In the present study, we report for the first time that
the intermittent administration of methamphetamine
increases the mRNA level of a C-C chemokine, CCR2,
with histone modification in the limbic forebrain includ-
ing the nucleus accumbens. To address the functional
relevance of this increased CCR2 expression, we also
investigated whether the increased locomotion observed
after the intermittent administration of methamphet-
amine could be affected in CCR2 knockout mice.

The locomotor activity of mice was measured by an
ambulometer (ANB-M20, O'Hara, Tokyo, Japan) as
described previously. Briefly, male C57BL/6] mice or
CCR2 knockout mice were obtained from Jackson Labo-
ratories (Bar Harbor, ME, USA) and individually placed
in a tilting-type round activity cage. To induce behav-
ioral sensitization to methamphetamine-induced hyper-
locomotion, the mice were given five intermittent
treatments with methamphetamine (2 mg/kg, s.c.),
once every 96 hours. To clarify the maintenance of
behavioral sensitization, the mice were again adminis-
tered methamphetamine (2 mg/kg, s.c.) after seven
weeks of withdrawal.

(a)

Figure | (a) Development of sensitiza-
tion to methamphetamine in mice. Meth-
amphetamine (2 mg/kg, s.c.) or saline was
repeatedly given five times to mice every
96 hours. Total activity was counted for
120 minutes  after each injection. Each
column represents the mean total counts
for 120minutes with SEM. of 20 mice.
(*P<001, **P<0.00! versus METH Ist).
(b) Upper: Representative RT-PCR with 35
cycles for ILIB, IL-4, IL-6, IL-10, TNFa,
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The limbic forebrain area, mainly including the
nucleus accumbens, was removed 24 hours after the last
injection of methamphetamine. RNA preparation and
semiquantitative analysis by reverse transcription poly-
merase chain reaction (RT-PCR) were performed as
described previously. The methods are described in detail
in the Supporting Information. The primers used are
listed in Table S1.

Chromatin immunoprecipitation (ChIP) was per-
formed as described previously with minor modifica-
tions. Soluble chromatin extracted from the mouse
limbic forebrain was incubated with specific antibodies
against acetylated histone H3 (Millipore; Billerica, MA,
USA), H3K4 trimethylation (Wako Pure Chemicals,
Osaka, Japan), H3K9 trimethylation (Millipore) and
H3K27 trimethylation (Millipore) overnight at 4°C. The
immunocomplex was collected by Dynabeads Protein A
(Invitrogen Dynal AS, Oslo, Norway), and DNA was
recovered by isopropanol precipitation. The methods are
described in detail in the Supporting Information. The
statistical analysis is also described in detail in the Sup-
porting Information.

3 Saline
Bl Methamphetamine

TGFBI, TGFB2, TGFB3, MCPI, RANTES,
MCP3, CCR2, CXCLI2 and CXCR4
mRNAs in the limbic forebrain of mice that
have shown behavioral sensitization to
methamphetamine (ME). The limbic fore-
brain sample was prepared 24 hours after
the last injection of saline (SA) or ME.
Lower:The intensity of the aforementioned
bands was semi-quantified using Image |
software.The value for mRNA was normal-
ized by that for the internal standard
glyceraldehyde-3-phosphate  dehydroge-
nase (GAPDH) mRNA.The value for mice
treated with  methamphetamine s
expressed as a percentage of the increase
in mice treated with saline. Each column
represents the mean = SEM (n=3 animals
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As shown in Fig, 1a, intermittent injection of meth-
amphetamine produced a progressive increase in
methamphetamine-induced locomotion, indicating the
development of sensitization tc methamphetamine
(Fig. 1a, F4. 05 = 4.940, P < 0.01, first session versus fifth
session).

As shown in Fig. 1b, a significant increase in mRNA of
CCR2, but not of IL-1p, IL-4, IL-6, IL-10, TNFo, TGFB1,
TGEB2, TGFB3, MCP-1, RANTES, MCP-3, CXCL12 or
CXCR4, was observed in the limbic forebrain, mainly
including the nucleus accumbens, of the mice that had
shown behavioral sensitization to methamphetamine
(Fig. 1b, P < 0.01 versus the saline-treated mice). CCR2 is
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Figure 2 (2) qChIP analysis of acetylated
histone H3 (AcH3), histone H3 trimethy-
lated at lysine 4 (H3K4me3), lysine 9
(H3K9me3), and lysine 27 (H3K27me3) at
CCR2 loci in the limbic forebrain of mice
that had been intermittently treated with
methamphetamine. Each column repre-
sents the mean + SEM (n=4 animals per
group; three independent experiments).
**P<0.0| versus saline-treated mice. (b)
Change in locomotor activity (per
20minutes time intervals) following inter
mittent administration of methamphet-
amine (2 mg/kg, s.c.) in wild-type mice (B-i)
or CCR2 knockout mice (B-ii). Mice were
treated intermittently with methamphet-
amine every 96 hours for five sessions.’| st’
represents the st injection group, whereas
5th shows the 5th injection group. Mice
described as ‘withdrawal' were again admin-
istered methamphetamine after seven
weeks of withdrawal. ¥**P <00, Ist versus
Sth, #P <0.05, 5th versus withdrawal (two-
way ANOVA). ns, not significant. Each
point represents the mean SEM
{(n=4-17 mice)

a seven-transmembrane-spanning Goi protein-coupled
receptor for a member of the C-C chemokine family,
MCP-1, and is considered to regulate various brain disor-
ders (Yong & Rivest 2009).

To gain further insight into these phenomena, we next
studied histone modifications at the promoter regions of
the CCR2 gene (Iida et al. 2008). A ChIP assay, where
tissue is lightly fixed to crosslink DNA with histones and
other DNA-binding proteins and then immunoprecipi-
tated for a protein of interest, can be used to assess the
extent to which a given gene is associated with these
markers of activation or repression. In this study, we ana-
lyzed two active histone modifications [acetylation of
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histone H3 and trimethylation of lysine 4 on histone H3
(H3K4)] and two repressive histone modifications [trim-
ethylation of lysine 9 on histone H3 (H3K9) and trim-
ethylation of lysine 27 on histone H3 (H3K27)] at the
CCR2 gene promoter in the limbic forebrain of mice that
had been intermittently treated with methamphetamine.
As a result, intermittent treatment with methamphet-
amine caused a significant increase in the level of H3K4
trimethylation at the CCR2 promoter in the mouse limbic
forebrain (Fig. 2a, P <0.01 versus the saline-treated
mice; Figs S1 and S2). Methamphetamine did not
produce other histone modifications at the CCR2 gene
promoter (Fig. 2a). To the best of our knowledge, the
present data are the first to indicate that intermittent
treatment with methamphetamine induces a dramatic
increase in the expression of the CCR2 gene along with
epigenetic modifications in the nucleus accumbens.

To address the functional relevance of the increased
CCR2 expression after the intermittent administration of
methamphetamine, we next investigated whether the
reduction of CCR2 expression could affect behavioral
sensitization to methamphetamine using CCR2 knock-
out mice (Fig. 83). As shown in Fig. 2b, the fifth injec-
tion of methamphetamine produced a dramatic and
significant increase in methamphetamine-induced
hyperlocomotion compared with the first injection in
both C57BL/6] (wild-type) and CCR2 gene knockout
mice to the same degree (wild-type: first versus fifth, F;,
160 = 12,39, P < 0.01, CCR2 knockout: first versus fifth,
Fp, 30p=20.00, P<0.01), indicating that lack of the
CCR2 gene had little or no effect on the development of
sensitization to methamphetamine-induced hyperloco-
motion. Intriguingly, the sensitization to methamphet-
amine was maintained even afier seven weeks of
withdrawal following intermittent administration of
methamphetamine in the wild-type mice (fifth versus
withdrawal, F, 110y = 0.05, no significant). However, the
methamphetamine-induced sensitization was almost
reversed after seven weeks of withdrawal in CCR2
knockout mice (fifth versus withdrawal, F;, 30 = 8.50,
P <0.05, Fig. 2b). These results indicate that CCR2 is
implicated in the maintenance of behavioral sensitiza-
tion to methamphetamine.

In conclusion, the present study suggests that the
intermittent administration of methamphetamine
increases the mRNA level of CCR2 in association with
epigenetic modification at its promoter in the limbic fore-
brain including the nucleus accumbens, and this may
correlate with the maintenance of sensitization to
methamphetamine-induced hyperlocomotion.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Figure 81 qChIP analysis of acetylation of histone H3
(AcH3), H3K4me3, H3K9me3, and H3K27me3 in the
limbic forebrain of mice that had been intermittently
treated with methamphetamine (2 mg/kg, s.c., 5 times).
Tubulin was used as a control for AcH3 and H3K4me3.
High levels of AcH3 and H3K4me3 at the TATA box
binding protein (Tbp) gene, which is transcriptionally
activated within neurons, H3K9 and K27 trimethylation
at silenced genes marker major satellite DNA, which
probably comprises the functional centromere, and Gbx2
promoter (a homeobox-containing family of DNA-
binding transcription factors) are seen in the limbic fore-
brain of methamphetamine-treated mice. Each column
represents the mean + S.E.M. (n = 4 animals per group;
three independent experiments)

Figure 82 Representative PCR product with 40 cycles for
CCR2 DNA in the limbic forebrain of mice that have
shown behavioral sensitization to methamphetamine
(ME). The limbic forebrain sample was prepared 24 hours
after the last injection of saline (SA) or ME

Figure 83 Analysis of CCR2 mRNA expression by RT-PCR
in the mouse whole brain from wild-type (WT) and CCR2
knockout (KO) mice

Table S1 Comprehensive list of all primer sequences used.
Appendix S1 Supplemental methods

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.
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ABSTRACT

Despite the importance of prefrontal cortical dopamine in modulating reward, little is known about the implication of
the specific subregion of prefrontal cortex in opioid reward. We investigated the role of neurons projecting from the
ventral tegmental area (VTA) to the anterior cingulate cortex (ACG) in opioid reward. Microinjection of the retrograde
tracer fluorogold (FG) into the ACG revealed several retrogradely labelled cells in the VTA. The FG-positive reactions
were noted in both tyrosine hydroxylase (TH)-positive and -negative VTA neurons. The released levels of dopamine and
its major metabolites in the ACG were increased by either the electrical stimulation of VTA neurons or microinjection
of a selective p-opioid receptor (MOR) agonist, (D-Ala?, N-MePhe?,Gly-ol°) enkephalin (DAMGO), into the VTA. MOR-
like immunoreactivity was seen in both TH-positive and -negative VTA neurons projecting to the ACG. The conditioned
place preference induced by intra-VTA injection of DAMGO was significantly attenuated by chemical lesion of dopam-
inergic terminals in the ACG. The depletion of dopamine in the ACG induced early extinction of p-opioid-induced place
preference. The levels of phosphorylated DARPP32 (Thr34) and phosphorylated CREB (Ser133) were increased in the
ACG of rats that had maintained the morphine-induced place preference, whereas the increases of these levels induced
by morphine were blocked by pre-treatment of a selective dopamine D1 receptor antagonist SCH23390. These findings
suggest that VTA-ACG transmission may play a crucial role in the acquisition and maintenance of p-opioid-induced
place preference. The activation of DARPP32 and CREB through dopamine D1 receptors in the ACG could be impli-
cated in the maintenance of p-opioid-induced place preference.

Keywords Anterior cingulate cortex, dopamine, memory, opioid, p-opioid receptor, reward.
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INTRODUCTION

Studies on human addicts and behavioural studies in
rodent models of addiction have indicated that key
behavioural abnormalities associated with addiction are
extremely long-lived. Drug of abuse is characterized by
behavioural alternations in which compulsive drug
seeking plays a central role. It is a chronic brain disorder
as the risk of relapse remains high even after years of
abstinence (Nestler 2001).

Brain dopamine systems have been the focus of his-
tochemical, biochemical, and pharmacological research

© 2010 The Authors, Addiction Biology © 2010 Society for the Study of Addiction

on the rewarding effects of and locomotor activity
induced by opioids and psychostimulants. Dopaminergic
neurons in the ventral tegmental area (VTA) innervate
the nucleus accumbens (N.Acc), medial prefrontal cortex
(mPFC), amygdala, hippocampus and ventral pallidum
(Pierce & Kumaresan 2006). The ascending anatomical
dopamine projection from the VTA to the N.Acc and
mPFC is composed of mesocorticolimbic dopamine
neurons (Koob 1992). Considerable evidence suggests
that mesolimbic dopaminergic projections from the VTA
to the N.Acc play an important role in the rewarding
effects of drugs of abuse, including opiocids (Kelley &

Addiction Biology, 15, 434447

—263—



Berridge 2002). Altered function of the mPFC has been
implicated in multiple processes and behavioural disor-
ders, including schizophrenia (Weinberger 1995), drug
abuse (Wise, Murray & Gerfen 1996), depression
(Merriam et al. 1999) and attention deficit hyperactivity
disorder (Puumala & Sirvio 1998) as well as normal cog-
nitive processes, including working memory function
(Williams & Goldman-Rakic 199 5; Jentsch et al. 1997a,b)
and decision making (Damasio 1995). The mPFC has
received considerable attention with respect to its involve-
ment in reward-related mechanisms (Tzschentke &
Schmidt 2000). Noradrenaline (NA) release in the mPFC
has been recently considered as crucial in mediating
rewarding effects of opioids (Ventura, Alcaro & Puglisi-
Allegra 2005). Despite the importance of prefrontal cor-
tical dopamine, as well as NA, in modulating reward,
cognition and behaviour, little isknown about the involve-
ment of dopamine that regulate the rewarding effects of
opioids in the mPFC.

The anterior cingulate cortex (ACG), a major subre-
gion of the prefrontal cortex, is involved in evaluative
processes. The ACG might also serve to encode whether or
not an action is worth performing in view of the expected
benefit and the cost of performing the action (Rushworth
et al. 2004). For instance, after excitotoxic ACG lesions,
ratsno longer selected the high cost-high reward option in
a cost—benefit T-maze task if they had to choose between
climbing a barrier to obtain a large reward in one arm or
running for a low reward into the other arm with no
barrier present (Walton et al. 2003). Recent studies have
indicated that mesocortical dopamine fibres projecting to
the ACG (Berger, Gaspar & Verney 1991) may be respon-
sible for effort-based decision-making (Schweimer, Saft &
Hauber 2005). In addition, the ACG contributes to the
generation of emotional states and to the executive
control of behavioural selection (Peoples 2002).

In the present study, we therefore investigated the role
of dopaminergic neurons projecting from the VTA possi-
bly to the ACG in p-opioid reward.

MATERIALS AND METHODS

The present study was conducted in accordance with the
Guiding Principles for the Care and Use of Laboratory
Animals (Hoshi University) as adopted by the Committee
on Animal Research of Hoshi University, which is accred-
ited by the Ministry of Education, Culture, Sports,
Science, and Technology of Japan. Every effort was made
to minimize the number and suffering of animals used in
the following experiments.

Animals

In the present study, we used male Sprague Dawley rats
(200~250 g) (Tokyo Laboratory Animals Science, Tokyo,
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Japan). The animals were housed in a room maintained at
23 + 1°Cwitha 12-hour light/dark cycle (lights on 8 am
to 8 pM). Food and water were available ad libitum.

Drugs

The drugs used in the present study were morphine
hydrochloride (Daiichi-Sankyo, Tokyo, Japan),
6-hydroxydopamine hydrochloride (6-OHDA), desipramine
hydrochloride, (D-Ala?, N-MePhe?, Gly-ol°) enkephalin
(DAMGO) (Sigma-Aldrich, St. Louis, MO), R(+)-7-chloro-
8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-
3-benzazepine hydrochloride (SCH23390; Sigma
Chemical Co., MO, USA), fluorogold (FG; fluorochrome,
Englewood, CO, USA), and cholera toxin B Alexa Fluor
555 conjugate (CTh; Invitrogen, Grand Island, NY, USA).

Experiments [

In retrograde tracing study, the rats were deeply anesthe-
tized with sodium pentobarbital (50 mg/kg, ip.) and
placed in a stereotaxic apparatus. The skull was exposed,
and a hole was drilled through the skull over the ACG
(from bregma: anterior +1.7 mm; lateral +0.4 mm; and
ventral —2.8 mm) or N.Acc (from bregma; anterior
+1.5 mmy lateral +2.7 mm; and ventral —7.3 mm; angle
10°) according to the atlas of Paxinos and Watson
(Paxinos & Watson 1998). Except pressure-injected
(200 nl) into the ACG in the FG (fluorochrome, 4%
solution in saline) injection, micropipettes of about
20-23 pm in diameter were filled with FG solution, and
the tracer was injected into the N.Acc for 25 minutes by
iontophoresis with a positive-pulsed current (5 nA, seven
seconds on/off intervals). The micropipette was left in
place for five minutes following the completion of injec-
tion to avoid leakage of the tracer along the pipette track,
and then the pipette was withdrawn from the brain. In
the CTb (Invitrogen) injection, the injection cannula
was filled with CTb (1 mg/ml) solution, and CTb was
pressure-injected (1 pl) into the ACG. The CTb, as well
as FG, was used as retrograde tracer (Kishi et al. 2006;
Almarestani et al. 2007; Steen et al, 2007). After the
injection, the injection cannula was left in place for five
minutes. Five days after the injections, the animals were
perfused as described later. The distributions of FG or CTb
retrogradely labelled neurons and FG or CTb injection
sites were detected using a microscope (Olympus BX-60;
Olympus, Tokyo, Japan). In perfusion and tissue process-
ing, the rats were deeply anesthetized with 3% isoflurane
and perfusion-fixed with 4% paraformaldehyde, pH 7.4.
The brains were then quickly removed after perfusion,
and thick coronal sections of the ACG, N.Acc or VTA were
initiaily dissected using brain blocker (Neuroscience,
Tokyo, Japan). The brain coronal sections were post-fixed
in 4% paraformaldehyde for three hours. After the brains
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were permeated with 20% sucrose for one day and 30%
sucrose for two days, they were frozen in embedding com-
pound (Sakura Finetechnical, Tokyo, Japan) on isopen-
tane using liquid nitrogen and stored at —30°C until use.
Frozen 8 um-thick coronal sections were cut with a cry-
ostat (CM1510; Leica, Heidelberg, Germany) and thaw-
mounted on poly-L-lysine-coated glass slides. In
immunohistochemical approach, the brain sections were
blocked in serum in 0.01 mol/l phosphate buffer saline
(PBS) for one hour at 23 * 1°C. Each primary antibody
was diluted in 0.01 mol/l PBS containing 10% normal
goat serum (NGS) {1:25, 1:40 or 1:60 tyrosine hydroxy-
lase (TH:; mouse monoclonal, MAB358, Chemicon,
Temecula, CA, USA)] and incubated for two days at 4°C.
The samples were then rinsed and incubated with the
appropriate secondary antibody conjugated with Alexa
488 and Alexa 546 for two hours at 23 = 1°C. The slides
were then coverslipped with PermaFluor Aqueous mount-
ing medium (Immunon, Pittsburgh, PA, USA). Fluores-
cence of immunolabelling was detected using a light
microscope (Olympus BX-60) and U-MWIG and U-MNIBA
filter cubes (Olympus) for an Alexa 488 or Alexa 546.
Digitized images of the ACG, N.Acc or VTA sections were
captured at a resolution of 1316 x 1035 pixels with a
camera (Polaroid PDMCII/OL; Olympus). The upper and
lower threshold density ranges were adjusted to encom-
pass and match the immunoreactivity (IR) to provide an
image in which IR material appeared as white pixels and
non-IR material appeared as black pixels.

Experiments II

In surgery and microinjection, after three days of habitu-
ation to the main animal colony, all of the rats were anes-
thetized with sodium pentobarbital (50 mg/kg, i.p.). The
anesthetized animals were placed in a stereotaxic appara-
tus. The skull was exposed, and a small hole was made
using a dental drill. A guide cannula (AG-9, AG-8 or AG-4;
Eicom, Kyoto, Japan) or an electrode (NS303/12; Biore-
search Center, Nagoya, Japan) wasimplanted into the VTA
(from bregma: anterior, —5.3 mm; lateral, —0.9 mm;
ventral, -7.7mm or anterior, -6.8 mm; lateral,
+0.9 mm; ventral, ~7.8 mm; angle 10°), ACG [from
bregma: anterior, +1.7 mm; lateral, -0.4 mm; ventral,
—1.1 mm (in vivo microdialysis) or —2.3 mun (microinjec-
tion)] or N.Acc (from bregma; anterior, +4.0 mm; lateral,
—0.8 mm,; ventral, —6.8 mm; angle 16°) according to the
atlas of Paxinos & Watson {(1998). The guide cannula or
the electrode was fixed to the skull with cranioplastic
cement. In the microinjection method, we used an injec-
tion cannula (AMI-9.5; Eicom) that extended beyond the
guide cannula by 0.5 mm. A stainless steel injection
cannula was inserted into the guide cannula for each
animal. The injection cannula was connected through
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polyethylene tubing to a 10 pl Hamilton syringe that was
preloaded with DAMGO (1 nmol/0.3 pl) or saline.
DAMGO or saline was delivered by a motorized syringe
pump in a volume of 0.3 pl over 60 seconds. In in vivo
microdialysis study, three to five days after the surgery,
microdialysis probes (AI-4-2 or AI-8-2; 2 mm membrane
length; Eicom) were slowly inserted into the ACG or N.Acc
through guide cannulas under anaesthesia with diethyl
ether, and the rats were settled in the experimental cages
(30 cm wide x 30 cm deep x 30 cm high). The probes
were perfused continuously at a flow rate of 2 pl/minute
with artificial cerebrospinal fluid (aCSF) containing
0.9 mM MgCl;, 147.0 mMNaCl, 4.0 mMKCland 1.2 mM
CaCl,. The outflow fractions were taken every 20 minutes.
After three baseline fractions were collected in the rat ACG
or N.Acc, DAMGO or saline was administered into the rat
VTA using a 10 pl Hamilton syringe and a motorized
syringe pump. For these experiments, dialysis samples
were collected for 180 minutes after DAMGO or saline
treatment. Dialysis fractions were then analyzed using
HPLC (Eicom) with an electrochemical detection (ECD)
(Eicom) system. Dopamine was separated by a column
with a mobile phase containing sodium acetate (4.05 g/1),
citric acid monohydrate (7.35 g/1), sodium 1-octane sul-
fonate (150 mg/l), EDTA (2Na; 10 mg/l) and 17% metha-
nol. The mobile phase was delivered at a flow rate of
210 pl/minute. Dopamine was identified according to the
retention time of a dopamine standard, and the peak area
of basal dopamine was divided by the peak area of a
dopamine standard to obtain the amount of basal dopam-
ine. In electrical stimulation, three to five days after
surgery, microdialysis probes were inserted and an in vivo
microdialysis study was performed as described earlier.
Electrical stimulation (stimulation intensity of 100 or
150 pA, stimulation frequency of 100 Hz, 0.5-second
trains of 0.5-m second pulses, interval of two seconds) was
applied to the VTA for 40 minutes after three baseline frac-
tions were collected in the rat ACG. This stimulation was
delivered by constant-current stimulators via a bipolar cable
(Bioresearch Center) connected to the electrode.

Experiments III

Immunohistochemical study was conducted as described
earlier. Each primary antibody was diluted in 0.01 mol/l
PBS containing 10% NGS [1:25, 1:40 or 1:60 tyrosine
hydroxylase (mouse monoclonal, MAB358)] or 20% NGS
in 0.1% Triton X-100 [1 : 3500 MOR (rabbit polyclonal,
RA10104, Neuromics, Bloomington, MN, USA)]. The
microinjection of retrograde tracer was conducted as
described earlier.

Experiments IV

Place conditioning was conducted as described previ-
ously (Suzuki, Masukawa & Misawa 1990). The biased
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design was used for place conditioning, The apparatus
was a shuttle box (30 cm wide X 60 cm long x 30 cm
high) that was made of acrylic resin board and divided
into two equal-sized compartments. One compartment
was white with a textured floor, and the other was black
with a smooth floor to create equally preferable compart-
ments. The place conditioning schedule was composed of
three phases (pre-conditioning test, conditioning, and
post-conditioning test). The pre-conditioning test was
performed as follows: the partition separating the two
compartments was raised to 12 cm above the floor, a
neutral platform was inserted along the seam separating
the compartments and the animals that had not been
treated with either drugs or saline were then placed on
the platform. The time spent in each compartment during
a 900-seconds session was then recorded automatically
with an infrared beam sensor (KN-80; Natsume Sei-
sakusyo, Tokyo, Japan). Conditioning sessions (three days
for DAMGO (0.3, 1, 3, 9 nmol/0.3 ui) or morphine (8 or
23 mg/kg, i.p.), three days for saline) were conducted
once daily for six days. Immediately after DAMGO injec-
tion or treatment with morphine, these animals were
placed in the compartment opposite that in which they
had spent the most time in the pre-conditioning test for
one hour. On alternating days, these animals received
saline and were placed in the other compartment for one
hour. On the day after the final conditioning session, a
post-conditioning test that was identical to the pre-
conditioning test was performed. To destroy central
dopaminergic neurons, 6-OHDA (8 ug/0.3 ul) was
injected into the ACG of the rats four days before the start
of conditioning with DAMGO or morphine. Additionally,
desipramine (20 mg/kg, s.c) was given to rats 30
minutes before the injection of 6-OHDA into the ACG to
block the uptake of 6-OHDA into noradrenergic termi-
nals (Alhaider 1991). To investigate the extinction of the
morphine- or DAMGO-induced place preference, a post-
conditioning test was performed with no conditioning
and was conducted at 1 day, 9 days, 13 days or 20 days
after the final conditioning test. Immunohistochemical
study was conducted as described earlier. Primary anti-
body was diluted in 0.01 mol/I PBS containing 10% NGS
[1:1000 TH (rabbit polyclonal, AB152, Chemicon)}. In
high-pressure liquid chromatography (HPLC) study, the
rats were killed four days after the microinjection of
saline or 6-OHDA (8 pg/0.3 pl) in combination with s.c.
injection of vehicle or desipramine. The brain was
removed quickly, and the ACG was dissected on an ice-
cold glass plate. The tissues were homogenized in 1000 pl
of 0.2 M perchloric acid containing 100 mM EDTA(2Na)
and 140 ng isoproterenol as an internal standard. The
homogenates were then centrifuged at 20 000 xg for 32
minutes at 4°C, and the supernatants were maintained at
pH 3.0 using 1 M sodium acetate. The samples were ana-
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lyzed by HPLC-ECD. The HPLC system was composed of a
delivery system (EP-10; Eicom), an analytical column
(Eicompac, SC-50DS; Eicom) and a guard column
(Eicom). Dopamine and its metabolites were separated by
a column with a mobile phase containing sodium acetate
(3.22 g/l), citric acid monohydrate (9.17 g/l), sodium
l-octane sulfonate (180 mg/l), EDTA(2Na) (10 mg/l)
and 17% methanol. The mobile phase was delivered at a
flow rate of 0.5 ml/minute. Dopamine and its metabolites
were identified according to the retention times of these
standards, and the peak heights of dopamine and its
metabolites revised internal standard was divided by the
peak heights of those standard revised internal standard
to obtain those amount.

Experiments V

Place conditioning was performed as described earlier. In
treatment with SCH23390, the rats were administered
saline or SCH23390 (0.1 mg/kg, i.p.) 15 minutes before
the treatment with morphine. In Western blotting, 24
hours or 10 days after the final conditioning in the con-
ditioned place preference {CPP) procedure described
earlier, the rats were sacrificed by decapitation. The ACG
was quickly removed after decapitation and homogenized
in ice-cold buffer. The homogenate was centrifuged at
20 000 xg for 10 minutes and the supernatant was
retained as the lysate fraction for Western blotting. An
aliguot of tissue sample was diluted with an equal volume
of 2x electrophoresis sample buffer (Protein Gel Loading
Dye-2X, Amresco, Solon, OH, USA) containing 2%
sodium dodecyl sulfate (SDS) and 10% glycerol with
0.2 M dithiothreitol. Proteins (7 pl/lane) were separated
by size on 4-20% SDS-polyacrylamide gradient gel by
using the buffer system of Laemmli (1970) and trans-
ferred to nitrocellulose membranes in Tris-glycine buffer
containing 25 mM Tris and 192 mM glycine. For immu-
noblot detection, the membranes were blocked in Tris-
buffered saline (TBS) containing 1% non-fat dried milk
(Bio-Rad Laboratories, Hercules, CA, USA) containing
0.1% Tween 20 (Research Biochemicals, Natick, MA,
USA) for one hour at room temperature with agitation.
The membrane was incubated with primary antibody
diluted in 1:1000 phosphorylated dopamine and cyclic
AMP-regulated phosphoprotein with molecular weight
32kDa (p-DARPP32; rabbit, #2304, Cell Signaling
Technology, Danvers, CA, USA) and 1:1000 phosphory-
lated cAMP response element binding protein (p-CREB;
rabbit, #9191, Cell Signaling Technology), 1:200 000
glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
mouse monoclonal, MAB374, Chemicon International,
Temecula, CA, USA) containing 1% non-fat dried milk
containing 0.1% Tween 20 overnight at 4°C. The mem-
brane was washed in TBS containing 0.05% Tween 20
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(TTBS), and then incubated for two hours at room tem-
perature with horseradish peroxidase-conjugated goat
anti-rabbit IgG (Southern Biotechnology Associates,
Birmingham, AL, USA) diluted 1:10 000 in TBS contain-
ing 1% non-fat dried milk with 0.1% Tween 20. After
this incubation, the membranes were washed in TTBS.
The antigen-antibody peroxidase complex was finally
detected by enhanced chemiluminescence (Pierce, Rock-
ford, IL, USA) according to the manufacturer’s instruc-
tions and visualized by exposure to Amersham Hyperfilm
(Amersham Life Sciences, Arlington Heights, IL, USA).

Histology

The locations of the infusion cannula and drug diffusion
were assessed at the completion of the experiments. The
rats were deeply anesthetized with soditum pentobarbital
at the end of the experiment and given microinjections of
ink for the anatomical localization of cannula sites
(0.3 ub). The brain was then removed by decapitation and
cut into coronal sections. Cannula locations were

mapped onto a stereotaxic atlas (Paxinos & Watson
1998) and confirmed to be in the VTA, ACG or N.Acc.

Statistical data analysis

Dates are expressed as the mean with SEM. One- and
two-way analyses of variance (ANOVAs) with indepen-
dent and repeated measures as well as planned compari-
sons or Student’s t-tests, were used as appropriate for the
experimental design. Multiple comparisons were per-
formed using Dunnet or Bonferroni post hoc test where
appropriate. The potency ratio for the saline-treated rats
and the 6-OHDA-treated rats were calculated by the par-
allel line assay (Tallarida, Porreca & Cowan 1989).

RESULTS
Experiments I
Dopamine neurons projecting from the VIA to the ACG

To determine whether the VTA is linked to the ACG, we
investigated whether there were any neuronal projec-
tions from the VTA to the ACG using FG as a retrograde
tracer. Schematic illustrations of the injection site in the
ACG (CG1, CG2) or N.Acc are shown with the symbols
(Fig. 1a, b). Pressure application of FG into the region of
the unilateral ACG produced a well-restricted injection
site (Fig. 1c¢). FG-labelled cell bodies (Fig. 1d) or
TH-labelled cells (Fig. 1¢) were apparently detected in the
VTA after the microinjection of FG into the ACG. A popu-
lation of retrogradely labelled neurons in the VTA also
showed TH-IR (Fig. 1f).
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Distribution of cell bodies of neurons projecting from the
VTA to the ACG or N.Acc

To investigate whether neurons that projected from the
VTA to the ACG or N.Acc were independent, the retro-
grade tracers CTb and FG were microinjected into the
unilateral ACG and N.Acc, respectively (Fig. 1g, h). FG-
or CTb-containing cells were detected in the VTA after
the microinjection of FG or CTb. FG-labelled neurons
and CTb-labelled neurons did not overlap in the VTA
(Fig. 1i).

Experiments II

Dialysate dopamine level in the ACG by electrical
stimulation in the VTA

To further verify the dopaminergic neurons projecting
from the VTA to the ACG, we examined the effect of the
electrical stimulation of VTA cells on dopamine release in
the ACG. In an in vivo microdialysis study, the basal levels
of dopamine and the major dopamine metabolites, 3,4-
dihydroxyphenylacetic acid (DOPAC) and homovanillic
acid (HVA), in the ACG were lower than that of dopamine
inthe N.Acc (n= 5) (*P < 0.05, **P < 0.01 versus dopam-
ine, DOPAC or HVA in the N.Acc) (Table 1). The dopamine
levels in the ACG were increased by the electrical stimula-
tion of VTA cells (n = 5) (Fig. 2a). The electrical stimula-
tion of VTA cells also increased the levels of DOPAC and
HVA (n = 5) (Fig. 2b, ). Statistical analysis was performed
with one-way ANOVA followed by Dunnet test (dopamine,
F728=3.710, P<0.01; DOPAC, Fg)=7.426,
P <0.001; HVA, F;725=12.04, P< 0.001) (*P < 0.05,
**P < 0.01, ***P < 0.001 versus 0 minute).

Dialysate dopamine level in the ACG under the
microinjection of a y-opioid receptor agonist into the VIA

We next investigated the change in the dialysate dopam-
ine level in the ACG under the intra-VTA administration
of a u-opioid receptor agonist. Schematic illustrations of
dialysis probe placements in the ACG or N.Acc are shown
in Fig. 3a, b. The dopamine level was markedly increased
by the injection of DAMGO compared with saline treat-
ment in the ACG (n=5) (Fig. 3¢). The injection of
DAMGO into the VTA also produced a significant increase
in DOPAC and HVA in the ACG (n = 5) (Fig. 3d, ). Statis-
tical analysis was performed with two-way ANOVA fol-
lowed by Bonferroni test [dopamine: interaction between
treatment and time: Fuiss = 1.972, P < 0.05; effect of
treatment, Fuse=5.841, P<0.05; effect of time,
Fu1ss=3.250 P <0.001; DOPAC: interaction between
treatment and time: F(n,ssj= 7278, P <0.001; effect
of treatment, Fyge=22.77, P<0.01; effect of time,
Fniss=12.60, P<0.001; HVA: interaction between
treatment and time: Fgjgs=3.823, P <0.001; effect
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Figure | Projection of dopamine neurons from the ventral tegmental area (VTA) to the anterior cingulate cortex (ACG) and the distribution
of cell bodies in the VTA projecting to the ACG or N.Acc of rats. (a~b) Schematic illustrations of the injection site (symbols) in the ACG (a)
or N.Acc (b). (c) The image shows the extent of fluorogold (FG) diffusion at the injection site. (d) Cells in the VTA after the microinjection
of FG into the ACG. (e) Tyrosine hydroxylase (TH)-IR was noted in the VTA. (f) Double-labelling experiments showed that FG-positive cells
overlapped TH-positive cells in the VTA. (g) The extent of cholera toxin B diffusion at the injection site in the ACG. (h) The extent of FG
diffusion at the injection site in the N.Acc; ac=anterior commissure. (i) Cells in the VTA after the microinjection of FG into the ACG and
cholera toxin B into the N. Acc. Double-labelling experiments showed that FG-positive and cholera toxin B-positive cells did not overlap in

the VTA. Scale bars, 50 um

Table 1 Basal dialysate levels of dopamine
and its metabolites in the nucleus accum-
bens or anterior cingulated cortex and the
decrease in the contents of dopamine and
its metabolites in the anterior cingulated
cortex in desipramine-6-OHDA-treated
rats.

Dopamine DOPAC HVA
Brain area (nM)?
Nucleus accumbens 0.8 0.2 374.9 * 86.2 109.7 = 17.8
Cingulate cortex 0.2 £ 0.1 19.2 = 4.5 24.3 £ 3.3%
Group (ng/g wet tissue)®
Vehicle-saline 100.2 = 0.901 34.7 + 2,547 71.3 £ 1.678

Desipramine-6-OHDA ~ 75.6 * 0.396** 21.6 = 0.514™* 44.2 * 0.450**

*Each value represents the mean + SEM. The data were calculated as concentrations in the dialy-
sates for five rats. *P < 0.05, **P < 0.01 versus dopamine, DOPAC or HVA in the N.Acc.

YEach value represents the mean = SEM. The rats were killed four days after the microinjection of
saline or 6-OHDA into the ACG. The data were calculated as dopamine and its metabolited contents
in the ACG for four rats. The statistical significance of differences between groups was assessed with
Student’s t-test. ***P < 0.001 versus vehicle-saline.

of treatment, Fass = 5.355, P<0.05; effect of time,
Faigs =2.567, P<0.01) (*P<0.05, **P<0.001,
saline versus DAMGO]. The dopamine and its metabolite
levels were markedly increased by the injection of
DAMGO compared with saline treatment in the N.Acc
(n=5) (Fig. 3f, g, h). Statistical analysis were performed
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with two-way ANOVA followed by Bonferroni test
[dopamine: interaction between treatment and time:
Faigs = 5.404, P<0.001; effect of treatment,
F(1,38)= 8963, P< 005, effect of tiIIle, F(u_gg) = 34:50,
P <0.001; DOPAC: interaction between treatment and
time: F188 =33.18, P<0.001; effect of treatment,
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Figure 2 Change in the dialysate levels of

dopamine and its metabolites induced by

electrical stimulation (ES) in the rat VTA,
xR (a—) Effect of ES on the dialysate dopam-
ine (a), DOPAC (b) and HVA (c) levels in
the ACG in rats. The rats were subjected to
electrical stimulation at time Q for 40
minutes. The data are expressed as per-
centages of the corresponding baseline
levels with SEM of the five rats. Dunnet
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Fu.ss = 50.84, P < 0.001; effect of time, Fy1,85 = 29.78,
P<0.001; HVA: interaction between treatment and
time: Faigey=17.02, P<0.001; effect of treatment,
Fags = 24.11, P<0.01; effect of time, F(11,33;= 12.12,
P<0.001) (*P < 0.05, *P<0.01, **P < 0.001, saline
versus DAMGO].

Experiments II
Distribution of u-opioid receptors in the VTA

We next investigated the distribution of MOR-IR in the
VTA after the microinjection of FG into the ACG. FG-,
MOR- or TH-labelled cells were detected in the VTA
(Fig. 4a, b, ¢). A triple labelling experiment showed that
MOR-IR in the VTA was detected on both TH- and non-
TH-labelled neurons with a FG-positive reaction (Fig. 4e,
f). Some MOR-labelled neurons with no FG reaction did
not show TH-IR (Fig. 4g). Percentages of MOR, TH and
FG labels, individually and in combination, in the VTA are
shown in Fig. 4h.

Experiments IV

Role of VTA-ACG dopaminergic neurons in the acquisition
and maintenance of the place preference induced by the
u-opioid receptor agonist

To investigate the involvement of VTA-ACG dopaminergic
neurons in the induction of opioid reward, the rats were
microinjected with 6-hydroxydopamine (6-OHDA) into
the ACG after the s.c. injection of desipramine to specifi-
cally deplete dopamine. Pre-microinjection of 6-OHDA in
combination with the s.c. administration of desipramine
markedly decreased the basal levels of dopamine and its
metabolites in the rat ACG (***P < 0.001 versus vehicle-
saline) (n = 4) (Table 1), whereas it failed to change the
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test: *P <005, **P<001, ***P<000I!
versus 0 minute

basal levels of dopamine and its metabolites in the N.Acc
(Saline; n= 6, 6-OHDA; n=5) [Dopamine: 88.8 *+ 16.0
(% of control); DOPAC: 107.8 * 15.7 (% of control); HVA:
98.0 = 18.1 (% of control)]. The microinjection of
6-OHDA into the ACG after the treatment with
desipramine did not affect NA and serotonin (5-HT) con-
tents in the ACG [(NA: saline; 281.6 = 11.6, 6-OHDA;
206.8 + 14.7, NS, 5-HT: saline; 51.8 = 1.4. 6-OHDA;
64.9 + 5.1, NS (ng/g weight tissue)]. The injury of
dopaminergic neurons, by 6-OHDA injection in the
ACG, reduced TH-IR in the VTA (*P < 0.05 versus saline)
(Fig. 5a—). In the CPP method, the microinjection
of DAMGO into the VTA produced a dose-dependent
place preference. The DAMGO-induced place preference
was attenuated by the pre-microinjection of 6-OHDA into
the ACG. The concentration-response line for the
6-OHDA-pre-treated group was shifted to the right
compared with that for the saline-pre-treated group. The
potency ratio of the place preference induced by DAMGO
in saline-pre-treated group versus 6-OHDA-pre-treated
group was 3.32 (saline: 0.3 nmol, n=7; 1 nmol, n=#6;
3 nmol, n=8, 6-0HDA: 1 nmol, n=8; 3 nmol, n=6;
9 nmol, n = 6) (Fig. 5d). The saline or the 6-OHDA pre-
treated control rats failed to show the place preference
(saline-saline: —-36.9 * 48.1, n=6; 6-0HDA-saline:
22.7 £57.7, n=6). Under these conditions, the
6-OHDA-pre-treated rats that produced the right shift of
concentration-response line of the DAMGO-induced
place preference showed extinction of the place preference
at ninedays after the final conditioning, whereas the place
preference induced by the microinjection of DAMGO into
the VTA in saline-pre-treated rats was maintained at nine
days (Fig. 5e). Statistical analysis was performed with
two-way ANOVA [saline; interaction between dose and
day: F1,12 = 0.6581, NS; effect of dose, F3 12y = 2.856,NS;

Addiction Biology, 15, 434-447

—269—



VTA-ACG neurons and opioids 441

AP; +40
ML;~08
DV;-6.8
Angle 16°
From Bregma
(c)
2
-6~ Saline
3 '] -= pamco , - * e
£ 16 £ T 1604 * X
H ] 3
é 14 i H 1404
g n $ 5 120
£ g
2 Q < 1007
B K E
§ s < 80+
[ 60 50
AT T v Y LE L Ban ) L] T ¥ L] 1 hatd LS L] T L] L] LJ L3 L] L L] L] T 1 hid L ] L] L] T T L) L) L] L] L L] L] L
~4¢-2¢ 0 2¢ 49 60 80 100128140 160 180 260 ~46-20 0 20 4D 60 S0 100120 140 160 180 200 ~40-20 © 20 40 60 80 108 120 140 160 150 280
‘Time after the DAMGO treatment Time after the DAMGO treatmest Time after the DAMGO treatment
2407 .o~ Saline 240 “O-~ Sakine
s 3" m- DAMGO  ** ., ks s 2209 = DAMGO 0 ¥4, yux
E 200 * kX g 2 ) TEE  akk
T 180+ z 2
& 1601 g e e !
5 2 160 i
£ 1407 ; 14 3
_E 120 S 10 £
E 1004 £ 100 g
£ s0d - S
60 60
had AL Do BN JEa BN SN BN BN NN BN BN BN BN R | o NEne BN NN BN BENL NEND NENE SENN BENE BN BN BN |
~40-20 0 20 48 60 80 100 120 140 160 180 20 —46-20 0 20 40 60 80 100120 140 160 189 208 ~40-20 6 20 40 GO 86 100 120 140 160 180 200
Time after the DAMGO treatment Time after the DAMGO treatment Thre after the DAMGO treatment

Figure 3 Change in the dialysate levels of dopamine and its metabolites induced by DAMGO administration into the VTA. (a~b) Schematic
illustrations of the dialysis probe locations in the ACG (&) or N.Acc (b). (c—) Effects of DAMGO administration into the VTA on the dialysate
levels of dopamine (¢) and its metabelites (d, ) in the ACG. After baseline fractions were collected, saline or DAMGO (I nmol) was
administered into the VTA at time 0 to evoke the release of dopamine. Data are expressed as percentages of the corresponding baseline levels
with SEM for five rats. (f-h) Effects of DAMGO administration into the VTA on the dialysate levels of dopamine (f) and its metabolites (g, h)
in the N.Acc. Data are expressed as percentages of the corresponding baseline levels with SEM for the five rats. Bonferroni test: *P < 0.05,
**p < 0,01, ***P<0.001, saline versus DAMGO

effect of day, Fi.12 = 0.02324, NS, 6-OHDA; interaction and time: F330=2.150, NS; effect of treatment,
between dose and day: Fgig=0.9401, NS; effect of Fui30=5.284, P<0.05; effect of time, Fi330 =4.220,
dose, Fai0=1.005, NS; effect of day, Fuin=14.57, P <0.05](Fig. 59).

P<0.01]. The saline- or 6-OHDA- pre-treated control

rats failed to show the place preference at nine days Experiments V

:fiez;tlg'eoﬁfxgj\i::ﬁgo:;lsg Sagzlz—iaiu:; ;jrfh:r:ns)r:: Act‘ivatf'on of DARPP32.und CREB in the ACG of rats that

the 6-OHDA- pre-treated rats that received 23 mg/kg maintained the p-opioid-induced place preference

of morphine (i.p.), which exhibited the almost same score =~ We next investigated whether the acquisition or mainte-
to that observed in the rats receiving 8 mg/kg of nance of morphine-induced place preference could be
morphine (i.p.) showed early extinction after the post-test, ~ associated with the phosphorylation of DARPP32 and
whereas the saline-pre-treated rats that received 8 mg/kg ~ CREB, which are the downstream of dopamine D1
of morphine failed to exhibit extinction of its place receptor signalling in the ACG. The acquisition of
preference (n=6). Statistical analysis was performed morphine-induced place preference at 24 hours after the
with two-way ANOVA [interaction between treatment final conditioning was attenuated by pre-treatment of a
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Figure 4 Characterization of p-opioid receptors (MORs) in the VTA. (a) Cells in the VTA after the microinjection of FG into the ACG. (b)
MOR-IR was noted in the VTA. (c) TH-IR was noted in the VTA. (d-g) (e—g: higher magnification) Triple-labelling experiments showed that
MOR-IR in the VTA was present on both dopaminergic and non-dopaminergic neurons projecting to the ACG. Some of MOR-labelled
neurons that did not project to the ACG did not show TH-IR. (h) Percentages of MOR-, TH- and FG-labels, individually and in combination,
in the VTA. Scale bars, 50 um (a—d), 10um (eg)
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Figure 5 Involvement of dopamine neurons projecting from the VTA to the ACG in the DAMGO- or morphine-induced rewarding effect.
(a—b) Colour photomicrographs of immunofluorescent staining of TH-IR cells in the rat VTA following saline (a) or 6-OHDA (b) injection into
the ACG. (c) Percent of TH-IR positive cells in the VTA of rats showing the saline or 6-OHDA injection into the ACG. Student's t-test: ¥P <0.05
versus saline. (d) DAMGO-induced place preference in the saline-pre-treated and 6-OHDA-pre-treated groups using the CPP assay are
shown. The ordinate shows the preference for the drug-paired place, as defined by the post-conditioning test score minus the pre-conditioning
test score in the drug treatment side. Fach point represents the mean conditioning score with SEM of 6-8 rats. (e) Extinction of the
DAMGO-induced place preference. Data show the conditioned place preference scores in saline- or 6-OHDA-pre-treated groups of 6-8 rats.
Conditioning was performed for six days after the pre-conditioning test. The post-conditioning test was performed on the day after the final
conditioning test (one day). To investigate the extinction of the DAMGO-induced place preference, a post-conditioning test was performed
at nine days after the final conditioning test. (f) Extinction of the morphine-induced place preference. Data show the conditioned place
preference scores in saline- or 6-OHDA-pre-treated groups of six rats.To investigate the extinction of the morphine-induced place preference,

a post-conditioning test was performed on 9, 13, 20 days after the final conditioning test. Scale bars, 50 um (a-b)

selective D1 receptor antagonist SCH23390. Further-
more, the maintenance of morphine-induced place
preference at 10 days after the final conditioning also
was suppressed by pre-treatment of SCH23390 (Fig. 6a,
b). The levels of phosphorylated-DARPP32 (Thr34)
and phosphorylated-CREB (Ser133) in the ACG at 24
hours after the final conditioning were not affected by
morphine (Fig. 6¢, e), whereas the morphine-induced
place preference at 10 days after the final conditioning
produced significant increases of phosphorylated-
DARPP32 (Thr34) and phosphorylated-CREB (Ser133)
levels in the ACG. The increases of these levels in the ACG
were blocked by pre-treatment of SCH23390 (Fig. 6d, f).
Statistical analysis was performed with one-way ANOVA
followed by Bonferroni’'s multiple comparison test
(*P < 0.05, **P < 0.01 versus saline-saline, #P < 0.05,
##P < 0.01 versus saline-morphine).
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DISCUSSION

The mPFC is composed of the infralimbic (IL), prelimbic
(PL) (area CG3 of the ACG), dorsal and ventral anterior
cingulate (areas CG1 and CG2 of the ACG) and medial
precentral (frontal area 1) cortical areas (Paxinos &
Watson 1998; Ongur & Price 2000). The mPFC receives
dopaminergic efferents from the VTA, and thus is part of
the mesocortical dopamine system, with the densest
innervation occurring within the IL and PL regions
(Thierry etal. 1973; Conde et al. 1995). Within the
mPFC, the PL is the main source of afferents to the IL.
Other projections to the IL originate from the hippocam-
pus (CA1l/subiculum), basolateral amygdala (BLA) and
VTA. The PL receives projections from the IL, CG1 and
CG2, hippocampus (CA1/subiculum), BLA and VTA. The
primary sources of afferents to the CG1 and CG2 are con-
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Figure 6 Changes in levels of phosphorylated DARPP32 (Thr34) or phosphorylated CREB (Ser|33) in the ACG of rats that had acquired
or maintained the morphine-induced place preference. (a-b) Change in the acquisition or maintenance of morphine-induced place preference
at 24 hours (a) or |10 days (b) after the final conditioning. Data show the conditioned place preference scores in saline- or SCH23390-pre-
treated saline or morphine groups of six rats. (c—d) Change in the level of phosphorylated DARPP32 (Thr34) in lysate fractions of the ACG
at 24 hours (c) or 10 days (d) after the final conditioning. (e—f) Change in the level of phosphorylated CREB (Ser|33) in lysate fractions of
the ACG at 24 hours (e) or 10 days (f) after the final conditioning. In the conditioning session, the rats were administered marphine (8 mg/kg,
ip.) 15 minutes after the pre-treatment of saline or SCH23390 (0. mg/kg, i.p.). Each column represents the mean with SEM of at least three
independent experiments. Bonferroni multiple comparison test: *P<0.05, **P<0.0! versus saline—saline, #P<0.05, ##P<00! versus
saline—morphine
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sidered to be the PL, hippocampus (CA1/subiculum), BLA
and VTA (Hoover & Vertes 2007). In the present study,
several FG-positive VTA-ACG projecting neurons in the
VTA showed a TH-positive reaction, which suggested the
existence of dopamine transmission in the ACG project-
ing from the VTA in the rat. In contrast, some of them
exhibited a TH-negative reaction, which is supported by
the finding that some GABAergic neurons in the VTA
project to the mPFC (Carr & Sesack 2000). Furthermore,
by using the retrograde tracer CTb as well as FG, we found
that neurons that project from the VTA to the ACG exist
independently and do not branch off from VTA-N.Acc
projecting neurons. Interestingly, the ACG projects to the
dorsal striatum, whereas the IL and PL project to the shell
and core of the N.Acc, respectively (Berendse, Galis-de
Graaf & Groenewegen 1992). We found that pre-
microinjection of 6-OHDA into the ACG failed to change
the basal levels of dopamine and its metabolites in the
N.Acc. To further verify the dopaminergic neurons that
project directly from the VTA to the ACG, we investigated
whether the VTA-ACG dopaminergic pathway could be
activated by the electrical stimulation of VTA cells. As a
result, dopamine release with increased levels of its
metabolites at the synaptic terminal in the ACG was
increased by the electrical stimulation of VTA cells. These
results provide physiological evidence for the existence of
VTA-ACG dopaminergic projection.

In both the paranigral and parabrachial nuclei, which
are the two major VTA subdivisions, MOR-labelling was
observed within somata and proximal dendrites and was
sometimes continuous with labelled neuronal somata
(Garzon & Pickel 2001). In the present study, MOR was
found at a high density in the VTA and was detected in
both dopaminergic and non-dopaminergic VTA neurons
projecting to the ACG. Some of the MOR-labelled neurons
with no projecting to the ACG were also non-
dopaminergic. In addition, in a preliminary study, we
found that some of the MOR-labelled non-dopaminergic
neurons in the VTA were GABAergic neurons (data not
shown). These results are supported by a report that MOR
agonists in the VTA affect dopaminergic transmission
mainly indirectly through changes in the postsynaptic
responsivity and/or presynaptic release from neurons
containing other neurotransmitters, whereas MOR ago-
nists also directly affect a small population of dopaminer-
gic neurons expressing MOR on their dendrites in the
VTA (Garzon & Pickel 2001).

We next investigated the possible release of dopamine
in the ACG by the intra-VTA administration of a MOR
agonist. The dopamine level at the synaptic terminal in
the ACG was markedly increased by microinjection of
DAMGO into the VTA. Microinjection of DAMGO into the
VTA also produced a significant increase in the dopamine
metabolites DOPAC and HVA, indicating that activation of
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MORs in the VTA by intra-VTA microinjection of DAMGO
activates the VTA-ACG dopaminergic pathway in a
depolarization-dependent manner.

The CPP procedure has been used extensively as an
animal model for investigating the rewarding properties
of drug-conditioned stimuli. The CPP procedure has also
been used to investigate inhibitory effects on the acquisi-
tion (Shoblock, Wichmann & Maidment 2005; Esmaeili
et al. 2009), consolidation (Alberini 2008; Esmaeili et al.
2009), expression (Shoblock etal. 2005; Esmaeili
et al. 2009), extinction (Shoblock et al. 2005; Zhai et al.
2008), reinstatement (Shoblock etal. 2005; Popik,
Wrobel & Bisaga 2006; Zhai et al. 2008) and reconsoli-
dation (Alberini 2008). In the present study, the DAMGO-
induced place preference was attenuated by the pre-
microinjection of 6-OHDA, which destroys dopaminergic
neurons, into the ACG. This finding is supported by a
report that kainic acid lesions of the ACG prevent the
acquisition of a morphine-induced place preference in
mice (Hao et al. 2008). It was also reported that quino-
linic acid lesions of the IL blocked the CPP induced by
morphine, while lesions of the PL did not affect a
morphine-induced CPP (Tzschentke & Schmidt 1999).
Taken together, these findings suggest that the IL, CG1
and CG2 areas in the mPFC may be involved in the acqui-
sition of p-opioid-induced CPP.

More interestingly, we found here for the first time that
rats that had been subjected to the ACG-microinjection
of 6-OHDA failed to maintain p-opioid-induced place
preference in the early phase. Furthermore, the levels of
phosphorylated DARPP32 (Thr34) and phosphorylated
CREB (Ser133) in the ACG were increased in rats that
maintained the p-opioid-induced place preference,
whereas the increases of these levels were almost abol-
ished by pre-treatment of a selective dopamine D1 recep-
tor antagonist. Although further examinations are
needed to identify the role of VTA-ACG dopaminergic
neurons in learning and memory, the present findings
provide evidence that D1/DARPP32/CREB pathway in
the ACG may be critical for the maintenance of a place
preference induced by p-opioids.

In conclusion, we have demonstrated here that
dopamine in the ACG can be released by the activation of
MORs in the VTA by MOR agonists, and the dopaminergic
transmission that projects from the VTA to the ACG may
be crucial for the acquisition and maintenance of the
rewarding effects of p-opioids. Furthermore, the activa-
tion of D1/DARPP32/CREB signalling in the ACG may be
involved in the maintenance of the p-opioid-induced
place preference.
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ARTICLE INFO ABSTRACT

Arn‘c{e history: Background: Several investigations have reported associations the serotonin 1A (5-HT1A) receptor to
Received 24 June 2009 schizophrenia and psychotic disorders, making 5-HT1A receptor gene (HTR1A) an adequate candidate
Received in revised form gene for the pathophysiology of schizophrenia and methamphetamine (METH)-induced psychosis.

17 August 2009

Accepted 4 September 2009 Huang and colleagues reported that rs6295 in HTR1A was associated with schizophrenia. The symptoms

of methamphetamine (METH)-induced psychosis are similar to those of paranoid type schizophrenia. It
may indicate that METH-induced psychosis and schizophrenia have common susceptibility genes. In
support of this hypothesis, we reported that the V-act murine thymoma viral oncogene homologue 1
Functional SNP (AKT1) gene was associated with METH-induced psychosis and schizophrenia in the Japanese pop-
Tagging SNP ulation. Furthermore, we conducted an analysis of the association of HTR1IA with METH-induced
Methamphetamine-induced psychosis psychosis.
Method: Using one functional SNP (rs6295) and one tagging SNP (rs878567), we conducted a genetic
association analysis of case-control samples (197 METH-induced psychosis patients and 337 controls) in
the Japanese population. The age and sex of the control subjects did not differ from those of the
methamphetamine dependence patients.
Results: Rs878567 was associated with METH-induced psychosis patients in the allele/genotype-wise
analysis. Moreover, this significance remained after Bonferroni correction. In addition, we detected an
association between rs6295 and rs878567 in HTR1A and METH-induced psychosis patients in the
haplotype-wise analysis. Although we detected an association between rs6295 and METH-induced
psychosis patients, this significance disappeared after Bonferroni correction.
Conclusion: HTR1A may play an important role in the pathophysiology of METH-induced psychosis in the
Japanese population. However, because we did not perform a mutation scan of HTR1A, a replication study
using a larger sample may be required for conclusive results.

Crown Copyright © 2009 Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Altered serotonergic neural transmission is hypothesized to be

a susceptibility factor for schizophrenia (Geyer and Vollenweider,

* Corresponding author. Tel.: +81 562 93 9250; fax: +81 562 93 1831, 2008; Meltzer et al., 2003). Several postmortem studies reported
E-mail address: tarok@fujita-hu.ac,jp (T. Kishi). increased serotonin 1A (5-HT1A) receptor in the prefrontal cortex
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of schizophrenic patients (Burnet et al., 1996; Hashimoto et al.,
1993, 1991; Simpson et al., 1996; Sumiyoshi et al., 1996). Huang and
colleagues reported that rs6295 in an SNP (C-1019G: rs6295) in the
promoter region of the 5-HT1A receptor gene (HTR1A), which
regulate HTR1A transcription (Le Francois et al., 2008; Lemonde
et al, 2003), was associated with schizophrenia (Huang et al.,
2004). These facts suggest a crucial relationship between the 5-
HT1A receptor and schizophrenia, and that HTRIA is an adequate
candidate for the etiology of schizophrenia. HTR1A (OMIM*109 760,
1 exon in this genomic region spanning 2.069 kb) is located on 5q11.

The symptoms of methamphetamine (METH)-induced
psychosis are similar to those of paranoid type schizophrenia (Sato
et al, 1992). It may indicate that METH-induced psychosis and
schizophrenia have common susceptibility genes (Bousman et al.,
2009). In support of this hypothesis, we reported that the V-act
murine thymoma viral oncogene homologue 1 (AKT1) gene was
associated with METH-induced psychosis (Ikeda et al., 2006) and
schizophrenia (lkeda et al., 2004) in the Japanese population.
Furthermore, we conducted an analysis of the association of these
genes with METH-induced psychosis, using the recently recom-
mended strategy of ‘gene-based’ association analysis (Neale and
© Sham, 2004).

2. Materials and methods
2.1. Subjects

The subjects in the association analysis were 197 METH-induced psychosis
patients (164 males: 83.2% and 33 females; mean age + standard deviation (SD)
37.6 + 12.2 years) and 337 healthy controls (271 males: 80.4% and 66 females;
37.6 + 14.3 years). The age and sex of the control subjects did not differ from those of
the methamphetamine dependence patients. All subjects were unrelated to each
other, ethnically Japanese, and lived in the central area of Japan. The patients were
diagnosed according to DSM-IV criteria with consensus of at least two experienced
psychiatrists on the basis of unstructured interviews and a review of medical
records. METH-induced psychosis patients were divided into two categories of
psychosis prognosis, the transient type and the prolonged type, which showed
remission of psychotic symptoms within 1 month and after more than 1 month,
respectively, after the discontinuance of methamphetamine consumption and
beginning of treatment with neuroleptics; 112 patients (56.9%) were the transient
type, and 85 patients (43.1%) were the prolonged type. One hundred thirty-seven
subjects with METH-induced psychosis also had dependence on drugs other than
METH. Cannabinoids were the most frequency abused drugs (31.4%), followed by
cocaine (9.09%), LSD (9.09%), opioids (7.69%), and hypnotics (7.69%). Subjects with
METH-induced psychosis were excluded if they had a clinical diagnosis of psychotic
disorder, mood disorder, anxiety disorder or eating disorder. More detailed char-
acterizations of these subjects have been published elsewhere (Kishi et al., 2008b).
All healthy controls were also psychiatrically screened based on unstructured
interviews. None had severe medical complications such as liver cirrhosis, renal
failure, heart failure or other Axis-I disorders according to DSM-IV.

The study was described to subjects and written informed consent was obtained
from each. This study was approved by the Ethics Committee at Fujita Health
University, Nagoya University School of Medicine and each participating member of
the Institute of the Japanese Genetics Initiative for Drug Abuse (JGIDA).

2.2. SNPs selection and linkage disequilibrium (LD) evaluation

We first consulted the HapMap database (release#23.a.phase2, Mar 2008, www.
hapmap.org, population: Japanese Tokyo: minor allele frequencies (MAFs) of more
than 0.05) and included 3 SNPs (rs6449693, rs878567 and rs1423691) covering
HTR1A (5'-flanking regions including about 1 kb from the initial exon and about 2 kb
downstream (3') from the last exon: HapMap database contig number chr5:
63287418...63291774). Then one tagging SNP was selected with the criteria of an r2
threshold greater than 0.8 in ‘pair-wise tagging only’ mode using the ‘Tagger'
program (Paul de Bakker, http://www/broad.mit.edu/mpg/tagger) of the HAPLO-
VIEW software (Barrett et al., 2005).

HTR1A has also been reported to have one biologically functional SNP (C-1019G:
rs6295) (Albert et al, 1996; Albert and Lemonde, 2004; Lemonde et al., 2003).
Rs6295 (C-1019G) in the promoter region regulate HTR1A transcription (Le Francois
et al., 2008; Lemonde et al., 2003). The C allele is a part of a 26 palindrome that
connect transcription factors (Deaf-1, Hes1 and Hes5) by NUDR (nuclear deformed
epidermal autoregulatory factor), whereas the G allele abolishes repression by
NUDR (Le Francois et al., 2008; Lemonde et al., 2003). This would lead to elevated
levels of 5-HT1A receptor in the presynaptic raphe nucleus in GG genotypes,

compared with CC genotype (Le Francois et al., 2008; Lemonde et al., 2003). Since no
information about rs6295 was shown in the HapMap database, we included this
SNP. These two SNPs were then used for the following association analysis.

2.3. SNPs genotyping

We used TagMan assays (Applied Biosystems, Inc., Foster City, CA) for both SNPs,
Detailed information, including primer sequences and reaction conditions, is
available on request.

2.4. Statistical analysis

Genotype deviation from the Hardy-Weinberg equilibrium (HWE) was evalu-
ated by chi-square test (SAS/Genetics, release 8.2, SAS Japan Inc., Tokyo, Japan).

Marker-trait association analysis was used to evaluate allele- and genotype-wise
association with the chi-square test (SAS/Genetics, release 8.2, SAS Japan Inc., Tokyo,
Japan), and haplotype-wise association analysis was conducted with a likelihood
ratio test using the COCAPHASE2.403 program (Dudbridge, 2003). We used the
permutation test option as provided in the haplotype-wise analysis to avoid
spurious results and correct for multiple testing. Permutation test correction was
performed using 1000 iterations (random permutations). In addition, Bonferroni's
correction was used to contral inflation of the type I error rate in the single marker
association analysis and in the explorative analysis. For Bonferroni correction, we
employed the following numbers for multiple testing: 2 for each sample set in allele-
and genotype-wise analysis (2 examined SNPs). We had already performed
a permutation test in the haplotype-wise analysis. Power calculation was performed
using a genetic power calculator (Purcell et al., 2003).

The significance level for all statistical tests was 0.05.

3. Results

The LD from rs6449693, rs878567 and rs1423691 was tight in
from the HapMap database samples (r* = 1.00). However, the LD
structure of rs6295 (functional SNP) and rs878567 (tagging SNP) in
our control samples was not tight (% = 0.160). Genotype frequen-
cies of all SNPs were in HWE (Table 1). Rs878567 was associated
with METH-induced psychosis patients in the allele/genotype-wise
analysis (P allele = 0.000122 and P genotype = 0.00103) (Table 1).
Moreover, these significances remained after Bonferroni correction
(P allele = 0.000244 and P genotype = 0.00203) (Table 1). In
addition, we detected an association between rs6295 and rs878567
in HTR1A and METH-induced psychosis patients in the haplotype-
wise analysis (P = 0.0000643) (Table 2). Although we detected an
association between rs6295 and METH-induced psychosis patients
(P allele = 0.0271), this significance disappeared after Bonferroni
correction (P allele = 0.0542) (Table 1).

4. Discussion

We found associations between HTRIA and Japanese METH-
induced psychosis patients. Therefore, we reasoned that HTRIA
may play an important role in the pathophysiology of METH-
induced psychosis in the Japanese population. However, our
samples are small. Although Bonferroni’'s correction was used to
control inflation of the type I error rate, we considered that there is
a possibility of type I error in these results.

The 5-HT1A receptor is present in various regions of the brain,
including the cortex, hippocampus, amygdala, hypothalamus and
septum (Aznar et al., 2003; Barnes and Sharp, 1999; Le Francois
etal, 2008; Varnas et al., 2004). Presynaptic 5-HT1A autoreceptors
play an important role in the autoregulation of serotonergic
neurons (Le Francois et al.,, 2008; Lemonde et al., 2003; Riad et al.,
2000; Sotelo et al., 1990). The 5-HT1A receptor activation by sero-
tonin induces the hyperpolarization of serotonergic neurons,
decreasing their firing rate and consequently the release of sero-
tonin in the brain (Le Francois et al., 2008; Lemonde et al., 2003;
Riad et al., 2000; Sotelo et al., 1990). Also, the 5-HT1A receptor was
associated hippocampal neurogenesis. The hippocampus is a part of
the limbic system involved in cognitive function such as memory.
Stimulation of 5-HT1A receptors has been known to reduce the
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Table 1
Association analysis of HTR1A with methamphetamine-induced psychosis.

T. Kishi et al. / Neuropharmacology 58 (2010) 452-456

SNP? Phenotype® MAFs* N Genotype distribution® P-value' Corrected P-value™®

; M/M M/m m/m HWE® Genotype Allele Genotype Allele
rs6295 Controls 0.254 336 192 117 27 0.132
C>G METH-induced psychosis 0.317 197 92 85 20 0.955 0.0657 0.0271 0.0542
15878567 Controls 0.126 336 258 71 7 0.423
C>T METH-induced psychosis 0.216 197 124 61 12 0.233 0.00103 0.000122 0.00203 0.000244

2 Major allele > minor allele.

® METH-induced psychosis: methamphetamine-induced psychosis.
€ MAFs: minor allele frequencies.

4 M: major allele, m: minor allele.

¢ Hardy-Weinberg equilibrium.

f Bold represents significant P-value.

& Calculated using Bonferroni's correction.

negative symptoms and cognitive dysfunction of schizophrenia
(Meltzer et al., 2003; Meltzer and Sumiyoshi, 2008; Sumiyoshi
et al., 2001, 2007). Mason and Reynolds (1992) reported that one of
the major pharmacological therapeutic targets of clozapine is
5-HT1A receptors on cortical glutamatergic neurons. Several post-
mortem studies reported increased 5-HT1A receptor in the
prefrontal cortex of schizophrenic patients (Burnet et al, 1996;
Hashimoto et al., 1993, 1991; Simpson et al., 1996; Sumiyoshi et al.,
1996). NAN-190 (5-HT1A receptor antagonist) produced an inhib-
itory action on methamphetamine-induced hyperactivity (Ginawi
et al., 2004; Millan and Colpaert, 1991). These facts suggest that
altered serotonergic neural transmission caused by abnormalities
in 5-HT1A receptor may be involved in the development of
psychotic disorders such as schizophrenia and METH-induced
psychosis (Geyer and Vollenweider, 2008; Meltzer et al., 2003).

Serretti et al. (2007) reported that rs878567 in HTR1A was
associated with German and Italian suicidal attempters. Also,
previous study have reported that rs878567 in HTR1A was found
the interaction with childhood physical abuse in mood disorders
(Brezo et al, 2009). These authors suggested rs878567 might
influence hippocampus-mediated memory deficits in mood disor-
ders (Brezo et al., 2009). The LD from rs6449693, rs878567 and
rs1423691 was tight in from the HapMap database samples
(* = 1.00). As these results show, rs878567 covers a wide and
important region including the exon and the promoter region in
HTR1A. Because it is possible that rs878567 influences biological
function in the brain, we suggest that functional analysis for
rs878567 should be performed in future studies.

Rs6295 (C-1019G) in the promoter region regulate HTRIA tran-
scription (Le Francois et al., 2008; Lemonde et al.,, 2003). The Callele is
a part of a 26 palindrome that connect transcription factors (Deaf-1,
Hesl and Hes5) by NUDR (nuclear deformed epidermal autor-
egulatory factor), whereas the G allele abolishes repression by NUDR
(Le Francois et al., 2008; Lemonde et al., 2003). This would lead to
elevated levels of 5-HT1A receptor in the presynapticraphe nucleusin
GG genotyps, compared with CC genotype (Le Francois et al., 2008;
Lemonde et al, 2003). This variant was associated with several
studies, including major depressive disorder (Anttila et al., 2007;
Kraus et al., 2007; Lemonde et al., 2003; Neff et al., 2009; Parsey et al.,

Table 2
Haplotype-wise analysis of HTR1A.

2006) and panic disorder (Strobel et al., 2003) and antidepressant
response in MDD (Arias et al., 2005; Hong et al., 2006; Lemonde et al.,
2004; Parsey et al., 2006; Serretti et al., 2004; Yu et al., 2006). Huang
et al. (2004) reported that rs6295 was associated with schizophrenia.
Recent studies reported that rs6295 was associated with the
improvement in negative symptoms from antipsychotics such as
risperidone (Mossner et al., 2009; Reynolds et al., 2006; Wang et al.,
2008) and that 5-HT1A receptor agonists such as tandospirone
produced improvements in the cognitive impairment in schizo-
phrenia (Meltzer and Sumiyoshi, 2008; Sumiyoshi et al., 2001, 2007).

A few points of caution should be mentioned with respect to our
results. Firstly, the positive association may be due to small sample
size. Ideal samples for this study are METH use disorder samples
with and without psychosis. Because we had only a few METH use
disorder samples without psychosis, and we wanted to avoid
statistical error, we did not perform an association analysis with
these samples. Secondly, we did not include a mutation scan to
detect rare variants. We designed the study based on the common
disease-common variants hypothesis (Chakravarti, 1999). However,
Weickert et al. (2008) have shown associations between a common
disease such as schizophrenia and rare variants. If the genetic
background of METH-induced psychosis is described by the
common disease-rare variants hypothesis, further investigation
will be required, such as medical resequencing using larger
samples. However, statistical power is needed to evaluate the
association of rare variants. Lastly, our subjects did not undergo
structured interviews. However, in this study patients were care-
fully diagnosed according to DSM-IV criteria with consensus of at
least two experienced psychiatrists on the basis of a review of
medical records (Kishi et al., 2008a,c, 2009). In addition, when we
found misdiagnosis in a patient, we promptly excluded the mis-
diagnosed case to maintain the precision of our sample. To over-
come these limitations, a replication study using larger samples or
samples of other populations will be required for conclusive results.

In conclusion, our results suggest that HTR1A may play a major
role in the pathophysiology of METH-induced psychosis in the
Japanese population. However, because we did not perform
amutation scan of HTR1A, a replication study using a larger sample
may be required for conclusive results.

Haplotype rs6295-rs878567 Phenotype? Individual haplotype frequency Individual P-value® Phenotype?® Global P-value®
c-C Control 0.811

METH-induced psychosis - 0.694 0.0000364 METH-induced psychosis  0.0000643
G-C Control 0.189

METH-induced psychosis 0.306 0.0000364

3 METH-induced psychosis: methamphetamine-induced psychosis.
® Bold numbers represent significant P-value.
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