the maximal response
over the 100-ms period. Basal startle amplitude was
determined as the mean amplitude of the 10-startle trials.
PPI was calculated according to the formula:
100 x [1—(PPx/P120)]%, in which PPx was the mean of
the 10 PPI trials (PP69, PP73, PP75, or PP80) and P120 was

Neuropsychopharmacology

=153

3165



Role of pallidotegmental neurons in PPl impairment
S Arai et al

3166

the basal startle amplitude (Ellenbroek er al, 2002;
Takahashi et al, 2007).

Fos Immunohistochemistry

c-Fos immunostaining was performed as described pre-
viously (Takahashi et al, 2007). As Fos expression was
shown to occur from 1 to 4 h after a single short stimulation
(Herdegen and Leah, 1998), animals were deeply anesthe-
tized with sodium pentobarbital (50 mg/kg) 2 h after the PPI
test. Alternatively, mice were treated with saline, METH
(3mg/kg, s.c.), or MK-801 (1 mg/kg, s.c.) and killed 2.5h
after treatment without the PPI test. The animals were
transcardially perfused with ice-cold phosphate-buffered
saline (PBS), followed by 4% paraformaldehyde in PBS. The
brains were removed, post-fixed in the same fixative for 2h
and then cryoprotected in 30% sucrose in PBS. Frozen serial
coronal sections (20 um) of the entire brain were made and
incubated with 10% goat serum and 0.1% Triton X-100 in
0.1 M phosphate buffer, and then incubated with rabbit
anti-c-Fos antibody (1:200; sc-253, Santa Cruz Biotechnol-
ogy, CA) for 24 h at 4°C. They were washed with phosphate
buffer and incubated with biotinylated goat anti-rabbit
antibody (1:200; BA-1000, Vector Laboratories, Burlingame)
at room temperature for 1 h. The sections were washed and
processed with avidin-biotinylated horseradish peroxidase
complex (Vector ABC kit, Vector Laboratories), and the
reaction was visualized using diaminobenzidine.

Quantitative Analysis of c-Fos Immunohistochemistry

To quantify the number of Fos-positive cells in the brain, we
used a fluorescence microscope with a cooled CDD digital
camera system (Axio Imager Al/AxioCam MRc5; Carl Zeiss,
Jene, Germany) to scan the sections, and calculated the cell
numbers from the digitized images using image-analyzing
software Win ROOF (ver. 5.6, Mitani Co., Fukui, Japan). We
selected three different sections from each animal, which
showed typical and average responses in the PPI test, and
defined the region of interest (ROI), 500 x 500 pixels
(168 x 168 pm), using the software in both right and left
hemispheres of the sections according to a mouse brain
atlas (Franklin and Paxinos, 1997). To avoid double-
counting errors, we chose a counting protocol in the
software, which does not calculate cell numbers on the
border of ROI. c-Fos-positive cells were counted three times
with differential ROI in the same section. The average of the
resulting nine determinations of the c-Fos-positive cell
numbers was used for statistical analysis (Takahashi et al,
2007). c-Fos-positive cells were counted by an individual
blind to the treatment conditions. In the acute drug
treatment test, selected areas were as follows: LGP, PnC,
medial prefrontal cortex (mPFC), somatosensory cortex
(SC), core and shell of the nucleus accumbens (NAc). In the
repeated METH treatment test, only LGP and PnC were
selected.

Statistical Analysis

Results are expressed as the mean + SE. The significance of
differences was determined by one-way analysis of variance
(ANOVA) in experiments counting c-Fos-positive cells and
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by repeated measures ANOVA in PPI response measure-
ment, followed by the post hoc Bonnferroni/Dunn test.
Unpaired f-test was used for two-group comparisons.
p-values less than 0.05 were regarded as statistically
significant.

RESULTS

Effect of Acute Treatment with METH and MK-801 on
PPI of the Acoustic Startle Reflex in Mice

Figure 1 shows the effect of acute METH (1 and 3 mg/kg, s.
c.) and MK-801 (0.3 and 1 mg/kg, s.c.) treatment on PPI in
mice. For the effect of METH, repeated measures of ANOVA
revealed significant effects of METH treatment (F(2,31) =
8.711, p<0.01) and prepulse intensity (F(3,93)=11.023,
p<0.001), but not their interaction (F(6,93)=0.908,
p>0.05). METH at a dose of 3 mg/kg significantly reduced
PPl compared with the saline-treated control group
(p<0.001) (Figure la). For the effect of MK-801, there were
significant effects of MK-801 treatment (F(2,29)=8.337,
p<0.01) and prepulse intensity (F(3,87)=14.646,
p<0.001), but not their interaction (F(6,87)=0.224,
p>0.05). MK-801 dose-dependently reduced PPI compared
with the saline-treated control group (p<0.01) (Figure 1c).
METH had no effect on the startle amplitude (Figure 1b),
whereas MK-801 at 0.3 mg/kg significantly increased the
startle amplitude (F(2,29) = 7.418, p<0.01) (Figure 1d).

PPI-Associated Changes in c-Fos Expression in the LGP
and PnC of Mice Treated with Acute METH and MK-801

To detect the effects of drug treatment on pallidotegmental
neural activation after the PPI test, we examined c-Fos
expression immunohistochemically in the LGP and PnC of
mice treated with saline, METH (3 mg/kg, s.c.), or MK-801
(1 mg/kg, s.c.). Representative photomicrographs of c-Fos
staining in the LGP and PnC after the PPI test are shown in
Figures 2 and 3, respectively. Quantitative analysis of c-Fos
staining indicated a significant difference in the number of
c-Fos-positive cells in the LGP (F(3,14) = 60.936, p<0.001)
(Figure 4a). There was a significant increase in the number
of c-Fos-positive cells in saline-treated control mice
subjected to the PPI test (n=4) compared with non-
stimulated mice (n=5) (p<0.001). The number of c-Fos-
positive cells in the LGP of mice treated with METH (n=4)
or MK-801 (n=5) was significantly less than that in saline-
treated control mice subjected to the PPI test (p<0.001).

A significant change in c-Fos expression was also
observed in the PnC (F(3,14)=14.43, p<0.001)
(Figure 4b). There was no difference in the number of c-
Fos-positive cells between non-stimulated mice (n=4) and
saline-treated control mice subjected to the PPI test (n=4).
The number of c-Fos-positive cells in the PnC of mice
treated with METH (n=4) or MK-801 (n=4) was
significantly increased compared with that in saline-treated
control mice (p<0.001).

Furthermore, we analyzed the changes of c-Fos expres-
sion in the mPFC, SC, NAc shell, and NAc core of mice
treated with saline (n =4), METH (3 mg/kg, s.c., n=4), or
MK-801 (1 mg/kg, s.c., n=4) after the PPI test (Figure 5).
Significant differences in c-Fos expression were observed in
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the mPFC (F(3,12) =7.616, p<0.01), NAc shell (F(3,12) =
11.047, p<0.001), and NAc core (F(3,12)=21.033,
p<0.001), whereas there were no significant differences in
the SC. There was no difference in the number of c-Fos-
positive cells in the mPFC, SC, NAc shell, and NAc core
between non-stimulated mice and saline-treated control
mice subjected to the PPI test. The numbers of c-Fos-
positive cells in the mPFC (p<0.01) and NAc core (p<0.01)
of the METH-treated group were significantly increased
compared with those in the saline-treated control group. In
contrast, a significant decrease in the number of c-Fos-
positive cells was observed in the NAc shell of the MK-801-
treated group compared with the saline-treated control
group (p<0.01). Thus, the effects of METH and MK-801 on
the behavioral responses of mice in the PPI test paralleled
with the neuronal activity in the LGP, raising the possibility
that LGP may be critical for the PPI disruption induced by
METH and MK-801.

As a control experiment, we measured the effects of
METH (3 mg/kg, s.c.) and MK-801 (1 mg/kg, s.c.) on c-Fos
expression in various brain areas of mice that were not
subjected to the PPI test (Supplementary Figure S1). Acute
METH treatment had no effect on c-Fos expression in the
LGP and PnC, but significantly increased the expression in
the mPFC, SC, NAc shell, and NAc core (p<0.01). Similarly,
acute MK-801 treatment did not affect c-Fos expression in
the LGP and PnC, while it increased the number of Fos-
positive cells in the mPFC and SC (p<0.001). From this

). *n<00I, **p<0.00! vs the saline-treated control group (Bonnferren/Dunn test).

control experiment, it is obvious that the effects of METH
and MK-801 on c-Fos expression in mice that were
subjected to the PPI test are markedly different from those
found in mice that were not subjected to the test.

Effect of Repeated Treatment with METH on PPI of the
Acoustic Startle Reflex in Mice

Figure 6 shows the effect of single and repeated treatment
with METH (1 mg/kg, s.c.) on PPI in mice. Repeated
measures of ANOVA revealed significant effects of repeated
METH treatment (F(2,18)=9.152, p<0.01) and prepulse
intensity (F(3,54) = 18.311, p<0.001), but not their inter-
action (F(6,54) = 1.804, p>0.05). Repeated, but not single,
METH treatment induced a significant impairment of PPI of
the startle reflex compared with saline treatment (p<0.01)
(Figure 6a). Acute and repeated METH treatment had no
effect on the startle amplitude (Figure 6b).

Repeated METH-induced PPI disruption was observed
after the withdrawal of METH for at least 7 days without any
changes in the startle response. There were significant
effects of repeated METH treatment (F(1,18)=9.101,
p<0.01), prepulse intensity (F(3,54)=49.709, p<0.001),
and their interaction (F(3,54) = 3.7, p <0.05) (n= 10 in each
group). However, the disruptive effect of repeated METH
treatment on PPI disappeared after withdrawal for 14 days
(data not shown).

Neuropsychopharmacology
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Lateral globus pallidus (LGP)

" PPI/ METH + Baclofen

Figure 2 Representative photomicrographs of c-Fos immunostaining in LGP after the PPI test. Mice were restricted to the PPI test cage, but not subjected
to the PP test (non-stimulated group, a). Alternatively, mice were subjected to the PPl test after pretreatment with saline (b), METH (3 mg/kg, c). MK-80|
(I mg/kg, d), and baclofen (5mg/kg) |5 min before METH (e) or MK-80! (f) treatment. Scale bar, 100 um. Arrows indicate typical c-Fos-positive cells.

PPI-Associated Changes in c-Fos Expression in the LGP
and PnC of Mice with Repeated METH Treatment

To examine the effects of repeated METH treatment on
pallidotegmental neural activation after the PPI test, we
examined c-Fos expression immunohistochemically in the
LGP and PnC of mice treated with saline, single, or repeated
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METH after the PPI test (Figure 7). A significant difference
in the number of c-Fos-positive cells was observed in LGP
(F(3,13) =117.265, p<0.001). There was a significant
increase in c-Fos expression in saline-treated control mice
subjected to the PPI test (n=4) compared with non-
stimulated mice (n = 5) (p<0.001). In contrast, the number
of c-Fos-positive cells in the LGP of mice with repeated
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Figure3 Representative photomicrographs of c-Fos immunostaining in PnC after the PPI test. Mice were restricted to the PPl test cage, but not subjected
to the PP| test (non-stimulated group, a). Altematively, mice were subjected to the PPl test after pretreatment with saline (b), METH (3 mg/kg, c), MK-801
(I mg/kg, d), and baclofen (5mg/kg) |5 min before METH (e) or MK-801 (f) treatment. Scale bar, |00 pm. Arrows indicate typical c-Fos-positive cells.

METH treatment (n = 4) was significantly lower than that in
saline-treated control mice (p<0.001). There was a slight,
but significant decrease in c-Fos expression in the acutely
METH-treated group (n=4) compared with the saline-
treated control group.

A significant difference in c-Fos expression was also
observed in PnC (F(3,16) = 13.217, p<0.001). There was no
difference in c-Fos expression between non-stimulated mice
(n=5) and saline-treated control mice (n=>5) subjected to

the PPI test; however, c-Fos expression in repeated (n=5),
but not acute (n=>5), METH-treated mice was significantly
increased compared with saline-treated control mice
(p<0.001).

Mice exhibited normal PPI after withdrawal from
METH for 14 days and no changes in c-Fos expression
were observed in both LGP and PnC as compared with
saline-treated control mice (unpaired t-test, data not
shown).
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Effects of Baclofen on METH- and MK-801-Induced PPI
Impairment in Mice

Baclofen (1 and 5mg/kg, s.c.), a GABAjy receptor agonist,
dose-dependently reversed the impairment of PPI induced
by METH (3mg/kg, s.c.) and MK-801 (1mg/kg, s.c.)
without any effects on the startle amplitude (Figure 8).
For the effect of baclofen on METH-induced PPI
disruption, there were significant effects of drug treatment
(F(3,26)=6.73, p<0.01) and prepulse intensity
(F(3,78) =33.278, p<0.001), but not their interaction
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(F(9,78) = 0.550, p>0.05). METH significantly reduced
PPl compared with the saline-treated control group
(p<0.01). Baclofen, at a dose of 5mg/kg, significantly
ameliorated PPI impairment in the METH-treated group
(p<0.001) (Figure 8a). For the effect of baclofen on MK-
801-induced PPI disruption, there were significant effects of
drug treatment (F(3,24) =4.852, p<0.01) and prepulse
intensity (F(3,72) =49.336, p<0.001), but not their inter-
action (F(9,72)=0.1467, p>0.05). MK-801 significantly
reduced PPI compared with the saline-treated control group
(p<0.01). Baclofen at a dose of 5mg/kg significantly
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Dunn test).

increased PPl compared with the MK-801-treated group
(p<0.01) (Figure 8c). Acute treatment with baclofen alone
(1 and 5 mg/kg) had no effect on PPI or the startle response
in mice (data not shown).

Effects of Baclofen on the METH- and MK-801-Induced
Changes in c-Fos Expression in the LGP and PnC of Mice
Subjected to the PPI Test

To study the effects of baclofen (5mg/kg, s.c.) on METH-
and MK-801-induced changes in pallidotegmental neural
activation in mice that were subjected to the PPI test, we
examined c-Fos expression immunohistochemically in the
LGP and PnC of mice after the PPI test. Representative
photomicrographs of c-Fos staining in the LGP and PnC are
shown in Figures 2 and 3, respectively.

As shown in Figure 9, quantitative analysis of c-Fos
staining indicated a significant difference in the number of

c-Fos-positive cells in LGP (F(4,12) =25.589, p<0.001).
There was a significant decrease in c-Fos expression in the
LGP of mice treated with METH (3 mg/kg, n=3) or MK-801
(1 mg/kg, n=3) compared with the saline-treated control
group (n=3) (p<0.001). Pretreatment with baclofen
significantly increased the number of c-Fos-positive
cells in the LGP compared with the METH-treated group
(n=4) (p<0.001). In contrast, baclofen had no effect on
MK-801-induced reduction of c-Fos expression in the LGP
(n=4), although it ameliorated the MK-801-induced
disruption of PPL

A significant effect of baclofen on c-Fos expression was
also observed in the PnC (F(4,12) = 25.008, p<0.001). c-Fos
expression in the PnC of mice treated with METH (n = 3) or
MK-801 (n=3) was significantly increased compared with
saline-treated control mice (n=3) (p<0.001). Both METH
(n=4)- and MK-801 (n=5)-induced increase in the
number of c-Fos-positive cells in PnC was suppressed by
pretreatment with baclofen (p<0.001).
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DISCUSSION

(Lee et al, 1996). We have previously demonstrated that
pulse stimulus increased c-Fos expression in the PnC, which

The fast excitatory pathway of the acoustic startle system  was attenuated by a weak prepulse before pulse stimulus in
involves serial connections linking the auditory nerve, the PPI test (Takahashi et al, 2007). Our findings are
cochlear root neurons, PnC, and spinal motor neurons  consistent with data indicating that PnC neurons are
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markedly inhibited by an acoustic prepulse in mice (Willot
et al, 1994; Carlson and Willot, 1998). In this study, an
increase in the number of c-Fos-positive cells in the PnC
after the PPI test was evident only when PPI was disrupted
by acute METH or MK-801 treatment as well as repeated
METH treatment. These results suggest that the fast
excitatory pathway of the acoustic startle system, including
PnC, is activated even in the presence of prepulse stimulus
if dopaminergic synaptic transmission is potentiated by
METH or glutamatergic neurotransmission through NMDA
receptors is blocked by MK-801, which results in the
disruption of PPI of the acoustic startle reflex in mice.

We have also demonstrated that GABAergic neurons in
LGP, which project directly to PPTg, are activated by
prepulse stimulus regardless of startle pulse stimuli
(Takahashi et al, 2007). Since the localized inactivation of
LGP by lidocaine markedly reduced PPI without affecting
the startle response induced by a pulse stimulus, it is
suggested that GABAergic neurons in LGP play a crucial
role in the regulation of PPI of the startle reflex. Moreover,
we suggest that pallidotegmental GABAergic neurons act as
an interface between the brainstem PPI-mediating areas and
forebrain PPI-regulating areas (Takahashi et al, 2007). In
this study, we demonstrated that PPI disruption induced by
treatment with METH or MK-801 was accompanied by the
dysfunction of LGP, which was manifested by a reduction of
c-Fos expression in LGP after the PPI test. Although the
causal relation between the phenomena is unclear, taking
our previous findings into consideration, it is reasonable to
assume that both METH and MK-801 disrupt PPI of the
startle reflex in mice by inhibiting the activation of
pallidotegmental GABAergic neurons evoked by a prepulse
stimulus. Further studies are required to test this assump-
tion. In particular, it remains to be determined how METH
and MK-801 inhibited neural activation in LGP evoked by
prepulse stimulus.

We have previously reported that repeated, but not acute,
treatment with METH at a low dose (1 mg/kg) in mice
induces long-lasting impairment of recognition memory,
which is associated with dysfunction in the prefrontal
cortex (Kamei et al, 2006). Because of the therapeutic effect
of clozapine, but not haloperidol, on repeated METH-
induced recognition memory impairment, we have pro-
posed that this animal model may be useful for screening
potential antipsychotics and studying the pathophysiology
of cognitive deficits in schizophrenic patients as well as
METH abusers. In patients suffering from schizophrenia
and other psychiatric disorders, PPI is disrupted (Braff et al,
1978; Swerdlow et al, 1994, 1995; Castellanos et al, 1996).
Accordingly, to further study the face validity of the animal
model with repeated METH treatment, we measured the PPI
of the acoustic startle reflex in mice that had previously
been treated with METH (1 mg/kg) for 7 days. Mice with
repeated METH treatment exhibited lasting impairment of
PPI without any changes in startle amplitude, and PPI
disruption was associated with the dysfunction of LGP and
hyperactivation of PnC. These results are consistent with
the clinical finding of whole-brain functional magnetic
resonance imaging in groups of healthy subjects and
schizophrenic patients: significant activation in the globus
pallidus/putamen extending to the hippocampus and
thalamus during the prepulse experiment was demonstrated

Role of pallidotegmental neurons in PPl impairment
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in healthy subjects, but the patients showed a lack of
activation in subcortical and limbic areas (Kumari et al,
2003).

We demonstrated in this study that baclofen, a GABAj
receptor agonist, ameliorated both METH- and MK-801-
induced PPI impairment at doses that had no effect on PPI
and the startle response by itself. Consistent with our
findings, it was reported that baclofen reversed the
reduction in PPI induced by MK-801, but not by
apomorphine (a direct dopamine receptor agonist), in rats
(Bortolato et al, 2004), and that baclofen and clozapine, but
not haloperidol, improved spontaneous PPI deficit in mice
(Bortolato et al, 2007). In addition, a recent study (Wolf
et al, 2007) demonstrated that acute and subchronic
treatment with clozapine failed to ameliorate PPI deficits
in mice. Taken together, GABAy receptor agonists may be
more useful for the treatment of schizophrenic patients and
METH abusers with sensorimotor gating deficit than
clozapine and other antipsychotic drugs.

The ameliorating effect of baclofen on PPI was associated
with the normalization of PnC hyperactivation. These
results are consistent with our previous finding that
microinjection of a GABAy receptor antagonist, phaclofen,
but not a GABA, receptor antagonist, picrotoxin, into the
PPTg impaired PPl in mice (Takahashi et al, 2007).
Similarly, Koch et al (2000) indicated that microinjection
of phaclofen, but not picrotoxin, into the PnC reduced PPI
in rats, and that nigroreticular GABAergic projection-
interacting GABAjy receptors are involved in sensorimotor
gating.

Baclofen increased the number of c-Fos-positive cells in
the LGP of METH-treated mice subjected to the PPI test,
whereas it had no effect on MK-801-treated mice. Thus, it is
possible that distinct but overlapping neural circuits may be
involved in the ameliorating effect of baclofen on METH-
and MK-801-induced PPI deficits. For example, baclofen
may ameliorate METH-induced PPI impairment, at least in
part, through the activation of pallidotegmental GABAergic
neurons, whereas it may improve MK-801-induced PPI
impairment at PnC levels. Previous studies demonstrated
that baclofen reduced the reinforcing effects of the main
substances of abuse such as cocaine nicotine, heroine,
and alcohol (Cousins et al, 2002), possibly through GABAg-
mediated modulation of mesolimbic dopamine transmis-
sion (Bartholini, 1985). In fact, baclofen is known to
stabilize the firing pattern of dopamine neurons (Erhardt
et al, 2002), and to block the development and expression
of sensitization to the locomotor stimulation effect of
amphetamine (Bartoletti et al, 2004, 2005). It is possible,
therefore, that baclofen may ameliorate METH-induced
PPI impairment by, at least in part, stabilizing the firing
of dopamine neurons, which have been demonstrated to be
of critical importance in the control of sensorimotor gating
(Mansbach et al, 1988; Swerdlow and Geyer, 1998). It is
clear that further studies are required to clarify the
neurobiological mechanisms underlying the PPI deficit
induced by METH and MK-801 as well as the restorative
effect of baclofen on PPI disruption.

In conclusion, we demonstrated that PPI disruption
caused by METH and MK-801 is associated with the
dysfunction of pallidotegmental neurons in mice. Repeated
METH-treated mice, an animal model for cognitive deficits
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in METH abuse and schizophrenia, exhibit PPI impairment.
Furthermore, it was demonstrated that baclofen, a GABAjy
receptor agonist, is effective in ameliorating PPI disruptions
caused by METH and MK-801, suggesting that GABAg
receptors may constitute a putative new target in treating
neuropsychiatric disorders with sensorimotor gating defi-
cits, such as schizophrenia and METH psychosis.
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Abstract

Background: Epidemiological studies suggest that radiation exposure may be a potential risk factor for schizophrenia in
adult humans. Here, we investigated whether adult irradiation in rats caused behavioral abnormalities relevant to
schizophrenia.

Methodology/Principal Findings: A total dose of 15-Gy irradiation in six fractionations during 3 weeks was exposed to the
forebrain including the subventricular zone (SVZ) and subgranular zone (SGZ) with male rats in the prone position.
Behavioral, immunohistochemical, and neurochemical studies were performed three months after fractionated ionizing
irradiation. Three months after fractionated ionizing irradiation, the total numbers of BrdU-positive cells in both the SVZ and
SGZ zones of irradiated rats were significantly lower than those of control (sham-irradiated) rats. Hyperactivity after
administration of the dopaminergic agonist methamphetamine, but not the N-methyl-D-aspartate (NMDA) receptor
antagonist dizocilpine, was significantly enhanced in the irradiated rats although spontaneous locomotion in the irradiated
rats was significantly lower than that of controls. Behavioral abnormalities including auditory sensory gating deficits, social
interaction deficits, and working memory deficits were observed in the irradiated rats.

Conclusion/Significance: The present study suggests that irradiation in adulthood caused behavioral abnormalities relevant
to schizophrenia, and that reduction of adult neurogenesis by irradiation may be associated with schizophrenia-like
behaviors in rats.

Citation: Iwata Y, Suzuki K, Wakuda T, Seki N, Thanseem |, et al. (2008) Irradiation in Adulthood as a New Model of Schizophrenia. PLoS ONE 3(5): e2283.
doi:10.1371/journal.pone.0002283

Editor: Bernhard Baune, James Cook University, Australia
Received March 10, 2008; Accepted April 23, 2008; Published May 28, 2008

Copyright: © 2008 Iwata et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by Grant-in-Aid for Scientific Research (# 19209039 and #15209036; to N.M. and #19390301; to K.H.) from the Japan Society
for the Promotion of Science. These fundings had no further role in study design; in the collection, analysis and interpretation of data; in the writing of the report;
and in the decision to submit the paper for publication.

Competing Interests: The authors have declared that no competing interests exist.
* E-mail: iwata@hama-med.ac.jp (Y1); hashimoto@faculty.chiba-ujp (KH)

Introduction

Schizophrenia is a heterogeneous and multifactorial disease
with complex interactions between genetic liability and environ-
mental factors. A number of epidemiological studies have
proposed perinatal events with potential harmful neurodevelop-
mental impacts as major environmental risk factors [1-4], but few
studies have revealed risk factors in adulthood. Interestingly, some
epidemiological studies suggest that exposure to ionizing radiation
may be a risk factor for schizophrenia in adult humans [5]. First, a
higher prevalence (6%) for schizophrenia was reported in the
atomic bomb survivors in Nagasaki, Japan [6]. Second, four years
after the Chernobyl accident in 1986, the incidence of schizo-
phrenia in the exclusion zone was significantly higher than that in
the general population (5.4 per 10,000 in the exclusion zone versus
1.1 per 10,000 in the Ukraine in 1990) [7]. Third, the incidence

“@). PLoS ONE | www.plosone.org

for schizophrenia was shown to be high in people living in the
region of the Semipalatinsk nuclear weapon testing area in
Kazakhstan: 29% of all registered mental patients residing in the
area were suffering from schizophrenia and among those, 42.3%
were born before the first nuclear test explosions [5]. Furthermore,
the incidence for schizophrenia has also been shown to be high in
rural areas in India that have high natural background radiation
[5]. Taken together, the findings suggest that ionizing radiation
may be an environmental trigger that can actualize a predispo-
siion to schizophrenia or indeed cause schizophrenia-like
disorders [5].

In both pediatric and adult patients, cranial radiation therapy
causes debilitating cognitive deficits that are poorly understood
[8]. However, accumulating evidence suggests that radiation-
induced cognitive deficits in animals may be associated with a
decrease in hippocampal proliferation and a decrease in adult
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neurogenesis [9-15]. Interestingly, Reif et al. [16] reported a
reduction in the proliferation of hippocampal neural stem cells in
the postmortem brains of schizophrenic patients. Therefore, it is
likely that adult neurogenesis plays an important role in the
pathophysiology of psychiatric diseases including schizophrenia
[17]. Given the role of neurogenesis in radiation-induced cognitive
deficits, we hypothesized that reduction of adult neurogenesis by

irradiation may be implicated in the pathophysiology of

schizophrenia in adulthood. The present study was, therefore,
undertaken to examine whether irradiaton in adult rats causes
behavioral abnormalities relevant 1o schizophrenia.

Methods

Animals

Adult male Sprague-Dawley rats (Japan SLC, Hamamatsu,
Japan), aged 8 weeks and weighing 280-300 g, were housed in
groups of three animals per cage under standard conditions
(22+0.5°C, 12:12 light-dark cycle, lights on at 7:00 AM). All
procedures were approved by the Guide for Animal Experimen-
tation of the Hamamatsu University School of Medicine and
Chiba University Graduate School of Medicine. Irradiated group
and control group were 148 and 144 rats, respectively. All analyses
were performed three months after the last irradiation. Six rats
from both groups were used for neurotransmitter quantification,
and eight rats were used for cell counting. Nocturnal activity,
methamphetamine-treated response, and dizocilpine-treated re-
sponse were measured using 17, 17 and 18 pairs of rats,
respectively. Thirty-five irradiated rats and 33 control rats were
used for cognitive function tests of social interaction (6 rats each),
eight-arm radial maze (17 irrachated and 15 conwrol rats), and
Morris water maze (12 rats each). Prepulse inhibition (PPI) test was
analysed in 23 irradiated and 21 control rats. Twelve rats for each
group were used for analysis of clozapine effect on PPI deficits.

Fractionated ionizing irradiation

The irradiation was done with a Stabilipan 2 (Siemens)
therapeutic unit (150 kV and 20 mA). A tomal dose of 15-Gy
irradiation in six fractionations during 3 weeks was exposed to the
forebrain including the subventricular zone (SVZ) and subgra-
nular zone (SGZ) with rats in the prone position. The other parts
of the head and whole body were protected by a lead shield.
Sham-irradiation controls underwent the same procedures as the
experimental animals, but did not receive irradiation.

Immunohistochemistry and stereological analysis
Twenty-four hours after intraperitoneal injection of BrdU
(100 mg/kg; Sigma-Aldrich Japan Inc., Tokyo, Japan), brains
were fixed with 4% paraformaldehyde. They were coronally
sectioned at 30 um, and eight-section series were collected. Serial
sections were stained with mouse monoclonal anti-BrdU antibody
(0.6 pg/mL; Becton Dickinson Immunocytometry Systems, CA,
USA) and biotinylated horse-anti-mouse IgG (1:160; Vector Lab.
Inc., CA. USA). The signal was visualized using an ABC kit
(Vector Lab. Inc., CA, USA) and 3, 3'-diaminobenzidine (Sigma-
Aldrich Japan Inc., Tokyo, Japan). Other series were stained with
Cresyl Violet for counting granule cells. The numbers of BrdU-
labeled nuclei in the SVZ and SGZ of the dentate gyrus, and
granule cells in the dentate gyrus were evaluated with Stereo
Investigator (version 6, MicroBrightField Japan, Inc., Chiba,
Japan). The SVZ estimates were made from two sections each
anterior and posterior to the decussation of the corpus callosum
(Bregma 1.60 mm). SGZ and granule cell layer estimates were
made from an 8-section series between the top and end of the
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hippocampus. The volumes of each portion were estimated using
Cavalieri’s principle [18].

Measurement of dopamine, DOPAC and amino acids

Dopamine and its major metabolite DOPAC in rat brain
sample were measured by high-performance liquid chromatogra-
phy (HPLC) coupled with electrochemical detection (Eicom Co..
Ltd., Kyoto, Japan) as reported previously [19]. Amino acids
(glutamine. glycine. glutamate, D-serine, L-serine) in rat brain
samples were measured by column-switching HPLC (Shimadzu
Co., Lid., Kyoto, Japan) as reported previously [20].

Psychostimulant-induced hyperlocomotion

Spontaneous nocturnal locomotor activity was measured for six
hours in the middle of dark phase (21:00-3:00). Abnormalities in
dopaminergic neurotransmission were tested by hyperlocomotion
induced by the psychostimulant methamphetamine. Locomotor
activity was monitored under an infrared ray passive sensor system
(SCANET-SV20, Melquest Ltd., Toyama, Japan). After a 30-
minute acclimation period, rats were intraperitonealy (i.p.) injected
with methamphetamine (2.0 mg/kg, Dainippon Pharmaceuticals
Lid, Osaka, Japan) or dizocilpine ((+)-MK-801; 0.03 mg/kg.
Sigma-Aldrich, St Louis, MO), and horizontal locomotor activities
were measured for 2 hours.

Social interaction

Social interaction was tested in a wooden arena (90 x90x30 cm
high) placed in a dimly lit room. Each rat was tested for 10 min
with a weight-matched partner that had a similar treatment
condition but was from a different home cage. Social interaction
was assessed by the time spent interacting, including snifling,
following, crawling over or under, grooming, and aggressive
behaviors.

Eight-arm radial maze

Spatial working memory was analyzed with an automated eight-
arm radial maze system in a manner similar to that described
previously [21]. Rats were placed on the central platform and
allowed to get all eight pellets within 10 min. The rats went
through 1 trial per day. When a rat could take seven pellets within
1 error for five consecutive days, the rat was administrated 10 daily
sessions for working memory assessment. A 30-sec delay was
initiated after four pellets had been taken by confining the rats in
the center with a shutter. After opening the shutter, the rat was
allowed to get the remaining 4 pellets. The number of revisits to
arms from which pellets had already been taken was used as the
working memory error. Data acquisition and control of shutter
were performed using Image RM 2.00 (O'Hara & Co., Lid.
Tokyo, Japan), modified NIH Image program (available at htp://
rsh.info.nih.gov/nih-image/).

Morris water maze

Spatial reference memory was assessed using the Morris water
maze (180 cm in diameter circular pool). A submerged translucent
platform was fixed in the center of a quadrant (north). Training
sessions consisted of placing the rat into the water maze at one of
three randomly chosen start positions (south, east, west) and
allowing it to swim to the platform for 60 sec. On the next day,
after rats were trained for 5 days with four trials per day, the
platform was moved to the opposite quadrant (south). A probe trial
was carried out after four trials identical to the training sessions.
The platform was removed and rats were allowed to swim freely
for 60 sec. The time spent in the quadrant where the platform has

May 2008 | Volume 3 | Issue 5 | e2283

=185~



