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Repeated hypoxia exposure induces
cognitive dysfunction, brain
inflammation, and amyloidb/p-Tau
accumulation through reduced brain
O-GlcNAcylation in zebrafish

Jiwon Park1,*, Sunhee Jung2,*, Sang-Min Kim1, In young Park1,
Ngan An Bui1, Geum-Sook Hwang2,3 and Inn-Oc Han1

Abstract

Repetitive hypoxia (RH) exposure affects the initiation and progression of cognitive dysfunction, but little is known

about the mechanisms of hypoxic brain damage. In this study, we show that sublethal RH increased anxiety, impaired

learning and memory (L/M), and triggered downregulation of brain levels of glucose and several glucose metabolites in

zebrafish, and that supplementation of glucose or glucosamine (GlcN) restored RH-induced L/M impairment. Fear

conditioning (FC)-induced brain activation of and PKA/CREB signaling was abrogated by RH, and this effect was reversed

by GlcN supplementation. RH was associated with decreased brain O-GlcNAcylation and an increased O-GlcNAcase

(OGA) level. RH increased brain inflammation and p-Tau and amyloid b accumulation, and these effects were suppressed

by GlcN. Our observations collectively suggest that changes in O-GlcNAc flux during hypoxic exposure could be an

important causal factor for neurodegeneration, and that supplementation of the HBP/O-GlcNAc flux may be a potential

novel therapeutic or preventive target for addressing hypoxic brain damage.
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Introduction

A continuous oxygen supply is critical for maintaining
normal brain functions. Cerebral hypoxia is the state
wherein the oxygen supply is insufficient to maintain
normal brain activity. General causes of cerebral hyp-
oxia include decreased cerebral blood flow, respiratory
problem, ischemic stroke, traumatic brain injury, an
umbilical cord occlusion of fetus, heart or pulmonary
problems, and sleep apnea (SA).1–3 When brief and
subacute hypoxic insults are repeatedly applied, sus-
tained brain damage may develop as repeated stress
accumulates.4,5 In particular, repetitive intermittent
hypoxia, which is often associated with SA, has been
studied for its deleterious effects on cognitive function,
including memory loss, anterograde amnesia, and
learning disabilities.3,6,7
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Chronic hypoxia may contribute to impairing glu-

cose metabolism via multifactorial processes, including

sympathetic nerve activation, oxidative stress, inflam-
mation, and hormonal changes.8 Data from multiple

studies have shown that normal glucose metabolism

in the brain is important for memory consolidation

and retrieval, and that altered glucose metabolism is
directly associated with cognitive dysfunction.9

Research has also established a link between systemic

metabolic dysfunction (e.g., diabetes) and dementia or

neurodegenerative diseases.10 Furthermore, altered

cerebral glucose metabolism is closely associated with
neurodegeneration, Alzheimer’s disease (AD) and syn-

aptic dysfunction as a result of changes to vascular

systems, glucose metabolism, insulin signaling, and

b-amyloid (Ab)/tau.11 AD and neurodegeneration, in
turn, influence glucose metabolism by inducing behav-

ioral changes, memory disturbances, and hypothalamic

dysfunction, resulting in a vicious cycle of deteriora-

tion.12 Therefore, identification and exploration of

one or more master controlling factor(s) underlying
these bidirectional interactions may suggest new thera-

peutic approaches for the treatment of AD or cognitive

dysfunction.
About 2–5% of metabolic glucose enters the hexos-

amine biosynthetic pathway (HBP); a final product of

this pathway is UDP-GlcNAc, which induces glycosyl-

ation and O-GlcNAcylation of proteins. Considerable

evidence indicates that dysregulation of glucose metab-
olism into HBP flux and subsequent O-GlcNAc cycling

disturbance contributes to the pathogenesis of many

neurological disorders.13–15 O-GlcNAcylation is regu-

lated by the reciprocal activities of O-GlcNAc transfer-
ase (OGT) and O-GlcNAcase (OGA).16 Global

knockout of OGT or OGA yields embryonic or peri-

natal lethality, respectively, in mouse,17,18 highlighting

the biological importance of these factors.
Glucosamine (2-amino-2-deoxy-D-glucose, GlcN)

directly enters HBP to increase O-GlcNAcylation.

Our group and others have shown that GlcN exerts

anti-inflammatory, antioxidative, and antiapoptotic

effects in vitro and in vivo.19–21 In addition, GlcN has
been shown to have protective effects against ischemic

or hypoxic injury in neonatal rat ventricular myocytes

(NRVMs), rat hearts, and mice.22–24 Our previous

studies demonstrated that GlcN exerts a neuroprotec-
tive effect in the rat middle cerebral artery occlusion

ischemia model through inhibition of neuroinflamma-

tion in the post-ischemic brain.21 Furthermore, our

recent investigation demonstrated that zebrafish
(Danio rerio) exposed to acute hypoxic condition indu-

ces cognitive dysfunction, and GlcN protects zebrafish

from hypoxia-induced lethality and cognitive

dysfunction.25

Our group and others have shown that zebrafish are
an attractive animal model for studying hypoxia. For
example, brain injury and cognitive dysfunction
responses following severe O2 deprivation have been
described and characterized using adult zebrafish.25,26

In the current study, we newly developed a repetitive
hypoxia (RH) model using subacute O2 deprivation to
mimic chronic RH. Using this approach, we explored
the effects of exposure to chronic RH on anxiety, cog-
nitive function, AD pathologies, and brain inflamma-
tion in zebrafish, and further assessed the potential
protective effects of GlcN.

Materials and methods

Chemicals and reagents

Reagents were purchased from Sigma Chemical (St.
Louis, MO) or Amresco (Cochran Road, OH) other-
wise noted.

Zebrafish handling

All experimental procedures and animal care/handling
were carried out according to the ‘Inha University
Institutional Animal Care Use Committee’ guidelines.
Reporting of animal experiments follows the Animal
Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines.27 3–6months old wild-type
zebrafish (Danio rerio, AB strain) were supplied by
Fishzzang (Jinchun, Korea) and maintained at 28.0�
1.0 �C with a 12-h light/12-h dark cycle. Tap water was
passed through a multistage filtration system equipped
with a sediment filter, a pre-carbon filter, membrane
and a post-carbon filter, and a fluorescent UV-light
sterilizing filter was equipped to the aquarium contain-
ers (Zebrafish AutoSystem, Genomic Design, Seoul,
South Korea). Water in the container was aerated con-
tinuously and maintained at a pH between 6.5 and 7.5.
Zebrafish were fed flake food (TetraBits; Luzerne,
Singapore) three times a day using an automated fish
feeder (AF012; DoPhin, Korea). Where indicated,
zebrafish were euthanized by decapitation following
cold exposure (0–4�C). All of experiments and meas-
urements were performed in a blinded and randomized
manner.

Hypoxia exposure

Adult zebrafish were placed in a sealed glass chamber
connected to two connectors: one allowed nitrogen gas
inflow and the allowed inlet gas outflow during nitro-
gen perfusion. All incubation solutions were pre-
equilibrated to either normoxia (control) or hypoxia
for at least 10min before use. Zebrafish were trans-
ferred into pre-equilibrated water and exposed to
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normoxia or hypoxia for 5min. Subset of zebrafish

were subjected to intraperitoneal injection of GlcN,
Glc, Thiamet G or PBS for control at 2 h before hyp-

oxia exposure. Following hypoxia exposure, zebrafish
were returned to tank under normoxic conditions. The

dissolved oxygen (DO) levels were measured by using
an oxygen meter (YSI Model 7800, Ohio, USA).

Behavioral test

The behavioral test was performed during the same
time frame each day (between 10:00 am and 5:00 pm).

Fish from both sexes (�50:50 male:female ratio) were
used for each experimental group.

Novel tank test. To determine the anxiety level, zebrafish

were individually transferred from the original tank to
a novel test tank. The front surface of the tank was

divided into three virtual layers using thin pieces of
sticky tape. 5min after the zebrafish was placed in

the test tank, the fish were videotaped for 5min and
their vertical positions were analyzed using ToxTrack

software (https://toxtrac.sourceforge.io).28

Fear context memory test. Inhibitory avoidance learning

was assessed under dark conditions as described previ-
ously.25 In brief, a zebrafish was placed in a dark com-

partment of shuttle chamber (18.5 cm long x 7.0 cm
wide x 10.0 cm high). After 3min of acclimation, the

flashing light was activated on the side of the compart-
ment and allow the zebrafish access to the opposite

compartment. The zebrafish immediately crosses the
chamber in response to flashing light. After the zebra-

fish crossed the door, a small stone was dropped in
front of the fish and zebrafish was gently pushed

back into the dark compartment. At 3min intervals,
the process was repeated twice, consisting 3 trials. At
each trial, crossing time delay of zebrafish was mea-

sured up to 300 s. In order to assess the retention ability
of learned avoidance response, a test session followed

2 h and 24 h after the termination of the training ses-
sion, without delivery of a noxious stimulus.

Gas chromatography mass spectrometry (GC-MS)/

MS analysis

To extract metabolites in brain tissues, previously used
methods were modified and adopted.29 10mg of brain

tissues mixed with 500uL of 7:3:5 v/v methanol/water/
chloroform mixture. Homogenization with 2.8mm zir-

conium oxide beads was performed at 5000 rpm using a
Precellys 24 tissue grinder (Bertin Technologies,

France). The tissue lysate was incubated at 4 �C for
10min and centrifuged at 4 �C and 13,000 rpm for

20min. The supernatant was transferred to new

1.5mL tube and evaporated under a stream of nitro-
gen. The dried sample was dissolved in 40 ml of
methoxyamine hydrochloride in pyridine (40mg/ml)
by heating at 60 �C for 90min. Samples were mixed
with 50 ml of N-Methyl-N-(trimethylsilyl) trifluoroace-
tamide and incubated at 70 �C for 30min. After deriv-
atization, 10 mL of 250 nM Mirex-13C8 (Cambridge
Isotope Laboratories, MA, USA) was added for inter-
nal standard. Samples were centrifuged at 21 �C and
13,000 rpm for 20min and moved to the vial. For quan-
titative analysis of metabolites, gas chromatograph/
tandem mass spectrometer analysis was performed on
an Agilent 7890B gas chromatograph, equipped with a
7010 mass selective detector triple quadrupole (TQ)
mass spectrometer system (Palo Alto, CA, USA).
Chromatographic separation was achieved using a
DB-5MS UI (30m� 0.25mm I. D; 0.25 mm film thick-
ness) from J&W Scientific (Santa Clara, CA, USA)
capillary column. Injector temperature was 270 �C.
The oven temperature was programmed as follows:
the initial oven temperature was 60 �C for 5min then
it was increased to 300 �C with a heating rate of 10 �C/
min. The final temperature of 300 �C was held constant
for 10min. The transfer line was kept at 280 �C. Helium
was used as carrier gas at a constant flow of 1mL/min.
The ion source temperature was set at 230 �C. One
microliter of each derivatized sample was injected in
split mode (1:10). Nitrogen was used as collision gas
at a flow rate of 1.5mL/min and helium was used as a
quenching gas at a flow rate of 2.25mL/min. The ion
source was kept at 230 �C. The mass spectrometer is
tuned on electron impact ionization (EI) at 70 eV in
multiple reaction monitoring mode (MRM).

Immunofluorescence staining

For immunofluorescent staining, zebrafish brains were
fixed in 4% formaldehyde (Samchun, Korea) for 2 h at
4 �C, placed in 30% sucrose in PBS, and kept at 4� until
the brains sank in the liquid (more than 12 h). The
brains were frozen embedded in O.C.T compound
(Sakura, Japan) on dry-ice, cut into 6-lm cross-plane
sections with a cryostat (CM1800; Leica, Wetzlar,
Germany), mounted onto coated slides (Matsunami
Glass Ind., Ltd., Osaka, Japan), and stored at �20�C
until use. For staining, the slides were incubated with
heated citrate buffer (10mM citric buffer, pH 6.0) for
5min, rinsed in 0.1% Triton X-100 in PBS (PBS-T),
and blocked with 10% normal goat serum (Jackson
ImmunoResearch, West Grove, PA) in PBS-T. After
being washed, the sections were incubated in PBS-T
solutions containing antibodies specific for O-
GlcNAc, phospho-CREB, OGT, GFAP, p65, p50
and c-Rel (Santa Cruz Biotechnology, Dallas, TX),
OGA (Proteintech, Rosemont, IL), PKA-ca,
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b-amyloid (Cell signaling Technology, Danvers, MA),

L-plastin, p-Tau (Abcam, Cambridge, UK) or S100b
(DAKO, Glostrup, Denmark) at 4 �C. The sections

were then rinsed with 0.1% PBS-T and incubated

with a mixture of secondary antibodies, including

goat anti-mouse or rabbit IgG conjugated to Alexa

Flour 488 or 568 (Invitrogen, Carlsbad, CA). Cells

were counterstained with DAPI (Sigma-Aldrich) to

visualize nucleus. For Thioflavin S staining, brain sec-

tions were incubated in order of 70% and 80% ethanol

for 5min and stained with 1% Thioflavin S (Sigma-

Aldrich) solution with DAPI for 15min at RT. The

sections were then rinsed in order of 70 and 80% EtOH

for 5min and mounted using mounting medium

(DAKO, Glostrup, Denmark). The slides were exam-

ined under a confocal LSM 510 META microscope

(Carl Zeiss, Jena, Germany) and analyzed using ZEN

2009 Light Edition software. For analysis confocal

images, we prepared three tissue sections per animal

per slide. Positive cells in whole confocal images

(40�) of sectioned tissue were counted and quantified

using ImageJ program.

Hematoxylin and eosin staining

Brain injury was assessed histologically by hematoxylin

and eosin (H&E) staining. Briefly, zebrafish brain samples

were fixed with 4% formaldehyde (Samchun, Korea),

embedded in paraffin, sectioned at 5-lm thickness and

mounted into slide. The sections were deparaffinized

and hydrated gradually, stained with Harris hematoxylin

solution and observed under optical microscope.

Statistical analysis

All the data are expressed as means with exact data

points� standard deviation (SD). Statistical significance

was determined using Kruskal-Wallis with false discov-

ery rate (FDR) by Benjamini–Hochberg method for

multiple comparison test. For Fear-conditioning test

analysis within a group, repeated measures nonparamet-

ric ANOVA (Friedman’s test) with FDR was used for

multiple comparisons. Analysis between groups, two-

way ANOVA followed by Turkey multiple comparisons

test was performed. Differences were considered statis-

tically significant at p < 0.05 with (FDR) < 0.05.

Results

Repetitive hypoxia (RH) elicits increased anxiety and

cognitive dysfunction in zebrafish

To create a mild and global hypoxia model, we place

zebrafish in an air-proof water chamber (i.e., hypoxia

chamber) containing an extremely low level of

dissolved oxygen (DO) (<0.8mg/L), which was pro-
duced by perfusing nitrogen. Zebrafish were exposed
to 1 or 5 repetitions of sublethal hypoxia (5min each)
with 1 day of rest between hypoxic exposures (Figure 1
(a)). Measurement of exploration rates revealed no sig-
nificant differences between the control and SH or RH
groups of zebrafish (data not shown). One of well-
known method to determine anxiolytic-like responses
is the novel tank test. Reduced exploration, increased
freezing and tend to dive to the bottom of a novel
experimental tank are characteristic of anxiety behav-
iors.30,31 After RH exposure but not SH exposure, the
total freezing time (C vs. H(5x), mean�SD: 58.56 �
29.69 s vs. 127.9 � 32.65 s, p¼ 0.002) and average freez-
ing time (7.03 � 1.11 s vs. 13.46 � 5.75 s, p¼ 0.002)
were increased while the total explored distance (3.37
� 1.51m vs. 1.76 � 0.81m, p¼ 0.015), mobility rate
(71.86 � 13.06% vs. 41.5 � 14.54%, p¼ 0.0026) were
decreased compared to the control (Figure 1(b)). We
further traced swimming patterns of individual zebra-
fish in novel tank to measure anxiety-like behavior. In
the heatmap images, squares represent a section of the
fish tank (1 cm � 1 cm each). The colors represent dis-
tribution times. White or gray zones indicate no or
limited stay times. Color changes from blue to red sig-
nify increased stay times. Under normoxic conditions,
zebrafish were found most frequently in the bottom
layer and least frequently in the top layer (Figure 1
(c)). Although differences in anxiety-like behavior
were marginally significant, both SH and RH groups
showed a tendency of decreased frequency in the top
layer and increased frequency in the middle layer rela-
tive to control zebrafish (tendency of top layer, Cont
vs. H(1x) vs. H(5x), mean�SD: 14.3 � 12.4% vs. 2.1 �
3.8% vs. 3.6 � 6.3%, p¼ 0.055; con vs. H(1x),
p¼ 0.019; con vs. H(5x)). (Figure 1(c)).

Fear-motivated passive avoidance test was used to
assess learning and short-term or long-term memory in
zebrafish.25 After three consecutive training sessions
(fear conditioning: FC), short-term memory was
tested at 2 h. Long-term memory was tested by per-
forming a second, identical round of three FC sessions
followed by memory tests after rest periods of 2 and
24 h. Under normoxia, as the number of trials
increased, the crossing time became longer and
more memory retention was seen at 2 and 24 h
(Friedman test; Approximate p¼ 0.0002, Friedman
statistic¼ 30.75, Crossing time; FC 1st day-1st FC vs.
2nd day-memory vs. 3rd day-memory, mean�SD:
17.67 � 22.97 vs. 189.2 � 126.2 vs. 205.8 � 145.9,
p¼ 0.0007; 1st day-1st FC vs. 2nd day-memory,
p¼ 0.0061; 1st day-1st FC vs. 2nd day-memory)
(Figure 1(d)). Single hypoxia exposure (SH) slightly
but significantly decreased L/M, and the defects in
L/M became more severe when the hypoxic exposure
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was repeated five times (repeated hypoxia; RH) (Two-

way ANOVA, column factor; C vs. Hyp � 1 vs. Hyp �
5, F¼ 29.58, DFn¼ 2, DFd¼ 270, p< 0.0001).

Together, our results show that RH decreased the

normal levels of light response (as indicated by longer

but irregular crossing times in response to light stimu-

lation), reduced exploration before and after learning

stimulation, and almost completely abolished L/M

ability (Figure 1(d)). Hypoxia-exposed zebrafish

brains were stained with H&E, which disclosed no

apparent changes in cell density in the Dl and Vd

regions after SH or RH compared to control (Dl

region, C vs. SH vs. RH, mean�SD: 62.78 � 16.41

vs. 66.56 � 32.23 vs. 86.50 � 26.81, p¼ 0.8653; C vs.

SH, p¼ 0.0963; C vs. RH, Vd region, C vs. SH vs. RH:

240.6 � 82.08 vs. 231.8 � 75.89 vs. 253.4 � 54.09,

p¼ 0.5726; C vs. SH, p¼ 0.8820; C vs. RH).

Furthermore, pyknotic and eosinophilic cells (red neu-

rons), markers of necrotic neurons, were not signifi-

cantly altered under SH and RH relative to control,

indicating no hypoxia-induced massive neuronal cell

death (Dl region, Con vs. Hyp(1x) vs. Hyp(5x),

mean�SD: 8.444 � 5.525 vs. 9.222 � 3.801 vs. 8.667

� 4.301, p¼ 0.5202; Con vs. Hyp(1x), p¼ 0.7309; C vs.

Hyp(5x), Vd region, Con vs. Hyp(1x) vs. Hyp(5x):

4.889 � 3.333 vs. 6.222 � 2.386 vs. 5 � 2.5,

p¼ 0.1967; Con vs. Hyp(1x), p¼ 0.8453; Con vs. Hyp

(5x)) (Suppl. Fig. 1).

RH induces change in several glucose metabolites in

zebrafish brain

The schematic diagram presented in Figure 2(a) shows

the major glucose metabolic pathways of glycolysis, the

Figure 1. Increased anxiety behavior and L/M dysfunction induced by repeated hypoxic exposure in adult zebrafish. (a) Schematic
showing the experimental design for hypoxic exposure of adult zebrafish. Novel tank test (NTT) and fear context memory test were
applied at 1 day after the final hypoxia exposure and zebrafish were sacrificed at 6 h after NTTor FC. (b) In the NTT, exploration and
swim performance were analyzed. Graphs demonstrate the total swimming distance, mobility rate, average swim speed, and freezing
events of control and hypoxic (H) group zebrafish. Data represent mean� standard deviation (n¼7–9/group). Statistical analysis was
carried out by Kruskal-Wallis with false discovery rate (FDR) multiple comparison test (*p<0.05, **p<0.01 vs. Con). (c) Representative
heatmaps show the swimming distribution in the novel tank. Graphs demonstrate the frequency of zebrafish swimming in the top, middle
(mid) and bottom (bot) of the novel tank. Data represent mean� standard deviation (n¼7–9/group). Statistical analysis was carried out
by Kruskal-Wallis with false discovery rate (FDR) multiple comparison test. (d) The graphs represent fear context memory test (passive
avoidance test). Crossing times were measured in fear conditioning (FC; three consecutive training) and memory test (mem) sessions. A
test session was applied at 2 h after the first learning session. A second learning session was applied at 24 h after the first learning session,
followed by two test sessions at 2 and 24 h after the second learning session. Dots represent the individual values of crossing time and
bars indicate the mean crossing time (n¼ 6–16/group). For Fear-conditioning test analysis within a group, repeated measures non-
parametric ANOVA (Friedman’s test) with FDR was used for multiple comparisons (ap<0.05 vs. the 1st FC of 1st Day). Analysis between
groups, two-way ANOVA followed by Turkey multiple comparisons test was performed (*p<0.05, **p<0.01 vs. Con).
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TCA cycle, pentose phosphate pathway (PPP), and
hexosamine biosynthetic pathway (HBP). We mea-
sured and compared selected glucose metabolites in
brains of control, SH and RH zebrafish via gas
chromatography-mass spectrometry (GC-MS). To
quantify the concentration of metabolites, a targeted
analysis was conducted using GC-TQ-MS in the
MRM mode. After normalization with identical iso-
tope labeled standards, the levels of metabolites in
brain tissues were calculated using calibration curves
of authentic standards. The linear correlation coeffi-
cients (R2) for all targeted compounds were greater
than 0.99, which showed analytically stable quantita-
tive analysis. Our result demonstrated that the levels of
glucose (Con vs. HYP-5x, mean�SD (pmol/mg tissue):
1673 � 550.2 vs. 854.9 � 139.9, p¼ 0.01), glucose-1-
phosphate (Glc-1-P) (84.39 � 17.84 vs. 53.38 � 11.43,
p¼ 0.0251), Glc-6-P (65.81 � 7.614 vs. 43.56 � 8.396,
p¼ 0.0098), fructose-6-phosphate (Fruc-6-P) (16.73 �
3.886 vs. 10.3 � 1.342, p¼ 0.0039), GlcNAc-6-P (1.813
� 0.3817 vs. 1.202 � 0.2135, p¼ 0.0004), 6-phospho-
gluconate (6-P-gluc) (4.453 � 1.033 vs. 3.102 � 0.669,
p¼ 0.0313), ribulose-5-phosphate (Ribu-5-P) (26.59 �
11.61 vs. 14.15 � 2.64, p¼ 0.0067), sedoheptulose-7-
phosphate (Sehep-7-P) (43.54 � 3.469 vs. 27.79 �
4.564, p¼ 0.0012), and succinate (90.67 � 23.72 vs.
51.32 � 17.96, p¼ 0.0039) were significantly decreased
in the brains of the RH group compared to the control
group (Figure 2(b)). In the SH group, these metabolites
were not significantly reduced. Only lactate was upre-
gulated in the SH group relative to the control group,
but this change was not seen in the RH group (level of
lactate, Con vs. HYP-1x vs. HYP-5x: 1154 � 267.5 vs.
3638 � 1801 vs. 876.5 � 186.3, p¼ 0.0178; Con vs.
HYP-1x, p¼ 0.0002; HYP-1x vs. HYP-5x, p¼ 0.1818;
Con vs. HYP-5x).

Glucose or GlcN restores RH-induced L/M dysfunc-
tion through increased O-GlcNAc flux in the brain of
zebrafish

Since RH reduced glucose and some metabolites of
HBP in the brain, we examined the effects of HBP
replenishment by GlcN. Indeed, GlcN significantly
protected the SH and RH groups against the
hypoxia-related impairments in learning ability, learn-
ing potentiation, and short- and long-term memory
ability (Two-way ANOVA, column factor; C vs.
GlcN � 1 vs. Hyp � 1 vs. HþG � 1, F¼ 16.3,
DFn¼ 3, DFd¼ 324, p< 0.0001, column factor; C vs.
GlcN � 5 vs. Hyp � 5 vs. HþG � 5, F¼ 50.72,
DFn¼ 3, DFd¼ 306, p< 0.0001) (Figure 3(a)). We
also examined the effect of glucose supplementation
on RH-induced L/M impairment and found that intra-
peritoneal injection of 1mg/g glucose significantly

restored RH-induced L/M dysfunction (Two-way
ANOVA, column factor; Cont vs. Glc vs. HYP vs.
HypþGlc, F¼ 3.95, DFn¼ 3, DFd¼ 116, p¼ 0.01)
(Figure 3(b)). We measured the brain O-
GlcNAcylation in the zebrafish dorsal telencephalic
region (Dl), which is corresponding to the hippocampal
region (Figure 3(c)). Immunofluorescent staining dem-
onstrated that FC increased O-GlcNAcylation (C vs.
FC-C, mean�SD: 1.434 � 0.9412 vs. 9.137 � 7.7,
p< 0.0001), and that this FC-induced O-
GlcNAcylation was decreased in RH zebrafish but
not SH zebrafish (FC-SH vs. FC-RH: 6.729 � 2.764
vs. 1.230 � 0.7391, p¼ 0.8276; FC-C vs. FC-SH,
p< 0.0001; FC-C vs. FC-RH) (Figure 3(d)). GlcN sup-
plementation restored the ability of FC to stimulate O-
GlcNAcylation in the RH group (FC-RHþGlcN:
5.733 � 2.311, p< 0.0001; FC-RH vs. FC-RHþGlcN)
( Figure 3(d)). Glucose supplementation also led to
increased FC-triggered O-GlcNAcylation in the RH
group (FC-RH vs. FC-RHþGlc: 3.098 � 1.049 vs.
23.21 � 6.418 p< 0.0001) (Figure 3(e)).

RH reduces FC-induced PKA/CREB activation and
increases OGA level, in the brain of zebrafish

We further examined the levels of OGT and OGA in
SH or RH zebrafish after FC stimulation.
Unstimulated basal OGT levels were not significantly
changed by SH or RH in the brain of zebrafish (data
not shown). FC increased OGT expression in the DI
region of control (C vs. FCþC, mean�SD: 0.7167 �
0.4436 vs. 1.867 � 0.7889, p< 0.0001) but not RH
zebrafish (Figure 4(a)). Rather than, OGA expression
was greatly increased in the brains of FC-exposed RH
zebrafish (FCþC vs. FCþRH: 5.088 � 3.674 vs. 25.33
� 6.057, p< 0.0001), and this increase was suppressed
by GlcN (FCþRHþGlcN: 11.35 � 9.449, p¼ 0.0168)
(Figure 4(a)). OGA increase was not apparent in the
brain of SH zebrafish (FCþSH: 4.716 � 3.876,
p¼ 0.5253; FC vs. FCþSH). Further experiments con-
firmed that the RH-induced upregulation of OGA was
independent of FC (C vs. RH vs. RHþGlcN: 1.111 �
1.104 vs. 9.434 � 4.969 vs. 1.819 � 1.226, p< 0.0001; C
vs. RH, p¼ 0.0004; RH vs. RHþGlcN) (Suppl. Fig. 2).
OGA was mainly observed in the cytoplasm in control
zebrafish, and the nuclear levels were significantly
increased in the RH group (Figure 4(a)). Next, we
explored the cAMP/protein kinase A (PKA)/cAMP
response element-binding (CREB) signaling pathway
in the brains of normal versus SH or RH zebrafish.
Immunostaining was performed on the Dl region of
zebrafish brains. We found that FC stimulated the
levels of p-CREB in control (C vs. FCþC: 1.459 �
0.9294 vs. 7.138 � 4.077, p< 0.0001) but not SH and
RH zebrafish brain (FCþSH vs. FCþRH: 2.430 �
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2.050 vs. 1.970 � 1.197, p¼ 0.3111; C vs. FCþSH,
p¼ 0.0.4819; C vs. FCþRH). FC also stimulated
PKAca in control (C vs. FCþC: 0.6745 � 0.2515 vs.
1.382 � 0.5661, p¼ 0.0128) but not RH zebrafish
brains (FCþRH: 0.6415 � 0.3147, p¼ 0.8394; C vs.
FCþRH) (Figure 4(b)). In zebrafish subjected to RH,
GlcN treatment restores the ability of FC to stimulate
p-CREB (FCþRHþGlcN: 4.338 � 2.499, p¼ 0.0106;
FCþRH vs. FCþRHþGlcN) and PKAca
(FCþRHþGlcN: 1.987 � 0.4941, p< 0.0001;
FCþRH vs. FCþRHþGlcN) to levels similar to
those in FC control zebrafish brains (Figure 4(b)).

Thiamet G restores RH-induced L/M dysfunction in
zebrafish

To further explore the importance of HBP/O-GlcNAc
cycling, we investigated the impact of the OGA inhib-
itor, Thiamet G, on RH-induced L/M impairment.
Interestingly, although both 5 nM and 50 nM
Thiamet G inhibited the L/M function of zebrafish,
5 nM but not 50 nM Thiamet G restored RH-induced
L/M function (Two-way ANOVA, column factor;
Cont vs. TG(5) vs. TG(50) vs. HYP vs. HYPþTG(5)
vs. HYPþTG(50), F¼ 6.523, DFn¼ 5, DFd¼ 232,

Figure 2. Changes of metabolites in zebrafish brains. (a) Schematic presentation of selected metabolites from glycolysis, the pentose
phosphate pathway (PPP), the TCA cycle, and HBP. (b) Graphs represent quantification of selected metabolites by GC-MS/MS in
brains of control normoxia (Con), single hypoxia (SH; 1�) and five repeated exposures to hypoxia (RH; 5�) groups (n¼31/group).
Data are represented as mean� standard deviation. Statistical analysis was carried out by Kruskal-Wallis with false discovery rate
(FDR) multiple comparison test (*p<0.05, **p<0.01 vs. Con).
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p< 0.0001) (Figure 5(a)). Thiamet G dose-dependently

upregulated O-GlcNAcylation in response to FC in

RH group (FCþRH vs. FCþRHþTG5 vs.

FCþRHþTG50, mean�SD: 1.610 � 0.9402 vs. 2.397

� 2 vs. 4.951 � 3.405, p¼ 0.3135; FCþRH vs.

FCþRHþTG5, p¼ 0.0005; FCþRH vs.

FCþRHþTG50) (Figure 5(b)).

GlcN suppresses RH-induced inflammation in

zebrafish brain

We previously showed that a single acute bout of hyp-

oxia induces neuroinflammation.25 Here, we further

explored the inflammatory responses to subacute SH

or RH in the presence and absence of GlcN.

Figure 3. Effects of GlcN or glucose on hypoxia-induced L/M dysfunction. (a) Zebrafish were subjected to intraperitoneal injection of
200 lg/g GlcN (G) 2 h prior to each bout of hypoxia during RH. Representative results obtained from the fear context passive avoidance
test for the effect of GlcN on SH (1�) (left) or RH (5�) (right). Dots indicate the individual crossing time and bars represent the mean
crossing time (n¼8–12/group). For Fear-conditioning test analysis within a group, repeated measures nonparametric ANOVA (Friedman’s
test) with FDR was used for multiple comparisons (aap<0.05 or aap<0.01 vs. the 1st FC of Con, bp<0.05 or bbp<0.01 vs. the 1st FC of
GlcN X1 or GlcN X5, dp<0.05 or ddp<0.01 vs. the 1st FC of HþG X1 or HþG X5). Analysis between groups, two-way ANOVA
followed by Turkey multiple comparisons test was performed (*p<0.05, **p<0.01 vs. Con, #p<0.05, ##p<0.01 vs. Hyp X1 or Hyp X5).
(b) Glucose (Glc, 1mg/g) was intraperitoneally injected to zebrafish 2 h prior to each bout of hypoxia during RH (HYP, H). Passive
avoidance tests were performed. Dots represent the individual crossing time and bars indicate the mean crossing time (n¼8–9/group).
Data analysis within a group, repeated measures nonparametric ANOVA (Friedman’s test) with FDR was used for multiple comparisons
(aap<0.01 vs. the 1st FC of Con). Analysis between groups, two-way ANOVA followed by Turkey multiple comparisons test was
performed (*p<0.05 vs. Con, #p<0.05, ##p<0.01 vs. Hyp). (c) Schematic depiction of zebrafish brain subregions; lateral zone of dorsal
telencephalon (Dl) and ventral telencephalon (Vd) are shown in (a) box. (d and e) Zebrafish were intraperitoneally injected with GlcN (d)
or glucose (e) 2 h prior to SH (1�) or each bout of hypoxia during RH (5�). Representative confocal images (x40) of DAPI (blue) and O-
GlcNAc (green) and merged immunofluorescence staining of the Dl region of zebrafish telencephalon at 6 h after FC. Enlarged images are
presented in the white boxes. Graphs represent densitometric quantification of O-GlcNAc (n¼5/group in D, n¼4/group in E). Statistical
analysis was carried out by Kruskal-Wallis with false discovery rate (FDR) multiple comparison test. (*p<0.05, **p<0.01 vs. Cont,
#p<0.05, ##p<0.01 vs. fear-conditioned Cont, §§p<0.01 vs. fear-conditioned RH.)
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Immunofluorescent staining was performed for the
activated astrocyte markers, S100b and GFAP. Both
SH and RH induced significant increases in cellular
and fibrillary GFAP-(Vd region, C vs. SH vs. RH,

mean�SD: 1.063 � 0.8972 vs. 1.188 � 0.3115 vs.
2.062 � 0.8804, p¼ 0.1392; C vs. SH, p¼ 0.0216; C
vs. RH, Dl region, C vs. SH vs. RH: 0.2172 � 0.3219
vs. 1.632 � 1.477 vs. 1.452 � 0.4403, p¼ 0.0004; C vs.

Figure 4. Effects of GlcN on OGA and OGTexpression and PKA/CREB signaling in control, SH and RH zebrafish. Zebrafish were
exposed to SH (1�) or RH (5�) with or without intraperitoneal pre-injection of GlcN (G, 200 lg/g) at 2 h prior to each bout of
hypoxia. Representative confocal images (x40) of DAPI (blue), OGT (green) and OGA (red, A), and p-CREB (green,B) and PKAca
(red, B) and merged immunofluorescence staining of the Dl of zebrafish brain at 6 h after FC in the control (normoxia, CON or C),
SH (1�), and RH (5�) hypoxic (HYP or H) groups. Enlarged images are presented in the white boxes. Graphs represent densito-
metric quantification of OGT, OGA, p-CREB or PKAca (n¼3–5/group). Statistical analysis was carried out by Kruskal-Wallis with false
discovery rate (FDR) multiple comparison test. (*p<0.05, **p<0.01 vs. Cont, #p<0.05, ##p<0.01 vs. fear-conditioned Cont, §p<0.05,
§§p<0.01 vs. fear-conditioned RH.)
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Figure 5. Effects of Thiamet-G on RH-induced L/M dysfunction. Thiamet G (TG, 5 or 50 ng/g) was intraperitoneally injected to
zebrafish 2 h prior to each bout of hypoxia during RH (HYP). (a) L/M functions were measured by fear context passive avoidance test.
Dots indicate the individual crossing time and bars represent the mean crossing time (n¼7–12/group). Data analysis within a group,
repeated measures nonparametric ANOVA (Friedman’s test) with FDR was used for multiple comparisons (aap<0.01 vs. the 1st FC of
Con). Analysis between groups, two-way ANOVA followed by Turkey multiple comparisons test was performed (**p<0.01 vs. Con,
##p<0.01 vs. Hyp). (b) Representative confocal images (x40) of DAPI (blue), O-GlcNAc (green), and merged immunofluorescence
staining of the telencephalon Dl region of zebrafish brain at 6 h of FC. Enlarged images are presented in the white boxes. Graphs
represent densitometric quantification of O-GlcNAc (n¼6/group). Statistical analysis was carried out by Kruskal-Wallis with false
discovery rate (FDR) multiple comparison test. (**p<0.01 vs. Cont, ##p<0.01 vs. fear-conditioned Cont, §p<0.05, §§p<0.01 vs. fear-
conditioned RH.)
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SH, p< 0.0001; C vs. RH) and cellular S100b-(Vd
region, C vs. SH vs. RH: 1.779 � 1.752 vs. 2.795 �
1.042 vs. 1.937 � 1.029, p¼ 0.0236; C vs. SH,

p¼ 0.1770; C vs. RH, Dl region, C vs. SH vs. RH:

0.3981 � 0.3698 vs. 0.6147 � 0.2374 vs. 1.711 �
0.7735, p¼ 0.1292; C vs. SH, p< 0.0001; C vs. RH)

immunoreactive cells in the Vd and Dl of the zebrafish

telencephalon, and these increases were significantly

suppressed by GlcN (RHþGlcN, GFAP-Vd region:

1.258 � 0.3598, p¼ 0.4065; RH vs. RHþGlcN,

GFAP-Dl region: 0.5998 � 0.4114, p¼ 0.0180; RH

vs. RHþGlcN, S100b-Vd region: 0.7781 � 0.1982,

p¼ 0.0221; RH vs. RHþGlcN, S100b-Dl region:

0.8497 � 0.6025, p¼ 0.0435; RH vs. RHþGlcN)

(Figure 6(a)). Further immunostaining revealed that

L-plastin, which detects activated microglia or

leukocytes, was increased in RH group compared to

the control (C vs. RH: 0.6477 � 0.2943 vs. 2.832 �
0.6085, p< 0.0001), and that this increase was sup-

pressed by GlcN (RHþGlcN: 1.156 � 0.7323,

p¼ 0.0019; RH vs. RHþGlcN) (Figure 6(b), upper

panel). Immunofluorescent staining further demon-

strated that both SH and RH increased nuclear p65

in the Dl region of zebrafish brains (C vs. SH vs.

RH: 1.372 � 0.8008 vs. 3.786 � 1.090 vs. 3.910 �
0.5602, p< 0.0001; C vs. SH, p< 0.0001; C vs. RH),

and this increase was inhibited by GlcN (RHþGlcN:

2.076 � 0.6960, p¼ 0.0045; RH vs. RHþGlcN)

(Figure 6(b), middle panel). In contrast, the

brain levels of IjBa were decreased in the SH and

RH groups (C vs. SH vs. RH: 0.8752 � 0.2633 vs.

0.4262 � 0.1359 vs. 0.3270 � 0.08391, p¼ 0.0029; C

Figure 6. Effects of GlcN on SH and RH-induced neuroinflammation. Zebrafish were exposed to RH (5�) with or without intra-
peritoneal pre-injection of GlcN (200 lg/g) at 2 h prior to each bout of hypoxia during RH. (a) Representative confocal images (x40)
of DAPI (blue), GFAP (green), S100b (red), and merged immunofluorescence staining of the telencephalic Vd and Dl regions of
control, SH and RH zebrafish brains. Graphs represent densitometric quantification of GFAP or S100b (n¼3/group). (b) DAPI (blue),
p65, IjBa, or L-plastin (green), and merged immunofluorescence staining of the Dl regions of zebrafish brains. Enlarged images are
presented in the white boxes. Graphs represent densitometric quantification of L-plastin, p65, and IjBa (n¼3/group). Statistical
analysis was carried out by Kruskal-Wallis with false discovery rate (FDR) multiple comparison test. (*p<0.05, **p<0.01 vs. Cont,
##p<0.01 vs. SH or RH.)
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vs. SH, p< 0.0001; C vs. RH), and RH-induced change
was rescued by GlcN (RHþGlcN: 0.9255 � 0.2085,
p< 0.0001; RH vs. RHþGlcN) (Figure 6(b), lower
panel).

RH increases the accumulation of b-amyloid and
p-Tau, and this effect is suppressed by GlcN

To examine the effect of hypoxia on development of
AD pathologies in zebrafish, we immunostained the Dl

Figure 7. SH- or RH-induced accumulations of Ab and p-Tau deposition and plaque formation with or without GlcN pretreatment.
Zebrafish were exposed to SH (1�) or RH (5�) with or without intraperitoneal pre-injection of GlcN (200 lg/g) at 2 h prior to each
bout of hypoxia. Brain sections from representative Dl regions of control, SH, and RH zebrafish were processed for immunocyto-
chemistry using anti-p-Tau (a, green) or -Ab (b, green) antibodies or Thioflavin S (ThioS; c, green). Nuclei were counterstained with
DAPI (blue). The utilized anti-Ab antibodies were specific for the C terminus of Ab42. Enlarged images are presented in the white
boxes. Graphs represent densitometric quantification of green images of p-Tau, Ab, or This (n¼3–5/group). Statistical analysis was
carried out by Kruskal-Wallis with false discovery rate (FDR) multiple comparison test. (**p<0.01 vs. Cont, ##p<0.01 vs. SH or RH.)
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of SH and RH zebrafish brains for b-amyloid (Ab), p-
Tau, and thioflavin S (ThioS). No significant change in
Ab or p-Tau immunofluorescence was evident follow-
ing SH. In RH zebrafish brains, however, intra- or
peri-nuclear p-Tau (C vs. RH: 0.4844 � 0.3051 vs.
2.233 � 1.866, p¼ 0.0081) and Ab accumulations (C
vs. RH: 1.520 � 1.114 vs. 3.975 � 1.468, p¼ 0.0004)
were observed as small puncta and (occasionally) large
irregular accumulations (Figure 7(a) and (b)).
Consistent with the apparent protective function of
GlcN on RH-induced L/M defects and inflammation,
GlcN also reduced the RH-induced increases in Ab
(RHþGlcN: 1.845 � 0.9105, p¼ 0.0072; RH vs.
RHþGlcN) and p-Tau (RHþGlcN: 0.2628 � 0.1830,
p< 0.0001; RH vs. RHþGlcN). Furthermore, RH
zebrafish exhibited an increase in ThioS staining (C
vs. RH: 0 � 0 vs. 3.222 � 1.394, p< 0.0001; C vs.
RH); this was visualized as peri-nuclei aggregates
with punctate signals and linear structures (Figure 7
(c)). Consistent with the above-described results,
GlcN suppressed this RH-induced increase of ThioS
(RHþGlcN: 0.5556 � 1.014, p< 0.0001; RH vs.
RHþGlcN) (Figure 7(c)).

Discussion

Hypoxia may have both detrimental and beneficial
effects, depending on the frequency, severity, and the
duration of hypoxic episodes.32 The conventional
experimental settings for applying hypoxia to animals
include two major parameters: the frequency of hypox-
ic events and the severity of the hypoxic stimulus within
each event. In a previous study, we used zebrafish to
show that single exposure to global acute hypoxia indu-
ces transient dysfunction of L/M ability.25 In the cur-
rent study,we developed a sublethal but repetitive
zebrafish hypoxia model to examine the long-term
effects of hypoxic exposure in L/M functions and
development of AD pathologies. We observed that,
repeatedly (5 times) exposing zebrafish to subacute
hypoxia (RH) induced irreversible cognitive deficit
and the development of AD pathologies, indicating
that, compared to the acute hypoxia model, this RH
model offers benefits for examining chronic and long-
term effects of hypoxia.

Despite long-held indications that cerebral glucose
hypometabolism precedes cognitive decline or AD
development, few (if any) neurochemical studies have
specifically examined glucose metabolism in brain dys-
function. Our present metabolite analysis revealed that
RH zebrafish, but not SH zebrafish, exhibited distinct
decreases in brain glucose and downstream metabo-
lites, including G-1-P, G-6-P, and F-6-P. RH addition-
ally decreased the major HBP metabolite, GlcNAc-6-P,
and two metabolites of the pentose phosphate pathway

(PPP), ribulose 5-P and sedoheptulose 7-P. PPP activity
was previously shown to be reduced after neonatal
hypoxia-ischemia, and the authors suggested that
decreased PPP may contribute to the increased suscep-
tibility of the neonatal brain to oxidative stress.33

Future studies should explore whether PPP contributes
to RH-induced cognitive dysfunction, and whether
replenishment of the PPP could protect against brain
dysfunction after RH. In the current study, we focused
more on the role of the HBP pathway in cognitive func-
tion. With regard to the mechanisms through which
RH may alter glucose and its metabolites, we first ques-
tioned whether RH could decrease cerebral glucose
transport. The glucose transporters GLUT1 and
GLUT3 were previously reported to be decreased in
AD brain, and this was found to positively correlate
with decreased O-GlcNAcylation.34 However, we did
not find any significant change in the mRNA expres-
sion levels of GLUT1 or GLUT3 in zebrafish brain
under SH or RH (data not shown). Indeed, another
study found that hypoxia instead increases GLUT1
and GLUT3 expression to enhance neuronal toler-
ance.35 Thus, it is less likely that RH decreases cerebral
glucose uptake. Another potential mechanism of RH-
induced glucose regulation could lie in an ability of RH
to alter glucose metabolism. However, the mRNA
levels of major glycolytic enzymes, including hexoki-
nase, glucokinase, phosphofructokinase, and pyruvate
kinase, were not significantly changed under SH or RH
(data not shown). Thus, we do not currently know how
RH regulates glucose and several of its metabolites in
the zebrafish brain. Additional studies on how RH
undertakes the biochemical and molecular regulation
of enzymes of glucose metabolism are needed necessary
to clarify how RH regulates brain glucose and its
metabolites.

It is particularly noteworthy that RH decreased
overall O-GlcNAcylation in the brain of zebrafish,
and that this was accompanied by increased OGA
levels. The link between AD and decreased O-
GlcNAc flux has been described: impaired brain
HBP/O-GlcNAc flux is a characteristic feature of AD
brain, and inhibition of OGA to increase brain O-
GlcNAcylation alleviates AD pathologies, protects
against neurodegeneration, and improves behav-
ior.36–40 Although there are also contradictory findings
demonstrating that increased O-GlcNAcylation
impairs L/M ability,18,41 our previous and current
work strongly support the concept that a decreased
HBP/O-GlcNAc flux is detrimental to cognitive func-
tion. Those seemingly contradictory results can be rec-
onciled by assuming that mutual regulation of OGT
and OGA to maintain O-GlcNAcylation homeostasis
is critical for normal brain function. If this equilibrium
is tilted in either direction, normal brain function or
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cognition may be negatively affected. This hypothesis
may be supported our unexpected observation that
although GlcN and Thiamet G protected against RH-
induced L/M impairment, incubating zebrafish in high
concentrations of GlcN or Thiamet G induced cogni-
tive dysfunction and even mortality at high doses
(Figure 5(d) and data not shown). This emphasizes
the importance of maintaining homeostasis of the O-
GlcNAc level. Therefore, our RH model has the benefit
over genetic or pharmacological models, in that it
enabled comparison of physiological-level brain O-
GlcNAc changes during L/M functions in normal
and RH-exposed zebrafish. Furthermore, the function-
al effects of changes in HBP flux could be monitored by
assessing molecular changes related to learning process,
such as the PKA/CREB signaling pathway. By using
RH model, we herein provide a vital clue for the pres-
ence of positive associations between O-GlcNAcylation
and PKA/CREB-regulated signaling during memory
process.

Inflammation is a common consequence of a hyp-
oxic episode, and increasing evidence indicates that
post-hypoxic inflammation is responsible for exacer-
bating consequent brain damage.42 The protective
effect of GlcN against RH-induced brain dysfunction
is potentially associated with the regulation of brain
inflammation, as indicated by the ability of GlcN to
suppress astrocyte and microglia activation and brain
NF-jB signaling activation induced by hypoxia.
Although the underlying regulatory mechanisms are
not fully understood, inflammation is known to accom-
panied by hypoxia and contribute to neural injury.43,44

In this study, both SH and RH induced brain inflam-
mation to a similar degree, which were suppressed by
GlcN. Although SH induced brain inflammation and
mild reversible impairment of L/M function, it did not
apparently decrease O-GlcNAcylation or increase
OGA. This suggests that inflammation may precede
alteration of the HBP/O-GlcNAc flux in this context.
It is also possible that RH-induced inflammation and
HBP/O-GlcNAc flux changes are independent events
that individually or synergistically contribute to brain
dysfunctions. Given the current controversy over
whether neuroinflammation is the driving force of
brain dysfunction or AD, versus it simply being a con-
sequence of metabolic dysregulation occurring earlier
in the progression of cognitive dysfunction, further
research is needed to clarify the interplay between
HBP/O-GlcNAc cycling and neuroinflammation in
response to RH.

The present work is the first comprehensive
demonstration that decreased O-GlcNAc cycling, as
a combined result of OGA overexpression and
decreased HBP flux, induces cognitive dysfunction
after RH exposure in an adult zebrafish model.

The RH-induced HBP/O-GlcNAc flux changes entail

interconnected changes of glucose metabolism and neu-

roinflammation and might serve as an integrated mech-

anism for hypoxia-associated cognitive dysfunction

and Alzheimer’s etiology. Our results may suggest

that an evolutionarily conserved HBP/O-GlcNAc flux

may be an attractive therapeutic target for hypoxia-

associated neuronal dysfunction or neurodegeneration.

In this context, an important avenue for future studies

would be to investigate changes in profiling of O-

GlcNAcylated proteins in the brain under hypoxic

conditions.
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