orienting response involving an amygdalo-nigrostriatal pathway
but that this response appeared immediately after the inactiva-
tion process is terminated (Han et al., 1997). Repeated cocaine
administration evokes neural plasticity in not only the striato-
SNr axis but also many other brain regions (Hyman et al.,
2006). The study of reversible blockade of striatonigral transmis-
sion thus suggests that neural plasticity in the striato-SNr axis is
involved in the expression of cocaine sensitization, but other
brain regions may also be necessary for acquisition and storage
of the cocaine-induced adaptive response.

Recent studies using BAC transgenic mice have indicated
that D1 and D2 receptors are almost exclusively expressed in
striatonigral and striatopallidal neurons, respectively (Heiman
et al., 2008; Lobo et al., 2006; Surmeier et al., 2007). D1 and
D2 receptors exhibit a marked difference in their dopamine
binding affinity, i.e., a respective uM and nM order of affinity
for dopamine (Maeno, 1982; Richfield et al., 1989). Furthermore,
accumulated evidence has indicated that dopaminergic trans-
mission within the striatum is segregated into functionally disso-
ciable compartments, in which phasic and tonic firings of
dopamine neurons differentially modulate D1 and D2 receptors
(Grace et al., 2007; Hikosaka, 2007). On the basis of these
characteristic features of dopamine transmission, we propose
a mechanistic model for the roles of the two pathways in relation
to the regulation and dysfunction of the basal ganglia (Figure S6).
When naive animals encounter unexpected rewards, dopamine
neurons emit a phasic burst of firings that considerably raises
dopamine concentrations within synapses of the NAc (Mireno-
wicz and Schultz, 1994). Similarly, psychostimulants increase
dopamine levels in the NAc (Di Chiara and Imperato, 1988).
This increase not only activates the low-affinity D1 receptor in
striatonigral neurons but also saturates the high-affinity D2
receptor in striatopallidal neurons. By contrast, tonic firings of
dopamine neurons are not sufficient to activate the D1 receptor
and modulate only the high-affinity D2 receptor (Grace et al.,
2007; Hikosaka, 2007). The dual stimulation of D1 and D2 recep-
tors is thus essential for facilitating the basal ganglia-cortical
circuitry that triggers the early stage of reward-directed or psy-
chostimulant-induced behaviors in naive animals (Figure S6A).

Then, how is the modulation by the striatonigral and striatopal-
lidal transmission shifted to play predominant roles in reward-
directed and aversive learning, respectively? Goto and Grace
(2005b) demonstrated that the stimulation of D1 and D2 recep-
tors produces behaviorally selective effects (in this case, learning
versus set shifting of response strategy) that correspond to
specific afferents derived from the hippocampus and the
prefrontal cortex, respectively. Furthermore, they reported that
D1 and D2 receptors differentially induce LTP and LTD, depend-
ing on different afferents in the NAc (Goto and Grace, 2005a).
Importantly, the photogenetic study by Tsai et al. (2009) revealed
that the phasic activation of dopamine neurons evokes CPP
associated with the dopamine-activated environment but that
tonic activation fails to derive such CPP. Conversely, aversive
stimuli have been shown to reduce tonic firings of most or
regionally confined dopamine neurons (Brischoux et al., 2009;
Coizet et al., 2006; Mirenowicz and Schultz, 1996; Ungless
et al, 2004), and blunting the tonic dopamine release in
the ventromedial striatum leads to conditioned place aversion
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(Liu et al., 2008). Our model holds that the substantial increase
in dopamine by reward-related, phasic dopamine release or
repetitive cocaine administration induces LTP and LTD at striato-
nigral and striatopallidal neurons, respectively (Figure S6B). The
striatonigral input thus becomes predominant over the striato-
pallidal input in the processes of reward-directed behavior and
cocaine sensitization. Consequently, the blockade of striatonig-
ral transmission should severely impair the adaptive responses
of both appetitive reward behavior and cocaine sensitization.
On the other hand, blockade of striatopallidal transmission
produces the situation equivalent to the LTD-mediated reduction
ininput in striatopallidal synapses and would thus have no further
effect on reward-directed behavior, once LTP is postsynaptically
induced in striatonigral neurons. In contrast, this blockade or the
cocaine-induced LTD would disrupt the modulatory mechanism
by tonic dopamine release and would impair aversive behavior
(Figure SBC). Because the induction of LTP and LTD in MSNs
has been reported to depend on not only synaptic input integra-
tion but also the cellular processes sensitive to timing of pre- and
postsynaptic activity (Goto and Grace, 2005a; Shen et al., 2008),
the model discussed here needs to be more substantiated. It
should, however, be pointed out that animals need to rapidly
form memory against aversive stimuli to avoid uncomfortable
or dangerous environments. In contrast, animals have to distin-
guish between associative and nonassociative rewarding stimuli
to acquire such rewards efficiently and correctly. The modulatory
switch of the two pathways thus plays an essential role in prop-
erly driving behavioral responses to rewarding and aversive
stimuli.

Recently, the biochemical characterization of D1-receptor-
expressing and D2-receptor-expressing MSNs has revealed
that these two subpopulations exhibit vast differences in their
expression of functional and signaling molecules (Heiman
et al,, 2008; Surmeier et al., 2007; Valjent et al., 2009). The
distinct functions of striatonigral and striatopallidal transmission
could thus result from different functional molecules in these two
subpopulations of MSNs. The present study will facilitate more
informed and effective approaches to the treatment of the basal
ganglia dysfunction that occurs in drug addiction and Parkin-
son’s disease.

EXPERIMENTAL PROCEDURES

Animals

The TN transgenic mice were generated as described previously (Yamamoto
et al., 2003) and used together with their wild-type littermates for all experi-
ments. DOX was administered in food pellets containing 6 mg/g DOX and in
drinking water containing 2 mg/ml DOX and 10% sucrose. All animal handling
procedures were performed according to the guidelines of Osaka Bioscience
Institute.

Construction of the Recombinant AAVs

The 2.1 kb promoter region of the mouse PPTA gene (residues from —1525 to
+543, NCBI accession number NT_039340) or the 2.0 kb promoter region of
the mouse PPE gene (residues —1834 to +148, NCBI accession number
NT_039258) was isolated from BAC DNA. The promoter regions were attached
to the flag-tTA cDNA and inserted into the Multiple Cloning Sequence of the
pAAV-MCS vector of the AAV Helper—Free System (Stratagene, La Jolla,
CA). Both constructs were packaged and serotyped with the AAV capsid
protein with the use of the AAV Helper-Free System. The AAV was purified
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by using a ViraTrap AAV Purification kit (Omega Bio-Tek Inc., Norcross, GA),
yielding 10'2 particles per milliliter when titrated by ELISA for the AAV2 capsids
(PROGEN, Heidelberg, Germany). The viral injection and treatment with DOX
were conducted according to the following protocols, unless otherwise stated:
the recombinant AAV or the control AAV free of the inserted tTA construct was
unilaterally or bilaterally injected into 11 sites of the striatum or into four sites of
the NAc by stereotaxic techniques (Hikida et al., 2001). Two weeks after the
viral injection, animals were continuously treated with DOX or left untreated.

Retrograde Tracing

The V-S-tTA or V-E-tTA virus was injected into the striatum of wild-type mice.
The CTB-Alexa 594 conjugate (Molecular Probes, Eugene, OR) was then
stereotaxically injected into the GP or SNr of these mice (for GP, 0.5 mm poste-
rior to the bregma, 2 mm lateral from the midline, 3.5 mm depth from the dura;
for SNr, 3.5 mm posterior to the bregma, 1.5 mm lateral from the midline, 4 mm
depth from the dura). Two weeks after the injection, the mice were deeply
anesthetized, and coronal sections (40 pm) of the striatum were prepared
and immunostained with anti-flag M2 monoclonal antibody (Sigma, St. Louis,
MO), followed by Alexa Fluor 488-conjugated secondary antibody (Molecular
Probes). Immunofluorescence and CTB-Alexa 594 fluorescence were detected
with a BZ-9000 digital fluorescence microscope (Keyence, Osaka, Japan).

Immunohistochemistry and Immunoblotting

Coronal sections (40 um) of the striatum from animals 2 weeks after viral injec-
tion were prepared and immunostained (Hikida et al., 2001). The primary anti-
bodies used were obtained as described previously (Hikida et al., 2001). Signals
were visualized with secondary antibodies (Yamamoto et al., 2003). Immuno-
blotting was performed as described previously (Yamamoto et al., 2003).

In Situ Hybridization Histochemistry

In situ hybridization analysis of coronal sections (10 um) prepared from a fresh-
frozen mouse brain was performed as described previously (Kaneko et al.,
2000). Specific antisense riboprobes were [*°S]-labeled from the correspond-
ing cDNAs (SP cDNA, residues from +1 to +390, NCBI accession number
NT_039340; Enk cDNA, residues from +1 to +807, NCBI accession number
NT_039258; c-fos cDNA, residues from +1 to +1143, NCBI accession
number NM_010234) (Kaneko et al., 2000). Four to six coronal sections taken
every 100 pm were used to calculate the mean radioactivity of SP and Enk
mRNAs in the striatum and to count c-fos mMRNA-positive cells in the VP or
the SNr. Radioactivity of each section was quantified by using a BAS5000
image processing system (Fujifilm, Tokyo, Japan).

Electrophysiology

After anesthesia using 0.9% ketamine and 0.1% xylazine, a mouse was posi-
tioned in a stereotaxic apparatus. A pair of stimulating glass-coated metal
electrodes (Elgiloy) was implanted into the right side of the striatum (one at
1.5 mm anterior, 1 mm lateral and the other at 0.5 mm anterior, 2 mm lateral
to the bregma, 3 mm depth for both). A short pulse at 2 Hz (duration,
200 ps; amplitude, 50-75 pA) was applied for striatal stimulation. Local field
potentials in response to the stimulation were recorded at the ipsilateral SNr
(3.5 mm posterior, 1.5 mm lateral to the bregma, 3.5-4.2 mm depth) by using
a glass electrode (tip diameter, ~8 um) filled with ACSF (in mM, NaCl 160, KCI
5, CaCl, 2.5, MgCl, 1, HEPES 5, glucose 10). A reference electrode (Ag-AgCl)
was placed in the cervical subcutaneous tissue. The short-latency response
was gained from 50 pulses of either polarity between the two stimulating
electrodes, separately averaged, and added thereafter. Bicuculline metho-
chloride (Tocris, Ellisville, MO) was perfused with the use of a triple-barreled
glass electrode. One barrel was filled with bicuculline methochloride, which
was then ionophoretically injected. The other two barrels were filled with
ACSF and each used for recording and a return path (retain current, 20 nA;
injection current, 40 nA). Recorded sites were confirmed to be the SNr by
histological reconstruction after fixation with 4% paraformaldehyde.

Behavior Tests

For the rotation test, mice were placed in a round-bottomed bow! (25 cm in
diameter), and rotations were counted for a 5 min period by visual observation
(Kaneko et al.,, 2000). One rotation was defined by the animal completing a

360° circle without turning back in the opposite direction. Locomotor activity
was measured with an infrared activity monitor (MED Associates, St. Albans,
VT) for a 60 min.period immediately after i.p. injection of saline or 2 mg/kg
methamphetamine. For cocaine experiments, locomotor activity was
measured for a 10 min period immediately after i.p. injection of saline or
10 mg/kg cocaine (Hikida et al., 2001, 2003). The CPP test was performed
as described previously (Hikida et al., 2001, 2003). Methamphetamine and
cocaine were obtained from Dainippon Sumitomo Pharma (Osaka, Japan)
and Shionogi (Osaka, Japan), respectively. Chocolate and food consumptions
were measured after 24 hr free access to both chocolate and a standard food.

In the aversion test, the step-through inhibitory avoidance apparatus
consisted of a straight alley divided into a small, light chamber (8 cm long)
and a large, dark chamber (16 cm long). The light chamber was made of
gray Plexiglas and illuminated by a lamp. The dark chamber was made of black
Plexiglas covered by a black cloth and a grid floor connected to an electric
source. The two chambers were separated by a black sliding door. On the
training day, each mouse was placed in the light chamber and the door leading
to the dark chamber was raised. Once the mouse had stepped with all four
paws into the dark chamber, the door was closed; and then an electric
footshock (0.5 mA, 60 Hz, 1 s) was delivered. Memory retention was tested
24 hr later following a similar procedure, expect that no shock was delivered.
Latency to step into the dark chamber was measured. Fear responses were
analyzed as described previously (Masugi et al., 1999). The percentage of
freezing response was determined by scoring the number of positive freezing
responses divided by the total number of samples at 2 s intervals in a 1 min
time period.

Statistical Analysis

Statistical analysis was conducted by using STATVIEW. Data were analyzed
by two-way ANOVA or repeated-measured ANOVA and were presented as
the mean + SEM.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and can be found with this
article online at doi:10.1016/j.neuron.2010.05.011.
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Cognitive deficits are a core feature of patients with methamphetamine (METH) abuse. It has been
reported thatrepeated METH treatment impairs long-term recognition memory in the novel object recog-
nition test (NORT) in mice. Recent studies indicate that silibinin, a flavonoid derived from the herb milk
thistle, has potent neuroprotective effects in cell cultures and several animal models of neurological dis-
eases. However, its effect on the cognitive deficit induced by METH remains unclear. In the present study,
we attempt to clarify the effect of silibinin on impairments of recognition memory caused by METH in

ﬁ:twh:ﬁghe[amine mice. Mice were co-administered silibinin with METH for 7 days and then cognitive function was assessed
Silibinin by NORT after 7-day withdrawal. Tissue levels of dopamine and serotonin as well as their metabolites
Dopamine in the prefrontal cortex and hippocampus were measured 1 day after NORT. Silibinin dose-dependently
Serotonin ameliorated the impairment of recognition memory caused by METH treatment in mice. Silibinin signif-
Memory icantly attenuated the decreases in the dopamine content of the prefrontal cortex and serotonin content

of the hippocampus caused by METH treatment. We also found a correlation between the recognition
values and dopamine and serotonin contents of the prefrontal cortex and hippocampus. The effect of
silibinin on cognitive impairment may be associated with an amelioration of decreases in dopamine and
serotonin levels in the prefrontal cortex and hippocampus, respectively. These results suggest that silib-
inin may be useful as a pharmacological tool to investigate the mechanisms of METH-induced cognitive
impairments.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Methamphetamine (METH) is a globally popular and highly
addictive drug that can cause neuropsychiatric complications such
ashallucination and delusions [14,28,40]. Recent studies in humans
have also demonstrated that chronic use of METH causes cog-
nitive deficits after withdrawal [14,39,41]. In rodents, repeated
METH treatment induces spatial working memory impairment in
the radial arm maze test [26], recognition impairment in the object
recognition test [15,27], and cognitive impairment in the five-
choice serial reaction time test [9]. Therefore, the METH-induced

* Corresponding author at: Department of Chemical Pharmacology, Graduate
School of Pharmaceutical Sciences, Meijo University, 150 Yagotoyama, Tempaku-ku,
Nagoya 468-8503, Japan. Tel.: +81 52 839 2735; fax: +81 52 839 2738.

E-mail address: tnabeshi@ccmfs.meijo-u.ac.jp (T. Nabeshima).

0166-4328/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbr.2009.10.024

cognitive impairment in rodents may be useful as an animal model
of the cognitive deficits in METH abusers.

Several studies have revealed that the cognitive impairments
produced by METH are associated with disruptions of the dopamin-
ergic and serotonergic systems [14,15,17,22,28]. Disturbances of
the dopaminergic system have been widely reported in METH
abusers and animals, and are associated with behavioral deficits
[17]. For example, our group has reported that repeated METH
treatment results in a dysfunctional dopamine D; receptor-
extracellular signal-regulated kinase 1/2 (ERK1/2) pathway in the
prefrontal cortex, which is associated with memory deficits after
drug withdrawal [15,27]. The serotoninergic system also plays a
critical role in cognitive behavior [7,24] and is associated with
METH abuse [17]. Moreover, the serotonergic system interacts
with the dopaminergic system, implicating it in cognitive func-
tion and drug abuse [46]. Although the interactions involved are
complicated, a report has confirmed that dysfunction of either
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dopaminergic or serotonergic system alone is insufficient to pro-
duce the impairments seen in the novel object recognition test
(NORT) following METH treatment [3].

Silibinin (silybin), a flavonoid derived from the herb milk this-
tle (Silybum marianum), has been shown to have anti-oxidative and
anti-inflammatory properties [38]. Further, silibinin also has poten-
tial effects on monoamine transmission and cognitive function. For
example, high-performance liquid chromatography (HPLC) anal-
yses have shown increased serotonin levels in the cortex and
increased dopamine and norepinephrine levels in the cerebel-
lum after 5-day repeated treatment with silymarin, a mixture of
flavonoids present in milk thistle and whose main component is
silibinin, in BALB/c mice [29]. An in vitro study has demonstrated
thatsilibinin inhibits the activity of monoamine oxidase (MAQ) that
catalyzes the oxidative deamination of monoamines [23]. These
studies suggest that silibinin may be beneficial/neuroprotective
effect on METH-induced dysfunction. However, it remains unclear
whether silibinin prevents METH-induced cognitive deficits.

In this study, we investigated the effects of silibinin on the
impairment of recognition memory in NORT and decrease of
dopamine and serotonin levels in the prefrontal cortex and hip-
pocampus in repeated METH-treated mice.

2. Materials and methods
2.1. Animals

ICR male mice (Japan SLC Inc., Shizuoka, Japan), aged 6 weeks at the beginning of
experiments, were used. They were housed in plastic cages and kept in a regulated
environment (23 +0.5°C, 50+ 5% humidity) with a 12/12-h light/dark cycle (lights
on from 08:00 to 20:00). Mice received food (CE2; Clea Japan Inc., Tokyo, Japan) and
water ad libitum. Behavioral experiments were carried out in a sound-attenuated
and air-regulated experimental room, to which mice were habituated for at least
1 h. All experiments were performed in accordance with the Guidelines for Animal
Experiments of the Faculty of Pharmaceutical Sciences of Meijo University.

2.2. Drugs

Methamphetamine hydrochloride (METH; Dainippon Sumitomo Pharma Co Ltd,
Osaka, Japan), was dissolved in 0.9% physiological saline. Silibinin was purchased
from Panjin Green Biological Development Co., Ltd (Panjin, China) and suspended
in 0.3% carboxymethyl cellulose (CMC). Mice were divided into five groups: (1)
Saline/CMC, (I1) METH/CMC, (111) METH/100 mg/kg silibinin, (IV) METH/200 mg/kg
silibinin, (V) saline/200 mg/kg silibinin. METH (1 mg/kg, s.c.) or saline were adminis-
tered to mice in combination with silibinin (100 or 200 mg/kg, p.o.) once daily for 7
days. The doses were selected based on previous report that at the dose of 200 mg/kg
silibinin has significant effect on amyloid-B-induced learning and memory impair-
ments in mice [20,21] in addition to potential effects on monoamine transmission in
the brain [29]. All drugs were administered in a volume of 0.1 ml/10 g body weight.
NORT was performed on day 15-19 after the first administration of METH and silib-
inin (Fig. 1). Ten mice per group were randomly selected and sacrificed 1 day after the
test to measure the amounts of dopamine, serotonin and their metabolites (Fig. 1).

2.3. Novel object recognition test (NORT)

NORT was performed according to a previous report [20]. The task consisted
of three sessions: habituation, training, and retention. Each mouse was individu-
ally habituated to the box (W30 x L30 x H30 cm) with 10 min of exploration in the
absence of objects for 3 days (days 15-17). In the training session, two objects (e.g.
object A: wooden block; object B: golf ball) were placed in the middle of the box.
Each mouse was then placed midway at the front of the box and total time spent
exploring the two objects was recorded for 10 min (day 18). Exploratory behavior

METH (1 mg/kg, s.c.)

was defined as directing the nose to the object at a distance of less than 2 cm and/or
touching it with the nose. In the retention session, the mouse was placed back into
the same box 24 h after the training session, in which one (e.g. object A) of the famil-
iar objects used during training was replaced with a novel object C. The animal was
then allowed to explore freely for 5min and the time spent exploring each object
was recorded (day 19). Throughout the experiments, the objects were used in a
counterbalanced manner in terms of their physical complexity and emotional neu-
trality. Therefore, inherent object preferences might be equally distributed among
the treatment groups. Preference index was defined as a ratio of the amount of time
spent exploring any one of the two objects over the total time spent exploring both
objects in the training session. Recognition index, a ratio of the amount of time
spent exploring a novel object over the total time spent exploring both objects in
the retention session, was used to measure cognitive function.

2.4. Dopamine, serotonin and their metabolites

Usually, we use less than 10 rodents to do monoamines analysis, whereas
behavioral studies need more animals [47]. Ten mice per group were randomly
selected 1 day after NORT and sacrificed to measure the amounts of dopamine,
serotonin and their metabolites. Brains were rapidly removed and the pre-
frontal cortex and hippocampus were dissected out on an ice-cold plate. Each
tissue sample was quickly frozen with dry ice and stored in a deep freezer at
—80 C until assayed. The amounts of dopamine (DA), serotonin (5-HT) and their
metabolites (3,4-dihydroxyphenylacetic acid, DOPAC; homovanillic acid, HVA; and
5-hydroxyindoleacetic acid, 5-HIAA) were determined using a HPLC system with
an electrochemical detector (HTEC-500, Eicom Co. Ltd., Kyoto, Japan). Briefly, each
frozen tissue sample was weighed, and then homogenized with an ultrasonic pro-
cessor (Heat Systems Inc., New York, USA) in 350 ! of 0.2 mol/l perchloric acid
containing isoproterenol (internal standard). The homogenate was placed in ice
for 30min and then centrifuged at 20,000 x g for 15 min at 4 "C. The supernatant
was mixed with 1mol/l sodium acetate to adjust the pH to 3 and then injected
into a liquid chromatography system equipped with a reversed-phase ODS-column
(Eicompak MA-5 ODS, 4.6 mm x 150mm, Eicom). The column temperature was
maintained at 25 Cand the detector potential was set at 500 mV. The mobile phase
consists of 0.1 mol/! citric acid and 0.1 mol/l sodium acetate, pH 3.9, containing 14%
methanol, 160 mg/l sodium-I-octanesulfonate and 5mg/l EDTA; the flow rate was
0.5ml/min.

2.5. Statistical analysis

Results are expressed as the mean+SEM. Statistical differences among the
experimental groups were tested using the one-way or two-way analysis of variance
(ANOVA) for behavioral tests and monoamines assay and Tukey's post hoc test was
employed for multiple comparisons. Pearson’s correlation analysis was used to iden-
tify relationships between memory performance and dopamine or serotonin levels
in the prefrontal cortex and hippocampus. p-values less than 0.05 were considered
significant.

3. Results

3.1. Effect of silibinin on recognition memory impairment
induced by METH in NORT

In the training session, the mice spent similar time in the explo-
ration of each object (e.g. object A: wooden block, object B: golf
ball; FObjecr(l, 146)= 0.002, p=0.996; FGroup (4,146)= 0.499, p=0.737;
Fobject » Group (4, 146)=0.199, p=0.938, Supplementary Fig. 1) and
showed a similar preference to them (Fy4 72)=1.165, p=0.334,
Fig. 2A), suggesting that there was no biased exploratory preference
inthe groups and the mice did not show any inherent preference for
each object. In addition, the total time spent in the exploration of
two objects (F4 72)=0.274, p=0.894, Fig. 2B) in the training session
did not differ among groups.

NORT sacrificed

withdrawal

1 i 1 1

Silibinin {100 or 200 mg/kg, p.o.)

1
1 i i i 1
15 16 17 18 19 20

Habituation Training Retention

Fig. 1. Experiment schedule.
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In the retention session, the level of exploratory preference for
a novel object in the METH-injected mice was significantly smaller
than that in the saline-injected mice (p<0.05, Fig. 2C). Silibinin
attenuated the memory impairment in METH-injected mice, with
asignificant change at a dose of 200 mg/kg (Fi4, 72)=4.929, p<0.05,
Fig. 2C). Silibinin itself did not affect the level of exploratory pref-
erence for the objects and the total exploration time in either the
training or retention session in saline-injected mice (Fig. 2A-D).

3.2. Effect of silibinin on the levels of dopamine, serotonin and
their metabolites in the prefrontal cortex and hippocampus

To clarify the mechanism that silibinin (200 mg/kg) prevents
METH-induced learning and memory impairments, we measured
the tissue contents of dopamine, serotonin and their metabolites
in the prefrontal cortex and hippocampus. We found that repeated
METH treatment caused decreases in the dopamine content of the
prefrontal cortex (Fig. 3A) and serotonin content of the hippocam-
pus (Fig. 4B). Treatment with silibinin (200 mg/kg) significantly
attenuated the decreases of dopamine content of the prefrontal
cortex and serotonin content of the hippocampus (F3, 39)=8.324,
p<0.01 for dopamine content of the prefrontal cortex, Fig. 3A;
F(3,39)=6.408, p<0.01, for serotonin content of the hippocampus,
Fig. 4B) induced by repeated METH treatment but did not have
a significant effect on serotonin content of the prefrontal cortex
or dopamine content of the hippocampus of METH-injected mice
(F(3,39)=1.947, p=0.140 for serotonin content of the prefrontal
cortex, Fig. 3B; F(3 39y=1.086, p=0.367, for dopamine contents in
the hippocampus, Fig. 4A). Silibinin itself did not affect the levels
of dopamine and serotonin or their metabolites in the prefrontal
cortex and hippocampus of saline-injected mice (prefrontal cor-
tex: p=0.848 for dopamine contents, p=0.947 for DOPAC, p=0.727

for HVA, p=0.976 for serotonin, p=0.998 for 5-HIAA; hippocam-
pus: p=0.999 for dopamine, p=0.992 for DOPAC, p=0.998 for HVA,
p=0.994 for serotonin, and p=0.998 for 5-HIAA, in Table 1A).
We also found a correlation between the recognition value and
dopamine or serotonin contents of the prefrontal cortex and hip-
pocampus (p<0.05 for the dopamine content of the prefrontal
cortex, Fig. 3C; p<0.05 for the serotonin content of the prefrontal
cortex, Fig. 3D; p<0.05 for the dopamine content of the hippocam-
pus, Fig. 4C; p<0.05 for the serotonin content of the hippocampus,
Fig. 3D).

As shown in Table 1B, silibinin significantly attenuated the
increase in the of HVA/DA ratio and DOPAC+HVA/DA ratio
in the prefrontal cortex (HVA/DA: Fg3 39)=6.717, p<0.001;
DOPAC + HVA/DA: F(3 39)=6.824, p<0.001) and the 5-HIAA/5-HT
ratio in the hippocampus (F 3 39y=6.317, p<0.001). However, there
was no significant difference in the DOPAC/DA or 5-HIAA/5-HT ratio
in the prefrontal cortex (DOPAC/DA: F3 39y=1.859, p=0.154; 5-
HIAA/5-HT: F3, 39)=2.407, p=0.083) and the DOPAC/DA, HVA/DA
or DOPAC+HVA/DA ratio in the hippocampus (DOPAC/DA:
F(3‘ 39)= 0335. p= 0800, HVA/DA F(3' 39)= ]357, p= 0274,
DOPAC+HVA/DA: F3 39)=0.675, p=0.573) among groups.

4. Discussion

The object recognition task is based on the spontaneous behav-
ior of rodents to explore a novel object. It has been proposed that
this task has a close analogy with recognition tests that are widely
used in humans to test memory and to characterize amnesic syn-
dromes by providing an accurate index of the overall severity of
declarative memory impairment [10,33]. Several studies revealed
that this task is dependent on the prefrontal cortex [15,26,27] and
hippocampus [5]. In the present study, repeated METH treatment
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Table 1
Effect of silibinin on the levels of dopamine, serotonin and their metabolites (A) and turnover of dopamine and serotonin (B) in the prefrontal cortex and hippocampus.
Region Treatment DA DOPAC HVA 5-HT 5-HIAA
(A)
Prefrontal cortex Saline/CMC 86.58 + 6.988 54.83 + 4.867 88.86 + 5.343 780.3 +£ 121.7 227.4 + 1476
METH/CMC 67.05 + 3.762* 55.48 + 9.707 101.1 £ 5.402 615.1 + 88.85 257.7 £ 12.85
METH]/silibinin 79.59 + 4.542° 51.46 + 7.508 83.31 £ 6.196 798.3 £ 70.57 253.2 + 16.80
Saline/silibinin 96.10 + 7.082 60.74 £ 7.751 97.38 + 6.143 727.8 + 78.29 231.1 £ 1476
Hippocampus Saline/CMC 28.98 + 2.071 35.13 + 4.362 92.25 + 5.606 1050 + 65.58 507.5 + 43.11
METH/CMC 22.28 + 1.504 30.17 + 3417 79.43 + 8.837 729.7 £+ 69.93% 500.7 + 30.07
METH]/silibinin 25.85 + 3.051 35.15 + 2434 64.08 + 4.005 991.3 + 85.40° 391.7 + 40.89
Saline/silibinin 28.22 + 3.810 33.71 + 3.713 78.29 + 3.966 1079 + 108.5 498.2 + 40.31
Region Treatment DOPAC/DA HVA/DA DOPAC +HVA/DA 5-HIAA/5-HT
(B)
Prefrontal cortex Saline/CMC 0.638 + 0.047 1.074 £ 0.090 1.713 £ 0.097 0.352 4+ 0.047
METH/CMC 0.957 + 0.190 1.716 £ 0.105* 2.673 + 0.226* 0.484 + 0.061
METH]/silibinin 0.662 + 0.086 1.156 + 0.148" 1.818 + 0.190° 0.334 + 0.026
Saline/silibinin 0.645 + 0.073 1.079 £ 0.123 1.724 + 0.169 0.350 + 0.036
Hippocampus Saline/CMC 1.242 + 0.175 3.259 + 0.192 4.502 + 0.296 0.493 + 0.044
METH/CMC 1.431 £ 0.216 3.564 + 0.273 4.995 + 0.336 0.715 + 0.059*
METH/silibinin 1.452 + 0.139 2.618 £ 0.199 4.070 + 0.328 0.401 + 0.038"
Saline/silibinin 1.264 £ 0.152 3.057 £ 0.300 4322 +0.383 0.495 + 0.065

Data are expressed as ng/g of wet weight tissue (A) or a ratio (B) as the mean £ SEM for 10 mice from each group.

# p<0.05 vs carboxymethyl cellulose (CMC)+ saline-treated mice.
" p<0.05 vs CMC+methamphetamine (METH)-treated mice.

resulted in memory impairment in NORT in mice, which is consis-
tent with our previous reports [15,25-27]. Silibinin at 200 mg/kg
attenuated the recognition memory impairments induced by METH
treatment. Since silibinin had no effect on total time spent exploring
objects in NORT, it is unlikely that the protective effect of silibinin
is due to changes in motivation or sensorimotor function.

The dopaminergic system exhibits modulatory effects on many
cognitive functions, including memory, attention, task switch-
ing, and response inhibition [8]. Attention-associated recognition
memory (latent learning) was impaired by dopamine reuptake
inhibitors, and recovered by a dopamine receptor antagonist [11].
It has been confirmed that disturbances of dopamine transmis-
sion play an important role in METH-induced memory deficits. For
example, the dopamine D; receptor antagonist SCH23390 blocks
novelty-induced place preference [4]. Repeated METH treatment
disrupts the novelty-induced activation of dopamine D, receptors
as well as the downstream signal, ERK1/2, in the prefrontal cortex,
which is associated with memory deficits after withdrawal [15,27].
This memory impairment is improved by chronic treatment with
clozapine [15], and another study has shown that chronic treat-
ment with clozapine increases basal concentration of dopamine in
the prefrontal cortex [48]. In the present study, we found that sili-
binin attenuated the loss of dopamine content in the prefrontal
cortex and the memory deficits correlated with the degree of the
decrease in dopamine in METH-treated mice. Thus, it is likely that
dopaminergic hypofunction contributes to recognition memory
deficits caused by repeated METH treatment and silibinin attenu-
ates the memory deficits partly by ameliorating the dopaminergic
hypofunction.

Serotonergic systems also play a critical role in cognitive func-
tion[7,24,31,34].Serotonergic terminal deficits have been observed
in METH abusers, as evidenced by a loss of serotonin transport and
the depletion of serotonin [17]. Serotonin deficiencies have been
implicated in the cognitive impairments associated with the abuse
of 3,4-methylene-dioxymethamphetamine, a derivative of METH
[44]. METH-dependent subjects show cognitive patterns that are
similar to those of subjects who have been on tryptophan-depleted
diets that cause a low level of serotonin in the brain [35]. In the
present study, silibinin attenuated the decrease in the serotonin

content of the hippocampus induced by METH. Furthermore, we
observed a correlation between cognitive deficits and the degree of
decrease in serotonin. These results suggest inhibition of the loss
of serotonin to be involved in the protective effect of silibinin on
METH-induced cognitive impairment.

It has been suggested that the prefrontal cortex plays a role
in object recognition in human [2]. In rodents, the dopamine D,
receptors in the prefrontal cortex are necessary for the protein
synthesis-dependent long-term retention of recognition memory
[27]. On the other hand, the hippocampus has shown a greater
response to recollection, a component of recognition [13]. In this
study, METH treatment produced a more serious decrease in sero-
tonin content (—30.5% vs control) in the hippocampus than the
decrease of dopamine contents (—22.1% vs control) in the pre-
frontal cortex. It is likely that the damage of serotonergic system
contributes more to the memory impairment. However, a report
has confirmed that damage of either dopaminergic or seroton-
ergic system alone is insufficient to produce the impairments
of novel object recognition memory following METH treatment
[3]. In addition, it has been reported that both the hippocampus
and prefrontal cortex are implicated in a visual object recogni-
tion circuit [36]. Therefore, it is possible that both of the two
impairments contribute to a disruption of the visual object recog-
nition circuit, which undergoes the recognition deficit induced by
METH.

Although the exact mechanisms by which silibinin prevents
the METH-induced decreases in dopamine and serotonin remain
to be determined, there are several possible explanations. First,
it is known that MAO catalyzes the oxidative deamination of
monoamines, resulting in decreased levels of monoamines such
as dopamine and serotonin. Inhibitors of MAO effectively blocked
METH-induced behavioral changes inrodents [16]. An in vitro study
demonstrated that silibinin inhibits the activity of MAO [23]. Here,
silibinin attenuated the increases in the ratios of metabolites of
dopamine and serotonin to those in METH-treated mice, suggest-
ing that the increase in the metabolism of dopamine and serotonin
induced by METH was blocked by silibinin. Therefore, it is possible
that silibinin prevents METH-induced decreases in dopamine and
serotonin by inhibiting the activation of MAO.
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Second, peroxynitrite (ONOO~) has been implicated as a
causative factor in the toxicity resulting from exposure to METH
[12]. ONOO~ is a potent oxidant that can modify proteins and
affect their functions [30]. It has been shown that peroxynitrite
not only inactivates dopamine or serotonin transporters [6,32],
but also inhibits the activities of tyrosine hydroxylase and tryp-
tophan hydroxylase [1,17,18]. Since our and other groups have
reported that silibinin has strong free radical-scavenging activity
[20,21,43], a decrease in peroxynitrite levels caused by silibinin
may recover in part the levels of dopamine and serotonin in the
brain.

Third, it has been reported that silibinin has anti-inflammatory
properties. For example, silymarin shows neuroprotective effects
against lipopolysaccharide-induced neurotoxicity and microglial
activation [45], which initiates a pro-inflammatory cascade that
results in the release of potentially inflammatory cytokines.
Microglial activation is an early response to METH treatment
[19,42], and is observed in the midbrain, striatum, thalamus, and
orbitofrontal and insular cortices of human abusers [37]. METH-
induced impairment of recognition memory was ameliorated by
minocycline, an inhibitor of microglial activation [25]. Thus, it
is possible that silibinin attenuates the impairment of METH-
induced cognitive dysfunction in part by inhibiting the activation
of microglia.

In addition, one issue should be paid attention. Five-day
repeated treatment with silymarin produces an increase in sero-
tonin levels in the cortex, but no change of dopamine, in the
normal mice[29]. Consistent with this report, silibinin did not affect
dopamine contents in the non-METH-treated mice, whereas incon-
sistent effect was observed in serotonin contents, which may be
due to the different experiment schedule. It suggests that silibinin
might have an acute effect on the metabolism of monoamines by
itself, but the effect did not last for long time. To be noted, silibinin
may have modulating effects only on abnormal conditions such as
METH treatment.

In conclusion, silibinin had an ameliorating effect on METH-
induced memory impairment possibly by preventing of the loss
of dopamine and serotonin in the prefrontal cortex and hippocam-
pus, respectively. Silibinin may be useful as a pharmacological tool
to investigate the mechanisms of METH-induced cognitive impair-
ments or useful for the prevention of cognitive deficits induced by
METH abuse.
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The Role of Cyclophilin D in Learning and Memory
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ABSTRACT:  Cyclophilin D (Cyp D) is implicated in cell death path-
way and blockade of Cyp D could be a potent therapeutic strategy for
degenerative disorders such as Alzheimer’s disease, ischemia, and multi-
ple sclerosis, but physiological role of Cyp D remains elusive. Here, we
investigated the ability of learning and memory in several behavioral
tasks in mice that lacked Cyp D (Cyp D™/7) and the relationship
between ability of learning and memory and hippocampal architecture
or neuronal transmission in Cyp D'~ mice. Cyp D™/~ mice showed
impairments of short-term memory in the Y-maze, object recognition
memory in the novel-object recognition test, reference memory in the
water maze test, and associative learning in the conditioned fear learn-
ing test. Hippocampal infusion of Cyclosporine A, which binds to Cyp
D, replicated the defect in hippocampus-dependent cognition observed
in Cyp D™/~ mice. The Cyp D™/~ mice did not show histopathological
abnormalities upon Nissl staining and GFAP immunostaining or irregular
expression of neuronal and glial marker proteins on Western blotting.
However, release of glutamate and acetylcholine was decreased from
the hippocampus in response to high-potassium treatment in the Cyp
D™/~ mice than in the wild-type mice. These results suggest a physiolog-
ical role for Cyp D in learning and memory via the regulation of neuro-
transmission. © 2009 Wiley-Liss, Inc.
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INTRODUCTION

Mitochondria are important in the control of both
cell survival and cell death, and the mitochondrial
dysfunction is implicated in neurodegenerative disor-
ders as well as in acute brain disease (Schinzel et al.,
2005; Norenberg and Rao, 2007; Du et al., 2008;
Forte et al., 2008). Dysregulation of mitochondrial
membrane permeability transition (MPT) leads to
apoptosis or necrosis (Norenberg and Rao, 2007).
MPT is a regulated Ca®"-dependent increase in the
permeability of the mitochondrial membrane, which
results in a loss of membrane potential, mitochondrial
swelling, and rupture of the outer membrane (Zoratti
and Szabo, 1996; Halestrap et al., 2002). MPT is pro-
posed to occur after the opening of a channel termed
the permeability transition pore and putatively
composed of the voltage-dependent anion channel
(VDAC) in the mitochondrial outer membrane, the
adenine nucleotide translocase (ANT) in the inner
membrane, and Cyclophilin D (Cyp D) in the matrix
(Crompron et al, 1998; Woodfield et al, 1998;
Kokoszka et al., 2004). Although the involvement of
VDAC and ANT in MPT is still controversial, experi-
ments with Cyp D gene (ppif)-deficient mice indicate
that Cyp D is involved in MPT, at least a cyclospo-
rine-inhibitable form of MPT (Bairns et al., 2005;
Basso et al., 2005; Nakagawa et al., 2005; Shinzel
et al., 2005). Cyp D is a peptidylprolyl cis-trans-isom-
erase thought to facilitate conformational change of
putative targets such as ANT to trigger MPT (Leung
and Halestrap, 2008). Cyp D, encoded by peptidyl-
prolyl cis-trans-isomerase (ppif), Cyp D-deficient cells
are primarily protected from necrotic, caspase-inde-
pendent cell death but not from caspase-dependent
apoptosis (Baines et al., 2005; Basso et al., 2005;
Nakagawa et al., 2005). Cyp D deficiency provides
substantial protection from damage caused by
ischemia/reperfusion to both heart and brain (Baines
et al., 2005; Nakagawa et al., 2005; Schinzel et al.,
2005). Recent studies reported that Cyp D deficiency
protects from experimental autoimmune encephalo-
myelitis-induced axonal injury and motor dysfunctions
as a model of multiple sclerosis (Forte et al., 2008)
and amyloid-B-induced neuronal apoptosis in cultured
neuron and impairments of cognitive function and
plasticity in amyloid precursor protein transgenic mice
as a model of Alzheimer’s disease (Du et al., 2008). In
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pharmacological approach, Cyclosporine A (CsA), which binds
o Cyp D rto inhibic MPT (Halestrap and Davidson, 1990),
and its analogs (N—methyl—val4-cyclosprin and FR901459) pre-
vent neuronal degeneration in ischemia models (Matsumoto
et al,, 1999; Muramatsu et al, 2007). These results suggest
that Cyp D and MPT is therapeutic target for these degenera-
tive disorders.

Although, as aforementioned, a pathological role of Cyp D
and MPT has been uncovered, their physiological role remains
elusive. Mitochondria assist in maintaining Ca®* homeostasis
by sequestering and releasing Ca** (Bernardi, 1999; Nicholls
and Budd, 2000). Synaptic mitochondria are synchesized in the
cell body of neurons and transported to axons and dendrites
(Morris and Hollenbeck, 1993; Kang et al., 2008). Mitochon-
dria are present at high concentrations in presynaptic terminals
(Shepherd and Harris, 1998; Rowland et al.,, 2000; Brown,
2006). Neurotransmitter release is driven by an elevation of the
Ca®" concentration within the presynaptic terminal (Dodge
and Rahamimoff, 1967; Long et al., 2008). Thus, some
researchers have reported that mitochondria play a pivotal role
in the release of neurotransmitters and short-term plasticity
(Tang and Zucker, 1997; Billups and Forsythe, 2002; Lee
et al, 2007; Kang et al., 2008). Under physiological condi-
tions, Cyp D-dependent MPT has been suggested to be
involved in Ca®™ buffering and thus to play an important role
in learning and memory, and synaptic plasticity (Weeber et al.,
2002; Levy et al., 2003). CsA impairs long-term potentiation
(LTP) and prepulse facilitation (Levy et al., 2003), and mice
lacking VDAC isoforms show deficits in spatial and associative
learning and synaptic plasticity (Weeber et al., 2002). Con-
versely, mice lacking Cyp D shows enhanced response in avoid-
ance tests (Luvisetto et al., 2008) and normal synaptic plasticity
and spatial memory in radial water maze test (Du et al., 2008).
Further behavioral experiments are needed for exploring the
roles of CypD in learning and memory.

In the present study, we investigated the performance of
several learning and memory tasks in mice lacking Cyp D and
mice infused with CsA into the hippocampus, and found
cognitive dysfunction.

MATERIALS AND METHODS

Mice

Male C57BL/6] mice (7 weeks old) were obrained from
Japan SLC (Shizuoka, Japan). Mice lacking Cyp D were
described by Nakagawa et al. (2005). The homozygous mutant
male mice (—/—; 3 months of age) and the littermate wild-
type male mice (+/+; 3 months of age) were obtained by
crossing F10 heterozygous Cyp D mutant mice (%) having a
99.99% pure C57BL/G] genetic background. The genotypes of
mice were determined by PCR (Fig. 1A). The wild-type allele
(553 bp) was detected using 5'-GCAGATCAAGCTCCC
GACTG-3' as a forward primer and 5'-ACTTGGGAAGCC

Hippocampus

GAGGTG-3' as a reverse primer. To detect the murtant allele
(206 bp), a neomycin-specific reverse primer (5-GCAGCG
CATCGCCTTCTATC-3') was used in combination with the
wild-type forward primer as described by Nakagawa et al.
(2005). The animals were housed in plastic cages and kept in a
regulated environment (24 = 1°C, 50 = 5% humidity), with
a 12-h light/dark cycle (lights on at 9:00 am). Food and tap
water were available ad libitum. All experiments were per-
formed in accordance with the Guidelines for Animal Experi-
ments of Meijo University. The procedures involving animals
and their care were conducted in conformity with the inter-
national guidelines, Principles of Laboratory Animal Care
(National Institutes of Health publication 85-23, revised
1985).

Surgery

Under anesthesia (pentobarbital 40 mg/kg, i.p.), C57BL/G]
mice were placed in a stereotaxic apparatus and bilaterally
implanted with a guide cannula (12 mm, 0.4 mm in inner di-
ameter, 0.5 mm in outer diameter; Eicom) in the hippocampus
(—2.2 mm anteroposterior, =2.0 mm mediolateral from the
bregma, —1.5 mm dorsoventral from the skull) according to
the atlas of Paxinos and Franklin (2004). A dummy cannula
(0.3 mm in diameter; Eicom) was left in place throughout the
experiment. Five days after the operation, mice were subjected
to the novel object recognition test or conditioned fear learning
test.

Drug Treatment

CsA obtained from Novartis Pharmaceuticals (Basel, Switzer-
land) was dissolved in ethyl alcohol/polyethoxylated castor oil
(35/65). For microinjection into the hippocampus, a 28-gauge
injection cannula (Eicom) cut to extend 1.0 mm beyond the
guide cannula was inserted through the guide cannula. Among
the known targets of CsA, Cyp D has one of the lowest Ki val-
ues in vitro (Galat, 1993). However, one specific concern with
the use of CsA to block Cyp D is the possibility of inhibition
of the protein phosphatase, calcineurin. Levy et al. (2003) have
reported that high doses (250 pM) of CsA inhibit calcineurin
in the hippocampal slice by measuring the phosphorylation
state of a calcineurin substrate, synapsin I. Considering these
reports and diffusion of CsA in hippocampus, CsA was diluted
with artificial cerebrospinal fluid (CSF: 147 mM NaCl, 4 mM
KCl, and 2.3 mM CaCl,) at a concentration of 100 pM and
injected bilaterally (100 pmol/1.0 pl/side) over a 5-min period
10 min before the training session in the novel object recogni-
tion test or the conditioning session in the conditioned fear
learning test.

Behavioral Analysis

A battery of behavioral experiments was carried out accord-
ing to previous reports (Mouri et al., 2007a). The behavioral
tests were carried out sequentially with the Y-maze test, Novel-
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FIGURE 1. Histological characterization of Cyclophilin D and
Cyclophilin D-deficient mice. (A) Determination of genotype: Gen-
otyping was performed by PCR and gel electrophoresis. The wild-
type allele (553 bp) and mutant allele (206 bp) were identified by
PCR using wild-type forward and reverse primers and the wild-
type forward primer and neomycin-specific reverse primer, respec-
tively. (B) Protein expression of Cyp D in C/yp D™’ mice: Protein
extracts from the whole brain of Cyp D™'" and wild type mice
were examined by Western blotting. (C) Representative examples
of wild-type and Cyp D™~ mice at 3 month: Body weights of
wild-type and Cyp D/~ mice were 23.9 * 0.44 and 23.0 = 0.65
g, respectively. (D) Cyp D-, GFAP-immunostaining, and Nissl
staining in the Cyp D™/~ and wild-type mice: Slices of hippocam-
pus obtained from Cyp D™/~ mice showed no immunoreactivity
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to anti-Cyp D antibody and no abnormal structure or glial distri-
bution. (E) Localization of Cyp D in the hippocampus: Confocal
immunofluorescent images obtained from coronal sections of wild-
type mice. Cyp D immunoreactivity was evident in neuronal cell
layers in CAl and localized to cells positive for NeuN, a marker of
neuronal cells. Enhanced sensitivity revealed Cyp D immunoreac-
tivity in cells positive for GFAP, a marker of astrocytes. (F) A
higher magnitude image of the hippocampal CAl region. There
was no morphological change to neuronal cells and astrocytes in
Cyp D™’ mice. (G) Western blotting of homogenates from the
hippocampus for proteins described. No difference was observed
between the two genotypes (wild-type mice, » = 10; Cyp D™/~
mice, # = 10; Student r-test). +/+, wild-type mice; —/—, Cyp
D™'" mice.
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