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a b s t r a c t

We examined whether exposure to mild hyperbaric oxygen inhibits the decrease of dopaminergic neu-
rons in the substantia nigra of a neurotoxic animal model with Parkinson’s disease. Mice injected with
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride and probenecid twice a week were divided
into two groups: mice with mild hyperbaric oxygen and those without. The mice with mild hyperbaric
oxygen were exposed to 1317 hPa with 45% oxygen for 3 h, three times a week. The decrease in dopamin-
ergic neurons of mice with Parkinson’s disease was inhibited by 11 weeks of exposure to mild hyperbaric
oxygen. We conclude that exposure to mild hyperbaric oxygen is effective in preventing the progression
alance beam test
issolved oxygen
nhanced atmosphere absolute
mmunohistochemistry
ncreased oxygen concentration
xidative metabolism

of Parkinson’s disease.
© 2017 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).
otarod test

Parkinson’s disease is a progressive neurodegenerative disor-
er in the elderly that is characterized by typical motor symptoms
uch as resting tremors, rigidity, bradykinesia, and gait distur-
ances (Adler, 2005). The conventional therapy using levodopa and
opamine agonists for Parkinson’s disease focuses primarily on
elieving motor symptoms. Another therapy for Parkinson’s disease
ncludes chronic exercise (Bergen et al., 2002; Hirsch et al., 2003;
othakos et al., 2009). However, it is difficult to completely prevent
he degeneration of dopaminergic neurons with these therapies.

Exposure to mild hyperbaric oxygen at 1266–1317 hPa with
5–45% oxygen increases the level of oxygen in blood, especially
he oxygen dissolved in blood plasma, and facilitates oxidative

etabolism in the mitochondrial tricarboxylic acid cycle in cells
nd tissues (Ishihara et al., 2005; Matsumoto et al., 2007). Metabolic
yndrome (Takemura and Ishihara, 2017), lifestyle-related dis-
ases (Gu et al., 2010; Nagatomo et al., 2010a, 2011), and arthritis

Nagatomo et al., 2010b) are inhibited and/or improved when
odents are exposed to mild hyperbaric oxygen.

∗ Corresponding author.
E-mail address: ishihara.akihiko.8s@kyoto-u.ac.jp (A. Ishihara).

ttps://doi.org/10.1016/j.neures.2017.11.008
168-0102/© 2017 The Authors. Published by Elsevier Ireland Ltd. This is an open access
Parkinson’s disease results from the progressive decrease
of dopaminergic neurons in the substantia nigra (Dauer and
Przedborski, 2003) although the mechanisms for this decrease have
not fully been clarified. It is suggested that exposure to mild hyper-
baric oxygen inhibits the decrease in dopaminergic neurons, which
would result in an improvement of Parkinson’s disease because of
the enhancement of oxidative metabolism in dopaminergic neu-
rons.

All experimental and animal care procedures were approved by
the Guidelines for the Care and Use of Laboratory Animals issued by
the Institutional Animal Experiment Committee of Kyoto Univer-
sity (Kyoto, Japan) and conducted in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory Animals.
All efforts were made to minimize both the number of animals used
and their suffering.

Four-week-old male C57BL/6JJmsSlc mice were divided into
the control (CON), Parkinson’s disease (PD), and Parkinson’s dis-
ease with mild hyperbaric oxygen (PDO) groups (n = 12 in each
group). All mice were housed under normobaric conditions,

that is, 1013 hPa with 20.9% oxygen. The PD and PDO groups
were injected with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
hydrochloride (MPTP, 20 mg/kg body weight) and probenecid
(250 mg/kg body weight) twice a week (Tuesday and Thursday)
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Fig. 1. Rotarod and balance beam tests for the CON, PD, and PDO groups. The amount
of time before the mouse dropped off a cylinder rotating at a speed of 22 rpm was
recorded for the rotarod test (A). The time taken by the mouse to move a distance
of 50 cm on a 5 mm-diameter stick (B) and the number of times that the mouse’s
feet slid off the stick (C) were recorded for the balance beam test. CON, control; PD,
Parkinson’s disease; PDO, Parkinson’s disease with mild hyperbaric oxygen. Data
Y. Kusuda et al. / Neuroscie

rom 7 to 18 weeks of age (Meredith et al., 2008). In addition, the
DO group was exposed to mild hyperbaric oxygen at 1317 hPa
ith 45% oxygen using a chamber for exposure to mild hyperbaric

xygen (Japan Patent No. 5076067 dated September 7, 2012; Inven-
or: Akihiko Ishihara) for 3 h (11:00–14:00 h), three times a week
Monday, Wednesday, and Friday).

All mice were evaluated for motor functions using rotarod and
alance beam tests at 16, 17, and 18 weeks of age. The rotarod
est consisted of a 3 cm-diameter cylinder rotating at 22 rpm. The
mount of time before the mouse dropped off the cylinder was
ecorded. For the balance beam test, the time taken by the mouse to
ove a distance of 50 cm on a 5 mm-diameter stick and the number

f times that the mouse’s feet slid off the stick were recorded.
Food and water were provided ad libitum to all mice. The room

as maintained in a controlled 12-h light/dark cycle (dark period
rom 20:00–08:00 h) at 22 ± 2 ◦C with 45–55% relative humidity.

After 11 weeks of the experimental period, the mice were anes-
hetized using sodium pentobarbital (30 mg/kg body weight, via
ntraperitoneal injection). The mice were perfused using phosphate
uffered saline (pH 7.4), followed by 4% paraformaldehyde and 2%
lutaraldehyde. The brains were isolated, fixed, and embedded in
araffin. Serial 4 �m-thick sections were cut using a microtome
nd mounted onto slides. The sections were incubated in primary
ntibody (anti-tyrosine hydroxylase (TH) antibody; EMD Milli-
ore Corporation, Germany) overnight, washed with tris-buffered
aline with Tween 20 (TBST), and incubated in secondary antibody
biotinylated rabbit immunoglobulin G; VECTOR Laboratories, USA)
or 60 min. After washing with TBST, the sections were incubated
sing VECTASTAIN Elite ABC kit (VECTOR Laboratories, USA) for
0 min. They were then rinsed with TBST, incubated using a DAB
ubstrate kit (VECTOR Laboratories, USA) for 6 min, cleared, and
ounted. For each mouse, TH-positive neurons in the substantia

igra were counted in five consecutive sections. Repeated sam-
ling of the same neurons on the serial sections was avoided by
onfirming the position of individual neurons.

The data are expressed as mean and standard deviation. One-
ay analysis of variance (ANOVA) was used to evaluate the
ifferences among the CON, PD, and PDO groups. When the dif-
erences were found to be significant by ANOVA, individual group
omparisons were made using Scheffé’s post hoc test. Statistical
ignificance was set at P < 0.05.

There were no differences in the body weight among the three
roups at 7 (CON, 22.0 ± 0.6 g; PD, 22.0 ± 0.9 g; PDO, 22.7 ± 1.0 g;
= 2.368, P = 0.109) and 18 (CON, 26.9 ± 1.4 g; PD, 26.5 ± 1.1 g; PDO,
7.0 ± 1.1 g; F = 0.467, P = 0.632) weeks of age (the first and last
tages of the experiment, respectively).

There were no differences in the amount of time before the
ouse dropped off the cylinder during the rotarod test among the

ON, PD, and PDO groups at 16 (F = 0.369, P = 0.696), 17 (F = 1.028,
= 0.378), and 18 (F = 0.672, P = 0.521) weeks of age (Fig. 1A).

During the balance beam test, there were no differences in the
ime taken by the mouse to move a distance of 50 cm on the stick
mong the CON, PD, and PDO groups at 16 (F = 0.218, P = 0.805) and
8 (F = 0.217, P = 0.807) weeks of age (Fig. 1B); however, there were
ifferences at 17 weeks of age (F = 3.694, P < 0.05). The time taken by
he mouse to move a distance of 50 cm on the stick was shorter in
he PDO group than in the CON group at 17 weeks of age (P < 0.05).

There were differences in the number of times that the mouse’s
eet slid off the stick during the balance beam test among the
ON, PD, and PDO groups at 16 (F = 14.590, P < 0.05), 17 (F = 11.313,
< 0.05), and 18 (F = 8.135, P < 0.05) weeks of age (Fig. 1C). The num-
er of times that the mouse’s feet slid off the stick was higher in the

D group than in the CON and PDO groups at 16, 17, and 18 weeks
f age (P < 0.05 for all weeks).

There were differences in the number of dopaminergic neu-
ons in the substantia nigra among the CON, PD, and PDO groups
are expressed as mean and standard deviation of 12 mice. aP < 0.05 compared with
CON; bP < 0.05 compared with PD.

(Figs. 2 and 3, F = 39.230, P < 0.05). The number of dopaminergic
neurons in the substantia nigra was lower in the PD group than
in the CON (P < 0.05) and PDO (P < 0.05) groups. The number of
dopaminergic neurons in the substantia nigra was lower in the PDO
group than in the CON group (P < 0.05).

This study examined the effects of exposure to mild hyper-
baric oxygen on motor functions and dopaminergic neurons in the
substantia nigra of mice with MPTP-induced Parkinson’s disease.
Exposure to mild hyperbaric oxygen improved motor functions
in mice with Parkinson’s disease; the number of times that the
mouse’s feet slid off the stick decreased following exposure to
mild hyperbaric oxygen in the PDO group (Fig. 1C). We observed
that exposure to mild hyperbaric oxygen facilitates oxidative
metabolism, particularly in pathways in the mitochondrial tri-
carboxylic acid cycle, thus enhancing the oxidative capacity of

skeletal muscle fibers and the spinal motoneurons innervating
them (Ishihara et al., 2005; Matsumoto et al., 2007). It is suggested
that exposure to mild hyperbaric oxygen has an effect on the neu-
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Fig. 2. Representative sections of the substantia nigra in control (A, B, C), Parkinson’s disease (D, E, F), and Parkinson’s disease with mild hyperbaric oxygen (G, H, I) mice,
stained for tyrosine hydroxylase activity. B and C, E and F, and H and I extended A, D, and G, respectively. Scale bars on G and I are 200 and 100 �m, respectively.
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Fig. 3. Numbers of anti-tyrosine hydroxylase antibody positive neurons in the sub-
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tantia nigra for the CON, PD, and PDO groups. TH+, tyrosine hydroxylase positive.
ata are expressed as mean and standard deviation of 12 mice. aP < 0.05 compared
ith CON; bP < 0.05 compared with PD.

omuscular system, which is largely related to motor functions in
ice with Parkinson’s disease. Therefore, the number of times that

he mouse’s feet slid off the stick was decreased by exposure to mild
yperbaric oxygen. In contrast, there were no effects of exposure
o mild hyperbaric oxygen on the amount of time before the mouse
ropped off the cylinder (Fig. 1A) or the time taken by the mouse to
ove a distance of 50 cm on the stick (Fig. 1B). The reasons for dif-

erences in the motor function of these tests were not elucidated in
his study. Multiple performance tests (e.g., rotarod, balance beam,
ole, and open-field tests) are required for the evaluation of motor
unctions in mice with Parkinson’s disease, because of behavioral
nomalies in individual mice.

The decrease in the number of dopaminergic neurons in the
ubstantia nigra of mice with Parkinson’s disease was inhibited
y exposure to mild hyperbaric oxygen (Fig. 3). Increased atmo-
pheric pressure, accompanied by a high oxygen concentration,
nhances the partial pressure of oxygen and increases dissolved
xygen in blood plasma (Ishihara et al., 2014). When water vapor
ressure, concentration of carbon dioxide in the alveolus, and
he respiratory exchange ratio are set at 47 mmHg, 40 mmHg,
nd 0.85, respectively, the estimated levels of oxygen dissolved
n blood plasma under mild hyperbaric oxygen conditions at
317 hPa with 45% oxygen (1.18 ml/dL blood plasma) are 3.7 times
hose under normobaric conditions at 1013 hPa with 20.9% oxy-
en (0.32 ml/dL blood plasma). Exposure to mild hyperbaric oxygen
nhances the oxidative capacity of pathways in the mitochon-
rial tricarboxylic acid cycle, thus improving oxidative metabolism

n cells and tissues. Therefore, we hypothesized that exposure
o mild hyperbaric oxygen inhibits the decrease in dopaminer-
ic neurons induced by Parkinson’s disease, because it activates
xidative metabolism in the dopaminergic neurons. It is suggested
hat peroxisome proliferator-activated receptor-� coactivator 1-�
PGC-1�) is one of the factors that contributes to the improvement
n oxidative metabolism of dopaminergic neurons in Parkinson’s
isease, because cell oxidative metabolism, mitochondrial biogen-
sis, oxidative stress, and gene expression are regulated by PGC-1�,
hich is a transcriptional coactivator (Wu et al., 1999; Liang

nd Ward, 2006). A previous study (Mudò et al., 2012) observed
hat transgenic mice overexpressing PGC-1� are resistant to both
opaminergic neuron degeneration in the substantia nigra and
opamine disappearance in the striatum.

Hyperbaric oxygen therapy, which is an established med-
cal treatment and is usually conducted under conditions of

026–3039 hPa with 100% oxygen, induces many diseases and
omplications, including atherosclerosis, cataract, retinopathy,
yocardial infarction, hypertension, diabetes, renal failure, and

remia (Padgaonkar et al., 2000; Griendling and FitzGerald,
esearch 132 (2018) 58–62 61

2003; Oter et al., 2005, 2007; Gesell and Trott, 2007). Exces-
sive atmospheric pressure and oxygen concentration, especially in
treatments with 100% oxygen, have been shown to increase the
number of invasive inflammatory cells (Folz et al., 1999) and cause
excessive production of reactive oxygen species in several tissues
and organs (Narkowicz et al., 1993). In this study, the condition of
mild hyperbaric oxygen was produced using 1317 hPa and 45% oxy-
gen. Such side effects, including oxidative stress and barotrauma,
are not induced by these conditions (Nagatomo et al., 2012). Expo-
sure to mild hyperbaric oxygen also poses negligible risk of fire
and explosion because of relatively low atmospheric pressure and
oxygen concentration.

We conclude that exposure to mild hyperbaric oxygen at
1317 hPa with 45% oxygen inhibits the decrease of dopaminergic
neurons, which results in the improvement of Parkinson’s disease
because it activates oxidative metabolism in dopaminergic neu-
rons.
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