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Abstract

Background: Hyperactivity related behaviors as well as inattention and impulsivity are regarded as the nuclear symptoms of
attention-deficit/hyperactivity disorder (ADHD).

Purpose: To investigate the therapeutic effects of atomoxetine on the motor activity in relation to the expression of the
dopamine (DA) D2 receptor based on the hypothesis that DA system hypofunction causes ADHD symptoms, which would
correlate with extensive D2 receptor overproduction and a lack of DA synthesis in specific brain regions: prefrontal cortex
(PFC), striatum, and hypothalamus.

Methods: Young male spontaneously hypertensive rats (SHR), animal models of ADHD, were randomly divided into four
groups according to the daily dosage of atomoxetine and treated for 21 consecutive days. The animals were assessed using
an open-field test, and the DA D2 receptor expression was examined.

Results: The motor activity improved continuously in the group treated with atomoxetine at a dose of 1 mg/Kg/day than in
the groups treated with atomoxetine at a dose of 0.25 mg/Kg/day or 0.5 mg/Kg/day. With respect to DA D2 receptor
immunohistochemistry, we observed significantly increased DA D2 receptor expression in the PFC, striatum, and
hypothalamus of the SHRs as compared to the WKY rats. Treatment with atomoxetine significantly decreased DA D2

expression in the PFC, striatum, and hypothalamus of the SHRs, in a dose-dependent manner.

Conclusion: Hyperactivity in young SHRs can be improved by treatment with atomoxetine via the DA D2 pathway.
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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a common

childhood and adolescent disorder that affects 5–10% of school-

aged children worldwide [1] and can affect 3–5% of the adult

population [2]. In spite of the high prevalence of ADHD, its exact

pathophysiology has not yet been established. Various biologic

factors have been suggested to contribute to the etiology of the

disease. The ‘‘dopaminergic hypothesis’’ is the most widely

accepted hypothesis by researchers for understanding the ADHD

pathophysiology [3]. It is based on dysregulation in dopaminergic

neurotransmission causing behavioral alterations in both ADHD

and in the spontaneously hypertensive rat (SHR), which has been

used as an ADHD animal model [4]. Initial functional MRI

studies showed decreased activation of the dopamine (DA)

pathway [5] and the DA hypothesis suggested that DA deficits

in specific brain regions, such as cortical areas and/or the

striatum, could produce ADHD symptoms [6]. DA receptors are

the main determinants of the dopamine pathway and are divided

into 2 classes [7]. D1-like receptor subtypes, D1 and D5, couple to

the G protein Gs and activate adenylyl cyclase. The other receptor

subtypes belong to the D2-like subfamily (D2, D3, and D4) and are

prototypic of G-protein coupled receptors that inhibit adenylyl

cyclase. In particular, the DA D2 receptor is closely associated

with neuropsychiatric disorders, including ADHD [8], schizo-

phrenia [9], and depression [10]. The DA D2 receptor belongs to

the G protein-coupled receptor family and its activation inhibits

synaptogenesis [11]. Enhancement of DA D2 receptor function,

induced by increased expression of the Gi-a protein, accounts for

the decreased release of DA in the striatum of SHRs [7]. Further,

Bowton et al. [8] demonstrated that dysregulation of dopamine

transporters, via DA D2-autoreceptors, triggers an anomalous

dopamine efflux associated with ADHD.

It has been known that the cerebral stimulants are closely

related to the DA pathway; however, atomoxetine has been

identified as a selective inhibitor of norepinephrine transporter
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that increases the extracellular concentrations of norepinephrine

and also dopamine in the prefrontal cortex (PFC) [12]. Although

ATX increased DA concentrations in the PFC 3-fold, the

selectivity of ATX for NE effects in the PFC was also

demonstrated [12]. Therefore, it has been recognized that ATX

may have effects on attention, anxiety, and social affect in addition

to hyperactivity [13]. Recent studies reported that atomoxetine

produced changes in impulsivity via D2/D3 receptors [14].

There are several reports about the effects of atomoxetine on

inattention and impulsivity; however, studies on the effect of

atomoxetine on hyperactivity, especially via D2 receptors, are very

rare [15,16]. The pathological mechanisms of ADHD with respect

to DA synthesis, DA receptors, and the effects of atomoxetine on

DA synthesis and DA receptors still remain unclear.

Therefore, we investigated the therapeutic effects of atomox-

etine on the motor activity in relation to the expression of the DA

D2 receptor in the SHR animal model of ADHD based on the

hypothesis that DA system hypofunction causes ADHD symptoms,

which would correlate with extensive D2 receptor overproduction

and a lack of DA synthesis in specific brain regions such as PFC,

striatum, and hypothalamus.

Materials and Methods

Experimental animals and treatments
The SHR is a valid and currently accepted model for the study

of ADHD [17]. The SHRs are known to display hyperactivity,

impulsivity, poor sustained attention, and deficits in learning and

memory processes in comparison with normotensive Wistar-Kyoto

(WKY) rats [4]. Male animals, weighing 18065 g (6-week-old),

were obtained from a commercial breeder (Orient Co., Seoul,

Korea): SHRs served as ADHD rats, and WKY rats as controls.

Each animal was housed under controlled temperature (2362uC)

and lighting (08:00–20:00) conditions, with food and water made

available ad libitum. All experimental procedures were performed

in accordance with the animal care guidelines of the National

Institutes of Health (NIH) and the Korean Academy of Medical

Sciences. The protocol was approved by the Ethics Committee of

Kyung Hee University and the? Institutional Animal Care and

Use Committee (Permit Number: 13-038).

The SHRs were randomly divided into four groups (n = 10 in

each group): the untreated SHR group; the 0.25 mg/kg/day

atomoxetine-treated SHR group; the 0.5 mg/kg/day atomoxe-

tine-treated SHR group; and the 1 mg/kg/day atomoxetine-

treated SHR group. The control group comprised of 10 WKY

rats.

The rats in the atomoxetine-treated groups received atomox-

etine (Strattera, Eli Lilly Co., Indianapolis, IN, USA) orally once a

day for 21 consecutive days, at the respective dosage. The rats in

the control group and the untreated SHR group received an equal

amount of distilled water for the same duration.

Open-field test
Open-field test has often been used for the assessment of

behaviors such as motor activity [18]. Ambulatory and rearing

activities in the open field environment were significantly higher in

juvenile, stroke-prone SHRs than in WKY rats [19]. The open-

field test procedure was performed according to a previous report

[20], testing all of the groups four times: one day before the start of

the atomoxetine (or water) treatment, one week after the start of

treatment, two weeks after the start of treatment, and three weeks

after the start of treatment. The open field box was composed of a

100 cm6100 cm640 cm wooden enclosure, and the field was

divided into 25 squares (20620 cm), defined as 9 central and 16

peripheral squares. Each rat was placed in the central square and

allowed to move freely and explore the environment for 1 minute.

Next, the number of squares that the rat crossed was recorded for

5 minutes. The entire area was cleaned between tests.

Tissue preparation
All of the rats were sacrificed at 21 days after the initiation of

drug treatment. The animals were anesthetized with Zoletil 50

(10 mg/kg, i.p.; Vibac Laboratories, Carros, France), transcar-

dially perfused with 50 mM phosphate-buffered saline (PBS), and

fixed with a freshly-prepared solution of 4% paraformaldehyde in

100 mM phosphate buffer (PB, pH 7.4). Next, the brains were

dissected and postfixed in the same fixative overnight, and

transferred into a 30% sucrose solution for cryoprotection.

Coronal sections of 40 mm thickness were cut with a freezing

microtome (Leica, Nussloch, Germany). Ten slice sections were

obtained from each rat, with each slice containing the prefrontal

cortex (PFC), striatum, and hypothalamus.

DA D2 receptor immunohistochemistry
Immunohistochemistry was performed to immunolabel the

DA D2 receptors in the PFC, striatum, and hypothalamus.

Figure 1. Effect of atomoxetine on hyperactivity in the open
field test. Upper: Pre-open field test. Lower: Open field test for
experimental periods. (%) Control group, (#) SHR group, (D) SHR and
0.25 mg/kg atomoxetine-treatd group, (N) SHR and 0.5 mg/kg
atomoxetine-treatd group, ( ) SHR and 1 mg/kg atomoxetine-treatd
group. * represents p,.05 compared to the control group. represents
p,.05 compared to the SHR group. represents p,.05 compared to
the SHR and 0.25 mg/kg atomoxetine-treated group.
doi:10.1371/journal.pone.0108918.g001
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Free-floating tissue sections were incubated overnight with mouse

anti-DA D2 receptor antibody (1:500, Santa Cruz Biotechnology,

Santa Cruz, CA, USA) and then incubated for 1 hour with

biotinylated anti-mouse secondary antibody (1:200, Vector Labo-

ratories, Burlingame, CA, USA). The sections were subsequently

incubated with avidin-biotin-peroxidase complex (Vector Labora-

tories) for 1 hour at room temperature. To visualize immunoreac-

tivity, the sections were incubated in a solution of 0.05% 3, 3-DAB

and 0.01% H2O2 in 50 mM Tris-buffer (pH 7.6) for approximately

3 minutes. The sections were then washed three times with PBS and

mounted onto gelatin-coated slides. The slides were air-dried

overnight at room temperature, and cover slips were mounted using

Permount.

We calculated the optical density of DA D2 receptor-immuno-

reactive fibers in the PFC, striatum, and hypothalamus in each

slice. First, the areas of PFC, striatum, and hypothalamus in each

slice were measured using the Image-Pro Plus computer-assisted

image analysis system (Media Cybernetics Inc., Silver Spring, MD,

USA) attached with a light microscope (Olympus, Tokyo, Japan).

Next, the DA D2 receptor-immunoreactive fiber densities were

measured in 1006100 mm square images, of the PFC, striatum,

and hypothalamus, using an image analyzer (Multiscan, Fullerton,

CA, USA). To estimate the DA D2 receptor-staining densities, the

optical densities were corrected for the nonspecific background

density, which was measured in completely denervated areas of the

striatum.

Data analysis
Statistical analysis was performed using one-way ANOVA

followed by Duncan’s post-hoc test, and the results were expressed

as the mean 6 standard error of the mean (SEM). The limit for

statistical significance was set at p,0.05.

Results

The open-field tests were carried out one day before the start

of atomoxetine and water treatment, one week after the start of

atomoxetine and water treatment, two weeks after the start of

atomoxetine and water treatment, and three weeks after the start

of atomoxetine and water treatment. At one day before the start of

treatment, the activity score in controls was 4.6060.79, and the

activity score in SHRs was 64.5262.37 (Fig. 1). The activity scores

at one week after the start of treatment, two weeks after the start of

treatment, and three weeks after the start of treatment were

3.6060.84, 4.3061.22, and 3.7060.91, respectively in the control

rats; 59.5062.82, 55.3063.56, and 56.7064.18, respectively in

the untreated SHR group; 50.9062.82, 45.5062.11, and

43.3062.88, respectively in the 0.25 mg/kg/day atomoxetine-

treated SHR group; 46.7062.81, 38.0062.69, and 41.7063.74,

respectively in the 0.5 mg/kg/day atomoxetine-treated SHR

group; and 45.5063.47, 29.5062.28, and 20.1062.81, respec-

tively in the 1 mg/kg/day atomoxetine-treated SHR group. These

results demonstrated that the activity of the SHRs was higher than

that of the control rats. Atomoxetine treatment decreased the

activity of SHRs in a time- and dose-dependent manner

(F(4,45) = 42.178, p,0.001).

The DA D2 receptor-immunoreactive fiber density in the PFC

was 72.2061.77 in the control group, 108.5061.72 in the

untreated SHR group, 95.0062.34 in the 0.25 mg/kg/day

atomoxetine-treated SHR group, 90.6062.55 in the 0.5

mg/kg/day atomoxetine-treated SHR group, and 84.4061.66 in

the 1 mg/kg/day atomoxetine-treated SHR group (Fig. 2). These

results indicated that the DA D2 receptor-immunoreactive fiber

density in the PFCs of SHRs was significantly higher than that in

the PFCs of controls, and atomoxetine treatment significantly and

Figure 2. Effect of atomoxetine on DA D2 receptor expression in the pre-frontal cortex. Upper: Photomicrographs of DA D2 receptor
expression in the pre-frontal cortex. WB: Whole brain. The sections were stained for DA D2 receptor immunoreactivity (brown). The scale bars
represent 50 mm (WB) and 200 mm (A–E). Lower: DA D2 receptor expression in each group. p,0.05 compared to the control group. p,0.05
compared to the untreated ADHD group. p,0.05 compared to the untreated ADHD and 0.25 mg/kg/d atomoxetine-treated ADHD groups. The data
have been presented as mean 6 SEM.
doi:10.1371/journal.pone.0108918.g002
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Figure 3. Effect of atomoxetine on DA D2 receptor expression in the striatum. Upper: Photomicrographs of DA D2 receptor expression in
the striatum. WB: Whole brain. The sections were stained for DA D2 receptor immunoreactivity (brown). The scale bars represent 50 mm (WB) and
200 mm (A–E). Lower: DA D2 receptor expression in each group. p,0.05 compared to the control group. p,0.05 compared to the untreated ADHD
group. p,0.05 compared to the untreated ADHD and 0.25 mg/kg/d atomoxetine-treated ADHD groups. The data have been presented as mean 6
SEM.
doi:10.1371/journal.pone.0108918.g003

Figure 4. Effect of atomoxetine on DA D2 receptor expression in the hypothalamus. Upper: Photomicrographs of DA D2 receptor
expression in the hypothalamus. WB: Whole brain. The sections were stained for DA D2 receptor immunoreactivity (brown). The scale bars represent
50 mm (WB) and 200 mm (A–E). Lower: DA D2 receptor expression in each group p,0.05 compared to the control group. p,0.05 compared to the
untreated ADHD group. p,0.05 compared to the untreated ADHD and 0.25 mg/kg/d atomoxetine-treated ADHD groups. The data have been
presented as mean 6SEM.
doi:10.1371/journal.pone.0108918.g004
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dose-dependently decreased the DA D2 receptor-immunoreactive

fiber density in the PFC (F(4,40) = 44.921, p = 0.001).

The DA D2 receptor-immunoreactive fiber density in the

striatum was 64.4061.57 in the control group, 94.5061.92 in the

untreated SHR group, 83.6060.92 in the 0.25 mg/kg/day

atomoxetine-treated SHR group, 81.8061.10 in the 0.5

mg/kg/day atomoxetine-treated SHR group, and 75.7060.94 in

the 1 mg/kg/day atomoxetine-treated SHR group (Fig. 3). These

results showed that the DA D2 receptor-immunoreactive fiber

density in the striatum of SHRs was significantly higher than that

in the striatum of the controls, and atomoxetine treatment

significantly and dose-dependently decreased the DA D2 recep-

tor-immunoreactive fiber density in the striatum (F(4,40) = 47.480,

p,0.001).

The D2 receptor-positive cell density in the hypothalamus was

90.0060.68 in the control group, 160.2062.35 in the untreated

SHR group, 150.2061.67 in the 0.25 mg/kg atomoxetine-treated

SHR group, 120.8060.74 in the 0.5 mg/kg atomoxetine-treated

SHR group, and 114.4060.77 in the 1 mg/kg atomoxetine-

treated SHR group (Fig. 4). These results showed that the D2

receptor- immunoreactive fiber density in the hypothalamus of

SHRs was significantly higher than that in the hypothalamus of

controls, and atomoxetine treatment significantly and dose-

dependently decreased the number of D2 receptor-positive cells

(F(4,40) = 65.232, p,0.001).

Discussion

The hyperactive motor activity in the experimental animals

improved as the atomoxetine concentration increased: 1 mg/Kg

dosage seems to be more accurate than 0.25 mg/Kg or 0.5

mg/Kg. Interestingly, while the improvement in motor activity in

the 0.25 mg/Kg and 0.5 mg/Kg groups did not continue after 2

weeks of treatment, the 1 mg/Kg/day group displayed continuous

improvement in motor activity even after 2 weeks. This coincides

with the clinical findings, demonstrating slower responses to

atomoxetine than to cerebral stimulants. In other words, the effects

of atomoxetine can be seen after slow titration and optimal dosage.

For improving the motor activity in SHRs, these results indicate

one of the reasons why pharmacotherapy is less effective than

expected, which is inadequate dosage level for treating the

symptoms [21].

Current medications for ADHD management mostly aim to

control brain levels of dopamine and norepinephrine [2]. The

alleviation of ADHD symptoms via atomoxetine treatment

probably correlates with changes in NA and DA levels in the

PFC, thereby enhancing cognitive function in ADHD patients

[22]. In addition, atomoxetine has been demonstrated to increase

the expression of tyrosine hydroxylase-positive cells in the PFC

and substantia nigra [23]. Atomoxetine treatment has also been

reported to suppress DA D2 receptor density in the striatum and

PFC, while NA stimulation increased signaling, by acting

preferentially on the DA D1 receptors in the PFC [23]. Although

studies focusing on the relationship between the DA D2 receptor

and ADHD are rare, Bowton et al. [8] emphasized that the DA D2

receptor acts as a key modulator of DA stimulation in the

dopaminergic system. In this experiment, with respect to DA D2

receptor immunohistochemistry, we observed significantly in-

creased DA D2 receptor expression in the PFC, striatum, and

hypothalamus of the SHRs as compared to the WKY rats. These

findings demonstrated that DA D2 receptor expression was

significantly upregulated in the SHRs than in the control rats.

That is, the dopamine synthesis in the PFC, striatum, and

hypothalamus of the SHRs was lower than that in the PFC,

striatum, and hypothalamus of the control rats. However, the

experiment with DAT-KO mice treated with atomoxetine by

Del’guidice et al. [16] showed amelioration of cognitive perfor-

mance without change in hyperactivity.

In summary, the motor activity in SHRs was decreased in

accordance with the dosage of atomoxetine. This study suggests

that atomoxetine increases DA concentrations in the PFC,

striatum, and hypothalamus, resulting in downregulation of the

DA D2 receptor expression in SHRs.
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