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Effect of treadmill exercise on social interaction and
tyrosine hydroxylase expression in the attention-deficit/

hyperactivity disorder rats

Dae-Jung Baek, Chae-Bin Lee, Seung-Soo Baek*

Department of Sport & Health Science, College of Natural Science, Sangmyung University, Seoul, Korea

Attention-deficit/hyperactivity disorder (ADHD) involves clinically het-
erogeneous dysfunctions of sustained attention, with behavioral hyper-
activity and impulsivity. The exact underlying mechanisms of ADHD are
not known, however, impairment of dopaminergic system in the ni-
grostriatal pathway was suggested as the one of the possible mecha-
nisms of ADHD. Tyrosine hydroxylase (TH) is the rate-limiting enzyme
thatis involved in the synthesis of dopamine. Spontaneous hypertensive
rats have been used as the animal model for ADHD. Physical exercise
is known to restore the brain functions disrupted by several neurode-
generative and psychiatric disorders. In the present study, we investi-
gated whether treadmill exercise exerts therapeutic effect on ADHD.
Social interaction test for the evaluation of impulsivity was performed

INTRODUCTION

Attention deficit/hyperactivity disorder (ADHD) is a develop-
mental disorder, most often diagnosed in childhood (Pastor and
Reuben 2008) and characterized by attention deficit, hyperactivity,
and impulsivity. In addition, ADHD rats often exhibit hyper-social
behavior and hyper-responsiveness behavior (Dela Pefia et al., 2013).

It has been widely known that dopamine plays a major role for
the modulation of neuroendocrine functions, cognition, attention,
reward, and behaviors including motor activity. Dysfunction of
dopamine signaling has a relation to the brain disorders such as
Parkinson’s disease and ADHD (Yoon et al., 2007). Some studies
showed that dysfunction of dopamine signaling in the midbrain
substantia nigra (SN) is one of the most possible mechanisms of
the behavioral symptoms of ADHD (Bowton et al., 2010; Vol-

using spontaneous hypertensive rats. TH expressions in the substantia
nigra and striatum were evaluated by immunohistochemistry. In the
present results, the rats of ADHD model showed hyper-social behav-
iors. TH expressions in the substantia nigra and striatum were de-
creased in the rats of ADHD model. Treadmill exercise alleviated hy-
per-social behaviors in the ADHD rats. TH expressions of ADHD rats
were also enhanced by treadmill exercise. Here in this study, we
showed that treadmill exercise effectively alleviates the ADHD-induced
symptoms through enhancing of TH expression in the brain.
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kow et al., 2007). SN plays an important role in brain functions,
particularly in movement, motor planning, reward seeking, learn-
ing, and addiction (Ji et al., 2014). The nigral dopaminergic input
to the striatum via the nigrostriatal pathway is intimately linked
with the striatum’s function (Nicola et al., 2000). Tyrosine hy-
droxylase (TH) is the rate-limiting enzyme synthesizing catechol-
amine neurotransmitters, and it converts L-tyrosine to L-dihy-
droxyphenylalanine (L-DOPA), which is the rate-limiting step in
the dopamine synthesis. TH activity is decreased according to the
loss of dopamine neurons in the SN (Haavik and Toska, 1998).
Exercise improves recovery from nigrostriatal dopamine injury
and changes the dopaminergic neurotransmission in nigrostriatal
system (O'Dell et al., 2007). Physical activity enhanced working
speed and social behavioral problems, and diminished hyperactiv-
ity in ADHD children (Majorek et al., 2004). Treadmill exercise
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ameliorated symptoms of ADHD rats (Ji et al., 2014; Kim et al.,
2011). Despite a variety of studies on the effect of treadmill exer-
cise on various neuro-psychiatric disorders (Heo et al., 2014; Jee
et al., 2008), there is no available data on the effects of treadmill
exercise on the symptoms relief in the ADHD patients.

In the present study, we investigated the effect of treadmill ex-
ercise on the social interaction in relation with TH expression in
the ADHD rats.

MATERIALS AND METHODS

Animals and treatments

Adult male spontaneously hypertensive rats (SHR) weighing
210+10 g were used as the ADHD animal model because the
SHR displays the major symptoms of ADHD, such as inatten-
tion, hyperactivity, and impulsiveness (Sagvolden, 2000). Wis-
tar-Kyoto (WKY) rats weighing 210+ 10 g were used as the con-
trol in this study, according to the previous study (Hopkins.,
2009). The rats were housed under controlled temperature
(20+2°C) and lighting conditions (07:00-19:00), with food and
water made available a /ibitum throughout the experiments. Ani-
mals were randomly divided into four groups (#=12 in each
group): control group, ADHD group, ADHD-treadmill exercise
group, and ADHD-methylphenidate-treated group. All animal
procedures were performed in accordance with the animal care
guidelines of the National Institutes of Health (NIH) and the Ko-
rean Academy of Medical Sciences.

Treadmill exercise protocol

The rats in the treadmill exercise groups were subjected to run

Fig. 1. Social interaction test.
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on a treadmill for 30 min once a day, seven times a week, contin-
ued for 28 days. Exercise load for the exercise groups consisted of
running at a speed of 2 meters/min for the first 5 min, at a speed of
5 meters/min for the next 5 min, and then at a speed of 8 meters/
min for the last 20 min, with the 0° inclination. This intensity
corresponded to the low-intensity treadmill exercise (% maximal
oxygen consumption) according to the rats in this age (Bedford et

al., 1979).

Social interaction test

The social interaction (SI) test was conducted, according to the
previous studies (Sams-Dodd, 1998; Calzavara et al., 2011). The
test was performed in an open-field (97 cm in diameter and 32.5
cm high, with an open top and a floor divided into 19 similar
parts) under dim light (25 W) (Fig. 1). Pairs of unfamiliar rats re-
ceiving the same treatment were placed simultaneously into the
apparatus approximately 80 cm apart. Social behavior and general
motor activity parameters were scored live for 10 min. Time spent
in active (sniffing and following) or passive (when animals lie next
to each other within a distance of 5 cm from skin to skin) SI was
scored for each rat. The total SI time was quantified for each rat by
finding the sum of the time spent engaged in active and passive
social behaviors. Locomotor activity (the number of floor squares
entered) and rearing frequency (the number of times each animal
stood on its hind legs) were also quantified. In all experiment, the
observers were blind to the treatment and strain of the rats

Tissue preparation
For brain tissue preparation, the animals were fully anesthetized
with Zoletil 50° (10 mg/kg, i.p.; Vibac Laboratories, Carros,
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France), transcardially perfused with 50 mM phosphate-buffered
saline (PBS), and then fixed with a freshly prepared solution con-
sisting of 4% paraformaldehyde (PFA) in 100 mM phosphate buf-
fer (PB, pH 7.4). The brains were then removed, postfixed in the
same fixative overnight, and transferred into a 30% sucrose solu-
tion for cryoprotection. Coronal sections of 40 pm thickness were
made using a freezing microtome (Leica, Nussloch, Germany).

TH immunhistochemistry

For immunolabeling of TH in the striatum and SN, TH immu-
nohistochemistry was performed as the previously described meth-
od (Kim et al., 2011). Free-floating tissue sections were incubated
overnight with mouse anti-TH antibody (1:1,000, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and the sections were then
incubated for 1 h with biotinylated anti-mouse secondary antibody
(1:200, Vector Laboratories, Burlingame, CA, USA). The sections
were subsequently incubated with avidin-biotin-peroxidase com-
plex (Vector Laboratories) for 1 h at room temperature. Immunore-
activity was visualized by incubating the sections in a solution
consisting of 0.05% 3,3-diaminobenzidine (DAB) and 0.01%
H>0: in 50 mM Tris-buffer (pH 7.6) for approximately 3 min.
The sections were then washed three times with PBS and mounted
onto gelatine-coated slides. The slides were air-dried overnight at

room temperature, and coverslips were mounted using Permount®.

Data analysis

The area of striatum and SN from each slice was measured us-
ing Image-Pro® Plus computer-assisted image analysis system
(Media Cyberbetics Inc., Silver Spring, MD, USA) attached to a
light microscope (Olympus, Tokyo, Japan). The number of
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TH-positive cells in the SN was counted hemilaterally through a
light microscope (Olympus). TH-immunoreactive fiber density in
the striatum was measured in 100 pm x 100 pm square images of
the striatum using animage analyzer (Multiscan, Fullerton, CA,
USA). To estimate TH-staining density, optical densities were
corrected for the non-specific background density, which was
measured in the completely denervated parts of the striatum.
TH-positive fiber density ratios in the striatum were calculated as
follows: optical density in the lesion side/optical density in the in-
tact side. The number of TH-positive cells in the SN was counted
hemilaterally through a light microscope (Olympus, Tokyo, Ja-
pan).

Statistical analysis was performed using one-way ANOVA fol-
lowed by Duncan’s post-hoc test, and the results are expressed as
the mean + standard error of the mean (SEM). Significance was set
as P<0.05.

RESULTS

Effect of treadmill exercise on social interaction in the
ADHD-induced rats

The activity score of the social interaction test is presented in
Fig. 2. Non-aggressive behavior score was 11.14+1.21 in the con-
trol group, 22.69+ 1.43 in the ADHD group, 21.57+1.01 in the
ADHD-treadmill exercise group, and 20.61+0.78 in the
ADHD-methylphenidate-treated group. Aggressive behavior
score was 3.89+0.53 in the control group, 22.63+6.91 in the
ADHD group, 10.36+1.82 in the ADHD-treadmill exercise
group, and 6.48+0.51 in the ADHD-methylphenidate-treated
group. In the present results, non-aggressive and aggressive be-
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Fig. 2. Effect of treadmill exercise on social interaction in the attention-deficit hyperactivity disorder-induced rats. (A) No-aggressive behavior, (B) aggressive behavior.
A: Control group, B: ADHD group, C: ADHD-treadmill exercise group, D: ADHD-methylphenidate-treated group. *represents P<0.05 compared to the control group.

* represents P<0.05 compared to the ADHD group.
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haviors in the ADHD rats were higher than that in the control
rats. In contrast, both treadmill exercise and methylphenidate did
not exert any effects on non-aggressive behaviors in the ADHD
rats. Interestingly, aggressive behaviors were significantly de-
creased by treadmill exercise and methylphenidate treatment in
the ADHD rats (P <0.05).

Effect of treadmill exercise on TH expression in the SN of
the attention-deficit/hyperactivity disorder-induced rats

Fig. 3 shows TH-positive cells in the SN of ADHD rats. The
number of TH-positive cells in the SN was 438.16+35.21/mm”
in the control group, 245.98+37.45/mm’ in the ADHD group,
360.32+41.13/mm” in the ADHD-treadmill exercise group, and

337.89+31.89/mm’ in the ADHD-methylphenidate-treated
group. The results indicate that ADHD rats showed suppressed
TH-positive cells in the SN compared to the control rats (P < 0.05).
In contrast, the number of TH-positive cells in the SN was sig-
nificantly enhanced by treadmill exercise and methylphenidate
treatment in the ADHD rats (P <0.05).

Effect of treadmill exercise on TH-immunoreactive fiber
density in the striatum of the ADHD-induced rats

Fig. 4 shows TH-immunoreactive fiber density in the striatum
of ADHD rats. The TH-immunoreactive fiber density in the stri-
atum was 123.65+3.21/mm? in the control group, 107.87+2.12/
mm’ in the ADHD group, 119.25+1.96/mm” in the ADHD-
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Fig. 3. Effect of treadmill exercise on tyrosine hydroxylase (TH) expression in
the substantia nigra of the attention-deficit/hyperactivity disorder-induced rats.
Upper: Photomicrographs of TH-positive cells in the substantia nigra, The scale
bar represents 200 pm. Lower: Number of TH-positive cells in the substantia
nigra. The data present means + standard error of the mean. (A) Control group,
(B) ADHD group, (C) ADHD-treadmill exercise group, (D) ADHD-methylpheni-
date-treated group. *represents P<0.05 compared to the control group. rep-
resents P<0.05 compared to the ADHD group.
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Fig. 4. Effect of treadmill exercise on tyrosine hydroxylase (TH)-immunoreac-
tive fibers in the striatum of the attention-deficit/hyperactivity disorder-induced
rats. Upper: Photomicrographs of TH-positive fibers in the striatum, The scale
bar represents 200 pm. Lower: Optical density of TH-immunoreactive fibers in
the striatum. The data present means + standard error of the mean. (A) Control
group, (B) ADHD group, (C) ADHD-treadmill exercise group, (D) ADHD-methyl-
phenidate-treated group. *represents P<0.05 compared to the control group.
*represents P<0.05 compared to the ADHD group.
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treadmill exercise group, and 120.03+2.23/mm’ in the ADHD-
methylphenidate-treated group. The results indicate that the
ADHD rats showed suppressed TH-immunoreactive fiber density
in the striatum compared to the control rats (P <0.05). In con-
trast, TH-immunoreactive fiber density in the striatum was sig-
nificantly enhanced by treadmill exercise and methylphenidate
treatment in the ADHD rats (P < 0.05).

DISCUSSION

SHRs were used as the most commonly accepted animal model
for ADHD, because they exhibit hyperactivity, impulsivity, and
poorly sustained attention (Sagvolden, 2000). This SHRs displayed
non-aggressive and aggressive behaviors in the social interaction
test as we expected. WKY rats, used as the control group, did not
show any behavior symptoms of ADHD. These symptoms of
ADHD, observed in the present study, are thought to be closely
associated with hyper-social behavior and dysfunction of dopami-
nergic system in some brain regions compared with WKY rats.

Dopamine is a prominent neurotransmitter in regulating brain
processes related with exercise. Hypo-function of the dopaminer-
gic system leads to movement disorders (Servan-Schreiber et al.,
1998). These conditions led to delayed aversion, development of
hyperactivity in novel situations, impulsiveness, deficient atten-
tion, and increased behavioral variability (Sagvolden et al., 2005).
Suppressed dopamine activity in caudate is associated with inat-
tention in the adults with ADHD (Volkow et al., 2007). Many
studies have suggested the possibility that dysfunction of dopa-
mine signaling in the midbrain is one of the main mechanisms of
hyperactivity (Bowton et al., 2010; Ji et al., 2014; Kim et al.,
2011). In the present results, hyper-social behavior was observed
in the ADHD rats, and expression of TH in the SN and striatum
were significantly decreased in the ADHD rats. The present study
suggests that hyper-social behavior in the ADHD rats is associat-
ed with down-regulation of dopamine in the SN and striatum.

Exercise is known to improve working speed and social behav-
ior problems and to diminish hyperactivity in ADHD children
(Majorek et al., 2004). Treadmill exercise showed alleviating effect
on the hyperactivity in the ADHD rats (Hopkins et al., 2009;
Kim et al. 2011). Increased dopamine synthesis by exercise en-
hanced the survival of dopaminergic neurons in the SN and tread-
mill running also alleviated some symptoms of ADHD (Hattori
et al., 1994; Kim et al., 2011). In the present results, treadmill
exercise suppressed hyper-social behavior and also enhanced TH
expression in the SN and striatum.
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In conclusion, the present study has shown that treadmill exer-
cise has anxiolytic effect on social behavior in the ADHD with in-
creasing effect of TH expression in the SN and striatum. Based on
the present results, treadmill exercise may be a potential useful
therapeutic strategy for the treatment of ADHD.
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