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Abstract

Background Olfactory bulbectomy (OBX) in rodents is con-
sidered a putative animal model of depression. It has been
reported that some abnormal behaviors observed in this ani-
mal model of depression involve dopaminergic neurons of the
mesolimbic pathway. Therefore, we examined changes in the
dopaminergic system in the caudate putamen (CPu), nucleus
accumbens core (NAcC), and shell (NAcSh) of OBX mice
and whether or not these alterations were reversed by chronic
administration of imipramine.

Methods We observed climbing behavior, which is a dopa-
mine (DA) receptor-associated behavior, to demonstrate
changes in the dopaminergic system of the mesolimbic path-
way, when mice were administrated either the nonselective
DA agonist apomorphine only or were pre-treated with the
selective D antagonist SCH23390, with the selective D, an-
tagonist sulpiride, or with the D,/Dj3 partial agonist
aripiprazole (ARI). Moreover, we examined tyrosine hydrox-
ylase (TH) and D;- and D,-like receptor levels in the CPu,
NAcC, and NAcSh using immunohistochemistry and
autoradiography.

Results The OBX group exhibited significantly enhanced
apomorphine-induced climbing behavior, and this enhanced
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behavior was reversed by administration of sulpiride, ARI,
and imipramine but not SCH23390. Moreover, we found a
reduction in TH levels in the CPu, NAcC, and NAcSh of
OBX mice and an increase in D, receptor densities in the
NAcC of OBX mice. The increased D, receptor density ob-
served in OBX mice was reversed by imipramine
administration.

Conclusions These findings reveal that OBX mice display
enhanced DA receptor responsiveness, which may relate to
some of the behavioral abnormalities reported in this animal
model.

Keywords Olfactory bulbectomy - Climbing behavior -
Dopamine - Tyrosine hydroxylase - Depression

Introduction

Olfactory bulbectomized (OBX) rodents are one of the most
commonly used animal models of depression. OBX in rodents
leads to various abnormal behaviors, such as aggressive be-
havior (Cain 1974), reduced sexual activity (Larsson 1971;
Lumia et al. 1992; Sato et al. 2010b), increased exploratory
behavior (Sieck 1972), memory dysfunction (Hozumi et al.
2003; Nakagawasai et al. 2003a), anhedonia (Calcagnetti
et al. 1996), and depressive behavior (Kelly et al. 1997; Sato
et al. 2010a). These behaviors are observed 1-3 weeks after
the OBX. The abnormal behaviors in OBX rodents are report-
ed to be ameliorated by chronic, but not acute, administration
of anti-depressants (Breuer et al. 2009a, b). Moreover, there
are also alterations in neurotransmitter and receptor function
associated with these behavioral effects in OBX rodents.
Specifically, there are many reports concerning an altered se-
rotonergic or noradrenergic system (Jancsar and Leonard
1984; Nakagawasai et al. 2003b; Song and Leonard 1995).
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We have previously reported changes in the mesolimbic do-
paminergic system associated with maternal behavior in fe-
male OBX mice (Sato et al. 2010a, b). The dopaminergic
system is strongly involved in emotion-related behaviors in
OBX rodents, especially in the nucleus accumbens (NAc)
which is associated with memory, pleasure, and motivation
(Mele et al. 2004; Ploeger et al. 1994; Setlow and McGaugh
1998). The dopaminergic system in the NAc is known to play
an important role in motivational processes, and dysfunctions
of the mesolimbic dopaminergic system may contribute to the
motivational symptoms of depression and other disorders, as
well as features of substance abuse (Salamone and Correa
2012). It has been proposed that the NAc and ventral tegmen-
tal area (VTA) contribute importantly to the pathophysiology
and symptomatology of depression and may even be involved
in its etiology (Nestler and Carlezon 2006; Randrup and
Mogilnicka 1976; Willner 1983). Electroconvulsive therapy
(ECT) is used to treat drug-resistant depressive disorders.
ECT decreases the autoreceptor functions in noradrenergic
and dopaminergic neurons in the locus coeruleus and
substantia nigra, respectively, resulting in an increase in re-
lease of noradrenaline (NA) and dopamine (DA) (Jancsar and
Leonard 1983). It is thought that normalization of the dopa-
minergic system has a beneficial effect on drug-resistant de-
pressive disorders. Thus, decoding the functions of the
mesolimbic dopaminergic system may help in the develop-
ment of future anti-depressant drugs.

In the present study, we examined the climbing behavior of
mice, which is a DA receptor-associated behavior, to demon-
strate changes in the dopaminergic system in the brain.
Moreover, we examined tyrosine hydroxylase (TH) levels, a
biosynthetic rate-controlling enzyme of catecholamines such
as DA, in the caudate putamen (CPu), NAc core (NAcC), and
shell (NAcSh) using a brain mapping analyzer system to in-
vestigate pre-synaptic function of dopaminergic nerves and
quantify D;- and D,-like receptors in these areas using auto-
radiography and the mapping analyzer system to demonstrate
an association between behavior and DA receptors. Then, we
examined whether OBX-induced alterations of behavior and
the dopaminergic system were reversed by chronic adminis-
tration of the tricyclic anti-depressant imipramine.

Method

Efforts were made to minimize suffering and to reduce the
number of animals used.

Animals
Male ddY strain mice (weighing 28-32 g; Japan SLC, Japan)

were used for all experiments (total =560, behavioral tests
n=2371, autoradiography n= 108, and immunohistochemical
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experiment n=_81). Mice were housed in cages with free ac-
cess to food and water under conditions of constant tempera-
ture (22 +2 °C) and humidity (55+5 %), on a 12-h light—dark
cycle (lights on 07:00 to 19:00). Mice were housed in groups
in cages (cage dimensions: height 12 cm, width 17 cm, and
length 27 cm).

Olfactory bulbectomized mice

Mice anesthetized with pentobarbital Na (50 mg/kg, intraper-
itoneally (i.p.); Dainippon Sumitomo Pharma, Osaka, Japan)
were placed in a stereotaxic frame. The scalp was incised; two
holes were drilled to expose the olfactory bulb (OB) (2 mm
anterior to bregma and 1 mm lateral to the midbrain), which
was then bilaterally aspirated using a suction pump. All ani-
mals were sacrificed at the end of the experiment and the
lesions were verified visually. It was confirmed that at least
two thirds of the OB had been removed and that some parts of
the olfactory nuclei also had been lesioned. If the lesion was
either not extensive enough or extended to the cortex, data
from these animals were excluded (the OBX operation was
successful for approximately 90 % of the operated mice).
Sham operations were performed in the same manner but
without the removal of the OB.

Drugs

Apomorphine hydrochloride (0.33, 1.0, and 3.0 mg/kg;
Sigma-Aldrich, St. Louis, MO, USA) was dissolved in saline
containing 0.1 % ascorbic acid. SCH23390 (Sigma-Aldrich)
and imipramine (Sigma-Aldrich) were dissolved in saline.
Aripiprazole (ARI; 0.1, 0.03, and 0.01 mg/kg; Wako Pure
Chemical Industries Ltd., Osaka, Japan) and sulpiride
(Sigma-Aldrich) were suspended in 0.5 % Tween 80.
Apomorphine hydrochloride was administered subcutaneous-
ly (s.c.) 10 min before behavioral observation. SCH23390,
sulpiride, and ARI were i.p. administered 30 min before be-
havioral observation. Imipramine was i.p. administered for
2 weeks from the 14th day after operation, and behavioral
observations were performed 24 h after the last drug injection.
These drugs were administered at a dose of 0.1 mL/10 g of
mouse body weight.

Climbing behavior measurement

Climbing behavior is defined as tending to adopt a vertical
position either by rearing with their forepaws against the wall
of their cage or by climbing toward its top, where they stay
motionless, grabbing the wire mesh with all four paws (Protais
et al. 1976). The climbing behavior measurement was con-
ducted in steel cylinders (height 14 cm and diameter
11.5 cm) which have walls of vertical bars (1 cm apart and
2 mm diameter). After administration of drug, a mouse was
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placed in the instrument. Measurement of the climbing behav-
ior time was conducted for 2 min at 10—15-min intervals from
10 to 60 min (10, 20, 30, 45, and 60 min) after drug adminis-
tration by a blinded observer. Climbing behavior times repre-
sent the total of five 2-min tests (600 s). Measurements were
performed between 11:00 and 17:00. Each mouse was tested
for climbing behavior only once, on day 3, 7, or 14
postoperation.

Quantitative receptor autoradiography

Sham and OBX mice were sacrificed by decapitation on the
14th day after surgery, and their brains were removed and fro-
zen in isopentane at —40 °C and stored at —80 °C. Using a
cryostat (Leitz, Stuttgart, Germany), 20-pum-thick coronal sec-
tions including both NAc and CPu (Bregma from +0.86 to
+1.10 mm) were collected on gelatin-coated slides and stored
at —80 °C until use. D;- and D,-like receptor binding sites were
visualized using [*H] SCH23390 (85.0 Ci/mmol) and [*H]
raclopride (85.0 Ci/mmol), respectively (PerkinElmer Life
Analytical Science, Boston, MA, USA). The protocol was car-
ried out as previously described (Sato et al. 2010b). Briefly,
sections were pre-incubated for 15 min in Tris—HCI buffer
[Tris 50 (for D;) or 170 (for D,)mM, NaCl 120 mM, KCI
5 mM, CaCl, 2 mM, and MgCl, 1 mM, pH 7.4] at room tem-
perature prior to a 60-min incubation in the same buffer contain-
ing either 1 nM [°H] SCH23390 or 3 nM [*H] raclopride.
Nonspecific binding was determined by incubation of 1 M
SCH23390 (Sigma-Aldrich) or 300 uM sulpiride (Sigma-
Aldrich) in the assay buffer containing 1 nM [*H] SCH23390
or 3 nM [*H] raclopride, respectively. At the end of the incuba-
tion, sections were rinsed four times, 2 min each in ice-cold
buffer, then dipped in deionized water to remove salts, and rap-
idly dried. All slides were exposed to a trititum-sensitive imaging
plate (Fujifilm Corporation, Tokyo, Japan) together with
[*H] microscale standards (GE Healthcare UK Ltd.,
Buckinghamshire, UK) for 10 days for both bindings. Specific
labeling was quantified (nCi/tissue) using a computer-assisted
Image Reader BAS 5000 version 1.12 (Fujifilm Corporation).

Immunohistochemical procedure

The preparation of brains for the measurement of TH levels
was conducted on the 14th or 28th day after surgery.
Moreover, D, - and D,-like receptor distribution was measured
on the 28th day after surgery. To investigate the effect of
chronic administration of drugs on TH levels and D;- and
D,-like receptor distribution, the animals were sacrificed
24 h after the last drug injection (28th day after surgery).
Mice used for the immunohistochemical experiments had
not been previously used for behavioral tests. The mice were
anesthetized with pentobarbital Na (50 mg/kg, i.p.) and per-
fused through the heart with ice-cold phosphate-buffered

saline (PBS; pH 7.4), immediately followed by a fixative con-
taining 4 % paraformaldehyde (Sigma-Aldrich) and 0.2 %
glutaraldehyde (Nacalai Tesque, Osaka, Japan) in PBS. The
brain was then postfixed with the same fixative solution at 4 °C
for 1 h and then placed in a 20 % sucrose-buffered solution at
4 °C for 12 h. The tissue was frozen on dry ice and cut into
20-um-thick coronal sections (Bregma from +0.86 to
+1.10 mm) on a cryostat (Leiz). The immunohistochemical
staining procedure was carried out as previously described
(Nakagawasai et al. 2007; Sutoo et al. 2001). Briefly, the rabbit
anti-TH antibody (diluted 1:100 with PBS including 0.1 %
Triton X-100 and 0.05 % normal goat serum (NGS);
Millipore Corporation, Billerica, MA, USA), the rabbit anti-
D, receptor antibody (diluted 1:200 with PBS including
0.05 % NGS; Abcam Ltd., UK), or the rabbit anti-D, receptor
antibody (diluted 1:100 with PBS including 0.05 % NGS;
Millipore Corporation) was applied to each brain slice, which
was then incubated at 4 °C for 12 h. The TH antibody cross-
reacted immunohistochemically with TH from the brains of
several species including mice, rats, ferrets, and feline. The
D, receptor antibody cross-reacted immunohistochemically
with D; receptors from the brains of several species including
mice, rats, human, and aplysia. The D, receptor antibody
cross-reacted immunohistochemically with D, receptors
from the brains of several species including mice, rats,
human, and monkey. The secondary antibody consisted of
FITC-labeled anti-rabbit IgG goat serum (diluted 1:200 with
PBS; Millipore Corporation) and was allowed to react in
the dark at room temperature for 3 h. The stained sections
were mounted in 10 % glycerin-PBS and kept at 4 °C in a
dark room until measurements were carried out. The distri-
bution of TH, D,, or D, receptor immunofluorescence in-
tensities were quantitatively analyzed using a brain mapping
analyzer system (Yamato Science Co., Inc., Tokyo, Japan).
The background value, including nonspecific fluorescence
originating from glutaraldehyde, was subtracted photometri-
cally from the total fluorescence intensity value at each
point measured. Immunohistochemical fluorescence intensi-
ties obtained for the various regions are relative to that of
standard 1 mM quinine sulfate.

Statistical analysis

Results are expressed as mean=standard error of the mean
(SEM). The significance of differences was determined by
the Student’s ¢ test for two-group comparison, and by a two-
way analysis of variance (ANOVA), followed by Fisher’s
PLSD test for multigroup comparisons. p<0.05 represents a
significant difference. For the saturation-binding experiments,
size effects were calculated using Cohen’s d for within- and
between-group comparisons, with the pooled standard devia-
tion of the compared groups as denominator.
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Results

Change in apomorphine-induced climbing behavior
after OBX

Apomorphine-induced climbing behavior (3.0 mg/kg) on the
14th day after OBX was significantly increased compared to
the sham group (0.33 mg/kg p>0.05, 1.0 mg/kg p>0.05, and
3.0 mg/kg p<0.01; Fig. 1a). A two-way ANOVA revealed a
significant effect of group and dose but not group x dose
(group F' (1, 66)=11.04, p<0.01; dose F (2, 66)=42.50,
p<0.01; and group xdose F (2,66)=2.70, p=0.075;
Fig. 1a). Next, we observed time-dependent changes in
apomorphine-induced climbing behavior after OBX.
Apomorphine-induced climbing behavior on the third and
seventh days after OBX was not significantly different from
the sham group (third p>0.05 and seventh p>0.05; Fig. 1b),
but the climbing behavior on the 14th day after OBX was
significantly increased compared to the sham group
(»p<0.01; Fig. 1b). A two-way ANOVA revealed a significant
effect of group, time course, and group X time course (group F
(1, 68)=8.27, p<0.01; time course F (2, 68)=3.59, p<0.05;
and group x time course F (2, 68)=3.00, p<0.05; Fig. 1b).
Based on this result, the 14th day after OBX was the time
point used to investigate changes in DA neuronal function in
the brain following OBX.

Effects of DA antagonists on apomorphine-induced
climbing behavior on the 14th day after OBX

Pre-treatment with the D; antagonist SCH23390 (0.1 mg/kg,
i.p.) significantly inhibited apomorphine-induced climbing be-
havior in both the sham and OBX groups (p<0.01; Fig. 2a).
Moreover, post hoc analysis revealed that pre-treatment with the
D, antagonist sulpiride (5.0 mg/kg, i.p.) significantly inhibited
apomorphine-induced climbing behavior in the OBX group
(»p<0.01; Fig. 2b). A two-way ANOVA revealed a significant
effect of group and treatment but not group X treatment for the
group pre-treated with the D; antagonist SCH23390 group

e

300+

200

100+

Climbing behavior (sec)

] I |
0.33 1.0 3.0
Apomorphine (mg/kg,s.c.)

Fig. 1 Changes in apomorphine (3 mg/kg)-induced climbing behavior
after OBX in mice. a Dose-dependent change (on the 14th day after
operation). b Time-dependent change. Each column shows the total
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(group F (1, 66)=20.07, p<0.01; treatment F (2, 66)=28.76,
p<0.01; and group X treatment F (2, 66)=0.93, p=0.93;
Fig. 2a) and for the D, antagonist sulpiride group (group F (1,
84)=17.06, p<0.01; treatment F (3, 84)=3.35, p<0.05; and
group x treatment F' (3, 84)=1.78, p=0.16; Fig. 2b).

Effects of ARI on apomorphine-induced climbing
behavior on the 14th day after OBX

Pre-treatment with ARI (0.1 mg/kg, i.p.) significantly inhibited
apomorphine-induced climbing behavior in the OBX group
(p<0.01; Fig. 3). A two-way ANOVA revealed a significant
effect of treatment and group x treatment but not group (group
F (1, 34)=1.0, p=0.33; treatment F' (1, 34)=155.5, p<0.01;
and group x treatment £ (1, 34)=86.56, p<0.01; Fig. 3).

Quantitative autoradiography of [’H] SCH23390 and [*H]
raclopride binding sites in mice

We conducted autoradiography to investigate the binding of
DA receptors in the CPu, NAcC, and NAcSh. There was on
overall tendency for D; and D, receptor binding levels to be
higher in the OBX group compared to the sham. However,
only the D, receptor binding in the NAcC was significantly
increased compared to the sham group (Cohen’s d=0.49 for
CPu ¢=1.00, p>0.05; d=1.0 for NAcC t=2.06, p>0.05; and
d=0.53 for NAcSh t=1.08, p>0.05 (Fig. 4a) and d=0.47 for
CPu t=1.02, p>0.05; d=0.99 for NAcC ¢t=2.17, p<0.05;
and d=0.77 for NAcSh r=1.71, p>0.05 (Fig. 4b)). A two-
way ANOVA revealed a significant effect of group but not
region or group x region in the D; receptor binding levels
(group F (1, 45)=5.41, p<0.05; region F (2, 45)=0.78,
p=0.46; and group xregion F(2, 45)=0.29, p=0.75;
Fig. 4a). But, the D, receptor binding levels revealed a signif-
icant effect of group and region but not group x region (group
F(1,51)=6.42, p<0.05; region F' (2, 51)=24.4, p<0.01; and
group X region F (2, 51)=0.02, p=0.98; Fig. 4b).

1 Sham
. OBX

400 -

300

100 4

3rd 7th 14th
Apomorphine 3.0mg/kg s.c.

(day)

climbing behavior. Vertical bars represent mean + standard errors of
mean (SEM). **p<0.01 significant difference between sham and OBX
groups (n=10-18 per group)
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1 Apo 3.0mg/kg
I Apo + SCH23390 0.05mg/kg
Zzz Apo + SCH23390 0.1mg/kg

Y

500+

Climbing behavior (sec)

100+

OBX

Sham

Fig. 2 Effects of a SCH23390 or b sulpiride on apomorphine-induced
climbing behavior after OBX in mice. Each column shows the total
climbing behavior. Vertical bars represent mean+SEM. **p <0.01

Distribution of TH fluorescence intensity in the striatum

The distribution of TH fluorescence intensity in each mouse
brain section was determined by microphotometry and classi-
fied into 18 levels (shown as different colors in Fig. 5, with the
lowest concentration shown as black and the highest concen-
tration represented by white). There was a significant decrease
in TH levels in the CPu, NAcC, and NAcSh in OBX mice
compared to the sham controls (CPu p<0.01, NAcC p<0.01,
and NAcSh p<0.01; Fig. 5d). A two-way ANOVA revealed a
significant effect of group and region but not group X region
(group F (1, 30)=28.16, p<0.01; region F (2, 30)=55.65,
p<0.01; and group X region F' (2, 30)=0.20, p=0.82; Fig. 5).

Alteration of apomorphine-induced climbing behavior
after chronic administration of imipramine in OBX mice

Chronic administration of imipramine, a tricyclic anti-depressant,
altered apomorphine-induced climbing behavior. Post hoc

1 Apo 3.0mg/kg

__ 500+ HEl Apo + ARI 0.1mg/kg
E ok . ##
» 450 =
=]
'S n.s.
1]
© 400
k-1
o
£
o 3504
5 B
o
300

Sham oBX

Fig. 3 Effects of aripiprazole on apomorphine-induced climbing
behavior after OBX in mice. Each column shows the total climbing
behavior. Vertical bars represent mean+SEM. **p <0.01 compared
with apomorphine (3.0 mg/kg)-treated sham group, “*p<0.01
compared with apomorphine (3.0 mg/kg)-treated OBX group (n=_8-10

per group)

1 Apo 3.0mg/kg

I Apo + Sulpiride 1.0mg/kg

Apo + Sulpiride 2.5mg/kg
500 % Apo + Sulpiride 5.0mg/kg

o

ik

400

300 L

200 L

Climbing behavior (sec)

Sham

compared with apomorphine (3.0 mg/kg)-treated sham group,
#1<0.01 compared with apomorphine (3.0 mg/kg)-treated OBX group
(n=10-18 per group)

analysis revealed that the climbing behavior on the 28th day after
OBX was significantly increased compared to the sham group
(p<0.01; Fig. 6) and chronic administration of imipramine
(20 mg/kg, i.p.) in OBX mice significantly inhibited
apomorphine-induced climbing behavior compared to the OBX
controls (p<0.01; Fig. 6). In contrast, chronic administration of
imipramine in sham mice significantly increased apomorphine-
induced climbing behavior compared to the sham controls
(p<0.05; Fig. 6). A two-way ANOVA revealed a significant
effect of group and group x treatment but not treatment (group
F (1, 18)=79.78, p<0.01; treatment F' (1, 18)=2.79, p=0.11;
and group x treatment F (1, 18)=64.48, p<0.01; Fig. 6).

Distribution of D; and D, receptors in the striatum
after chronic administration of imipramine in OBX mice

We observed changes in D, and D, receptor fluorescence inten-
sity distribution in the CPu, NAcC, and NAcSh in OBX mice
after chronic administration of imipramine. Regarding D recep-
tor distribution, post hoc analysis revealed a significant increase
in Dy receptor density in the CPu, NAcC, and NAcSh in OBX
controls (CPu p<0.01, NAcC p<0.01, and NAcSh p<0.01;
Fig. 7f-h) and in the NAcC and NAcSh of imipramine-treated
sham mice (CPu p>0.05, NAcC p<0.05, and NAcSh p<0.05;
Fig. 7t-h) compared to the sham controls. Moreover, chronic
administration of imipramine in OBX mice significantly de-
creased D, receptor density in the CPu, NAcC, and NAcSh com-
pared to OBX controls (CPu p<0.05, NAcC p<0.01, and
NAcSh p<0.01; Fig. 7f-h). A two-way ANOVA revealed a
significant effect of group and group x treatment but not treatment
in both CPu and NAcSh [(CPu group F (1, 11)=10.91, p<0.01;
treatment F' (1, 11)=4.10, p=0.068; and group x treatment F' (1,
11)=30.61, p<0.01; Fig. 7f), NAcSh (group F (1, 11)=24.21,
p<0.01; treatment F (1, 11)=1.88, p=0.20; and
group X treatment F (1, 11)=82.65, p<0.01; Fig. 7h), and (of
group, treatment, and group x treatment in NAcC (group F (1,
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1 Sham

800+ = OBX

500

400+

300 I
200+
100-

[3H]SCH23390 binding (nCi / tissue)

CPu NAcC

Brain region

NAcSh

Fig. 4 Quantitative autoradiography of [°’H] SCH23390 and [*H]
raclopride binding sites in mice. Nonspecific binding was defined in the
presence of 1 uM SCH23390 (D, binding) and 300 uM sulpiride (D,

11)=23.50, p<0.01; treatment F (1, 11)="7.15, p<0.05; and
group x treatment F (1, 11)=60.53, p<0.01; Fig. 7g)].
Regarding D, receptor distribution, post hoc analysis re-
vealed a significant increase in D, receptor density in the CPu,
NAcC, and NAcSh in OBX controls (CPu p<0.01, NAcC
p<0.01, and NAcSh p<0.01; Fig. 8e—g) and in imipramine-
treated sham mice (CPu p<0.01, NAcC p<0.05, and NAcSh
p<0.01; Fig. 8e—g) compared to the sham controls. Moreover,

Fig. 5 Distribution of the
immunohistochemical
fluorescence intensity for TH in
mouse brain (Bregma from +0.86
to +1.10 mm), including NAcC,
NAcSh, and CPu. a Sham mouse;
b OBX mouse; ¢ diagram
showing the NAcC, NAcSh, and
CPu; and d values for the
immunofluorescence intensity of
TH in CPu, NAcC, and NAcSh of
the mouse brain. Vertical bars
represent mean += SEM.

**p<0.01 significant difference
between the sham group and the
OBX group (n =06 per group)
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binding). Specific binding is expressed as nCi/tissue. Vertical bars
represent mean+SEM. *p <0.05 significant difference between the
sham group and the OBX group (n=_8-10 per group)

chronic administration of imipramine in OBX mice significantly
decreased D, receptor density in the CPu, NAcC, and NAcSh
compared to the OBX controls (CPu p<0.01, NAcC p<0.01,
and NAcSh p<0.01; Fig. 8e—g). A two-way ANOVA revealed
a significant effect of group, treatment and group X treatment in
all regions [(CPu group F (1, 11)=36.95, p<0.01; treatment F'
(1, 11)=5.28, p<0.05; and group x treatment F (1, 11)=126.8,
p<0.01; Fig. 8e), (NAcC group F (1, 11)=81.93, p<0.01;

I
-
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1 Apo 3.0mg/kg
El Apo + Imipramine 20mg/kg
500 - ##

l

-

450+

400

350+

Climbing behavior (sec)

=

Sham OBX

Fig. 6 Effects of chronic administration of imipramine on apomorphine-
induced climbing behavior after OBX in mice. Each column shows the
total climbing behavior. Vertical bars represent mean+SEM. *p <0.05
and **p<0.01 compared with apomorphine (3.0 mg/kg)-treated sham
group, “p<0.01 compared with apomorphine (3.0 mg/kg)-treated
OBX group (n=5—6 per group)

300

treatment F' (1, 11)=21.57, p<0.01; and group x treatment F(1,
11)=143.00, p<0.01; Fig. 8f), and (NAcSh group F (1,
11)=44.07, p<0.01; treatment F (1, 11)=17.78, p<0.01; and
group * treatment F' (1, 11)=191.5, p<0.01; Fig. 8g)].

Distribution of TH fluorescence intensity in the striatum
following chronic administration of imipramine in OBX
mice

We observed alterations in TH fluorescence intensity in the
CPu, NAcC, and NAcSh after chronic administration of

a Sham / Saline

D Sham / Imipramine

Il Saline
[ Imipramine 20mg/kg

Fluorescence intensity
of D, like receptor
of Dy like receptor

Fluorescence intensity

Fig. 7 Distribution of the immunohistochemical fluorescence intensity
for Dy receptors in mouse brain, including NAcC, NAcSh, and CPu. a
Sham treated with saline; b sham treated with imipramine; ¢ OBX treated
with saline; d OBX treated with imipramine; e diagram showing the
NAcC, NAcSh, and CPu; and values for the immunofluorescence

c OBX/ Saline

Em Saline
[ Imipramine 20mg/kg

e ##

imipramine in OBX mice. Post hoc analysis revealed a signif-
icant decrease in TH levels in the CPu, NAcC, and NAcSh in
OBX controls (CPu p<0.01, NAcC p<0.05, and NAcSh
p<0.01; Fig. 9e—g) and imipramine-treated sham mice (CPu
<0.05, NAcC p<0.05, and NAcSh p<0.05; Fig. 9e-g)
compared to the sham controls. Moreover, chronic adminis-
tration of imipramine in OBX mice was not significantly dif-
ferent from OBX controls (CPu p>0.05, NAcC p>0.05, and
NAcSh p>0.05; Fig. 9e-g). A two-way ANOVA revealed a
significant effect of group and group x treatment but not treat-
ment in the CPu (group F' (1, 11)=22.47, p<0.01; treatment ¥
(1, 11)=1.30, p=0.28; and group x treatment F (1,
11)=23.07, p<0.01; Fig. 9¢) and of group, treatment, and
group X treatment in both NAcC and NAcSh [NAcC group
F (1, 11)=25.00, p<0.01; treatment F (1, 11)=6.07,
p<0.05; and group x treatment F (1, 11)=12.12, p<0.01,
Fig. 9f) and (NacSh group F (1, 11)=69.00, p<0.01; treat-
ment F (1, 11)=5.57, p<0.05; and group * treatment F (1,
11)=27.77, p<0.01; Fig. 9g)].

Discussion

Climbing behavior represents a convenient means to assess
the stimulation of cerebral dopaminergic area DA receptors
in mice (Protais et al. 1976). In the present study,
apomorphine-induced climbing behavior in OBX showed a
significant enhancement compared to the sham group. It has
been reported that D; and D, receptor messenger RNA

d OBX/Imipramine

Il Saline
[ Imipramine 20mg/kg
##

Fluorescence intensity
of D, like receptor

intensity of TH in CPu (f), NAcC (g), and NAcSh (h) of the mouse
brain. Vertical bars represent mean+SEM. *p <0.05 and **p <0.01
compared with sham control group, “p <0.05 and *»<0.01 compared
with OBX control group (n=3—4 per group)
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a Sham/ Saline D Sham / Imipramine

mm Saline
1 Imipramine 20mg/kg

Fluorescence intensity
of D, like receptor
of D, like receptor

Fig. 8 Distribution of the immunohistochemical fluorescence intensity
for D, receptors in mouse brain, including NAcC, NAcSh, and CPu. a
Sham treated with saline; b sham treated with imipramine; ¢ OBX treated
with saline; d OBX treated with imipramine; and values for the

(mRNA) levels and DA-regulated adenylate cyclase activity
are significantly increased in the olfactory tubercle on the 14th
day after OBX (Holmes 1999). Interestingly, our study also
demonstrated that DA receptor levels increased and that the
enhanced effect of apomorphine is observed on the 14th day
after OBX. This is consistent with other neurochemical and
behavioral changes that are primarily observed 1~3 weeks

mm Saline
1 Imipramine 20mg/kg

## n.s.

e = i e
mn o o o

Fluorescence intensity of TH
o
(=]

Fig. 9 Distribution of the immunohistochemical fluorescence intensity
for TH in mouse brain, including NAcC, NAcSh, and CPu. a Sham
treated with saline; b sham treated with imipramine; ¢ OBX treated
with saline; d OBX treated with imipramine; and values for the

@ Springer

C OBX/Saline

HE Saline
7 Imipramine 20mg/kg

mm Saline
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Em Saline
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200w ##

Fluorescence intensity
of D, like receptor

immunofluorescence intensity of TH in CPu (e), NAcC (f), and NAcSh
(g) of the mouse brain. Vertical bars represent mean+ SEM. *p <0.05
and **p <0.01 compared with sham control group, 4#p <0.01 compared
with OBX control group (n=3-4 per group)

after OBX (Jancsar and Leonard 1984; Mucignat-Caretta
et al. 2006; Nakagawasai et al. 2003b; Song and Leonard
1995). Thus, this data suggest that OBX results in plastic
alternations in central dopaminergic neurotransmission.

As apomorphine is a nonselective dopaminergic receptor
agonist, we decided to try to determine which receptor sub-
type is involved in the hyperresponsiveness to this drug in
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immunofluorescence intensity of TH in CPu (e), NAcC (f), and NAcSh
(g) of the mouse brain. Vertical bars represent mean+SEM. *p <0.05
and **p <0.01 compared with sham control group (n=3—4 per group)



Psychopharmacology (2016) 233:1311-1322

1319

OBX mice. Pre-treatment with SCH23390 or sulpiride
showed a significant decrease in apomorphine-induced
climbing behavior. Apomorphine-induced climbing behavior
in both sham and OBX groups was inhibited by pre-treatment
with SCH23390. Climbing behavior is generally considered
as a measure of stereotypy not locomotion. However, it has
been reported that stereotypic behavior is an obvious interac-
tion with locomotion behavior (Segal 1976; Todzy et al.
1978). Thereby, climbing behavior could indirectly reflect lo-
comotor behavior. We propose that SCH23390 (0.1 mg/kg)
indirectly suppressed climbing behavior by decreasing loco-
motor activity. Moreover, pre-treatment with sulpiride at doses
that did not effect locomotor activity in the sham group
showed a significant decrease in apomorphine-induced
climbing behavior in OBX mice. It has been reported that
treatment with the indirect DA agonist amphetamine, the di-
rect DA agonist apomorphine, or a combination of Dy and D,
agonists elicited intense climbing behavior in wild-type mice
(which predominantly express Dy in the striatum), but this
behavior was absent or reduced in mice lacking D, receptors
(Fetsko et al. 2003). Interestingly, it has been reported that
OBX rats learned how to self-administer amphetamine (a be-
havior associated with the dopaminergic system of the NAc)
faster than sham rats, and this effect was reversed by sulpiride
coinfusion (Holmes et al. 2002). Thus, we hypothesize that
OBX causes a supersensitivity of DA receptors in the striatum,
especially the D, receptor.

ARI is a partial agonist at D,, D3, and 5-HT; 5 receptors
and behaves as an antagonist in hyperdopaminergic or seroto-
nergic states and as an agonist in hypodopaminergic or sero-
tonergic states (Feltenstein et al. 2007; Greenaway and Elbe
2009). Because of its activity, ARI has been described as a
dopamine-serotonin system stabilizer. In the present study,
administration of ARI (0.1 mg/kg) showed a significant de-
crease in apomorphine-induced climbing behavior in OBX
mice only. But, it has been reported that ARI (0.1 mg/kg)
attenuated apomorphine-induced climbing behavior (scores
for each animal were totaled every 5 min during the 30-min
observation period) in undisposed CF-1 mice (Brennan et al.
2010). We propose that strain differences or variation in the
assessment of climbing behavior may be responsible for these
differing results. It is possible that supersensitivity of DA re-
ceptors in the striatum and enhanced functional responses are
involved in apomorphine-induced climbing behavior in OBX
mice and that ARI can normalize this behavior by decreasing
the activity of DA receptors.

The abnormalities seen in the OBX rodents result from
dysfunctional changes in many brain regions as a consequence
of disrupted neuronal connections between the OB and other
brain regions. OBX results in a retrograde degeneration of the
neurons that project to and from the main and accessory OBs
(Jancsar and Leonard 1983; Song and Leonard 2005). The
neuronal degeneration by OBX also occurs in the main and

accessory projection areas to the cortex, hippocampus, NAc,
CPu, and more (Jancsar and Leonard 1983; Song and Leonard
2005). Previous experiments reveal that OBX increases D,
and D, receptor densities and DA-mediated adenylate cyclase
activity in the olfactory tubercle, which is a component of the
striatum, where projections from olfactory bulb neurons and
midbrain dopaminergic neurons converge (Gottesfeld et al.
1989; Heimer et al. 1995) in OBX mice. In the present study,
to examine DA receptors associated with behavioral changes,
we conducted autoradiography to investigate the density dis-
tribution of DA receptors in the CPu, NAcC, and NAcSh. Asa
result of this study, we observed a tendency for an increase in
density distribution of DA receptors in the striatum on the
14th day after OBX and especially, a significant increase in
D, receptors in the NAcC. A previous study showed an in-
crease in striatal DA in OBX rats (Masini et al. 2004).
However, we evaluated the OBX model in mice not rats. It
has been reported that species differences lead to different
OBX-induced changes (Hendriksen et al. 2015). Thus, we
hypothesized that the present study showing paradoxical al-
terations of the DA system compared to previously published
results may be attributable to species differences. Moreover,
we found that OBX mice had reduced TH levels, which is a
catecholamine rate-limiting enzyme, in the CPu, NAcC, and
NAcSh compared to the sham group. Methamphetamine-
induced physiological changes are similar to the reduction in
TH levels shown in the present study (Boger et al. 2007; Zhu
et al. 2005). The methamphetamine-induced reduction in TH
levels caused a decrease in DA levels in the striatum and a
decrease in locomotor activity which is a DA-associated be-
havior (Boger et al. 2007). Interestingly, dopamine-deficient
(DD) mice were generated by targeted deletion of the TH gene
in the DA neurons (Zhou and Palmiter 1995). Bamford et al.
have indicated that DD mice result in morphologically normal
striatal terminals with hypersensitive pre-synaptic D, receptor
(Bamford et al. 2004). Previous reports suggest that D,
receptor-deficient mice are hypoactive (Baik et al. 1995;
Kelly et al. 1998). The D, receptor mediates both the hyper-
activity and response to amphetamine, as shown by others
(Xueliang et al. 2010). In addition, it has been reported that
amphetamine depresses striatal y-aminobutyril acid (GABA)-
ergic synaptic transmission through D, receptors (Centonze
et al. 2002). These findings suggest that the reduction of DA
in the striatum may induce a supersensitivity of D, receptors
and GABA regulation dysfunction in the area. Actually, the
Flinders Sensitive Line of rats, which is a widely accepted and
validated model of depression, show decreased DA neuro-
transmission in the mesolimbic areas (Friedman et al. 2005).
Thus, we suggest that OBX may induce a compensatory in-
crease of D, receptor in the NAcC by reducing TH levels in
the striatum.

Anti-depressants are reported to antagonize apomorphine-
induced climbing behavior (Balsara et al. 1982). Imipramine,
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a tricyclic anti-depressant, reduces OBX-induced hyperactiv-
ity (Breuer ME et al. 2008; Breuer et al. 2009a, b). These
findings suggest that anti-depressants have the potential to
reduce apomorphine-induced climbing behavior in OBX. In
fact, the present study shows that chronic administration of
imipramine significantly decreased apomorphine-induced
climbing behavior in OBX mice. Imipramine has been shown
to increase striatal DA (Ghosh and Hrdina 1977). Thus, we
hypothesize that the effects of imipramine may contribute to
normalizing DA receptor densities in the striatum of OBX
mice by increasing DA. Therefore, we investigated the density
distribution of DA receptors in the CPu, NAcC, and NAcSh
following chronic administration of imipramine. We found a
decrease in DA receptor density distribution in the striatum of
imipramine-treated OBX mice. It is reported that chronic ad-
ministration of imipramine decreased D; receptor density in
the striatum of rats exposed to chronic mild stress (Papp M
et al. 1994). Electrophysiological studies have also provided
direct evidence that tricyclic anti-depressant treatment de-
creases the sensitivity of D, receptors (Chiodo and
Antelman 1980a, b). A previous study indicated that D; and
D, receptor mRNA levels in the striatum were regulated by
chronic administration of imipramine (Dziedzicka-
Wasylewska et al. 1997). These results reveal that imipramine
may normalize the dopaminergic system in the striatum of
OBX mice. However, chronic administration of imipramine
in sham mice significantly increased the number of DA recep-
tors in the striatum compared to the sham controls in the pres-
ent study. Another study reported that repeated imipramine
administration increased the affinity for D, receptors in the
striatum in rats (Maj et al. 1996). Moreover, imipramine treat-
ed sham mice also significantly increased apomorphine-
induced climbing behavior compared to the sham controls in
the present study. Imipramine has been shown to decrease TH
levels in the striatum of rats (Rosin et al. 1995). Indeed, chron-
ic administration of imipramine significantly decreased TH
levels in sham mice. This effect may be involved in the neg-
ative feedback that contributes to an increase in catechol-
amines. These results suggest that chronic administration of
imipramine in sham mice may enhance apomorphine-induced
climbing behavior due to a compensatory increase in DA re-
ceptors in the striatum because of a reduction in striatal TH
levels. In contrast, chronic administration of imipramine in
OBX mice did not change TH levels compared to saline-
treated OBX mice. This result revealed that OBX may induce
dysfunction of negative feedback in the striatum.

OBX rodents express anhedonic behavior (Calcagnetti
et al. 1996; Sato et al. 2010a). Wistar Albino Glaxo (WAG)/
Rij rats also show anhedonic behavior, such as a decrease in
sucrose preference, and the anhedonic behavior in WAG/Rjj
rats is reversed by administration of imipramine (Sarkisova
et al. 2008). Sarkisova et al. have proposed that the increased
sensitivity of D, receptors in WAG/Rij rats would appear to be

@ Springer

a compensatory reaction to hypofunction of the mesolimbic
dopaminergic system of the brain (Sarkisova et al. 2008).
Thus, we hypothesized that depressive-like behavior in OBX
mice such as anhedonia may be associated with the increase in
D, receptors.

In conclusion, we suggest that OBX in mice causes a su-
persensitivity of DA receptors in the striatum, especially the
D, receptor. This phenomenon may contribute to a reduction
in TH levels in the striatum following OBX. Moreover, ab-
normal behavior and increased D, receptor numbers were re-
versed by chronic administration of imipramine. These studies
revealed an anti-depressant effect of imipramine, mediated
through an interaction with the D, receptor.
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