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signs of depressive disorders, for which neither pathogenic understanding nor rational
treatment are available. Using Pit3x-deﬁcient mice, a model for selective nigrostriatal
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dopaminergic neurodegeneration, we tested depression-related behaviors and acute stress

Parkinson's disease

responses to better understand how a nigrostriatal dopaminergic deﬁcit increases the

Depression

prevalence of depressive disorders in PD patients. Pitx3-deﬁcient mice showed decreased

Stress

sucrose consumption and preference in the two-bottle free-choice test of anhedonia. Acute

c-Fos

restraint stress increased c-Fos (known as a neuronal activity marker) expression levels in
various brain regions, including the prefrontal cortex, striatum, nucleus accumbens, and
paraventricular nucleus of the hypothalamus (PVN), in both Pitx3þ/þ and  / mice.
However, the stress-induced increases in c-Fos levels in the cortex, dorsal striatum, and
PVN were signiﬁcantly greater in Pitx3 / than þ/þ mice, suggesting that signs of
depressive disorders in parkinsonism are related to altered stress vulnerability. Based on
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these results, we propose that Pitx3 / mice may serve as a useful genetic animal model
for co-morbid depressive disorder and parkinsonism.
& 2014 Elsevier B.V. All rights reserved.

1.

Introduction

Depressive disorders occur in greater than 40% of patients
with Parkinson's disease (PD; Cummings, 1992; Lemke, 2008).
For reasons independent of the motor deﬁcits, the quality of
life in depressed PD patients is markedly reduced (Kuopio
et al., 2000). Measurement and diagnosis of depressive disorders in PD is difﬁcult due to the considerable overlap
between the symptoms and signs of the two illnesses
(Schrag, 2006; McDonald et al., 2003). As we mentioned in a
previous study (Ardayﬁo et al., 2008), the increased prevalence rate of non-motor symptoms, such as depressive
disorders, in PD patients may be caused by biochemical and
behavioral abnormalities in coping with stress (Charlett et al.,
1998; King et al., 1997).
Stress may play a critical role in the development of PD
related and other depressive disorders (Hemmerle et al.,
2012). Animals subjected to maternal separation stress during
the neonatal period can have depression-related signs and
increased motor deﬁcits as assessed by behavior. Furthermore, adult rats treated with 6-hydroxydopamine to induce
dopaminergic cell death (Matthews and Robbins, 2003;
Pienaar et al., 2008) and individuals with PD show stressinduced reduction in hedonic responses (Macht et al., 2007).
Restraint stress and elevated corticosterone levels can
enhance nigral neuronal loss and motor symptoms in a rat
PD model (Smith et al., 2008) and induce depression-related
signs (Kim and Han, 2006; Wolkowitz et al., 2009). Hypersecretion of cortisol and dysfunction of the hypothalamic–
pituitary–adrenal (HPA) axis are seen in both PD and patients
with depressive disorder when compared to healthy agematched controls (Charlett et al., 1998; Pariante and Miller,
2001). However, animal model systems to investigate the comorbidity of depressive disorders and parkinsonism are not
well established.
Pitx3 is a transcription factor important for the appropriate development and survival of midbrain dopaminergic
neurons in mammals (Smidt et al., 2000; Chung et al., 2005;
Vasudevan et al., 2012). Pitx3 gene expression is restricted to
the developing eye and DA progenitor cells formed from
embryonic day 11 throughout adult life in mice (Gage et al.,
1999; Smidt et al., 1997). In the brain, cytoplasmic TH and
nuclear Pitx3 are co-expressed only in the SN and VTA
neurons (van den Munckhof et al., 2003; Maxwell et al.,
2005). Thus, Pitx3's expression is speciﬁc in midbrain dopamine neurons. Pitx3-deﬁcient mice (aphakia mice; ak) contain
a double-deletion mutation in the Pitx3 gene, a minor 652 bp
deletion located 2.5 kb upstream of the transcription start site
and a major 1423 base-pair deletion in the upstream promoter region. Pitx3 mice have arrested lens development (Rieger
et al., 2001) and selective loss of dopamine neurons in the
substantia nigra (SN). Although DA cells in VTA and A8 of
newborn mice are intact (Hwang et al., 2003; Nunes et al.,

2003; van den Munckhof et al., 2003), these are progressively
affected postnatally (Kas et al., 2008; van den Munckhof et al.,
2003).
Biochemical, behavioral, and pharmacological data indicating parkinsonism phenotypes in ak mice have been
reported (Hwang et al., 2003; Nunes et al., 2003; Smidt et al.,
2004; Hwang et al., 2005; van den Munckhof et al., 2006; Kas
et al., 2008; Ding et al., 2007). Furthermore, impairments of
striatal-dependent cognition and unique behavioral
responses to psychotropic drugs have also been reported in
Pit3x-deﬁcient mice (Hwang et al., 2005; Ardayﬁo et al., 2008,
2010). Whether there are any signs of depression or alterations in the response to stress in Pit3x-deﬁcient mice has not
yet been investigated. Approximately 40–50% of all patients
with Parkinson's disease (PD) show symptoms and signs of
depressive disorders. The underlying mechanisms of
depression-like behavior in PD patients are not known and
it is probably caused by complex mechanisms including the
affected nigrostriatal pathway as well as other neuronal
systems. In aphakia mice, our data suggest that the impaired
nigrostriatal system directly contributes to this behavior
because of its selective degeneration. It is interesting to note
that not all animal models of PD (e.g., as toxin-based and
genetic models) exhibit depressive phenotypes. Here, we
examined anhedonia (the loss of capacity for pleasure) to
analyze depression-like signs in Pitx3/  mice. Stressinduced c-Fos expression patterns (a marker of neuronal
activity) were examined in various brain regions, including
the cortex, striatum, nucleus accumbens, and paraventricular
nucleus of hypothalamus (PVN). In addition, blood levels of
stress hormone were determined. We found that Pitx3 /
mice exhibit a markedly increased susceptibility to stress as
well as depression-related signs.

2.

Results

2.1.
Pitx3  / mice (ak mice) display depression-like
behavior in the sucrose preference test
To determine whether Pitx3 / mice show depressiverelated phenotypes, we performed the sucrose preference
test in Pitx3þ/þ and / mice. Two-way ANOVA analysis on
consumption of sucrose demonstrated the main effects of
genotype (F(1,56) ¼ 8.55, P¼ 0.0111) and sucrose concentration
(F(4,56) ¼ 64.14, Po0.0001), but there was no genotype  sucrose
concentration interaction (F(4,56) ¼ 2.40, P ¼0.061) (Fig. 1A). The
effect of sucrose concentration (F(4,56) ¼ 25.56, Po0.0001) and
genotype  sucrose concentration interaction (F(4,56) ¼ 3.03,
P ¼0.0248) on water consumption were signiﬁcant; however,
there was no genotype effect (F(1,56) ¼4.02, P ¼0.0648) (Fig. 1B).
We also observed a signiﬁcant effect of genotype (F(1,56) ¼ 4.90,
P ¼0.044) and sucrose concentration (F(4,56) ¼64.58, Po0.0001),

Please cite this article as: Kim, K.-S., et al., Pitx3 deﬁcient mice as a genetic animal model of co-morbid depressive disorder
and parkinsonism. Brain Research (2014), http://dx.doi.org/10.1016/j.brainres.2014.01.023

brain research ] (]]]]) ]]]–]]]

3

Fig. 1 – Pitx3 / mice showed decreased sucrose intake and preference in a two-bottle free-choice test of anhedonia. Sucrose
consumption (A and D), water consumption (B and E) and sucrose preference (D and F) displayed by Pitx3þ/þ mice (þ/þ) and
Pitx3 / mice ( / ) in the two-bottle free-choice paradigm test were plotted against increasing concentrations of sucrose. In
this two-bottle free-choice paradigm, one bottle was ﬁlled with water and the other was ﬁlled with sucrose. Chronic
imipramine (20 mg/kg/day for 14 days) prior to behavior testing increased sucrose consumption (D) and preference ratio (F) in
Pitx3 / mice but not in Pitx3þ/þ mice. The animal groups used were Pitx3þ/þ (n ¼8), Pitx3 / (n ¼7), Pitx3þ/þ/vehicle
(n ¼8), Pitx3þ/þ/imipramine (n ¼6), Pitx3 / /vehicle (n ¼ 6), and Pitx3 / /imipramine (n ¼6). Data are presented as the
mean7S.E.M. n and nn denote the signiﬁcant differences between Pitx3þ/þ mice and Pitx3 / mice and indicated groups at
Po0.05 and Po0.01 and # denotes signiﬁcant differences between vehicle and imipramine in Pitx3 / mice at Po0.05,
respectively (Bonferroni's post hoc analysis after two-way ANOVA).

but there was no genotype  sucrose concentration interaction (F(4,56) ¼ 1.92, P¼ 1190) in the sucrose preference ratio
(Fig. 1C).
Chronic antidepressant treatment can reverse some
depression-related behaviors in mouse models of depressive
disorders (Krishnan and Nestler, 2008, 2011; Wallace et al.,
2009). We therefore examined whether this depressionrelated phenotype caused by nigrostriatal dopamine deﬁcits
in Pitx3 / mice could be improved with antidepressant
treatment. Two-way ANOVA analysis on sucrose preference
demonstrated the main effects of imipramine (F(1,40) ¼ 10.15,
P¼ 0.0097)
and
sucrose
concentration
(F(4,40) ¼ 64.07,
Po0.0001), but there was no imipramine  sucrose concentration interaction (F(4,40) ¼1.68, P¼ 0.172) in the vehicle and
imipramine-treated Pitx3 / mice (Fig. 1F). The effect of
sucrose concentration (F(4,40) ¼ 35.76, Po0.0001) and imipramine effect (F(1,40) ¼5.06, P ¼0.0481) on sucrose consumption
was signiﬁcant in the vehicle and imipramine-treated
Pitx3 / mice (Fig. 1D).
Chronic imipramine treatment of Pitx3þ/þ mice showed
no signiﬁcant effects on sucrose consumption (F(1,48) ¼0.00,
P¼ 0.974) and on sucrose preference (F(1,48) ¼0.24, P¼ 0.632,
Fig. 1D and F).
The effect of imipramine (Pitx3þ/þ mice, F(1,48) ¼0.12,
P¼ 0.7308; Pitx3 / mice, F(1,40) ¼4.01, P¼ 0.0732) on water
consumption was not signiﬁcant in either genotype, but

sucrose concentration effect (Pitx3þ/þ mice, F(4,48) ¼ 22.64,
Po0.0001; Pitx3 / mice, F(4,40) ¼ 12.99, Po0.0001) was signiﬁcant in Pitx3þ/þ mice and Pitx3 / mice (Fig. 1E).

2.2.
Stress-induced c-Fos expression in the dorsal striatum
and nucleus accumbens
To analyze stress-dependent neural activity, alterations in cFos protein expression levels were examined following the
exposure of mice to restraint stress. Pitx3þ/þ and  / mice
were restrained for 2 h, and then c-Fos induction in both
genotypes was detected in the dorsal and ventral (nucleus
accumbens) striatum (Fig. 2). A two-way ANOVA test revealed
that an interaction occurred between the two genotypes
(genotype, F(1,39) ¼18.39, Po0.001; stress effect, F(1,39) ¼ 85.16,
Po0.001; interaction, F(1,39) ¼ 18.55, Po0.001) in the dorsolateral striatum of the brain (Fig. 2A). In the dorsomedial
striatum of the brain, a two-way ANOVA revealed that an
interaction also occurred between the two genotypes (genotype, F(1,40) ¼ 40.93, Po0.001; stress effect, F(1,40) ¼129.01,
Po0.001; interaction, F(1,40) ¼ 46.16, Po0.001) (Fig. 2B). In the
NAc, a two-way-ANOVA revealed overall effects of both stress
and genotype; however, there was no interaction seen
between genotype and stress (genotype, F(1,40) ¼ 11.58,
Po0.0015; stress effect, F(1,40) ¼113.03, Po0.001; interaction,
F(1,40) ¼ 2.41, P ¼0.128) (Fig. 2C). A signiﬁcant difference was
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Fig. 2 – Stress-induced c-Fos expression levels in the striatum and NAc. c-Fos positive cells in the dorsolateral striatum (A),
dorsomedial striatum (B), and NAc (C) of Pitx3þ/þ mice (þ/þ) and Pitx3/  mice ( / ) exposed to restraint stress. Schematic
diagram showing the striatum, NAc, and counted areas (D). Photomicrographs showing anti-c-Fos antibody-stained
dorsolateral and dorsomedial striatum and NAc in animals exposed to restraint stress (E). (n ¼ 5–12). Data are presented as the
mean7S.E.M. nn denotes signiﬁcant difference between the indicated groups at Po0.01 (Tukey's multiple comparison test
after one-way ANOVA). ac, anterior commissure.

found between genotypes when c-Fos expression levels in the
striatum and NAc were compared from mice that had been
exposed to stress (Po0.01). In these brain regions, control
levels of c-Fos expression did not differ between genotypes
(P40.05).

2.3.
Stress-induced c-Fos expression in the prefrontal
cortex and PVN
In the ventral aspect of medial prefrontal cortex, a two-way
ANOVA revealed that an interaction occurred between the
two genotypes (genotype, F(1,27) ¼4.26, P¼ 0.0487; stress effect,
F(1,27) ¼58.94, Po0.001; interaction, F(1,27) ¼ 4.81, P ¼0.0371)
(Fig. 3A, D, and E).
In the prefrontal cortex, a two-way ANOVA revealed that
an interaction occurred between the two genotypes (genotype, F(1,23) ¼ 16.45, Po0.001; stress effect, F(1,23) ¼148.96,
Po0.001; interaction, F(1,23) ¼ 15.38, Po0.001) (Fig. 3B, D, and
E). c-Fos induction levels after stress exposure in the prefrontal cortex of Pitx3 / mice were signiﬁcantly higher
than from wild-type mice (Po0.01).

c-Fos expression levels in the PVN of the hypothalamus
demonstrated the main effects of genotype (F(1,18) ¼ 5.34,
Po0.05) and stress (F(1,18) ¼ 243, Po0.001), and a signiﬁcant
genotype  stress interaction (F(1,18) ¼ 8.87, Po0.001) (Fig. 3C,
D, and E). Stress-induced levels of c-Fos expression were
signiﬁcantly increased in the PVN of Pitx3 / mice relative
to wild-type mice (Po0.01).

2.4.
Stress-induced corticosterone levels in plasma
of Pitx3  / mice
To determine the susceptibility of Pitx3 / mice to stress,
mice were subjected to restraint for 2 h and plasma corticosterone levels were measured. Plasma corticosterone levels in
unstressed Pitx3 / mice were higher than in unstressed
Pitx3þ/þ mice, but it was not signiﬁcant (Fig. 4; P40.05; oneway ANOVA, Tukey's multiple comparison test). Two hours of
restraint stress signiﬁcantly increased plasma corticosterone
levels in both genotypes (Po0.001, one-way ANOVA, Tukey's
multiple comparison test). Although the basal level of corticosterone was higher in Pitx3 / mice than Pitx3þ/þ mice,
it was statistically insigniﬁcant. Interestingly, stress-induced
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Fig. 3 – Stress-induced c-Fos expression levels in the prefrontal cortex and PVN. c-Fos positive cells in the ventral aspect of
medial prefrontal cortex (mPFCv, A), cortex (cingulate cortex and motor cortex, B) and PVN (C) of Pitx3þ/þ mice (þ/þ) and
Pitx3 / mice ( / ) exposed to restraint stress. Schematic diagrams showing the mPFCv, prefrontal cortex, PVN, and
counted areas (D). Photomicrographs showing anti-c-Fos antibody-stained prefrontal cortex and PVN in animals exposed to
restraint stress (E). (n ¼5–12). Data are presented as the mean7S.E.M. n and nn denote the signiﬁcant difference between the
indicated groups at Po0.05 and Po0.01 (Tukey's multiple comparison test after one-way ANOVA).

corticosterone level was signiﬁcantly higher in Pitx3 /
mice compared to stress-induced Pitx3þ/þ mice (Pitx3þ/þ
mice, 241.6 ng/mL724.5; Pitx3 / mice, 342.0 ng/mL722.0,
Po0.001, one-way ANOVA, Tukey's multiple comparison test)
(Fig. 4). Two-way ANOVA analysis on corticosterone level
demonstrated the main effects of genotype (F(1,18) ¼ 16.28,
Po0.001) and stress (F(1,18) ¼ 164.18, Po0.0001), but there was
no genotype  stress interaction (F(1,18) ¼ 1.67, P¼ 0.2126).

3.

Discussion

Pitx3 / (ak) mice have previously been reported as a useful
genetic animal model of parkinsonism, as they have selective
nigrostriatal dopaminergic cell death and motor dysfunction
(Hwang et al., 2003, 2005; Nunes et al., 2003; Smidt et al., 2004;
van den Munckhof et al., 2006; Kas et al., 2008; Ding et al., 2007).

Here, we demonstrate that Pitx3 deﬁciency in mice results
in depression-related signs. Anhedonia seen in Pitx3 /
mice using the sucrose preference test can be reversed by
chronic treatment with an antidepressant. Interestingly,
while both Pitx3þ/þ and / mice showed signiﬁcant
increases in c-fos expression levels in various brain regions
in response to restraint stress, these increases were signiﬁcantly greater in the cortex, dorsal striatum, and PVN of
Pitx3 / mice. These data suggest a role for the nigrostriatal
pathway in responding to stressful situations and in maintaining mood.
c-Fos is an immediate early gene (IEG) that is activated in
the brain by various external stressors (Senba and Ueyama,
1997). c-Fos induction upon emotional or physical challenges
has been reported to be a functional marker for activated
neurons (Kovács, 1998). Anatomical mapping of IEG, such as
c-Fos, expression levels in the brain is useful for identifying
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Fig. 4 – Plasma corticosterone levels following restraint
stress are increased in Pitx3 /  mice. Plasma
corticosterone levels in both genotypes were increased
following 2 h of restraint stress exposure. The increase in
Pitx3 / mice is signiﬁcantly greater than that in Pitx3þ/þ
mice. Five to six animals per group were used. Data are
presented as the mean7S.E.M. nn denotes signiﬁcant
difference between the indicated groups at Po0.01 (Tukey's
multiple comparison test after one-way ANOVA).

the susceptibility to stressors and the hereditary predisposition to stress-related diseases for an individual (Senba and
Ueyama, 1997). The prefrontal cortex is known to be a region
that is responsive to stressful stimuli (Cullinan et al., 1995;
Girotti et al., 2006). In response to stress, Pitx3 / mice
showed a greater increase in c-fos expression levels in the
cingulate and motor cortex subregions of the prefrontal
cortex when compared to Pitx3þ/þ mice (Fig. 3). The medial
part of the prefrontal cortex (medial prefrontal cortex; mPFC)
plays an important role in regulating the HPA axis response
to stress (Diorio et al., 1993). c-Fos activation levels in the
ventral mPFC regions in response to restraint stress were also
increased in Pitx3 / mice when compared with wild-type
mice (Fig. 3A). However, lesion studies suggest that the
ventral mPFC inhibits stress-induced HPA responses (Diorio
et al., 1993; Radley et al., 2006). Furthermore, exposure to
restraint stress resulted in increased c-fos expression levels
in the dorsal striatum (Fig. 2). The stress-induced c-Fos
expression levels of dorsomedial striatum is higher than that
of dorsolateral striatum in both genotypes. In addition,
stress-induced activation of neurons in these areas increased
to a greater extent (Fig. 2A and B) in Pitx3 / mice compared
to wild-type control mice, whereas stress-induced activation
of neurons in NAc was increased to a lesser extent in Pitx3
deﬁcient mice (Fig. 2C). Degeneration of dopaminergic nigral
neurons causes a cascade of functional modiﬁcations and
increased activity of the excitatory neurotransmitter, glutamate (Blandini et al., 1996). Pitx3 / mice have an intact
behavioral response to the non-competitive NMDA receptor
antagonist MK-801 and slightly increased locomotor activity

during the day (Ardayﬁo et al., 2010). Therefore, while glutamate is likely to be involved in the stress-induced increase in
neural activity in the dorsal striatum (Moghaddam et al., 1993),
further work is required to determine which neurotransmitter
systems are modulated in response to stress in the NAc and
other areas of the striatum in Pitx3 / mice.
Forced swim and tail suspension tests are widely used to
ﬁnd depression-related phenotypes in rodents (Cryan and
Mombereau, 2004). Our experiments using Pitx3 / mice
revealed an abnormal vertical swimming behavior during the
forced swim test and a hind-limb clasping behavior during
tail suspension test, associated with motor impairment
(Supplemental Fig. 1). The hind limb clasping may be indicative of some sort of rigidity or spasticity. Hind limb clasping is
revealed in mice with neurodegenerative disorders (Carter et
al., 1999; Takahashi et al., 2010), indicating neurological
dysfunction of the central motor control system. Pitx3 /
mice show severe motor deﬁcits in behavior tests that are
sensitive for the nigrostriatal pathway (Hwang et al., 2005). In
this study, we assessed anhedonia, the inability to feel
pleasure, as a sign of depression (Fig. 1). We found decreases
in sucrose intake and preference in Pitx3 / mice, which
were relieved by chronic administration of an antidepressant
(Fig. 1D, E and F). These studies suggest a role for A9
dopaminergic neurons in mediating mood and behavioral
response to a tricyclic antidepressant (TCA). Treatment with
the dopaminomimetic compound, pramipexole, slightly
decreased anhedonic responses in Pitx3/  mice
(Supplemental Fig. 2). These results indicate that the antidepressive effects observed in Pitx3 / mice with chronic
imipramine treatment (Fig. 1) may be related to neurotransmitter systems, involving dopamine signaling. Studies have
reported that depressive behavior can result from genetic
predispositions and environmental stress (Nestler et al.,
2002). Resilience, or stress-resistance, is mediated by neurobiological adaptive changes involving numerous neurotransmitter and molecular systems (Feder et al., 2009). PD patients
with dopamine depletion in the striatum also have various
neurological abnormalities including decreased availability of
acetylcholine and monoamine neurotransmitters, abnormal
protein aggregations, mitochondrial dysfunction, and heightened responses to inﬂammatory and oxidative stimuli
(Caviness et al., 2011). These changes in the brain may cause
altered neurological or behavioral reactions to environmental
stress in PD patients. Interestingly, it was also demonstrated
using ak mice that the nigrostriatal DA circuit plays a role in
maintaining normal responsiveness to psychostimulants and
antipsychotic drugs (Ardayﬁo et al., 2010). Here, we demonstrated that ak mice, which have phenotypes characteristic of
parkinsonism, show an abnormal ability to cope with
restraint stress. Stress-induced neural activity is increased
in the prefrontal cortex, dorsal striatum, and PVN regions of
Pitx3/  mice, but decreased in the NAc (Figs. 2 and 3)
relative to wild-type mice. The increased PVN activity, a
region important for the stress response, may underlie the
overactive HPA axis in Pitx3 / mice (Fig. 4). Taken together,
Pitx3/  (ak) mice may serve as a useful genetic animal
model to further investigate the relation between the nigrostriatal degeneration and stress responses and depressive
behavior.
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Gender differences in susceptibility to stress and effects of
anti-depressant have been reported (Xing et al., 2013). Ovarian hormones can affect baseline locomotor activity levels,
and anxiety-/depression-like behavior (Barros and Ferigolo,
1998; Elliott and Grunberg, 2005; Mora et al., 1996). Monoamine neurotransmitter systems, dopamine, serotonin, and
noradrenaline, are regulated by the ovarian cycle and sex
differences in monoamine concentration in various brain
regions, including prefrontal cortex, striatum, and nucleus
accumbens, were observed (Simpson and Kelly, 2012). The
evidences for gender differences in various commonly
employed behavioral, physiological, and neurochemical parameters suggest that males and females perceive and respond
differentially to same stimuli. While the present study does
not address the gender differences in the stress and antidepressant treatment, these studies warrant further
investigations.
Despite a high prevalence of depressive disorders in PD
patients, a combined depression/parkinsonism animal model
is not available. In this study, Pitx3 / mice that have
depression-related signs were responsive to treatment with
an antidepressant, imipramine, as is observed in animal
models of depression and patients. Moreover, abnormal
responses to acute stress were revealed in Pitx3 / mice.
An altered response to stress caused by nigrostriatal dopamine loss may underlie non-motor PD symptoms and signs.
Accordingly, we suggest that the Pitx3-deﬁcient mouse model
is useful for the study of potential pathogenic mechanisms
and therapeutic targets for depression in PD patients and for
exploring the functional neuroanatomy underlying the
response to stressful situations in PD patients.
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and Use Committee of the Korea Research Institute of
Bioscience and Biotechnology (KRIBB, Daejeon, Korea).

4.2.

Drugs

Imipramine hydrochloride and sucrose were purchased from
Sigma Aldrich (St. Louis, MO, USA). Imipramine and sucrose
were dissolved in saline and drinking water, respectively.
Mice were subjected to once daily injections of imipramine
(20 mg/kg, intraperitoneal injection) or vehicle control for 14
days. Treatment with 20 mg/kg/day imipramine for 14 days
was sufﬁcient to reveal the anti-depressive effect in C57BL/6J
mice showing depressive phenotype (Kim and Han, 2006).

4.3.

Sucrose preference test

4.

Experimental procedure

The sucrose preference test was performed as previously
reported (Wallace et al., 2009). Animals were given the choice
between water and a sucrose solution after an initial habituation to two bottles of water for 5 days in the home cage. At
the start of the experiment, animals were allowed unlimited
access to water in one bottle and ascending concentrations of
sucrose (0%, 0.25%, 0.5%, 1% and 2% solutions; wt/vol; 24 h at
each concentration) in the other bottle. To prevent the
possible effects of a side-preference in drinking behavior,
the position of the bottles in the cage was switched after 24 h
during the test. The total volume of liquid consumed was
measured each day by weighing the bottles before and after
testing. In the experiment with antidepressant treatment, the
sucrose preference test was performed after chronic treatment with imipramine for 14 days. Imipramine was also
administered during the testing period. Sucrose preference
was indicated as a ratio of volume of sucrose solution
consumed relative to the total volume of ﬂuids consumed.

4.1.

Animals

4.4.

Pitx3-deﬁcient aphakia mice used in this study were acquired
from Jackson Labs (Bar Harbor, ME, USE). Mice were transferred to and then expanded in the Animal Care Facility at
McLean Hospital (described in Hwang et al., 2005). Male
aphakia mice were crossed to female C57BL6/J mice to
generate heterozygous offspring. Heterozygotes were then
intercrossed to generate Pitx3þ/þ, þ/ and / mice. From
these crosses, Pitx3þ/þ and /  mice were used in this
study. All mice were housed in regular polycarbonate plastic
cages in a temperature (21–22 1C) and humidity (50–60%)
controlled environment with a 12 h light/dark cycle (lights
on from 0700 to 1900 h) and were maintained on an ad
libitum diet of standard lab chow (Hanlan Laboratory, Inc.,
Seoul, Korea) and water. All materials used to house animals
were autoclaved, and gamma-irradiated lab chow was supplied. Animal rooms were maintained in speciﬁc-pathogenfree (SPF) conditions. Experimental mice were weaned at
4 weeks of age and socially housed (2–4 per cage). Males
ranging in age from 10 to 16 weeks-old and weighing between
23 and 30 g were used for all main experiments (except those
of Supplemental Fig. 3 in which female mice were used). All
animal experiments were approved and conducted in accordance with the guidelines of the Institutional Animal Care

Restraint stress

The restraint protocol used in this study was performed as
previously described (Kim and Han, 2006, 2009). To avoid any
nonspeciﬁc response all mice were initially handled for a
week. To minimize external noise, vibration, and cross contamination between control and stress groups, animal cages
were separated by physical barriers during treatment. Male
mice weighing 22–25 g were individually placed head ﬁrst
into well-ventilated 50 ml polypropylene conical tubes. Nonstressed control mice were placed in their home cages before
sacriﬁce. Mice were then completely restrained in this device
for 2 h. Blood collection and transcardiac perfusion were
performed immediately after restraint stress (Kim and Han,
2006).

4.5.

Corticosterone assay

The corticosterone assay used in this study has been previously described (Kim and Han, 2006, 2009). Males, each
group with 5–6 animals, were used for the analysis. Blood was
collected by cardiac puncture at the indicated time points and
centrifuged at 1000g for 15 min to obtain plasma. Plasma
corticosterone levels were then assessed using a competitive
enzyme immunoassay kit (Cayman, Ann Arbor, MI, USA).
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This assay has low cross-reactivity with other major steroid
hormones and a detection limit of approximately 30.0 pg/ml.

4.6.

Immunohistochemistry

Mice were transcardially perfused with PBS followed by 4%
formaldehyde in PBS. Perfused brains were dissected; postﬁxed overnight, and then cut into 40 μm coronal sections on a
vibratome (Leica, Vibratome VT1000A). Sections were incubated in 5% normal fetal bovine serum in PBS for 1 h at RT
and then incubated with rabbit anti-c-Fos antibody (1:1000,
Santa Cruz) for 16 h at 4 1C. Immunohistochemistry was then
performed using biotinylated secondary anti-rabbit IgG (Vector Laboratories, Burlingame, CA, USA), avidin-biotinylated
peroxidase complex (ABC kit, Vector Laboratories), and
3,30 -diaminobenzidine (Sigma, Saint Louis, MO, USA). Sections containing the dorsal striatum (0.37 mm  0.37 mm),
ventral aspect of medial prefrontal cortex (mPFCv, 0.37 mm 
0.37 mm), cortex (cingulate cortex and motor cortex, 1.4 mm 
1.0 mm), and nucleus accumbens (NAc; 0.37 mm  0.37 mm) at
anteroposterior þ1.0 mm from the bregma were selected, and
c-Fos positive nuclei from both hemispheres were counted.
Sections containing the paraventricular nucleus of the
hypothalamus (PVN) at anteroposterior  0.8 mm from the
bregma were also used. c-Fos positive cells were evaluated
under the microscope. Qualitatively, valuations of c-Fos induction levels were performed manually in a blind manner in
terms of genotypes and restraint applied, by following the
procedure introduced by Kim and Han (2009). Males, groups of
5–12 animals, and 2–3 sections for each region per each
animal, were used for counting.

4.7.

Statistical analysis

GraphPad PRISM software (GraphPad Software Inc., CA, USA)
was used to perform statistical analyses. One-way (corticosterone assay) or two-way ANOVA tests (sucrose preference
test, genotype  sucrose concentration; c-Fos induction assay,
genotype  stress effect; and corticosterone assay, genotype  stress effect), followed by Tukey's and Bonferroni post
hoc tests, were performed. All data were presented as the
mean7S.E.M. and statistical differences at the 5% level were
considered signiﬁcant.
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Kovács, K.J., 1998. c-fos as a transcription factor: a stressful
(re)view from a functional map. Neurochem. Int. 33 (4),
287–297.
Krishnan, V., Nestler, E.J., 2008. The molecular neurobiology of
depression. Nature 455 (7215), 894–902.
Krishnan, V., Nestler, E.J., 2011. Animal models of depression:
molecular perspectives. Curr. Top. Behav. Neurosci. 7, 121–147.
Kuopio, A.M., Marttila, R.J., Helenius, H., Toivonen, M., Rinne, U.
K., 2000. The quality of life in Parkinson’s disease. Mov. Disord.
15 (2), 216–223.
Lemke, M.R., 2008. Depressive symptoms in Parkinson’s disease.
Eur. J. Neurol. 1, 21–25.
Macht, M., Brandstetter, S., Ellgring, H., 2007. Stress affects
hedonic responses but not reaching-grasping in Parkinson’s
disease. Behav. Brain Res. 177 (1), 171–174.
Matthews, K., Robbins, T.W., 2003. Early experience as a
determinant of adult behavioural responses to reward: the
effects of repeated maternal separation in the rat. Neurosci.
Biobehav. Rev. 27 (1–2), 45–55.
Maxwell, S.L., Ho, H.Y., Kuehner, E., Zhao, S., Li, M., 2005. Pitx3
regulates tyrosine hydroxylase expression in the substantia
nigra and identifies a subgroup of mesencephalic
dopaminergic progenitor neurons during mouse
development. Dev. Biol. 282 (2), 467–479.
McDonald, W.M., Richard, I.H., DeLong, M.R., 2003. Prevalence,
etiology, and treatment of depression in Parkinson’s disease.
Biol. Psychiatry 54 (3), 363–375.
Moghaddam, B., 1993. Stress preferentially increases
extraneuronal levels of excitatory amino acids in the
prefrontal cortex: comparison to hippocampus and basal
ganglia. J. Neurochem. 60 (5), 1650–1657.

9

Mora, S., Dussaubat, N., Diaz-Veliz, G., 1996. Effects of the estrous
cycle and ovarian hormones on behavioral indices of anxiety
in female rats. Psychoneuroendocrinology 21, 609–620.
Nestler, E.J., Barrot, M., DiLeone, R.J., Eisch, A.J., Gold, S.J.,
Monteggia, L.M., 2002. Neurobiology of depression. Neuron 34
(1), 13–25.
Nunes, I., Tovmasian, L.T., Silva, R.M., Burke, R.E., Goff, S.P., 2003.
Pitx3 is required for development of substantia nigra
dopaminergic neurons. Proc. Natl. Acad. Sci. USA 100 (7),
4245–4250.
Pariante, C.M., Miller, A.H., 2001. Glucocorticoid receptors in
major depression: relevance to pathophysiology and
treatment. Biol. Psychiatry 49 (5), 391–404.
Pienaar, I.S., Kellaway, L.A., Russell, V.A., Smith, A.D., Stein, D.J.,
Zigmond, M.J., Daniels, W.M., 2008. Maternal separation
exaggerates the toxic effects of 6-hydroxydopamine in rats:
implications for neurodegenerative disorders. Stress 11 (6),
448–456.
Radley, J.J., Arias, C.M., Sawchenko, P.E., 2006. Regional
differentiation of the medial prefrontal cortex in regulating
adaptive responses to acute emotional stress. J. Neurosci. 26
(50), 12967–12976.
Rieger, D.K., Reichenberger, E., McLean, W., Sidow, A., Olsen, B.R.,
2001. A double-deletion mutation in the Pitx3 gene causes
arrested lens development in aphakia mice. Genomics 72 (1),
61–72.
Schrag, A., 2006. Quality of life and depression in Parkinson’s
disease. J. Neurol. Sci. 248 (1–2), 151–157.
Senba, E., Ueyama, T., 1997. Stress-induced expression of
immediate early genes in the brain and peripheral organs of
the rat. Neurosci. Res. 29 (3), 183–207.
Simpson, J., Kelly, J.P., 2012. An investigation of whether there
are sex differences in certain behavioural and neurochemical parameters in the rat, Behav. Brain Res. 229 (1),
289–300.
Smith, L.K., Jadavji, N.M., Colwell, K.L., Katrina Perehudoff, S.,
Metz, G.A., 2008. Stress accelerates neural degeneration and
exaggerates motor symptoms in a rat model of Parkinson’s
disease. Eur. J. Neurosci. 27 (8), 2133–2146.
Smidt, M.P., Asbreuk, C.H., Cox, J.J., Chen, H., Johnson, R.L.,
Burbach, J.P., 2000. A second independent pathway for
development of mesencephalic dopaminergic neurons
requires lmx1b. Nat. Neurosci. 3 (4), 337–341.
Smidt, M.P., Smits, S.M., Bouwmeester, H., Hamers, F.P., van der
Linden, A.J., Hellemons, A.J., Graw, J., Burbach, J.P., 2004. Early
developmental failure of substantia nigra dopamine neurons
in mice lacking the homeodomain gene pitx3. Development
131 (5), 1145–1155.
Smidt, M.P., van Schaick, H.S., Lanctôt, C., Tremblay, J.J., Cox, J.J.,
van der Kleij, A.A., Wolterink, G., Drouin, J., Burbach, J.P., 1997.
A homeodomain gene Ptx3 has highly restricted brain
expression in mesencephalic dopaminergic neurons. Proc.
Natl. Acad. Sci. USA 94 (24), 13305–13310.
Takahashi, E., Niimi, K., Itakura, C., 2010. Neonatal motor
functions in Cacna1a-mutant rolling Nagoya mice. Behav.
Brain Res. 207 (2), 273–279.
van den Munckhof, P., Luk, K.C., Ste-Marie, L., Montgomery, J.,
Blanchet, P.J., Sadikot, A.F., Drouin, J., 2003. Pitx3 is required
for motor activity and for survival of a subset of midbrain
dopaminergic neurons. Development 130 (11), 2535–2542.
van den Munckhof, P., Gilbert, F., Chamberland, M., Lévesque, D.,
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