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Hyperoxygenation therapy remediates neuronal injury and improves cognitive function in various animal models. In the present study, the opti-

mal conditions for hyperoxygenation treatment of stress-induced maladaptive changes were investigated. Mice exposed to chronic restraint stress

(CRST) produce persistent adaptive changes in genomic responses and exhibit depressive-like behaviors. Hyperoxygenation treatment with 100%

0, (HO,) at 2.0 atmospheres absolute (ATA) for 1 h daily for 14 days in CRST mice produces an antidepressive effect similar to that of the anti-

depressant imipramine. In contrast, HO, treatment at 2.0 ATA for 1 h daily for shorter duration (3, 5, or 7 days), HO, treatment at 1.5 ATA for 1

h daily for 14 days, or hyperbaric air treatment at 2.0 ATA (42% O,) for 1 h daily for 14 days is ineffective or less effective, indicating that repeated

sufficient hyperoxygenation conditions are required to reverse stress-induced maladaptive changes. HO, treatment at 2.0 ATA for 14 days restores

stress-induced reductions in levels of mitochondrial copy number, stress-induced attenuation of synaptophysin-stained density of axon terminals

and MAP-2-staining dendritic processes of pyramidal neurons in the hippocampus, and stress-induced reduced hippocampal neurogenesis. These

results suggest that HO, treatment at 2.0 ATA for 14 days is effective to ameliorate stress-induced neuronal and behavioral deficits.
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INTRODUCTION

Physiological stress activates the hypothalamus-pituitary gland-
adrenal cortex, resulting in glucocorticoid release into the circula-
tory system [1-3]. Glucocorticoids normally enhance and main-
tain metabolic and physiological homeostasis to effectively cope
with internal and environmental changes [4, 5]. However, with
stress overload, chronically released glucocorticoids produce mal-
adaptive changes in the brain, resulting in behavioral impairment
and reduced responsiveness to new stress [1,6].

Rodent models have been used to understand the neural and
molecular mechanisms underlying stress-induced adaptive
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changes in the brain [7-9]. Chronic stress causes oxidative stress
and mitochondrial dysfunction in the brain [10-12] and produces
structural atrophy of pyramidal neurons in the hippocampus
[13-15] as well as, suppression of hippocampal neurogenesis
[16-18]. Chronic stress reduces the expression of brain-derived
neurotrophic factor (BDNF) in the hippocampus [19, 20]. Con-
versely, transgenic overexpression of BDNF in the hippocampus
suppresses stress-induced reduction of dendritic branching in the
CA3 hippocampus and produces antidepressive effects [21]. Mal-
adaptive changes caused by chronic stress result in changes in the
neural activity of various neural networks regulating emotional
behaviors [22]. Thus, chronic stress encompasses the genomic
responses of key factors regulating neural circuits, thereby produc-
ing altered behavioral outputs including depressive behaviors.
Hyperoxygenation with 100% O, (HO,) treatment at 2~3 at-
mospheres absolute (ATA) produces neuroprotective effects in
animal models with traumatic brain injury [23, 24] and ischemic
brain injury [25,26] and enhances hippocampal neurogenesis [27,
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28]. Hyperoxygenation treatment increases the expression of neu-
rotrophic factors, such as BDNE neurotrophin 3 (NT-3), and NT-
4/5 {29, 30], enhances the expression of hypoxia-inducible factors
(HIFs) and HIF-directed signaling events [30-32], and increases
the expression of MeCP2, matrix metalloproteinase-2 (MMP-2),
MMP-9, and tissue plasminogen activator (tPA) in the hippocam-
pus of a transgenic mouse model (Tg-APP/PS1) of Alzheimer
disease (AD) [33]. Hyperoxygenation treatment increases mito-
chondrial function and glycolytic energy metabolism [34]. Fur-
thermore, hyperoxygenation treatment improves neuritic atrophy
of hippocampal neurons and cognitive deficits in Tg-APP/PS1
mice, and these changes are associated with increased expression
of BDNF and TrkB receptor activation in the hippocampus [30,
33]. These results indicate that hyperoxygenation can be used to
treat neuronal and behavioral deficits produced by chronic stress.
However, certain safety and effectiveness concerns have not been
carefully investigated in the brain of animal models of depression.
In the present study, the optimized conditions for hyperoxygen-
ation treatment that stably remedy stress-induced maladaptive

changes were investigated.
MATERIALS AND METHODS

Animals

Male C57BL/6] mice (7-week-old) were purchased from Dae-
han BioLink, Inc. (Eumsung, Chungbuk, Korea). Ncf1 (p47phox)
knockout mice [35] were obtained from the Jackson Laboratory
and were backcrossed to C57BL/6] as previously described [36].
Genotyping of Ncfl KO mice was performed using genomic PCR
with the following primer set: 5-TGGAAGAAGCTGAGAGTT-
GAGG-3"and 5-TCCAGGAGCTTATGAATGACC-3’ The
PCR products were digested with Mspl; the 160 bp fragment was
obtained for wild-type and the 102 and 58 bp fragments were ob-
tained for homozygotes.

Mice were housed in pairs in standard clear plastic cages filled
with wood shavings (TAPVEI, Paekna, Estonia) in a controlled
temperature (23C)- and humidity (50~60%) environment under
12-h light/dark cycle conditions (from 7:00 a.m. to 7:00 p.m.), and
were allowed free access to food in the cages. Mice were handled
in accordance with the animal care guidelines of Ewha Womans
University and restraint treatment procedures in this study were
approved by the Ewha Womans University Animal Care and Use
Committee (IACUC 19-016).

Restraints and imipramine treatment
Mice were restrained as previously described [36, 37]. To imple-
ment restraint, mice were placed in a 50-ml polypropylene tube
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with numerous punched holes for ventilation and restrained for
2 h daily for indicated days. Control mice housed in pairs were
maintained in home cages. Imipramine (10899, Sigma-Aldrich, St.
Louis, MO, USA) was intraperitoneally injected at a dose of 20 mg/
kg/day in a volume of 100 pL for the indicated days.

Hyperbaric oxygenation treatment

Mice were treated with hyperoxygenation using a hyperbaric
chamber (Particla Ltd., Daejeon, South Korea) as previously
described [30, 33, 38]. Mice housed in a clear plastic mini-cage
(18x12x14 cm) (2 or 3 animals per cage) were placed in the hy-
perbaric chamber and exposed to 100% O, daily for 60 min at 2.0
ATA for the indicated number of days. The desired compressed
pressure in the chamber was achieved by supplying the chamber
with 100% O, at 5.0 L/min at 2.0 ATA for 12 min, followed by
continual replenishment with 100% O, at 1.0 L/min for 60 min.
Decompression was performed at a rate of 1.5 L/min for over 40
min. During the hyperoxygenation treatment, oxygen level and
temperature changes inside the chamber were monitored. Hyper-
oxygenation treatment was initiated at 10:00 a.m.

Hyperbaric atmospheric air treatment was performed as previ-
ously described [30]. Mice were treated as described above but
with atmospheric air instead of 100% O, at 2.0 ATA; therefore,
mice were exposed to 42% O, at 2.0 ATA daily for 60 min for the
indicated number of days.

Measurement of mitochondrial DNA copy number and
mitochondrial biogenesis

Quantitative real-time PCR analysis of mitochondrial DNA
(mtDNA) copy number and mitochondrial biogenesis factors
were carried out as previously described [30, 33, 39] with minor
modifications. Briefly, total RNA was isolated from hippocampal
tissue homogenates using the TRIzol reagent (15596-018, Invit-
rogen). Two pg of total RNA were treated with DNAse [ and then
converted into complementary DNA (cDNA) using a reverse tran-
scriptase system (Promega, Madison, WI, USA). Real-time PCR
was performed using the SYBR Green Supermix system (Bio-Rad
Laboratories, Foster City, CA) and the CFX 96 Real-Time PCR
System Detector (Bio-Rad Laboratories). The detected signals
were normalized against the quantity of Gapdh.

For quantification of mitochondrial biogenesis factors, follow-
ing primer sets were used: Sirtl, forward 5-GATCCTTCAGT-
GTCATGGTTC-3 and reverse 5-ATGGCAAGTGGCTCAT-
CA-3’; PGC-1a, forward AAACTTGCTAGCGGTCCTCA-3
and reverse 5-AAACTTGCTAGCGGTCCTCA-3’; Nrfl,
forward 5-GTGCTGATGAAGACTCCCCT-3" and reverse
5- AAACACATGAGGCCGTTTCC-3’; Nrf2, forward 5'-
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and 5’- GAGGTCACCACAACACGAAC-3" and reverse
5-TCACTTCATCCACCCAGAGC-3’; Tfam, forward 5’
and 5°- GCATCCCCTCGTCTATCAGT-3" and reverse
5-CACAGGGCTGCAATTTTCCT-3; Nqol, forward
5-TGAAGGAGGCTGCTGTAGAG-3"and 5-GTTCGGCCA-
CAATATCTGGG-3’; and GAPDH, forward 5-AGAAGGTG-
GTGAAGCAGGCATC-3" and reverse 5-CGAAGGTG-
GAAGAGTGGGAGTTG-3!

Mitochondrial DNA isolation was isolated using Mitochondrial
DNA Isolation Kit (ab65321; Abcam, Cambridge, MA, USA), ac-
cording to the manufacturer’s instructions. Tissue homogenate in
cytosol extraction buffer was centrifuged at 600xg for 10 min at
47T to pellet nuclei and intact cells. The supernatant was collected
and centrifuged at 11,000xg at 4C for 30 min. After removing su-
pernatant, the pellet containing mitochondria was resuspended in
mitochondrial lysis buffer and incubated for 10 min, then added
with enzyme mix and incubated at 50T for 60 min. After treating
with 100% ethanol and kept on ice for 10 min, the reaction was
centrifuged for 5 min and the mtDNA was harvested from the
reaction. Isolated mtDNA was resuspended in TE and was quanti-
fied.

For quantification of mtDNA copy number, following primer sets
were used: mt-Nd1, forward 5-CACTCCTCGTCCCCATTC-
TA-3" and reverse 5-ATGCCGTATGGACCAACAAT-3’;
mt-Nd3, forward 5-TAGTTGCATTCTGACTCCCCCA-3’
and 5-GAGAATGGTAGACGTGCAGAGC-3’; mt-Nd4,
forward 5-ATTATTATTACCCGATGAGGGAACC-3" and
reverse 5'- ATTAAGATGAGGGCAATTAGCAGT-3’; mt-
Nd5, forward 5-TCCTACTGGTCCGATTCCAC-3" and
5-TGATGTCGTTTTGGGTGAGA-3"; mt-Cyb, forward
5-CCCAGCTACTACCATCATTCAAGT-3" and reverse
5-GATGGTTTGGGAGATTGGTTGATGT-3; mt-Coxl,
forward 5-CTGAGCGGGAATAGTGGGTA-3 and reverse
5-TCAGTTTCCAAAGCCTCCA-3"; mt-Atp6, forward
5-AATTACAGGCTTCCGACACAAAC-3" and reverse 5-TG-
GAATTAGAATTGGAGTTCCT-3’; and mt-Dloop, forward
5-AATCTACCATCCGTGAAACCC-3" and reverse 5-GCCCG-
GAGCGAGAAGAG-3.

Immunohistochemistry

Immunohistochemical analysis was performed as previously de-
scribed [30, 37]. Mice were perfused with 0.9% saline via a trans-
cardiac method, followed by perfusion with 4% paraformaldehyde
in 0.1 M phosphate buffer, pH 7.4. Brains were removed and then
fixed further in 4% paraformaldehyde at 4C overnight. Brains
were sliced using a vibratome (Leica V'T 10008; Leica Instruments,

Nussloch, Germany) into 40-pum-thick sections. Brain sections
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were incubated in 3% hydrogen peroxide in 1 X PBS for 30 min
at room temperature (RT) to block endogenous peroxidase activ-
ity and washed three times with PBST. Non-specific binding was
blocked with 5% BSA for 1 h at RT, and samples were incubated
with primary antibody in 5% BSA solution at 4C overnight. For
immunohistochemistry, biotinylated goat anti-mouse IgG (BA-
9200, Vector Laboratories) or biotinylated horse anti-goat IgG
(BA-9500, Vector Laboratories, Burlingame, CA, USA) were used.
After washing, stained signals were visualized using an ABC Elite
kit (PK 6200, Vector Laboratories) and 3,3’-diaminobenzidine
(D5637, Sigma-Aldrich) in 0.1 M Tris-HCI (pH 7.4). For im-
munofluorescent staining, a secondary antibody labeled with
DyLight488 anti-mouse (DI-2594, Vector Laboratories) diluted
at 1:500 in 1 X PBST was used. Stained sections were mounted on
a gelatin-coated slide glass with fluorescent mounting medium
(DAKO) or DAPI staining mounting solution (H-1200, Vector
Laboratories).

For the quantification of MAP-2-stained dendritic density in
the stratum radiatum (SR), the relative intensity of MAP-2 fluo-
rescence levels in the SR over the relative intensity of MAP-2
fluorescence levels in the CA1 pyramidal cell layer was measured
and presented as a ratio of the control. For the quantification of
synaptophysin-stained stained densities of axon terminals in the
SR, the relative intensity of synaptophysin fluorescence levels in
the SR was measured and presented as a ratio of the control. For
the quantification of the thickness of the CA1 and CA3 pyrami-
dal cell layer, the thickness of anti-NeuN-stained CA1 and CA3
pyramidal cell layer was measured and presented as a ratio relative
to the control. Stained sections were analyzed using an Olympus
BX 51 microscope equipped with a DP71 camera. Stained images
were analyzed using MetaMorph Microscopy Automation & Im-
age Analysis software (Molecular Devices Co., San Jose, CA, USA).

The following primary antibodies used: anti-MAP2 (05-346;
Millipore, Burlington, MA, USA, 1:1,000; RRID: AB_309685),
anti-NeuN (MAB377, Millipore), anti-synaptophysin (MAB368,
Millipore, 1:1,000), and anti-VDAC (# PA1-954A, Thermo Fisher
Scientific).

Behavioral tests

The behavioral tests were performed as previously described
(37, 40]. Mice were brought to the behavior testing room 30 min
before the start of each behavioral test. The behavior testing room
was illuminated by indirect light of 20 lux for the sociability test
and 250 lux for the tail suspension test and forced swim test. The
background sound in the testing room was masked with 65 dB of
white noise using a white noise generator (HDT Korea, Seoul, Ko-
rea). After each behavioral test, the parts of the apparatus exposed
417
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to mice were frequently cleaned with 70% ethanol. All behavioral
tests were performed during the light cycle phase (9 a.m.~3 p.m.).

Sociability test

The sociability test was carried out in the two-choice field as pre-
viously described [37, 40]. Briefly, the U-shaped two-choice field
was prepared by partitioning an open field (40 cmx40 cm) with
a wall (20-cm wide and 20-cm high), thereby the open field was
partially divided into two identical fields. A circular grid cage (12
cm in diameterx33 cm in height) was presented on each side of
the U-shaped two-choice field. For habituation to the field, a sub-
ject mouse was allowed to freely explore the U-shaped two-choice
tield with empty circular grid cages on each side for 5 min and re-
turned to their home cage. After 10 min, a social target mouse was
placed in a circular grid cage at one side and the subject mouse
was placed in the center of the U-shaped two-choice field where
the subject mouse was able to see both grid cages. The subject
mouse was allowed to explore both fields for 10 min while record-
ing the trajectory spent in the fields using a video tracking system
(SMART, Panlab S.I, Barcelona, Spain) The field with a circular
grid cage containing the social target and the field with an empty
circular grid cage were defined as the target field and non-target
field, respectively. Social target mice were the same age and sex as
the subject mice and had never been exposed to subject mice from
the acclimation stage. Social target mice were used 3~4 times as a
social target. All behavioral tests were recorded with a computer-
ized video tracking system (SMART; Panlab S.I).

Tail suspension test

The tail suspension test (TST) was performed as previously de-
scribed [37, 40]. Mice were suspended 50 cm above the bottom
floor individually by fixing their tails with adhesive tape to the
ceiling of a shelve (50 cmx25 cmx35 cm). The subject mouse was
suspended for 6 min and the cumulative immobility time mea-
sured. Behavioral performances were recorded using a webcam re-
cording system (HD Webcam C210, Logitech, Newark, CA, USA)
and subsequently analyzed.

Forced swim test

The forced swim test (FST) was performed as previously de-
scribed [37,40]. Mice were placed for 6 min in a Plexiglas cylinder
(15 cm in diameterx27 cm in height) containing water at 24
with a depth of 15 cm, and the cumulative immobility time was
measured for the final 5 min. Immobility was defined as the time
when a mouse was floating with all limbs motionless. The perfor-
mance during the test was recorded using a webcam recording
system (HD Webcam #C210; Logitech) and then analyzed.
418
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Statistical analysis

A two-sample comparison was conducted using Students t-test,
and multiple comparisons performed using one-way ANOVA fol-
lowed by the Newman-Keuls post hoc test or two-way ANOVA
followed by Bonferroni post hoc test. All data are presented as
meantstandard error of the mean (SEM), and statistical signifi-
cance was accepted at the 5% level.

RESULTS

Repeated and hyperbaric hyperoxygenation treatment was
required to produce antidepressive effects

Mice restrained for 2-h daily for 14 days (chronic restraint stress,
CRST) exhibit depressive-like behaviors that last for more than 3
months [11,41]. In the present study, we examined the time course
effects of hyperoxygenation treatment on stress-induced depres-
sive-like behaviors. Mice subjected to CRST were treated with
100% O, at 2.0 ATA for 1 h daily for 3,7, or 14 days from post-
stress day 1, and then were placed in the behavioral tests during
the post-stress days 15 to 21 (Fig. 1A). The 7-day and 14-day HO,
regimens, but not the 3-day HO, regimen, reversed stress-induced
reduction in social interaction in the sociability test (Fig. IA~C).
In the tail suspension test (TST), the 3-day, 7-day and 14-day
duration HO, regimens all suppressed stress-induced increased
immobility (Fig. 1D). However, in the forced swim test (FST),
the 14-day HO, regimen, but not the 3-day and 7-day regimens,
suppressed stress-induced increased immobility (Fig. 1E). These
results indicate that the 3-day or 7-day duration regimen produces
antidepressive effects only in the selective behavioral tests, and the
14-day duration regimen restores a full spectrum of stress-induced
behavioral deficits.

Next, how HO, treatment affects body weight gain was exam-
ined. Mice repeatedly restrained for 2-h showed reduced body
weight during the first 4 days and thereafter their body weight
progressively increased over days, but restraint-exposed mice had
lower body weights than the control until the end of the 14-day
stress phase. During the post-stress period, the body weights of
CRST mice had remained lower than the control (Fig. 2A, B). Post-
stress treatment with the 14-day 2.0-ATA HO, regimen and treat-
ment with the antidepressant imipramine (IMI) in CRST mice did
not change the body weight gain (Fig. 2A, B). The 14-day 2.0-ATA
HO, regimen reversed stress-induced reduced social interaction
in the sociability test and stress-induced increased immobility in
the TST and FST, and hyperoxygenation-induced changes were
comparable to IMI effects. Thus, the 14-day HO, regimen pro-
duces antidepressive effects as similar as those by IMI (Fig. 2C~E).

Next, we investigated whether the 2.0-ATA hyperbaric condition

https://doi.org/10.5607/en21029
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Fig. 1. Repeated hyperoxygenation treatment was required to produce antidepressive effects in CRST mice. (A) Experimental design. CRST mice were
treated with 100% O, (HO,) at 2 ATA for 1 h daily for 3,7, or 14 days. CON (13), naive control; CRST(16), CRST+HO,3d (6), CRST+HO,7d (15), and
CRST+HO,14d (15), CRST mice and CRST mice treated with HO, for 3,7, or 14 days. (n), number of animals for the indicated groups. The results of
two independent sets of experiments were combined. (B, C) The percent time of social interaction in the two-choice field (B) of the sociability test (C) of
the indicated groups. The fields with the social target and the non-target are indicated (B). (D, E) The immobility time in the TST (D) and FST (E) of the
indicated groups. Mean+SEM. ***difference between indicated group. *p<0.05,**p<0.01 (one-way ANOVA and Newman-Keuls post hoc test).

can be replaced with the 1.5-ATA hyperbaric condition. The 14-
day 2.0-ATA HO, regimen in CRST mice reversed stress-induced
increased immobility in the FST and TST after 3~5 days of HO,
treatment and also after 17~19 days of HO, treatment (Fig. 2F~]).
Similar 14-day 1.5-ATA HO, treatment in CRST mice reversed
stress-induced increased immobility in the FST and TST after 3~5
days of HO, treatment. The 14-day 1.5-ATA HO, regimen also
reduced stress-induced increased immobility in the FST, but not
in the TST, after 17~19 days of HO, treatment (Fig. 2F~]). These
results suggest that the 14-day 1.5-ATA HO, regimen and the 14-
day 2.0-ATA HO, regimen produce similar antidepressive effects
shortly after HO, treatment was ceased, and the 14-day 2.0-ATA
HO, regimen produces slightly long-lasting effects than the 14-
day 1.5-ATA HO, regimen.

Hyperbaric air treatment was insufficient to produce
antidepressive effects in CRST mice

Next, we investigated if the high compression and 100%-0O,
components of the 14-day 2.0-ATA HO, regimen are essential for

https://doi.org/10.5607/en21029

its antidepressive effects. In principle, the hyperbaric air at 2.0 ATA
offers high compression effects and also supplies 42% O,. Treat-
ment with hyperbaric air at 2.0 ATA daily for 1 h for 14 days did
not recover stress-induced reduced social interaction in the socia-
bility test and stress-induced increased immobility in the TST and
EST (Fig. 3). These results, together with the results changed by the
14-day 1.5-ATA HO, regimen (Fig. 2F~1), indicate that the 14-day
42% O, treatment is insufficient to produce therapeutic effects,
and are consistent with the notion that hyperbaric conditions with
100% O, are required to produce therapeutic effects.

HO, treatment in CRST mice increased oxidative stress in
the hippocampus of mice

Recently, we reported that mice exposed to chronic stress have
increased oxidative stress with the upregulation of NADPH oxi-
dase subunits including Neutrophil cytosolic factor 1 (Ncfl, also
known as p47phox) in the hippocampus and exhibit depressive-
like behaviors [11, 36]. Although stress-induced accumulated

oxidative stress returns to near basal levels 1~2 days after chronic
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Fig. 2. Repeated and hyperbaric hyperoxygenation treatment in CRST mice produced antidepressive effects. (A) Experimental design. CRST mice
were treated with HO, (100% O,) at 2 ATA for 1 h daily for 14 days or imipramine (IM[; 20 mg/kg/day, i.p.) for 14 days. n=12~20 animals per group. (B)
Body weight changes during the stress phase (days 1~14) and following hyperoxygenation treatment (days 15~28, shaded box) of the indicated groups.
(C~E) The percent time of social interaction in the sociability test (C), and the immobility time in the TST (D) and FST (E) of the indicated groups. (F)
Experimental design. CRST mice were treated with HO, (100% O,) at 1.5 ATA or 2.0 ATA for 1 h daily for 14 days (CRST+HO,-1.5 and CRST+HO,-2.0,
respectively) or imipramine for 14 days (CRST+IMI). IMI, 20 mg/kg/day, i.p. Behavioral tests were performed at post-stress days 15~21 (Exp #1) and at
post-stress days 28~35 (Exp #2). n=10~14 animals per group. (G~J) Immobility time in the TST (G, 1) and FST (H, ]) of the CON, CRST, CRST+HO,-1.5,
CRST+HO,-2.0, and CRST+IMI groups at post-stress days 15~21 and at post-stress days 28~35. Mean+SEM. ***difference between indicated group.
*p<0.05,*p<0.01 (one-way ANOVA and Newman-Keuls post hoc test).

restraint, CRST mice are highly sensitive to upcoming stress due to
the upregulated expression of NADPH oxidase [11]. In contrast,
Ncfl-/- mice exposed to chronic stress have the reduced accumu-
lation of oxidative stress relative to the control and are resilient to
stress-induced behavioral changes [11, 36]. Hyperbaric oxygen

420

www.enjournal.org

treatment also increases oxidative stress in the brain [31, 32].
Therefore, we investigated whether and how hyperoxygenation
treatment in CRST mice, which had an upregulation of NADPH
oxidase [11], accumulates oxidative stress in the brain, and if then
it is mediated by NADPH oxidase.

https://doi.org/10.5607/en21029
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Fig. 3. Hyperbaric air treatment did not produce antidepressive effects.
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(HBA) at 2.0 ATA (42% O,) for 1 h daily for 14 days. n=10~14 animals per
group. (B, C) The percent time of social interaction in the sociability test
(B) and the immobility time in the TST (C) and FST (D) of the indicated
groups. Mean+SEM. ***difference between indicated group. *p<0.05,
*p<0.01 (one-way ANOVA and Newman-Keuls post hoc test).

Histological analysis of brain sections with dihydroethidium
(DHE), a redox-sensitive probe that can be oxidized by superoxide
to form the fluorescent product 2-hydroxyethidium (2-OH-E+),
indicate that a single 1-hour HO, treatment in naive mice tended
to increase DHE intensity in the hippocampus (Fig. 4A~C) and
the 7-day 1-hour HO, regimen in naive wildtype mice significant-
ly increased DHE intensity in the hippocampus (Fig. 4D~F). Naive
Nef1” mice had the basal DHE intensity that was lower than that
of wildtype mice. The 7-day 1-hour HO, regimen in NcfI”" mice
also increased the DHE intensity in a similar fold as that induced
in WT control mice (Fig. 4D~F). These results suggest that HO,
treatment increases oxidative stress, which is NADPH oxidase-
independent.

CRST mice at post-stress day 14 exhibited slightly reduced DHE
intensity compared with the naive control (Fig. 4G~I). Post-stress
treatment with the 14-day HO, regimen, but not the IMI treat-
ment, in CRST mice significantly increased DHE intensity in the
hippocampus compared with CRST control (Fig. 4F~H), and the
increased DHE intensity by 14-day HO, regimen in CRST mice
was seemingly comparable to that induced by the 7-day HO, regi-
men in wildtype mice (Fig. 4D~F).

https://doi.org/10.5607/en21029

HO, treatment rescued stress-induced reduced
mitochondrial DNA copy number in the hippocampus

Chronic stress produces mitochondrial dysfunction in the hip-
pocampus, including the reduction in the mitochondrial electron-
transport complex activities [11] and the mitochondrial DNA
(mtDNA) copy number [12]. In the present study, we investigated
whether HO, treatment changes the expression of the factors
regulating mitochondrial function in the brain. Sirtuin 1 (Sirt1),
peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1a), nuclear respiratory factor 1 and 2 (Nrfl and
Nrf2), transcription factor A mitochondrial (Tfam; a key activator
of mitochondrial transcription), and NAD(P)H:quinone acceptor
oxidoreductase 1 (Nqo1) are key factors regulating mitochondria
biogenesis [42, 43]. Quantitative real-time PCR (qPCR) analysis
indicated that the transcript levels of Sirt1, PGC-1a, Nrfl, and
Tfam tended to be reduced in the hippocampus of CRST mice
compared with naive control, and the transcript levels of Nrf2 and
Ngol were unchanged in CRST mice compared with naive con-
trol. The 14-day HO, regimen or the 14-day IMI regimen in CRST
mice did not significantly change the expression levels of those
factors (Fig. 5A, B).

Next, we investigated whether the 14-day HO, regimen changes
the mtDNA copy number in the brain. qPCR analysis indicated
that PCR-amplification levels of the m¢-Nd I, mt-Nd3, mt-Nd4,
and mt-Nd5, which are components of NADH-ubiquinone oxi-
doreductase (also known as complex I) [44, 45], were reduced in
CRST mice compared with naive control. In contrast, the 14-day
HO, regimen in CRST mice increased the reduced level of mt-
Nd4 and partially mt-Nd5, but not mt-NdI and mt-Nd3. The
qPCR amplification levels of mitochondrial cytochrome b (mt-
Cyb, a component of the ubiquinol-cytochrome ¢ reductase com-
plex or complex I1T), mt-Cox1 (a component of cytochrome ¢ oxi-
dase or complex IV), mt-Atp6 (a component of mitochondrially
encoded ATP synthase or complex V), and mt-Dloop (the non-
coding region of the mitochondrial DNA involved in mtDNA
replication) [44, 45] were reduced in CRST mice compared with
naive control. In contrast, the 14-day HO, regimen increased the
PCR-amplification levels of those mt-DNA sequences compared
with CRST mice (Fig. 5A, C). Overall, these results indicated that
chronic stress decreases the mtDNA copy numbers in the hip-
pocampus, and the 14-day HO, regimen in CRST mice increases
stress-induced reduced mtDNA copy number.

Voltage-dependent anion channel (VDAC), the most abundant
mitochondrial outer membrane protein, functions as a gatekeeper
for the transport of mitochondrial metabolites and calcium, and
apoptosis [46, 47]. Imnmunohistochemical analysis indicated that
CRST mice had reduced VDAC expression in the pyramidal cell
421
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layer of the hippocampus. In contrast, the 14-day HO, regime
in CRST mice increased stress-induced reduced VDAC expres-
sion (Fig. 5D, E). IMI treatment in CRST mice partially increased
stress-induced reduced VDAC expression, although its quantita-
tive value was statistically insignificant (Fig. 5D, E).

Together, these results indicated that chronic stress reduces the
mtDNA copy number and VDAC-dependent mitochondrial
function in the hippocampus and the 14-day HO, regimen in
CRST mice rescues stress-induced mtDNA copy number and

VDAC-mediated functionality of mitochondria.

HO, treatment rescued stress-induced decreased density of
neuritic processes in the hippocampus in CRST mice

Immunohistochemical analysis indicated that CRST mice had a
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reduction in relative MAP-2 levels stained in dendritic processes of
pyramidal neurons in the stratum radiatum (SR) over total MAP-
2 protein levels in the hippocampus. In contrast, treatment with
the 14-day HO, regimen in CRST mice significantly increased the
relative MAP-2 staining levels in the SR in the hippocampus, and
IMI effect tended to increase, but its increase was not statistically
significant (Fig. 6A~C). CRST mice also showed a reduction in
synaptophysin-stained densities in the SR in the hippocampus. In
contrast, the 14-day HO, regimen or IMI treatment reversed the
reduction in synaptophysin-stained densities in the SR (Fig. 6D, E).

The thickness of the pyramidal cell layer of the CA1 and CA3
stained by anti-NeuN tended to be reduced in CRST mice com-
pared with control mice. In contrast, the 14-day HO, regimen or

IMI treatment increased the reduced thickness of the pyramidal

https://doi.org/10.5607/en21029
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cell layer (Fig. 6E~H).

HO, treatment increased stress-induced reduced
neurogenesis in the hippocampus in CRST mice

Immunohistochemical analysis indicated that CRST mice had
decreased numbers of Ki67-positive cells (Ki67; a proliferating cell
marker) and doublecortin (DCX)-positive cells (DCX; a marker of
neuronal precursor) in the dentate gyrus. In contrast, the 14-day
HO, regimen or IMI treatment in CRST mice increased stress-in-
duced reduced numbers of Ki67-positive cells and DCX-positive
cells (Fig. 7).
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DISCUSSION

In the present study, we demonstrated that the 14-day hyper-
oxygenation treatment with 100% O, at 2.0 ATA rescued stress-
induced depressive-like behaviors and remedied behaviors by the
14-day HO, regimen stabled for more than 3 weeks from the end
of HO, treatment (Fig. 1, 2). In contrast, the shorter duration (3,
5 or 7 days) HO, regimens were ineffective or partially effective
(Fig. 1). Interestingly, the 14-day treatment with 100% O, at 1.5
ATA produced antidepressive effects as the 14-day 2.0-ATA HO,
regimen after 3~5 days of HO, treatment. However, antidepressive

https://doi.org/10.5607/en21029
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Fig. 7. HO, treatment increased the reduced neurogenesis in the hippocampus of CRST mice. (A, B) Photomicrographs showing anti-Ki67-stained cells
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effects produced by the 1.5 ATA regimen partially faded away after
17~19 days of HO, treatment (Fig. 2F~]). The 14-day hyperbaric
air treatment at 2.0 ATA, which provides 42% O,, was ineffective
in the all behavioral tests applied (Fig. 3). Together, these results
support that the 14-day HO, treatment with 100% O, at 2.0 ATA
is effective to stably reverse stress-induced depressive-like behav-
iors, whereas the shorter duration 2.0-ATA regimen or the 14-day
1.5-ATA regimen is ineffective or partially effective. Recently, we
reported that HO, treatment with 100% O, at 2.0 ATA for 28 days
in Tg-APP/PS1 Alzheimer disease model mice markedly reduced
plaque deposition in the brain and improved cognitive deficits [30,
33]. However, the hyperbaric air treatment at 2.0 ATA (42% O,) for
28 days did not rescue cognitive deficits of Tg-APP/PS1 mice at all
[30]. These results suggest that Ap-induced neuropathology and
stress-induced maladaptive changes can be relieved by treatment
with 100% O, at 2.0 ATA for a long duration (ex, 14 days), whereas
the 14-day treatment with 42% O, is far from the effective condi-
tion. These results also suggest that although high compression
itself is not essential, it is required to securely deliver molecular

https://doi.org/10.5607/en21029

oxygen to neural cells in the brain. The fact that the 14-day HO,
regimen produced persistent antidepressive effects whereas the
shorter duration HO, regimen produced only partial effects sug-
gests that repeated availability of sufficient levels of molecular oxy-
gen is critical to remedy stress-induced maladaptive changes. The
2.0 ATA regimen should increase molecular oxygen availability in
brain cells higher than that achieved by 1.5 ATA regimen.

VDAC is encoded by nuclear DNA, and VDAC protein is trans-
located into the mitochondrial outer membrane, where it regu-
lates transport of metabolites and Ca™, acting as a gate keeper of
functional mitochondria [46, 47]. Chronic stress reduced VDAC
expression in the pyramidal cell layer in the hippocampus, and the
14-day HO, t regimen in CRST mice reversed stress-induced re-
duced expression of VDAC (Fig. 5), suggesting that chronic stress
causes mitochondrial dysfunction and the 14-day HO, regimen
restores the reduced VDAC-mediated mitochondrial function.
Chronic stress decreased mtDNA copy numbers in the hippocam-
pus. In contrast, the 14-day HO, regimen in CRST mice reversed
stress-induced reduction in the mtDNA copy number (Fig. 5).
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The decrease of mitochondrial copy numbers and reduced VDAC
expression in the brain of CRST mice might be responsible for the
reduction of mitochondrial electron-transport complex activities
induced by CRST [11]. Furthermore, the reduced mitochondrial
copy numbers and resulting mitochondrial-mediated oxidative
stress could affect OXPHOS capacity, and produce energy crisis
and nuclear gene expression alteration [48, 49]. Conversely, HO,
treatment in CRST mice restored stress-induced reduced levels
of mtDNA copy number markers, including mtNd5, mtCyb,
mtATP6,and mtDloop and VDAC expression, although stress-in-
duced reduced levels of mtNd1 and mtNd3 were not significantly
changed (Fig. 5C~E). Expression levels of the mitochondrial bio-
genesis genes, including PGC-1a, Nrf1/2, Tfam and Nqo1 were not
significantly changed by CRST and hyperoxygenation treatment
(Fig. 5B). How hyperoxygenation produces the upregulation of
mtDNA replication, and mitochondrial dynamics and increased
levels of mitochondrial proteins remains to be explored in the fu-
ture. Our results suggest that the underlying mechanism should be
sensitively changed by stress and hyperoxygenation states.
Hyperoxygenation treatment produces diverse cellular and ge-
nomic responses in various models. In HT22 cultured neuronal
cells, hyperoxygenation condition provided with perfluorodecalin
(PFD), a synthetic material that noncovalently dissolves large
amounts of O, and has been used as an O, source [50], reversed
AP42-induced increase in the expression of hypoxia inducible
factor la (Hif-1a), vascular endothelial growth factor A (Vegf-a),
heme oxygenase 1 (Hmox1),and pyruvate dehydrogenase kinase 1
(Pdk1) [30],and AP42-induced decrease in the expression of Bdnf,
Nt3, Nt4/5, and Trkb [30]. Consistent with these in vitro results,
hyperoxygenation treatment with 100% O, at 2.0 ATA for I h daily
for 28 days reversed the enhanced expression of Hif1a, Hmox1,
and Pdk2 and the decreased expression of Bdnf, Nt3,and Nt4/5 in
the hippocampus of Tg-APP/PS1 mice [30]. In mice with subcu-
taneously implanted Matrigel plugs, hyperoxygenation treatment
at 2.8 ATA for 90 min daily for 10 days produced a trophic effect
on migration of vasculogenic bone marrow-derived stem cells via
oxidative stress-mediated activation of the Hif-1/2-regulated path-
way including the induction of Hif-1/2, mitogen-activated protein
kinase (MAPK) 1/2, thioredoxin (7rx) system, Nrf2,and Vegf [51].
These results suggest that hyperoxygenation induces cellular and
genomic responses by increased availability of molecular oxygen.
In fact, HO, treatment at 2.0 ATA in animals has been reported to
increase the O, tension in the brain tissues by 7-10 fold compared
with the O, tension under ambient room air [52-54]. Hyperoxy-
genation therapy in brain injury produced neuroprotective effects
in association with preservation of mitochondrial function [54,
55]. Because high oxygen levels could oxidize the sulfur-con-
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taining amino acids cysteine and methionine in cellular proteins
[56], increased availability of O, in brain cells likely facilitates the
functionality of cellular and nuclear factors to increase expression
of neurotrophic expression [30] or mitochondrial genes (Fig. 5). It
could be valuable to test this hypothesis in the future.

Hyperbaric oxygen treatment increases oxidative stress [31, 57].
Since oxidative stress produces harmful effects in the pathogenesis
of various neural diseases, hyperoxygenation-induced oxidative
stress has hampered widespread acceptance of the use of hyper-
baric oxygen therapy [57, 58]. However, several lines of evidence
suggest that a certain level of oxidative stress induced by hyper-
oxygenation is a critical part of therapeutic effects of hyperbaric
oxygen therapy [31, 57]. Co-treatment with N-acetylcysteine (an
anti-oxidant) blocked hyperoxygenation effects on the induction
of a trophic effect and proliferation of bone marrow-derived stem
cells [51]. HO, treatment at 2.4 ATA for 90 min daily for 7~14 days
in rats with ischemic tissue injury increased the antioxidant en-
zymes Cu/Zn-superoxide dismutase, catalase, and glutathione per-
oxidase, and decreased the pro-oxidant enzymes iNOS and gp91-
phox, thereby decreasing oxygen radical accumulation in ischemic
wound tissue, whereas co-treatment with N-acetylcysteine during
hyperoxygenation blocked those changes [59]. Furthermore,
hyperoxygenation-induced oxidative stress could reduce pro-in-
flammatory cytokines and increases growth factors [56]. Repeated
restraint increases oxidative stress during the stress phase along
with upregulation of NADPH oxidase, and as a result CRST mice
exhibit exaggerated oxidative responses to upcoming stress insults
[11,36]. As demonstrated in the present study, HO, treatment at 2.0
ATA in normal naive mice increased oxidative stress in the hip-
pocampus, in which NADPH oxidase was not a critical player (Fig.
4A~F) and that HO, treatment in CRST mice increased oxidative
stress in a level similar to that induced by HO, treatment in nor-
mal mice (Fig. 4D~I). Therefore, we speculate that the feasibility of
HO, treatment in resolving stress-induced depressive phenotypes
(Fig. 1~3) is possible in part due to the differential mechanisms in
oxidative stress production by CRST and HO, treatment; NADPH
oxidase-dependent mechanism in CRST vs. NADPH oxidase-
independent mechanism in HO, treatment. It is possible that HO,
treatment induces anti-oxidative enzymes, such as Cu/Zn-super-
oxide dismutase, catalase, and glutathione peroxidase [57], and
growth factors, such as BDNF and NT3, and NT4/5 [31, 37, 57],
and those changes could contribute to antagonize stress-induced
maladaptive changes in oxidative stress controls.

Another safety concern in hyperoxygenation therapy is related
with potential oxygen toxicity referring to oxygen poisoning.
Prolonged hyperoxygenation may cause alveolar epithelial and

alveolar capillary endothelial membrane injury, and the tiny air
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sacs (alveoli) in the lung may be filled with fluid and are no longer
inflated, resulting in pulmonary dysfunction [60]. However, in
preclinical and clinical studies, hyperoxygenation therapy at 1.5~3
ATA in a controlled manner has been reported to be safe and
produced therapeutic effects in various acute and chronic models
of diseases [24,61,62]. In the present study, we found no evidence
that repeated HO, treatment at 2.0 ATA in normal mice and CRST
mice produces any signs of harmful effects. Nonetheless, diverse
hyperoxygenation conditions and potential hyperoxygenation-
related risks in various clinical applications need to be explored

and tested in more detail.
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