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In mouse models of Alzheimer’s disease (AD), normobaric intermittent hypoxia training

(IHT) can preserve neurobehavioral function when applied before deficits develop, but

IHT’s effectiveness after onset of amyloid-β (Aβ) accumulation is unclear. This study tested

the hypothesis that IHT improves learning-memory behavior, diminishes Aβ accumulation

in cerebral cortex and hippocampus, and enhances cerebrocortical contents of the

neuroprotective trophic factors erythropoietin and brain-derived neurotrophic factor

(BDNF) in mice manifesting AD traits. Twelve-month-old female 3xTg-AD mice were

assigned to untreated 3xTg-AD (n = 6), AD+IHT (n = 6), and AD+sham-IHT (n = 6)

groups; 8 untreated wild-type (WT) mice also were studied. AD+IHT mice alternately

breathed 10% O2 for 6min and room air for 4min, 10 cycles/day for 21 days;

AD+sham-IHT mice breathed room air. Spatial learning-memory was assessed by

Morris water maze. Cerebrocortical and hippocampal Aβ40 and Aβ42 contents were

determined by ELISA, and cerebrocortical erythropoietin and BDNF were analyzed by

immunoblotting and ELISA. The significance of time (12 vs. 12 months + 21 days)

and treatment (IHT vs. sham-IHT) was evaluated by two-factor ANOVA. The change

in swimming distance to find the water maze platform after 21 d IHT (−1.6 ± 1.8m)

differed from that after sham-IHT (+5.8 ± 2.6m). Cerebrocortical and hippocampal

Aβ42 contents were greater in 3xTg-AD than WT mice, but neither time nor treatment

significantly affected Aβ40 or Aβ42 contents in the 3xTg-AD mice. Cerebrocortical

erythropoietin and BDNF contents increased appreciably after IHT as compared to

untreated 3xTg-AD and AD+sham-IHT mice. In conclusion, moderate, normobaric IHT

prevented spatial learning-memory decline and restored cerebrocortical erythropoietin

and BDNF contents despite ongoing Aβ accumulation in 3xTg-AD mice.
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INTRODUCTION

Normobaric intermittent hypoxia (IH) exposures can harm or
protect the central nervous system, depending on the cumulative
dose, frequency, and intensity of the hypoxia (Navarrete-Opazo
and Mitchell, 2014). Brief cyclic bouts of high-intensity IH are
applied up to 8–12 h/day in rodents to model sleep apnea

and its sequelae (Tahawi et al., 2001; Phillips et al., 2004;
Gozal et al., 2010). Mounting evidence (Kuo et al., 2020)
identifies sleep apnea as a potential risk factor for Alzheimer’s
disease (AD). Indeed, imposition of 10-min cycles alternating
intense normobaric hypoxia (5% O2) and 21% O2 for 8
h/day over 4 weeks increased cerebrocortical amyloid-β (Aβ)
accumulation in 6-month-old transgenic mice with Alzheimer’s

disease (AD) traits (Shiota et al., 2013). In contrast to intense
IH modeling sleep apnea, exposure of rats to 5–8 daily cycles
alternating 5–10min moderate, normobaric hypoxia (9.5–10%
O2; ≤70min hypoxia/session) and 4-min 21% O2 for ≤3 weeks
protected brain from ethanol withdrawal excitotoxicity (Jung
et al., 2008; Ryou et al., 2017). A 20-day IH training (IHT)
regimen protected the brain from ethanol-withdrawal stress
by dampening cerebrocortical presenilin-1 induction and Aβ

accumulation (Ryou et al., 2017). However, the question remains

whether normobaric IHT can preserve neurobehavioral function
and attenuate Aβ accumulation in transgenic AD mice.

Amyloid β is produced by proteolytic processing of a
transmembrane protein, amyloid precursor protein, by β- and γ-
secretases (Ashall and Goate, 1994). Aβ42, admixed with smaller
amounts of Aβ40, is the predominant Aβ species in extracellular
amyloid plaques, which are implicated in AD pathogenesis
(Sisodia and Price, 1995). Furthermore, Aβ42 is more fibrillogenic
and neurotoxic than Aβ40 (Klein et al., 1998; Fernandez et al.,
2014). Brain Aβ42 content is much higher in familial than
sporadic AD, although neither Aβ40 content nor the ratio of
Aβ42/Aβ40 differed between these AD subtypes (Dinkel et al.,
2020).

Intermittent hypoxia exposures stimulate expression and
synthesis of the growth/trophic factors erythropoietin (EPO)
(Bernaudin et al., 2002) and brain-derived neurotrophic factor
(BDNF) (Hassan et al., 2018). A powerful neuroprotectant
(Rabie and Marti, 2008; Mallet and Ryou, 2017; Rey et al.,
2019), EPO is expressed in astrocytes (Bernaudin et al., 2000;
Ruscher et al., 2002) and neurons (Bernaudin et al., 2000,
2002) in response to hypoxemia. BDNF protects neurons
(Yang et al., 2014) and promotes neuronal differentiation and
growth, synapse formation and plasticity, cognitive functions
and learning-memory (Yamada and Nabeshima, 2003; Zhu et al.,
2010; Park and Poo, 2013). Although continuous hypobaric IH
exposures can promote BDNF expression and improve cognitive
performance (Zhu et al., 2010), the ability of cyclic normobaric
IHT to augment the brain’s EPO and BDNF expression in the
setting of nascent AD, and whether IHT-enhanced EPO and
BDNF expression is associated with improved learning-memory
function, is unknown.

Currently, there are no treatments for AD in patients with
established pathology. Recent reports in cognitively impaired
elderly patients have shown IHT to be a potentially powerful

intervention to preserve cognitive function (Wang et al., 2020),
but IHT’s salutary mechanisms, and its effectiveness against
symptomatic AD, are unknown. This study tested the hypothesis
that a 21-day normobaric IHT regimen improves learning-
memory behavior, diminishes Aβ40 and Aβ42 accumulation in
cerebral cortex and hippocampus, and enhances cerebrocortical
EPO and BDNF contents in transgenic AD mice. Since
progressive Aβ accumulation is an AD hallmark (Jagust, 2018),
the IHT intervention was initiated when the mice were 12 rather
than 6 (Shiota et al., 2013) or 9 months old (Romberg et al., 2011)
to assess the impact of IHT after Aβ accumulation already had
begun in hippocampus and cerebral cortex (Belfiore et al., 2019),
challenging IHT’s ability to mitigate ongoing AD pathology.

METHODS AND MATERIALS

Animals
Female wild-type (WT) C57BL/B6 mice (n = 8) aged 11
months and female transgenic B6.Cg-PSEN1tm1Mpm with Tg-
APPSwetauP301L AD mice (n = 18) aged 2 months were
obtained from the Jackson Laboratory (JAX MMRRC Stock#
034830). The 3xTg-AD strain was selected because it is one
of the most frequently studied transgenic AD models. Female
3xTg-AD mice were selected because it has been reported that
“male transgenic mice may not exhibit the phenotypic traits”
(descriptions: www.jax.org). By 12 months of age, Aβ plaques
in these 3xTg-AD mice were significantly present in the brain
(Belfiore et al., 2019). The mice were housed in the University
of North Texas Health Science Center (UNTHSC) vivarium at
23 ± 1◦C under a 24-h light (06:00–18:00) - dark (18:00–06:00)
cycle. The animals were housed in groups of 4 or 5 in standard
polycarbonate cages (28 × 17 × 12 cm) with corncob bedding
and ad libitum access to food and water. ADmice were randomly
assigned to one of three groups: 3xTg-AD pre-IHT control (n =

6), AD+IHT (n = 6; 21-day IHT program), or AD+sham-IHT
(n = 6; 21-day sham IHT program). The study protocols were
reviewed and approved by UNTHSC’s Institutional Animal Care
and Use Committee.

Behavior Testing
Morris water maze (MWM) tests of spatial learning-memory
behavior were conducted as described by Joshi et al. (2020).
The MWM protocol was designed to compare the difference in
the changes of the MWM performances between the AD+IHT
and AD+sham-IHT mice after the interventions, which would
provide the effect of IHT on learning-memory behavior in 3xTg-
AD mice following the intervention. The tests were conducted
between 9:00 and 12:00, after 2 pre-test trials were conducted
to habituate the mice to the water temperature (24 ± 1◦C)
and the route to the northwest (NW) quadrant, where a 5
× 5 cm Plexiglas escape platform was placed and submerged
1.5 cm below the water surface. Mice were allowed to stay on
the platform for ∼10 s after reaching the platform during pre-
test trials. The mouse was guided to the target site when the
animal appeared to struggle to swim or when 3min elapsed
without finding the platform. The maze was divided into four
equal quadrants, i.e., northeast (NE), southeast (SE), southwest
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(SW), and NW quadrants. To facilitate learning of the platform
location, visual cues including geometric shapes and a scene from
nature were posted on the laboratory walls around the maze
(Brody and Holtzman, 2006). The water was made opaque with
non-toxic white Colorations Powder Tempera Paint. The test
trials started ∼30min after the animal completed pre-test trials.
Animals started from the same point for pre-test trials and test
trials, with the platform in the same location. All MWM test trials
were continuously tracked using a computer-interfaced video
system (Any-maze, Stoelting Co., Wood Dale, IL). Swimming
duration, distance and speed were documented after releasing
animals in the SE quadrant. The animals were dried with paper
towels immediately after completing each test trial. Three test
trials, separated by 5min intervals, were conducted and the
data averaged over the trials were reported. The test trials were
completed within 20min. All animals were able to independently
locate the target site or platform after the pre-test trials.

Approximately 24 h after the MWM test, 8 WT and 6 AD
mice (3xTg-AD control group) were weighed, anesthetized by
ventilation with ∼5% isoflurane, decapitated, and the brains
harvested. The mice in the AD+IHT and AD+sham-IHT groups
underwent 21-day IHT or sham-IHT interventions. A post-
interventionMWM session was conducted 24 h after the last IHT
or sham-IHT session. The mice were anesthetized and the brains
harvested 24 h after the post-intervention MWM testing.

Intermittent Hypoxia Training
Normobaric IHT was conducted after placing the home cages of
the AD+IHT mice in a Plexiglas chamber (105 × 50 × 65 cm).
Compressed 100% nitrogen gas was introduced into the chamber
to lower O2 to 10% for 6min, and then the chamber was opened
to reintroduce room air for 4min. Ten hypoxia-normoxia cycles
were administered per daily session for 21 consecutive days. This
IHT protocol combining moderate hypoxia intensity (10% O2)
and duration (60min cumulative hypoxia/session) was modified
from a protocol that has proven to be cardio- (Zong et al.,
2004; Mallet et al., 2006) and neuroprotective (Jung et al., 2008;
Ryou et al., 2017) in animal models, and safe when applied to
human subjects (Zhang et al., 2014; Wang et al., 2020). Fractions
of O2 and CO2 in the chamber were continuously monitored
throughout each IHT session (Figure 1) using a Perkin-Elmer
(St. Louis, MO)model 1,100 mass spectrometer gas analyzer. The
AD+sham-IHT mice were exposed to the room air adjacent to
the IHT chamber. All IHT and sham-IHT sessions were carried
out between 09:00 and 12:00.

Brain Protein Extraction
Cerebral cortex and both hippocampi were excised, placed
separately in labeled vials, flash-frozen in liquid N2, and stored
at−80◦C. Tissue proteins were extracted as described previously
(Ju et al., 2012). Total protein concentrations in the extracts were
measured by bicinchoninic acid assay (Thermo Fisher Scientific,
Waltham, MA).

Analyses of Cerebrocortical and
Hippocampal Proteins
Total Aβ40 and Aβ42 contents in the cerebrocortical and
hippocampal tissues were measured by enzyme-linked
immunosorbent assay (ELISA) kits (Aβ40 Lot # KMB3481,
Aβ42 Lot # KMB3441, Fisher Scientific, Hanover Park, IL)
according to the manufacturer’s instructions. Tissue extracts
and Aβ40 and Aβ42 standards were incubated with mouse Aβ

antibody at room temperature for 1 h. After thorough washing,
anti-rabbit IgG horseradish peroxidase solution was added
and incubated for 30min at room temperature. After another
washing, stabilized chromogen was added, followed by 30min
incubation at room temperature in the dark. Stop solution
then was applied and absorbance was measured at 450 nm in
a Spectramax Plus spectrophotometer (Molecular Devices, San
Jose, CA).

Cerebrocortical contents of BDNF and EPO also were
determined by ELISA (BDNF Lot # AB212166, EPO Lot #
AB119593, Abcam, Cambridge,MA). BDNF (0–2,000 pg/ml) and
EPO (0–3,000 pg/ml) standards were prepared by serial dilution.
Extracts and standards were incubated in antibody-coated 96
well plates for 1 h at room temperature, washed with wash
buffer, and then incubated with 3,3′,5,5′-tetramethylbenzidine
substrate to develop color. BDNF and EPO protein contents
were determined by spectrophotometry. BDNF, EPO, Aβ40, and
Aβ42 concentrations were normalized against corresponding
total protein concentrations.

Erythropoietin, BDNF and β-actin were analyzed by
immunoblotting of cerebrocortical protein extracts as
described previously (Ryou et al., 2012). Proteins (40 µg/lane)
were separated by 10% SDS gel electrophoresis, and then
electrophoretically transferred to polyvinylidene fluoride
membranes (Millipore, Danvers, MA). Immunoblotting was
performed with rabbit anti-BDNF (Abcam, Cambridge, MA;
catalog #ab1083189, lot #GR3227037-4), goat anti-EPO (R&D
Systems, Minneapolis, MN; catalog #SF959, lot #FIW0618078),
and mouse anti-β-actin (Santa Cruz Biotechnology, Dallas, TX;
catalog #sc-47778, lot #J2816) primary antibodies, followed
by horseradish peroxidase-conjugated goat anti-rabbit
(ImmunoReagents, Raleigh, NC; part #GtxRb-003-DHRPX,
lot #20-170-011217), goat anti-mouse (ImmunoReagents;
part #GtxMu-003-FHRPX, lot #58-98-021618) and mouse
anti-goat IgG (Santa Cruz Biotechnology; catalog #sc-2354,
lot #10871). Band densities were quantified with Doc-It Image
Acquisition Software (UPV, Upland, CA) and normalized
to β-actin density.

Statistical Analysis
Single-factor analysis of variance (ANOVA) was applied to
determine the group differences in body weight and MWM tests.
Student’s t-tests for two independent groups were applied to
compare the baseline differences between the WT and 3xTg-AD
groups and the post-intervention changes in the AD+IHT vs.
AD+sham-IHT groups. Paired t-tests were applied to evaluate
within-group changes in MWM performance post- vs. pre-
intervention. Two-factor ANOVA was conducted to test the
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FIGURE 1 | Normobaric intermittent hypoxia training session. Continuous record of the fractional concentrations of O2 (A) and CO2 (B) within the chamber during an

IHT session.

significance of time (12 months for untreated 3xTg-AD vs. 12
months plus 21 days for AD+IHT or AD+sham-IHT) and
treatment (IHT vs. untreated 3xTg-AD and AD+sham-IHT)
factors on the protein contents among the three 3xTg-AD groups.
Duncanmultiple range tests were applied post-hoc whenANOVA
detected statistically significant effects of the major factor. Data
are reported as group mean ± standard error of the mean. P-
values < 0.05 were considered statistically significant, and P-
values between 0.05 and 0.10 were taken to indicate trends.
Statistical analyses were performed using Statistical Analysis
System (SAS) software package version 9.4.

RESULTS

Morris Water Maze Tests
Baseline MWM performance and body weight did not differ
between the WT and 3xTg-AD mice (Table 1). The overall
swimming duration to find the submerged platform placed in
the NW quadrant did not decline significantly in the AD+IHT
(−7.95± 10.49 s) or AD+Sham-IHT mice (−3.78± 9.82 s), and
the changes in swimming duration did not differ between those
two groups (Figure 2A). Furthermore, there were no significant
group differences in the durations swum in any of the four
quadrants (Figures 2B–E). However, the swimming distance to
find the platform (Figure 2F) increased by 5.8 ± 2.6m during
the 21 d sham-IHT program (P = 0.077), and the change in
swimming distance was greater (P < 0.05) than that of the
IHT program (−1.6 ± 1.8m). The two protocols also produced

divergent effects (P< 0.05) on the distances swum in the opposite
(SE) quadrant (AD+IHT:−0.9± 0.5m vs. AD+sham-IHT:+1.0
± 0.6m) and the SW quadrant (AD+IHT: −1.12 ± 0.66m vs.
AD+sham-IHT:+1.87± 0.94 m).

Overall swimming speed (Figure 2K) was not altered by 21
d IHT (−0.03 ± 0.02 m/s) and tended to increase over 21 d
sham-IHT (+0.06 ± 0.03 m/s, P = 0.08). The change of overall
swimming speed in the IHT group differed from that of the
sham-IHT group (P < 0.05). The changes in swimming speed in
the target (NW) quadrant (Figure 2L) tended to decrease in the
IHT group (−0.06± 0.03 m/s, P = 0.06), which was significantly
slower (P < 0.05) than that in the sham-IHT group (0.03 ±

0.02 m/s), indicating that 21 d IHT intervention likely made
the AD+IHT mice do more “thinking” than swimming during
the MWM test, especially in the target quadrant. However,
in the other three quadrants, the changes in swimming speed of
the AD-IHT group were all above the zero line. In addition, the
changes in swimming speed in the SW quadrant (Figure 2O)
differed (P < 0.05) between the IHT group (0.02 ± 0.01 m/s) vs.
the sham-IHT group (0.06 ± 0.01 m/s, P = 0.02). This increased
swimming speed in the AD+sham-IHT group was associated
with a greater swimming distance (Figure 2F) with no difference
in swimming duration (Figure 2A) as compared to the AD+IHT
group, suggesting spatial learning-memory decline, not
physical impairment, occurred in the 3xTg-AD mice following
21 d sham-IHT.

Neither 21 d IHT nor sham-IHT produced significant changes
in total mobile time during MWM tests (IHT: −13.3 ± 9.1 s vs.
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TABLE 1 | Results of Morris Water Maze test.

Groups WT 3xTg-AD ANOVA

P-value

Pre IHT Sham

Weight (g) 36.0 ± 1.9 39.2 ± 2.8 40.3 ± 3.4 43.0 ± 6.1 0.224

Overall

swimming

Duration (s) 55.7 ± 9.2 48.6 ± 9.7 47.2 ± 10.3 60.6 ± 5.3 0.712

Distance (m) 9.28 ± 1.69 9.39 ± 1.75 8.64 ± 1.75 6.63 ± 1.39 0.561

Speed (m/s) 0.16 ± 0.01 0.19 ± 0.01 0.19 ± 0.01 0.14 ± 0.02 0.208

Mobile-time (s) 50.6 ± 9.2 45.6 ± 9.8 47.0 ± 10.2 55.1 ± 4.9 0.886

Swimming in NW

(target) quadrant

Duration (s) 14.8 ± 2.4 14.6 ± 3.1 10.6 ± 2.4 11.2 ± 2.6 0.363

Distance (m) 2.24 ± 0.47 2.51 ± 0.49 2.08 ± 0.42 1.71 ± 0.34 0.766

Speed (m/s) 0.15 ± 0.02 0.17 ± 0.02 0.19 ± 0.01 0.16 ± 0.02 0.149

Swimming in NE

quadrant

Duration (s) 11.9 ± 2.4 10.6 ± 2.0 12.9 ± 4.6 24.2 ± 5.4 0.381

Distance (m) 2.17 ± 0.42 2.16 ± 0.39 1.91 ± 0.42 1.63 ± 0.37 0.536

Speed (m/s) 0.18 ± 0.01 0.21 ± 0.01 0.15 ± 0.04 0.10 ± 0.03 0.717

Swimming in SE

quadrant

Duration (s) 17.2 ± 3.2 14.1 ± 2.7 14.5 ± 3.1 11.0 ± 3.5 0.252

Distance (m) 2.88 ± 0.56 2.88 ± 0.54 2.91 ± 0.56 1.73 ± 0.42 0.530

Speed (m/s) 0.16 ± 0.01 0.20 ± 0.01 0.20 ± 0.01 0.17 ± 0.42 0.370

Swimming in SW

quadrant

Duration (s) 11.9 ± 2.0 9.4 ± 2.5 9.2 ± 2.4 14.2 ± 3.6 0.741

Distance (m) 1.99 ± 0.35 1.84 ± 0.45 1.74 ± 0.38 1.57 ± 0.34 0.507

Speed (m/s) 0.16 ± 0.01 0.20 ± 0.01 0.19 ± 0.01 0.15 ± 0.03 0.276

Mean distance from

the target site (m)

0.47 ± 0.03 0.44 ± 0.03 0.49 ± 0.01 0.52 ± 0.04 0.687

Single-factor analysis of variance (ANOVA) revealed no group differences in body weight and MWM performance between wild type (WT) mice and the 3xTg-AD groups. Values are group

means ± standard error of the mean from 8 WT, 6 pre-treatment 3xTg-AD mice (designated “Pre”), 6 3xTg-AD mice completing IHT (“IHT”), and 6 3xTg-AD completing the sham-IHT

program (“Sham”). NE, NW, SE, and SW denote northeast, northwest, southeast, and southwest MWM quadrants, respectively. The target platform was placed in the NW quadrant.

sham-IHT: +1.3 ± 7.4 s), and the respective changes did not
differ (P = 0.24). Mean distance swimming around the MWM
platform during the testing decreased (−0.15± 0.02m, P= 0.01)
following IHT, which was unchanged after sham-IHT (−0.06
± 0.05m, P = 0.23), suggesting that IHT intervention made
the AD-IHT mice better oriented to and more concentrated
on the target quarter during the MWM test. The difference
between these responses was marginally significant (P = 0.10).
Although body weight fell in the AD+IHT mice (−2.3 ±

0.8 g, P = 0.03) but not in the AD+sham-IHT group (−1.1
± 1.0 g, P = 0.33), the weight changes over the course of
IHT vs. sham-IHT did not differ (P = 0.39). None of the
animals showed any physical impairment after 21-day IHT
or sham-IHT.

Aβ40 and Aβ42 Contents
Baseline cerebrocortical Aβ40 contents (Figure 3A) were similar
in the WT (28.1 ± 3.8 pg/ml) and 3xTg-AD mice (29.6 ± 5.3
pg/ml). Cerebrocortical Aβ40 contents in the 3xTg-AD groups
were not affected by time (P = 0.127) or treatment factors
(P= 0.165). However, cerebrocortical Aβ42 contents (Figure 3B)
were nearly 8-fold greater (P < 0.01) in the 3xTg-AD (107.4 ±

20.7 pg/ml) than WT mice (13.7 ± 0.3 pg/ml). Cerebrocortical
Aβ42 contents increased further (time factor P = 0.087) in the
22-day-older AD+IHT (163 ± 27 pg/ml) and AD+sham-IHT

mice (325 ± 100 pg/ml) vs. the untreated 3xTg-AD mice, and
IHT tended to dampen Aβ42 accumulation (treatment factor P=

0.081) vs. sham-IHT.
Hippocampal Aβ40 content (Figure 3D) was 5-fold greater

(P = 0.057) in the 3xTg-AD (263 ± 85 pg/ml) vs. WT mice
(55 ± 12 pg/ml), while Aβ42 content (Figure 3E) was almost
18-fold greater (P < 0.01) in the 3xTg-AD (799 ± 144 pg/ml)
than WT mice (45 ± 5 pg/ml). Neither hippocampal Aβ40
nor Aβ42 contents in the three 3xTg-AD groups were affected
by the time or treatment factors. Cerebrocortical (Figure 3C)
and hippocampal (Figure 3F) Aβ42:Aβ40 content ratios mirrored
Aβ42 contents.

Erythropoietin and BDNF Contents
Immunoblotting (Figure 4) revealed sharply lower β-actin-
normalized cerebrocortical EPO (Figure 4B: P = 0.083) and
BDNF (Figure 4D: P = 0.084) contents in the untreated
3xTg-AD mice (EPO: 0.15 ± 0.06; BDNF: 0.28 ± 0.15)
vs. WT mice (EPO: 1.49 ± 0.64; BDNF: 1.70 ± 0.67). In
the post-treatment groups, β-actin-normalized EPO contents
(Figure 4B: AD+IHT: 0.90 ±0.49; AD+sham-IHT: 0.27 ±

0.18) were not significantly affected by time factor (P =

0.217) or treatment factor (P = 0.257). However, BDNF
contents (Figure 4D) were significantly influenced by both

Frontiers in Aging Neuroscience | www.frontiersin.org 5 July 2021 | Volume 13 | Article 674688

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Ryou et al. IHT for Treating AD Mice

FIGURE 2 | Changes in MWM tests from pre-treatment baseline. The changes in MWM performance variables (i.e., the differences between post- and

pre-intervention values) are plotted for the IHT and sham-IHT interventions. A value below the zero line (the horizontal dashed line in each quadrant-specific graph)

indicates a decrease in the variable after vs. before intervention, and a value above the zero line indicates an increase. Although changes in swimming duration after

IHT vs. sham-IHT did not differ (A), the change in swimming distance to find the submerged platform in the sham-IHT mice exceeded that of the IHT mice (F). These

between-group differences are significant in the SE (I) and SW (J) quadrants, but not in the target NW (G) and NE (H) quadrants. Swimming distance in the target

(NW) quadrant increased in both the IHT and sham-IHT groups (G). However, in the IHT group the changes in swimming distance in the other three quadrants are all

below zero, but in the sham-IHT group are above zero (H–J). The overall swimming speed (K) tended to increase after sham-IHT but not IHT, and this treatment effect

was statistically significant in the target (L) and SW (O) quadrants. Individual data points and group mean ± standard error of the mean are plotted. *P < 0.05 for the

indicated comparison.

time (P = 0.004) and treatment factors (P = 0.003). β-
actin-normalized BDNF contents (Figure 4D) in the AD+IHT
mice (1.52 ± 0.14) were doubled vs. AD+sham-IHT mice
(0.75 ± 0.62) and increased over 5-fold vs. pre-treated
3xTg-AD (0.28± 0.15).

Figure 5 presents cerebrocortical EPO (panel A) and BDNF
(panel B) contents (ng/g tissue) measured by ELISA. Although
the difference in EPO contents (Figure 5A) in WT (35.1 ±

9.0) vs. 3xTg-AD mice (18.1 ± 2.9) did not attain statistical
significance (P = 0.123), BDNF content (Figure 5B) was greater
(P < 0.05) in the WT (13.5 ± 0.7) vs. 3xTg-AD mice (8.2
± 1.6). Both EPO and BDNF contents were affected by the
time (EPO: P = 0.047; BDNF: P = 0.002) and treatment
factors (EPO: P = 0.008; BDNF: P = 0.001). Post-hoc analysis
confirmed that 21-day IHT increased cerebrocortical EPO and
BDNF contents. Thus, EPO and BDNF contents (ng/g tissue)

in the AD+IHT group (EPO: 43.1 ± 8.7; BDNF: 22.4 ±

4.8) exceeded those in the pre-treatment 3xTg-AD mice (EPO:
18.1 ± 2.9; BDNF: 8.2 ± 1.6). EPO content (Figure 5A) in
the AD+IHT mice also exceeded that of the AD+sham-IHT
mice (19.3 ± 3.3), and a trend toward higher BDNF content
in the AD+IHT vs. AD+sham-IHT mice (12.9 ± 1.4) was
noted (Figure 5B).

DISCUSSION

This study demonstrated that a 21-day normobaric IHT
intervention, initiated after the onset of cerebrocortical and
hippocampal Aβ42 accumulation, prevented declination of
spatial learning-memory function in transgenicmice predisposed
to develop AD-like neurobehavioral impairments. Specifically,
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FIGURE 3 | Total Aβ40 and Aβ42 contents determined by ELISA. Although cerebrocortical Aβ40 contents (A) were similar in the WT, 3xTg-AD, AD+IHT and

AD+sham-IHT mice, cerebrocortical Aβ42 (B), and the Aβ42/Aβ40 ratio (C) were greater in the 3xTg-AD than WT mice. Hippocampal Aβ40 content was marginally

increased (P = 0.057) in the 3xTg-AD vs. WT mice (D), and hippocampal Aβ42 (E) and the Aβ42/Aβ40 ratio (F) were greater in the 3xTg-AD than WT mice. Both the

time factor (P = 0.087) and the treatment factor (P = 0.081) tended to significantly influence the cerebrocortical Aβ42 according to two-factor ANOVA. However,

neither these factor altered the hippocampal Aβ42 vs. the pre-intervention 3xTg-AD group. Aβ40 contents or Aβ42/Aβ40 ratios in the cerebral cortex or hippocampus

were not affected by the time or treatment factors. Individual data points and group mean ± standard error of the mean are plotted. *P < 0.05, **P < 0.01 for

comparisons indicated by horizontal lines.

in the MWM test the overall swimming distance to find a
submerged platform was significantly shorter in the AD+IHT
than the AD+sham-IHT mice, and the IHT intervention
made the AD+IHT mice better oriented to the target
quarter. Notably, IHT effected this improvement without
significantly dampening Aβ40 accumulation in the cerebral
cortex and hippocampus, although the cerebrocortical Aβ42
content tended to be diminished (treatment factor P =

0.081) in the AD+IHT as compared to the AD+sham-IHT
mice following 21-day interventions. Instead, the functional

improvement may be ascribable, at least in part, to IHT-
induction of the neuroprotective trophic/growth factors EPO
and BDNF.

Learning-Memory vs. Amyloid-β in
3xTg-AD Mice
Previously, we reported that a 20-day normobaric IHT
program protected the brain from ethanol-withdrawal stress by
dampening cerebrocortical presenilin-1 overexpression and Aβ40
and Aβ42 accumulation in 4 month-old, non-AD rats (Ryou
et al., 2017). Here, however, cerebrocortical and hippocampal Aβ

contents were not affected significantly by the IHT intervention.
Although the two studies were conducted in different species,
the fact that the mice already were 12 months old at the start
of the IHT program may account for the lack of an IHT
effect on Aβ content. The older brain may have a reduced
plasticity or adaptability, dampening its responsiveness to IHT.
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FIGURE 4 | Cerebrocortical erythropoietin and BDNF immunoblots. (A)

Cerebrocortical erythropoietin (EPO) and β-actin immunoblots. (B) EPO band

densities normalized to β-actin band densities. (C) Cerebrocortical BDNF and

β-actin immunoblots. (D) BDNF densities normalized to β-actin band densities.

Analyses of the band densities indicated that cerebrocortical EPO and BDNF

contents were lower in the 3xTg-AD vs. WT mice. IHT, but not sham-IHT,

tended to restore EPO and BDNF contents in the 3xTg-AD mice. For EPO and

BDNF contents, treatment factors are P = 0.257 and P = 0.003, respectively,

and time factors are P = 0.217 and P = 0.004, respectively. *P < 0.05 for

comparisons indicated by horizontal lines. Individual data points and group

mean ± standard error of the mean are shown.

Also, unlike the rats, the mice were predisposed genetically to
develop hallmarks of AD. The accumulated Aβ42 in the 3xTg-
AD mice may be innately more difficult to eradicate than the
Aβ accumulation in rats experiencing ethanol withdrawal (Ryou
et al., 2017).

FIGURE 5 | ELISA analyses of cerebrocortical EPO and BDNF.

Cerebrocortical EPO (A) and BDNF (B) contents are significantly greater in the

AD+IHT than pre-intervention 3xTg-AD mice. For EPO and BDNF contents,

treatment factors are P = 0.008 and P = 0.001, respectively, and time factors

are P = 0.047 and P = 0.002, respectively. *P < 0.05 for comparisons

indicated by horizontal lines. Individual data points and group mean ±

standard error of the mean are shown.

Despite similar cerebrocortical and hippocampal Aβ contents
(Figure 3), the spatial learning-memory behavior of AD mice
appeared to be improved by IHT vs. sham-IHT (Figure 2).
This finding is concordant with a recent longitudinal study
showing no correlation of amyloidosis with cognitive outcome
in transgenic AD mice (Focke et al., 2019). Arguably, Aβ content
might not be a quantitatively sensitive predictor of the changes in
learning-memory function in transgenic AD mice (Foley et al.,
2015). Although cerebrocortical Aβ42 contents tended to be
lower (P = 0.081) in the AD+IHT than AD+sham-IHT mice,
there was no intervention effect on hippocampal Aβ42 contents
between these two groups. Therefore, IHT induction of the
neuroprotective trophic/growth factors EPO and BDNF could
constitute a mechanism improving learning-memory function in
the AD+IHT mice.

Trophic Factors and Neuroprotection
The specific mechanism of IHT-induced brain protection or
recovery is not fully understood, but the hypoxia-responsive
transcription factor, hypoxia-inducible factor (HIF) appears to
play a key role in the transition from the acute to second
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phases of cellular adaptation to various neuropathological
conditions (Semenza, 2009; Lukyanova et al., 2013; Dengler
et al., 2014; Rybnikova and Samoilov, 2015). In the acute phase,
cytoprotection is effected by regulating ion channel permeability,
protein phosphorylation, and post-translational modification (Li
et al., 2017). HIF activation, specifically stabilization of the O2-
regulated HIF-1α subunit, promotes expression of key elements
of the second phase of adaptation, including EPO, BDNF,
antioxidant enzymes, and anti-apoptotic proteins (Rybnikova
and Samoilov, 2015; Vetrovoy et al., 2017).

Erythropoietin has been shown to protect neurons from
ischemic damage (Sakanaka et al., 1998; Malhotra et al., 2006;
Ratilal et al., 2014), suppress neuronal apoptosis and necroptosis
(Rabie and Marti, 2008; Mallet and Ryou, 2017) by attenuating
cytokine production and inflammation (Villa et al., 2003),
reduce astrocyte edema in stroke (Gunnarson et al., 2009),
and promote brain angiogenesis after focal ischemia (Li et al.,
2007). EPO-loaded lipid nanoparticles restored memory and
cognitive functions of AD mice (Dara et al., 2019). The present
study demonstrated that moderate, normobaric IHT increased
endogenous EPO content in the cerebral cortex of 3xTg-AD
mice. The increased EPO content after 21-day normobaric IHT
was associated with improved MWM performance in the IHT-
treated vs. sham-IHT ADmice.

Brain content of the neurotrophin BDNF is decreased in
AD, Huntington disease and Parkinson’s disease (Hock et al.,
2000; Zuccato et al., 2008; Miranda et al., 2019). In AD, the
greatest declines in BDNF are in the hippocampus and the
parietal, entorhinal, and frontal cortices (Hock et al., 2000). In the
present study, cerebrocortical BDNF content was indeed lower in
the 3xTg-AD than wild-type mice. Nonetheless, this AD-related
difference could be reversed by 21-day normobaric IHT, which
markedly increased cerebrocortical BDNF and EPO contents
vs. those of untreated and sham-IHT-treated 3xTg-AD mice.
Collectively, augmented expression of these neuroprotective
trophic/growth factors could contribute to improved learning-
memory behavior in the 3xTg-AD mice.

Relationship Between EPO and BDNF
Expression
The molecular signaling mechanisms mediating the parallel
increases in cerebrocortical erythropoietin and BDNF contents in
the IHT-treated 3xTg-AD mice are not yet known. In particular,
evidence is equivocal regarding the hierarchy between EPO and
BDNF expression. Exogenous BDNF increased EPO expression
and signaling in rat cortical neurons (Wu et al., 2010), and
pharmacological induction of BDNF expression activated EPO
formation and suppressed inflammation in a murine microglial
cell line (Lai et al., 2018). On the other hand, EPO increased
BDNF content in rat brain following embolic stroke (Wang
et al., 2004) and in neurotoxin-challenged rat hippocampal
neurons (Viviani et al., 2005), increased BDNF content and anti-
apoptotic signaling in brains of haloperidol-challenged rats (Pillai
et al., 2008), and augmented hippocampal BDNF content and
preserved spatial and fear memory in aged rats (Jia et al., 2016).
EPO mobilization of intracellular Ca2+ sequentially activates

calcium-calmodulin dependent protein kinase and CREB-1,
the principal promoter of BDNF gene transcription (Viviani
et al., 2005; Song et al., 2015), yet BDNF-activated kinases
also mobilize CREB-1 in mouse cortical neurons, potentially
intensifying BDNF formation (Kim et al., 2017). Further research
is essential to decipher the potentially reciprocal inductions
of EPO and BDNF, and their contributions to IHT-induced
cognitive improvements in animal models of AD.

Importance of IH Dose
Hypoxia intensity or inspired fraction of O2 (FIO2) and
cumulative exposure duration are the major factors that
determine if IH exposures are potentially detrimental or
beneficial. Previously, Shiota et al. reported a significant increase
in Aβ42 content (with no changes in Aβ40 content and MWM
performance) in 6-month-old male 3xTg-AD mice following the
intervention of 10-min exposure to intense (5% O2) normobaric
hypoxia interspersed with 10-min 21% O2 for 8 h/day over 4
weeks (Shiota et al., 2013). Recently, Arias-Cavieres et al. (2020)
reported diminished synaptic long-term potentiation (LTP) in
mouse hippocampus and impaired Barnes maze performance
after IH exposures of 1-min ∼4.5% O2 and 5-min 21% O2 for
8 h/day over 10 days. This adverse outcome was ascribed to
over-accumulation of reactive oxygen species (ROS) mediated
by excessive HIF-1α mobilization. In contrast, Jung et al.
found 5–8 daily cycles of 5–10min hypoxia (FIO2 9.5–10%)
and 4-min normoxia over 20 days mitigated oxidative stress
and behavior deficits in rats during abrupt ethanol-withdrawal
following 35-day ethanol intoxication (Jung et al., 2008). Ryou
et al. reported a similar IH protocol in ethanol-withdrawn
rats prevented cerebrocortical Aβ40 and Aβ42 accumulation,
probably by moderating ethanol withdrawal-induced γ-secretase
overactivation and oxidative damage (Ryou et al., 2017). In the
IH studies of Jung et al. (2008) and Ryou et al. (2017), cumulative
hypoxia (FIO2 9.5–10%) durations were 25–70min per daily
session and 483min or ∼8 h over the 20-day IHT program, well
below the dose and intensity of IH exposures modeling sleep
apnea (Shiota et al., 2013; Arias-Cavieres et al., 2020).

In dogs, moderate IH exposures eliciting cardioprotective
adaptations lowered the partial pressure of arterial O2 (PaO2)
to 45–50 mmHg (Mallet et al., 2006). In humans, similar PaO2

values lower arterial O2 saturation from 97 to 70–75% (Zhang
et al., 2014) and cerebral tissue O2 saturation from 70–75 to
50–55% (Liu et al., 2017). During such IH exposures, moderate
hypoxemia-induced cerebral vasodilation maintains adequate
O2 delivery to meet the brain’s metabolic demands (Liu et al.,
2017). However, intense IH exposures to simulate sleep apnea
may induce more severe hypoxemia, e.g., PaO2 c. 35 mmHg
(Wall et al., 2014). Although such intense IH elicits robust HIF-
1α activation and EPO expression (Wall et al., 2014), it likely
imposes tissue hypoxia so severe that O2 supply falls below
neuronal metabolic demand, injuring the central nervous system.

Study Limitations and Perspectives
Because the hippocampus is a center of learning and memory,
the lack of EPO and BDNF data in that region precludes
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definitive conclusions regarding the mechanisms of IHT-
improved learning-memory behavior in the 3xTg-AD mice.
Hyperphosphorylated tau, which like Aβ accumulates in
brains of AD patients, was not measured in this study. Tau
hyperphosphorylation, although possibly not fully manifest at 12
months in the 3xTg-AD mice (Belfiore et al., 2019), could be
strongly associated with learning-memory impairment. However,
it should be noted that amyloid β accumulation precedes tau
hyperphosphorylation in 3xTg-AD mice (Belfiore et al., 2019);
indeed, amyloid β creates the inflammatory milieu that activates
the tau-phosphorylating protein kinases (Ontiveros-Torres et al.,
2016; Huber et al., 2018). Since IHT did not significantly lower
amyloid β content in the cerebral cortex or hippocampus,
it could be postulated that IHT may not have altered tau
phosphorylation in the present study. Nonetheless, evaluation of
tau phosphorylation and hippocampal EPO and BDNF contents
in IHT- vs. sham-IHT-treated 3xTg-AD mice, and analysis of
IHT’s impact on neuronal injury and death in the 3xTg-ADmice,
are appropriate extensions of this work. Furthermore, additional
cognitive behavioral assessments such as the Barnes maze test,
the Y-maze test, and the Novel object-recognition test should be
applied to support the favorable effects of IHT on the MWM
assessment of spatial learning behavior. Neuroimaging studies
of cerebral cortex and hippocampus could determine if IHT-
augmentation of EPO and BDNF is associated with structural
adaptations, e.g., de novo neurogenesis (Shingo et al., 2001; Zhu
et al., 2010).

Although the persistence of the IHT-induced benefits in
3xTg-AD mice is not yet known, IHT-related improvements
in learning-memory behavior and augmented expression of
neuroprotective growth/trophic factors may persist well beyond
completion of the IHT intervention. In a rat model of ethanol
intoxication-withdrawal, an IHT regimen similar to the present
one sharply attenuated neurobehavioral deficits during acute
ethanol withdrawal, and this protection remained effective
against a second ethanol withdrawal 5 weeks after completing
IHT (Ju et al., 2012). Long-term assessments of spatial learning-
memory and brain Aβ, EPO and BDNF contents beyond 24 h
post-IHT are appropriate goals of future studies.

CONCLUSIONS

A 3-week moderate, normobaric IHT regimen stabilized
neurobehavioral function and induced expression of the
neuroprotective trophic factors EPO and BDNF, without
lowering already-accumulated amyloid-β, in transgenic mice
modeling AD. The IHT regimen augmented cerebrocortical EPO
and BDNF contents, thereby reversing the depletion of these

neuroprotective trophic/growth factors in 3xTg-AD mice, in
the face of ongoing Aβ accumulation. Thus, IHT can activate
cerebrocortical EPO and BDNF formation even after the onset
of AD pathogenesis. The enhanced EPO and BDNF contents
were associated with improved spatial learning-memory function
in the 3xTg-AD mice vs. age-matched controls without IHT
intervention. This study in transgenic mice displaying the AD
phenotype provides the first empirical evidence that IHT initiated
after AD onset can prevent cognitive decline, identifies potential
molecular underpinnings of this cognitive improvement, and
supports the possibility thatmoderate, normobaric IHT regimens
could be effectively applied for treating AD after the onset of
Aβ42 accumulation.
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