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a b s t r a c t 

Dementia is the main clinical feature of Alzheimer’s disease (AD). Orexin has recently been linked to AD 

pathogenesis, and exogenous orexin-A (OXA) aggravates spatial memory impairment in APP/PS1 mice. 

However, the effects of OXA on other types of cognitive deficits, especially in 3xTg-AD mice exhibiting 

both plaque and tangle pathologies, have not been reported. Furthermore, the potential electrophysiolog- 

ical mechanism by which OXA affects cognitive deficits and the molecular mechanism by which OXA 

increases amyloid β (A β) levels are unknown. In the present study, the effects of OXA on cognitive 

functions, synaptic plasticity, A β levels, tau hyperphosphorylation, BACE1 and NEP expression, and cir- 

cadian locomotor rhythm were evaluated. The results showed that OXA aggravated memory impairments 

and circadian rhythm disturbance, exacerbated hippocampal LTP depression, and increased A β and tau 

pathologies in 3xTg-AD mice by affecting BACE1 and NEP expression. These results indicated that OXA ag- 

gravates cognitive deficits and hippocampal synaptic plasticity impairment in 3xTg-AD mice by increasing 

A β production and decreasing A β clearance through disruption of the circadian rhythm and sleep-wake 

cycle. 

© 2023 Elsevier Inc. All rights reserved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

The main clinical feature of Alzheimer’s disease (AD), an irre-

versible neurodegenerative disease, is dementia characterized by

noticeable memory, language, thinking or behavioral symptoms

( Alzheimer’s disease facts and figures, 2022 ). According to the

World Alzheimer’s Disease Report 2021, approximately 55 million

people have dementia worldwide, more than 2 of 3 whom have

AD ( Serge et al., 2021 ). The pathogenesis of AD is very com-

plicated. The typical pathological features of AD are extracellu-

lar amyloid β (A β) plaques and intracellular neurofibrillary tan-

gles (NFTs) containing abnormally phosphorylated tau. Studies in

both AD patients and animal models have demonstrated the neu-

rotoxicity of A β ( Sciaccaluga et al., 2021 ; Tolar et al., 2021 ), and

the amyloid hypothesis fits reasonably well the autosomal domi-
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nant AD which exhibits mutations in presenilin (PSEN) 1, PSEN2

and β-amyloid precursor protein (APP) ( Frisoni et al., 2022 ). More-

over, the bilateral delivery of synthetic A β oligomers into the cere-

bral parenchyma in cynomolgus monkeys induces a cascade of

pathological events resembling the early phase of AD in humans

( Yue et al., 2021 ), thus providing experimental evidence from non-

human primates supporting the amyloid cascade hypothesis. How-

ever, increasing evidence indicates that the synergy between A β
and tau plays an important role in AD pathogenesis ( Busche and

Hyman, 2020 ). Although A β may initiate the cascade of events,

tau impairment is likely the effector molecule of neurodegenera-

tion ( Roda et al., 2022 ), which indicates the importance of using

AD model mice that exhibit both plaque and tangle pathologies. 

Orexins/hypocretins are neuropeptides that are specifically syn-

thesized by orexinergic neurons in the lateral hypothalamus, which

have extensive projections to other wakefulness-promoting neu-

rons and play crucial roles in the induction and maintenance of

wakefulness ( Jacobson et al., 2022 ; Liu and Dan, 2019 ). The 2 struc-

tural forms of orexin are orexin-A (OXA) and orexin-B (OXB). OXA

is completely structurally conserved among several mammalian

https://doi.org/10.1016/j.neurobiolaging.2023.01.008
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species (human, rat, mouse, cow, sheep, dog and pig), whereas the

amino acid sequence of OXB is not ( Jacobson et al., 2022 ). OXA

is closely related to the pathogenesis of AD ( Wang et al., 2018 ).

Patients with mild cognitive impairment (MCI) exhibit abnormally

elevated OXA levels in cerebrospinal fluid (CSF), along with re-

duced rapid eye movement (REM) sleep, lower A β1-42 levels and

increased phosphorylated tau in CSF ( Liguori et al., 2016 ). Simi-

larly, AD patients show increases in OXA and phosphorylated tau

levels and higher t-tau/A β1-42 ratios (an index of marked neu-

rodegeneration) in the CSF, as well as significantly lower mini-

mental state examination (MMSE) scores (an indicator of cogni-

tive function) and sleep-wake pattern disruption ( Gabelle et al.,

2017 ; Liguori et al., 2017 ; Liguori et al., 2019 ; Liguori et al., 2014 ).

In Tg2576 mice, intracerebroventricular (i.c.v.) injection of OXA in-

creases A β levels in the interstitial fluid of the hippocampus by

prolonging wakefulness ( Kang et al., 2009 ). Furthermore, a recent

study of APP/PS1 mice, which mainly exhibit A β plaques, found

that chronic i.c.v. injection of OXA increases A β levels and impairs

spatial learning and memory ( Li et al., 2020 ). However, no study

has examined the impact of exogenous OXA on other types of cog-

nitive deficits in mouse models of AD, especially in 3xTg-AD mice

exhibiting both plaque and tangle pathologies ( Oddo et al., 2003 ).

In particular, whether OXA treatment affects tau phosphorylation

and enzymes related to A β metabolism is unclear. 

Synaptic plasticity in the hippocampus is the electrophysiologi-

cal basis of animal learning and memory behaviors, and long-term

potentiation (LTP) is an important cellular model of synaptic plas-

ticity ( Dringenberg, 2020 ). We and others have observed LTP de-

pression in the hippocampus in 3xTg-AD mice both in vitro and in

vivo, suggesting an electrophysiological basis of cognitive impair-

ment ( Cai et al., 2021 ; Oddo et al., 2003 ; Yan et al., 2022 ). OXA

administration significantly increases the spontaneous firing rate

of hippocampal CA1 neurons in rats ( Chen et al., 2017 ), induces

state-dependent LTP of synaptic transmission at Schaffer collateral-

CA1 synapses in hippocampal slices in vitro ( Selbach et al., 2010 )

and bidirectional modulates hippocampal CA1 synaptic plasticity in

vitro ( Lu et al., 2016 ). However, the impact of OXA on synaptic

plasticity in mouse models of AD has not been comprehensively

examined. 

To contribute to addressing the gaps outlined above, the present

study aimed to investigate the mechanisms by which OXA im-

pairs synaptic plasticity, increases A β plaques and NFTs, and ulti-

mately aggravates cognitive defects in 3xTg-AD mice. We first ob-

served the effects of OXA treatment on multiple cognitive deficits

in this mouse model, which exhibits an age-related and pro-

gressive neuropathological phenotype involving both A β and tau

pathologies. We then performed in vivo hippocampal electrophysi-

ological recording to investigate the potential electrophysiological

mechanism by which OXA aggravates cognitive deficits. We fur-

ther explored the effects of OXA on tau phosphorylation and A β
metabolism in the brain in 3xTg-AD mice, including enzymes in-

volved in the production and degradation of A β . In addition, the

effects of OXA on the circadian locomotor rhythm and sleep-wake

cycle were observed by monitoring wheel-running activity. 

2. Materials and methods 

2.1. Animals and treatment 

Homozygous APP/PS1/tau triple-transgenic AD (3xTg-AD) model

mice (stock number: 034830-JAX, Jackson Laboratory, USA)

( Oddo et al., 2003 ) and age-matched C57B6/129 wild-type (WT)

mice with the same genetic background were used. All animal pro-

cedures were performed in accordance with the guidelines estab-

lished by the Ethics Committee for the Use of Experimental An-
imals at Shanxi Medical University. Mice were housed under a

12 hour:12 hour light-dark cycle (lights on at 06:00 and off at

18:00) with controlled room temperature (20–24 °C) and humid-

ity (50%–60%) and received standard rodent chow and water. Be-

cause females have a higher risk of developing AD ( Eissman et al.,

2022 ) and estradiol and progesterone levels affect A β levels in

transgenic mouse models of AD ( Li and Singh, 2014 ), only male

3xTg-AD mice were used in the present study to avoid the influ-

ence of sex differences. Twelve-month-old male 3xTg-AD mice and

WT mice (all specific-pathogen-free (SPF)) were randomly divided

into 4 groups: WT + Vehicle (n = 15), WT + OXA (n = 15), 3xTg-

AD + Vehicle (n = 15) and 3xTg-AD + OXA (n = 16). During the ini-

tial 1-week adaptation period, each mouse was intranasal admin-

istered deionized water daily at 18:00 (the beginning of the mouse

activity period). Next, each mouse was intranasal administered 0.8

nmol of OXA (Tocris, UK) or the same volume of deionized water

(vehicle) daily for 14 days at 18:00 ( Yang et al., 2013 ). After the 14-

day treatment period, cognitive behavioral experiments were per-

formed, and daily drug or vehicle administration was continued

until the mice were sacrificed ( Fig. 1 ). 

2.2. Behavioral tests 

As mice are nocturnal, all behavioral experiments were con-

ducted in the active phase (dark phase) under dim red light ( < 10

lux) to avoid affecting the physiological condition and sleep-wake

cycle of the mice ( Zhang et al., 2017 ). To eliminate the effect of

odor on the experimental results, the object recognition experi-

mental box and the Y-maze were wiped with 75% ethanol between

experimental sessions. 

2.2.1. Novel object recognition test 

The recognition memory of the mice was evaluated by per-

forming the novel object recognition test (NORT), which exploits

the natural tendency of rodents to explore novel objects ( Dionisio-

Santos et al., 2021 ). The experimental box was a cube with a

length, width and height of 40 cm. An infrared camera was used

to record the original traces, and Smart 3.0 software (Panlab Har-

ward Apparatus, USA) was used to analyze the data. The mice were

adapted in the behavioral laboratory and open field for 1 day. First,

2 identical objects were placed in the experimental box, and each

mouse was allowed to explore freely for 10 minutes. Six hours

later, one of the objects was replaced with a novel object, and each

mouse was returned to the same position in the box and allowed

to explore the box for 10 minutes. The exploration times of the fa-

miliar object and novel object were recorded, and the object recog-

nition index (RI) and discrimination index (DI) were calculated as

follows: RI = [time exploring the novel object/total time explor-

ing both objects] × 100%; DI = [(time exploring the novel object

- time exploring the familiar object)/total time exploring both ob-

jects] × 100%. This test assumes that when both objects are unfa-

miliar, the chance that the mouse will explore a specific object is

determined by random chance (50%). When one object is familiar,

the mouse will spend more time exploring the novel object, and its

RI will be higher than 50%. Thus, an RI below 50% is interpreted as

a lack of discrimination between the novel object and the familiar

object ( Fanet et al., 2021 ). 

2.2.2. Y-maze spontaneous alternation test 

The Y-maze spontaneous alternation test (YMT) was used to

evaluate short-term spatial working memory, which is the mem-

ory function of temporarily processing and storing information

( Kraeuter et al., 2019 ). The Y-maze consisted of 3 arms (length of

30 cm, width of 5 cm and height of 15 cm) that met at angles of

120 °. The test was initiated by placing a mouse in the center of the
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Fig. 1. Schematic diagram of the experimental procedure. After 7 days of adaptation to the laboratory environment and intranasal administration, orexin-A (OXA) or vehicle 

was intranasal administered once daily for 14 days before the behavioral tests. The drug treatment was maintained during all behavioral tests, including the novel object 

recognition test (NORT), Y maze spontaneous alternation test (YMT) and Morris water maze test (MWMT). Following the behavioral tests, in vivo hippocampal long-term 

potentiation (LTP) recording, immunohistochemistry (IHC) and western blotting were performed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

maze and allowing it to explore the 3 arms freely for 8 minutes.

The total number of arm entries and the order of arm exploration

were recorded. The percentage of correct spontaneous alternations

was calculated as [(number of correct alternations)/(total arm en-

tries - 2)] × 100%. 

2.2.3. Morris water maze test 

Spatial learning and memory were evaluated using the Mor-

ris water maze test (MWMT) as described in our previous study

( Zhou et al., 2020 ). The water maze was a circular swimming pool

(diameter of 120 cm and height of 50 cm) with a small escape

platform (diameter of 12 cm). The maze was divided into 4 equal

quadrants, and the escape platform was placed 1 cm below the

water surface in the center of the first quadrant. Differently shaped

visual cues were positioned at the inner wall of the pool. During

the experiments, the water temperature was maintained at 23 °C ±
2 °C. 

In the hidden platform test, each mouse was tested 4 times

daily for 5 consecutive days. The mouse had a maximum of 60

seconds per trial to find the escape platform underwater depend-

ing on the visual cues around the maze. Each trial began with the

mouse entering the water from the midpoint of 1 quadrant and

ended when the mouse found the hidden platform or after 60 sec-

onds. Once the mouse climbed onto the platform, it was allowed to

stay for 30 seconds to observe the surrounding environment. If the

mouse did not find the platform within 60 seconds, it was man-

ually guided to the platform and allowed to stay for 30 seconds

to familiarize itself with and remember the surroundings or cues.

The escape latency on each training day was determined by taking

the average of the 4 trials. On the sixth day, the probe test was

performed to evaluate memory retention ability. During the probe

test, the platform was removed, and the searching behavior of the

mouse in the target quadrant (where the platform was located dur-

ing the hidden platform training) was observed. The swimming

speed, swimming trajectory, and swimming time of the mouse in

each quadrant and the number of crossings were recorded and an-

alyzed by a video tracking system (Ethovision 3.0, Noldus Informa-

tion Technology, Wageningen, Netherlands). In addition, to exam-

ine the vision and motor ability of each mouse, a visible platform

test was conducted in which the time of arrival at a platform 1 cm

above the water surface was recorded. 

2.3. In vivo hippocampal electrophysiological recording 

Synaptic plasticity is closely related to cognitive function

( Bliss and Collingridge, 1993 ). After the behavioral experiments,

in vivo electrophysiological recording was performed. Each mouse

was anesthetized with 5% chloral hydrate (0.08 ml/10 g, i.p.) and

placed on a stereotaxic apparatus (68016, RWD Life Science, China).
A dental drill was employed to make a small hole (2.0 mm poste-

rior to the bregma and 1.5 mm lateral to the midline) in the skull,

and stimulating/recording electrodes were located at the Schaffer

collateral/commissural pathway and the stratum radiatum of the

hippocampal CA1 region. First, field excitatory postsynaptic poten-

tials (fEPSPs) were evoked by stimuli of increasing amplitude (0–

0.3 mA in 0.02 mA increments; duration: 50 μs) at a frequency

of 0.033 Hz, and the input–output (I/O) curve was drawn. Based

on the I/O curve, baseline fEPSPs were evoked by test stimulation

(intensity, 50% of maximal fEPSPs; frequency, 0.033 Hz) delivered

to the Schaffer-collateral/commissural pathway and recorded for

30 minutes; then, paired-pulse facilitation (PPF) was induced by

2 stimuli with an interval of 50 ms. Finally, high-frequency stimu-

lation (HFS) was applied to induce LTP. The HFS protocol consisted

of 3 trains of 20 stimuli at 200 Hz with an intertrain interval of

30 seconds. After HFS, the test stimuli were used again for at least

1 hour to record any change in the slope of the fEPSPs ( Yan et al.,

2022 ). 

2.4. Immunohistochemistry 

After electrophysiological recording, mice were randomly se-

lected from each group and slowly perfused with saline solu-

tion and 4% paraformaldehyde solution. Then, the brain was re-

moved from the skull and immersed in 4% paraformaldehyde (4 °C)

overnight. The brain tissue was gradient dehydrated by sequential

immersion in 15% and 30% sucrose solutions, flash frozen in liquid

nitrogen for 20 seconds and sliced with a thickness of 10 μm at

-20 °C using a cryostat microtome (CM1850, Leica, Germany). A β
plaques and tau hyperphosphorylation in the mouse hippocam-

pus and cortex were detected in coronal sections stained with

mouse monoclonal anti-amyloid 1–16 (6E10, 803015, 1:750, Biole-

gend, USA) and rabbit polyclonal antibody anti-tau (phospho T231,

ab151559, 1:200, Abcam, UK). The immunostained sections were

imaged by optical microscopy (BX51, Olympus, Japan). The mean

percentage area of antigen-antibody complexes was measured us-

ing ImagePro Plus 6.0 (Fryer, Huntley, IL, USA). 

2.5. Western blotting 

Bilateral hippocampi were removed from mice randomly se-

lected from each group and weighed. The tissues were homoge-

nized using an ultrasonic homogenizer in cold RIPA buffer (AR0102,

Boster, China) containing a cocktail of phenylmethylsulfonyl flu-

oride (PMSF; AR1179, Boster, China) and protein phosphatase in-

hibitor (AR1183, Boster, China). Then, the lysates were centrifuged

at 13,0 0 0 r/min for 15 minutes. The protein concentration of the

supernatant was measured using a bicinchoninic acid protein kit

(AR0146, Boster, China). The total protein samples were diluted
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Fig. 2. OXA aggravated the impairments of recognition memory and working memory in 3xTg-AD mice. (A and B) Bar plots showing the RI and DI of each group of mice in 

the novel object recognition test (NORT). (C-D) Bar plots showing the total number of arm entries and the percentage of correct spontaneous alternations of each group of 

mice in the Y-maze spontaneous alternation test (YMT) (n = 15–16, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1:1 with loading buffer (AR0131, Boster, China) and boiled for

5 minutes at 95 °C–100 °C. The protein samples (30–50 μg) were

then separated by electrophoresis on a 12% SDS-polyacrylamide

gel and transferred to a PVDF membrane (Millipore, USA). The

membrane was incubated with 5% defatted milk powder (D8340,

Solarbio, China) or 5% BSA blocking buffer (SW3015, Solarbio,

China) at room temperature for 2 hours. Next, the membrane

was incubated at 4 °C overnight with primary antibodies ( β-actin,

1:50 0 0, D191047, Sangon Biotech, China; GAPDH, 1:50 0 0, AP0 063,

Bioworld Technology, USA; anti-A β , 6E10, 1:10 0 0 0, Biolegend, USA;

anti-BACE1, 1:10 0 0, ab2077, Abcam, UK; anti-Neprilysin-2, 1:10 0 0,

ab81688, Abcam, UK; anti-phospho-Tau (Ser202, Thr205) (AT8),

1:10 0 0, MN1020, Thermo Fisher Scientific, USA; anti-phospho-tau

(T231), 1:10 0 0, ab151559, Abcam, UK; anti-Tau (Tau5), 1:10 0 0,

ab80579, Abcam, UK), followed by the secondary antibody (anti-

rabbit IgG, 1:50 0 0, BA1054, Boster, China; anti-mouse IgG, 1:50 0 0,

BA1050, Boster, China) for 2 hours at room temperature. Finally,

the immunocomplex was visualized by enhanced chemilumines-

cence and detected by ImagePro Plus 6.0 (Fryer, Huntley, IL, USA). 

2.6. Recording of wheel running activity 

To evaluate the behavioral circadian rhythm of the mice, the

wheel-running activity of randomly selected 3xTg-AD mice and

WT mice treated with OXA or vehicle (n = 4 for each group)

was recorded. Each mouse was housed individually in cages within

chambers equipped with LED lights and maintained under a 12

hour:12 hour light-dark cycle (lights on at 06:00 and off at 18:00)
for 2 weeks. All activity data were recorded in 5 minute bins us-

ing ClockLab software Version 6 (Actimetrics Inc., USA). The period,

amplitude, robustness, interdaily stability (IS) and intradaily vari-

ability (IV) were analyzed using ClockLab software and software

available at http://www.circadian.org/softwar.html, and the loco-

motor activity was measured and statistically quantified ( Wu et al.,

2018 ). 

2.7. Statistical analysis 

All data are presented as the mean ± standard error. The escape

latency in the MWMT was analyzed by 3-factor repeated-measures

analysis of variance (ANOVA), the 6E10 + area in immunohisto-

chemical staining was analyzed by the 2-sample t test, and all

other data were analyzed using two-way ANOVA and Tukey’s post

hoc test. GraphPad Prism 9.0 and SigmaPlot 14.0 were used to ana-

lyze the data, and p < 0.05 was considered statistically significant.

3. Results 

3.1. OXA aggravated the impairments of recognition memory and 

working memory in 3xTg-AD mice 

In the NORT ( Fig. 2 A and B), the recognition index (RI) was

69.3% ± 4.3% in the WT + Vehicle group and decreased to 54.6% ±
3.1% in the 3xTg-AD + Vehicle group ( p = 0.005), and OXA treat-

ment further decreased the RI of 3xTg-AD mice to 42.6% ± 2.1%

( p = 0.017). The discrimination indexes (DIs) in the WT + Vehi-
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cle group, WT + OXA group, 3xTg-AD + Vehicle group and 3xTg-

AD + OXA group were 38.6% ±8.7%, 30.0% ± 8.1%, 9.2% ± 6.3%

and -14.9% ± 4.2%, respectively. Compared with the WT + Vehi-

cle group, the 3xTg-AD + Vehicle group exhibited a significant re-

duction in the DI ( p = 0.005), and OXA treatment further reduced

the DI of 3xTg-AD mice ( p = 0.017) (two-way ANOVA: genotype:

F (1, 60) = 28.450, p < 0.001; treatment: F (1, 60) = 5.520, p = 0.022;

genotype × treatment: F (1, 60) = 1.251, p = 0.268). These results

indicated that recognition memory was impaired in 12-month-old

3xTg-AD mice and that OXA treatment further aggravated this im-

pairment in 3xTg-AD mice. 

In the YMT ( Fig. 2 C and D), there was no significant differ-

ence in total arm entries among the 4 groups (two-way ANOVA:

genotype: F (1, 60) = 1.244, p = 0.269; treatment: F (1, 60) = 0.996,

p = 0.322; genotype ×treatment: F (1, 60) = 0.776, p = 0.382). How-

ever, the percentage of correct spontaneous alternation was signif-

icantly lower in the 3xTg-AD + Vehicle group (57.3% ± 3.2%) than

in the WT + Vehicle group (70.4% ± 1.6%, p < 0.001), and OXA

treatment further decreased the percentage to 46.3% ± 1.9% in

the 3xTg-AD + OXA group ( p = 0.001). (two-way ANOVA: genotype:

F (1, 60) = 59.214, p < 0.001; treatment: F (1, 60) = 7.370, p = 0.009;

genotype × treatment: F (1, 60) = 4.213, p = 0.045). These results

indicated that OXA treatment obviously aggravated the working

memory impairment of 3xTg-AD mice without affecting locomotor

activity. 

3.2. OXA exacerbated the impairments of spatial learning and 

memory in 3xTg-AD mice 

In the hidden platform test ( Fig. 3 A and B) of the MWMT,

the escape latency of all 4 groups of mice gradually decreased as

the number of training days increased (repeated-measures ANOVA:

day: F (4, 285) = 28.48, p < 0.001). Nonetheless, the average es-

cape latency was greater in the 3xTg-AD + Vehicle group than in

the WT + Vehicle group on day 3 ( p = 0.030), and OXA treat-

ment further prolonged the escape latency of 3xTg-AD mice on

day 3 ( p = 0.028) and day 5 ( p = 0.040), indicating that OXA treat-

ment aggravated the impairment of spatial learning ability in 3xTg-

AD mice. In addition, OXA treatment prolonged the escape latency

of WT mice on day 4 ( p = 0.014), indicating that OXA treatment

also impaired the spatial learning ability of WT mice (two-way

ANOVA: day 3: genotype: F (1, 60) = 13.721, p < 0.001; treatment:

F (1, 60) = 6.918, p = 0.011; genotype × treatment: F (1, 60) = 0.279,

p = 0.599; day 4: genotype: F (1, 60) = 3.436, p = 0.069; treatment:

F (1, 60) = 10.082, p = 0.002; genotype × treatment: F (1, 60) = 0.208,

p = 0.650; day 5: genotype: F (1, 60) = 4.841, p = 0.032; treatment:

F (1, 60) = 8.196, p = 0.006; genotype × treatment: F (1, 60) = 0.008,

p = 0.928). 

In the probe test ( Fig. 3 C–E) on day 6, the APP/PS1/tau

gene mutation and OXA treatment both had main effects on

the percentage of swimming time in the target quadrant (two-

way ANOVA: genotype: F (1, 60) = 8.176, p = 0.006; treatment:

F (1, 60) = 9.651, p = 0.003; genotype × treatment: F (1, 60) = 0.169,

p = 0.683) and the number of platform crossings (two-way

ANOVA: genotype: F (1, 60) = 18.384, p < 0.001; treatment:

F (1, 60) = 10.319, p = 0.002; genotype ×treatment: F (1, 60) = 0.134,

p = 0.716). The percentage in the target quadrant was signifi-

cantly lower in the 3xTg-AD + Vehicle group (44.3% ± 2.8%) than

in the WT + Vehicle group (57.5% ± 3.9%, p = 0.026), and OXA

treatment further reduced the percentage to 33.3% ± 2.9% in the

3xTg-AD + OXA group ( p = 0.06). The number of platform cross-

ings was also significantly lower in the 3xTg-AD + Vehicle group

than in the WT + Vehicle group ( p = 0.008), and OXA treatment

further decreased the number of platform crossings in the 3xTg-

AD + OXA group ( p = 0.014). In addition, OXA treatment decreased
the swimming time percentage ( p = 0.017) and number of plat-

form crossings ( p = 0.051) in the WT + OXA group compared with

the WT + Vehicle group. These results indicated that OXA treat-

ment aggravated the spatial memory impairment of 3xTg-AD mice

and impaired the spatial memory of WT mice. 

In the visual platform test, there was no significant difference

in the time to reach the platform among the 4 groups ( p > 0.05,

Fig. 3 F), and there was no significant difference in swimming speed

among the 4 groups throughout the experiment ( p > 0.05, Fig. 3 G).

The above results indicated that the APP/PS1/tau gene mutation

and OXA treatment did not affect the vision and motor ability

of the mice; thus, the prolonged escape latency and decreases in

swimming time percentage and number of platform crossings ob-

served in both 3xTg-AD mice and WT mice after OXA treatment

were the result of impairments in long-term spatial learning and

memory. 

3.3. OXA damaged hippocampal synaptic plasticity in 3xTg-AD mice 

It is widely believed that changes in synaptic plasticity form the

cellular basis of learning and memory ( Diering and Huganir, 2018 ).

To evaluate synaptic plasticity in WT and 3xTg-AD mice, basic

synaptic transmission and HFS-induced LTP in the hippocampal

CA1 region were recorded. The results showed that with increasing

stimulus intensity, the fEPSP amplitude gradually increased in all 4

groups of mice; under the same stimulus intensity, the fEPSP am-

plitude did not differ significantly among the 4 groups ( p > 0.05,

Fig. 4 A). In addition, the fEPSP slopes evoked by the test stimulus

were relatively stable, with no significant difference among the 4

groups of mice within 30 minutes of recording ( p > 0.05, Fig. 4 C

and D). These results indicated that the APP/PS1/tau gene muta-

tion and OXA treatment did not affect basic synaptic transmission

in the hippocampus. After paired pulse stimulation, the PPF value

(fEPSP2/fEPSP1) was not significantly different among the 4 groups

of mice ( p > 0.05, Fig. 4 B), demonstrating that the different geno-

types and drug treatments did not affect presynaptic neurotrans-

mitter release. 

After high-frequency stimulation (HFS), the fEPSP slopes in

the WT + Vehicle group, WT + OXA group, 3xTg-AD + Vehicle group

and 3xTg-AD + OXA group immediately increased to 176.0% ±
2.5%, 171.6% ± 2.4%, 160.6% ± 3.6% and 155.0% ± 4.3%, respec-

tively, indicating that HFS successfully induced LTP in each group.

At 0 minute, 30 minute and 60 minute after HFS ( Fig. 4 C–E),

the fEPSP slope was significantly lower in the 3xTg-AD + Vehicle

group than in the WT + Vehicle group ( p < 0.001). Fur-

thermore, OXA treatment decreased the fEPSP slopes of 3xTg-

AD mice and WT mice at 30 minute and 60 minute af-

ter HFS ( p < 0.001). (two-way ANOVA: 0 minute: genotype:

F (1, 25) = 48.355, p < 0.001; treatment: F (1, 25) = 5.323, p = 0.031;

genotype ×treatment: F (1, 25) = 0.004, p = 0.953; 30 minute: geno-

type: F (1, 25) = 185.635, p < 0.001; treatment: F (1, 25) = 35.295, p <

0.001; genotype ×treatment: F (1, 25) = 0.130, p = 0.722; 60 minute:

genotype: F (1, 25) = 286.978, p < 0.001; treatment: F (1, 25) = 69.639,

p < 0.001; genotype ×treatment: F (1, 25) = 0.996, –0.329). These re-

sults indicated that hippocampal synaptic plasticity was impaired

in 3xTg-AD mice and that OXA treatment exacerbated this impair-

ment in 3xTg-AD mice and induced synaptic plasticity impairment

in WT mice. 

3.4. OXA increased A β plaques and soluble A β oligomers in the 

hippocampus and cortex in 3xTg-AD mice 

The deposition of A β plaques is an important pathological char-

acteristic of AD. In this study, A β plaques in the hippocampus

and cortex were observed by immunohistochemical staining. As
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Fig. 3. OXA exacerbated the impairments of long-term spatial learning and memory in 3xTg-AD mice. (A) Line charts showing the escape latency of mice in the hidden 

platform test of the Morris water maze test (MWMT) over 5 consecutive training days ( a WT + Vehicle group vs. 3xTg-AD + Vehicle group, p < 0.05; b WT + Vehicle group 

vs. WT + OXA group, p < 0.05; c 3xTg-AD + Vehicle group vs. 3xTg-AD + OXA group, p < 0.05). (B) Representative swimming trajectories of mice in each group on day 

5. The large circle represents the water maze pool, and the small circle represents the hidden platform. The green and red points indicate the beginning and end of one 

experimental trial, respectively. (C) Bar plots showing the percentage of swimming time in the target quadrant of each group of mice on day 6. (D) Bar plots showing the 

number of platform crossings in the probe test on day 6. (E) Representative swimming trajectory diagrams of each group of mice in the probe test. (F) The time of arrival 

of each group of mice at the platform in the visual platform test. (G) Line charts of the swimming speeds of the 4 groups of mice on days 1–6 (n = 15–16, ∗p < 0.05, ∗∗p < 

0.01) (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 4. OXA damaged hippocampal LTP in 3xTg-AD mice. (A) There was no significant difference in the I-O curves among the 4 groups. (B) Bar plots showing the PPF values 

among the 4 groups. (C) Time course of fEPSP slopes and LTP induced by HFS in the hippocampus. (D) Bar plots showing the fEPSP slopes of the mice before and 0 minute, 

30 minute and 60 minute after HFS. (E) Representative fEPSP traces of the 4 groups before (solid line) and 60 minute after HFS (dashed line) (n = 6-8, ∗∗∗ p < 0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

shown in Fig. 5 A–C, scattered A β plaques were observed in the

hippocampus and cortex in 3xTg-AD mice, and OXA treatment in-

creased the area of A β-positive plaques in the hippocampus (t = -

4.749, p = 0.001) and cortex (t = -6.297, p < 0.001) in 3xTg-AD

mice. 

As the neurotoxicity of A β is mainly due to soluble A β
oligomers ( Reiss et al., 2018 ; Tolar et al., 2021 ), the level of A β
oligomers in the hippocampus in 3xTg-AD mice was assessed

( Fig. 5 D and E). The results showed that the APP/PS1/tau gene mu-

tation and OXA treatment both had main effects on the level of

A β oligomers (two-way ANOVA: genotype: F (1, 15) = 31.095, p <

0.001; treatment: F (1, 15) = 6.220, p = 0.028; genotype ×treatment:

F (1, 15) = 2.810, p = 0.120). The level of A β oligomers in the hip-

pocampus was significantly higher in the 3xTg-AD + Vehicle group

than in the WT + Vehicle group ( p = 0.018), and OXA treatment

obviously increased the level of A β oligomers in 3xTg-AD mice

( p = 0.012). 
3.5. OXA affected the expression of A β metabolism-related enzymes 

in the hippocampus in 3xTg-AD mice 

A β is the cleavage product of APP, and β-site amyloid precur-

sor protein cleaving enzyme 1 (BACE1) is the enzyme that initiates

the generation of A β ( Hampel et al., 2021 ). In addition, neprilysin

(NEP) plays an important role in the degradation of A β monomers

and oligomers ( Campos et al., 2020 ). To investigate the mecha-

nisms underlying the increases in A β oligomers and plaques in

the brain in 3xTg-AD mice after OXA treatment, the expression

levels of BACE1 and NEP in the hippocampus were measured. As

shown in Fig. 6 , the expression levels of BACE1 ( p < 0.001) and

NEP ( p = 0.016) in the hippocampus were significantly higher in

the 3xTg-AD + Vehicle group than in the WT + Vehicle group. Af-

ter OXA treatment, the expression level of BACE1 further increased

in 3xTg-AD mice ( p = 0.028), whereas the expression level of

NEP significantly decreased ( p = 0.011) (two-way ANOVA: BACE1:
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Fig. 5. OXA increased A β deposition and soluble A β oligomers in the brain in 3xTg-AD mice. (A) Representative images of immunohistochemical staining of A β plaques in 

the hippocampus and cortex in the 4 groups of mice. (B–C) Bar plots showing the percentage of 6E10 immunopositive area in the hippocampus and cortex in 3xTg-AD mice 

(n = 5, ∗∗p < 0.01, ∗∗∗p < 0.001). (D) Representative original immunoblots of A β oligomers in the hippocampus. (E) Bar plots showing the expression level of A β oligomers 

in the hippocampus (n = 4, ∗p < 0.05). 
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Fig. 6. OXA affected the expression of BACE1 and NEP in the hippocampus in 3xTg-AD mice. (A) Representative original immunoblots of BACE1 and NEP expression in the 

hippocampus. (B–C) Bar plots showing the expression levels of BACE1 and NEP in the hippocampus (n = 4, ∗p < 0.05, ∗∗∗p < 0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

genotype: F (1, 15) = 64.366, p < 0.001; treatment: F (1, 15) = 8.041,

p = 0.015; genotype ×treatment: F (1, 15) = 0.481, p = 0.501; NEP:

genotype: F (1, 15) = 4.902, p = 0.047; treatment: F (1, 15) = 6.381,

p = 0.027; genotype ×treatment: F (1, 15) = 3.069, p = 0.105). These

results suggested that OXA treatment might increase A β deposi-

tion in the brain in 3xTg-AD mice by increasing A β production via

greater BACE1 expression and decreasing A β clearance via reduced

NEP expression. 

3.6. OXA increased tau hyperphosphorylation in the hippocampus in 

3xTg-AD mice 

NFTs formed by abnormally phosphorylated tau protein are an-

other typical pathological characteristic in the AD brain and are

positively correlated with the degree of dementia in AD patients

( Liang et al., 2022 ). In the present study, phosphorylated tau (p-

tau) protein in the hippocampus was observed by immunohis-

tochemistry and western blotting ( Fig. 7 ). The percentage of the

p-tau immunopositive area in the hippocampus was significantly

higher in the 3xTg-AD + Vehicle group than in the WT + Vehi-

cle group ( Fig. 7 A and B, p < 0.001), and OXA treatment fur-

ther increased the p-tau immunopositive area in the hippocam-

pus in 3xTg-AD mice ( p < 0.001) (two-way ANOVA: genotype:

F (1, 20) = 298.650, p < 0.001; treatment: F (1, 20) = 53.821, p <

0.001; genotype ×treatment: F (1, 20) = 33.347, p < 0.001). 

The expression levels of p-tau protein and total tau (t-tau)

protein in the hippocampus in the mouse groups are shown in

Fig. 7 C–F. The expression levels of pT231 ( p = 0.001) and AT8

( p = 0.006) in the hippocampus were significantly higher in the

3xTg-AD + Vehicle group than in the WT + Vehicle group, and

OXA treatment further increased the expression levels of pT231

( p = 0.005) and AT8 ( p = 0.043) in the hippocampus in 3xTg-
AD mice (two-way ANOVA: pT231: genotype: F (1, 15) = 63.577, p <

0.001; treatment: F (1, 15) = 9.172, p = 0.010; genotype ×treatment:

F (1, 15) = 3.162, p = 0.101; AT8: genotype: F (1, 15) = 29.224, p <

0.0 01; treatment: F (1, 15) = 6.40 0, p = 0.026; genotype ×treatment:

F (1, 15) = 0.460, p = 0.510). In addition, the expression level of Tau5,

which reflects the total amount of tau protein in the hippocampus,

was significantly higher in the 3xTg-AD + Vehicle group than in the

WT + Vehicle group ( p < 0.001), and OXA treatment further in-

creased the level of t-tau in the hippocampus in 3xTg-AD mice

( p < 0.001) (two-way ANOVA: genotype: F (1, 15) = 179.259, p <

0.001; treatment: F (1, 15) = 49.476, p < 0.001; genotype ×treatment:

F (1, 15) = 28.868, p < 0.001). 

3.7. OXA aggravated the disturbance of the circadian locomotor 

rhythm in 3xTg-AD mice 

Wheel-running activity was monitored to assess the behav-

ioral circadian rhythm of the mice. In the 12 hour:12 hour light-

dark (LD) environment, the mean robustness ( p = 0.023, Fig. 8 B),

mean amplitude ( p = 0.002, Fig. 8 C) and interdaily stability

(IS) ( p = 0.008, Fig. 8 D) were significantly lower in the 3xTg-

AD + Vehicle group than in the WT + Vehicle group, but the

intradaily variability (IV) was significantly higher in the 3xTg-

AD + Vehicle group ( p = 0.011, Fig. 8 E). OXA treatment further

decreased the robustness ( p = 0.038), amplitude ( p = 0.048)

and IS ( p = 0.031) in the 3xTg-AD + OXA group, while IV in-

creased ( p = 0.016) (two-way ANOVA: robustness: genotype:

F (1, 15) = 17.490, p = 0.001; treatment: F (1, 15) = 7.856, p = 0.016;

genotype ×treatment: F (1, 15) = 0.235, p = 0.636; amplitude: geno-

type: F (1, 15) = 41.943, p < 0.001; treatment: F (1, 15) = 4.860,

p = 0.048; genotype ×treatment: F (1, 15) = 0.825, p = 0.382; IS:

genotype: F (1, 15) = 43.823, p < 0.001; treatment: F (1, 15) = 1.887,
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Fig. 7. OXA increased the abnormal phosphorylation levels of tau protein in the hippocampus in 3xTg-AD mice. (A) Representative images of immunohistochemical staining 

of phosphorylated tau protein in frozen sections of the hippocampus. (B) Bar plots showing the percentage of phosphorylated tau protein immunopositive area in the 

hippocampus (n = 5–6, ∗∗∗p < 0.001). (C) Representative original immunoblots of pT231, AT8 and Tau5 in the hippocampus. (D-F) Bar plots showing the expression levels of 

pT231, AT8 and Tau5 in the hippocampus (n = 4, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). 
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Fig. 8. OXA aggravated the disturbance of the circadian locomotor rhythm in 3xTg-AD mice. (A) Representative original wheel-running actograms of mice in the 4 groups 

entrained to the 12 hour:12 hour light-dark (LD) cycle. (B–E) Bar plots showing the mean robustness, mean amplitude, IS and IV of each group of mice. (F) Bar plots showing 

the total daily activity of the 4 mouse groups. (G) Bar plots showing the locomotor activity of the mice during ZT0-ZT12 (resting phase) and ZT12-ZT24 (active phase). (H) 

Line charts showing the average activity of the 4 groups of mice in each hour (n = 4, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

p = 0.195; genotype ×treatment: F (1, 15) = 4.336, p = 0.059; IV:

genotype: F (1, 15) = 45.420, P < 0.001; treatment: F (1, 15) = 2.079,

p = 0.175; genotype ×treatment: F (1, 15) = 6.300, p = 0.027). These

results demonstrated that the circadian locomotor rhythm in the

LD environment was disrupted in 3xTg-AD mice and that OXA

treatment aggravated this disturbance. 

In addition, the average daily activity ( p = 0.001, Fig. 8 F) and

the activity in ZT12-ZT24 (active phase) ( p < 0.001, Fig. 8 G), es-

pecially in ZT13 ( p = 0.042, Fig. 8 H), ZT14 ( p = 0.023) and ZT15

( p = 0.037), were significantly lower in the 3xTg-AD + Vehicle group

than in the WT + Vehicle group, while daily activity ( p = 0.040)

and activity in ZT12-ZT24 ( p < 0.001) were significantly higher in

the 3xTg-AD + OXA group than in the 3xTg-AD + Vehicle group. In

addition, OXA treatment increased the daily activity ( p = 0.043)

and activity in ZT12-ZT24 ( p = 0.035) of WT mice (two-way

ANOVA: daily activity: genotype: F (1, 15) = 35.265, p < 0.001;

treatment: F (1, 15) = 10.400, p = 0.007; genotype ×treatment:

F (1, 15) = 0.001, p = 0.976; activity in ZT12-ZT24: genotype:

F (1, 15) = 73.814, p < 0.001; treatment: F (1, 15) = 36.878, p < 0.001;

genotype ×treatment: F (1, 15) = 7.393, p = 0.019). These results indi-

cated that OXA treatment increased the daily activity of both 3xTg-

AD mice and WT mice, especially in the active phase. 

4. Discussion 

Dementia characterized by noticeable memory, language, think-

ing or behavioral symptoms is the main clinical feature of AD.

Some clinical studies have found abnormal elevation of the level of

OXA in the CSF in MCI and AD patients, accompanied by impaired

cognitive function, reduced REM sleep and disrupted sleep-wake
patterns ( Gabelle et al., 2017 ; Heywood et al., 2018 ; Liguori et al.,

2019 ; Liguori et al., 2016 ; Liguori et al., 2014 ). In APP/PS1 mice,

which mainly exhibit A β deposition, chronic i.c.v. injection of OXA

aggravates spatial learning and memory impairments ( Li et al.,

2020 ). However, the effects of OXA on other types of cognitive

function in AD, such as working memory and recognition mem-

ory, are still unclear. Furthermore, considering the synergistic roles

of A β and tau in AD pathogenesis ( Busche and Hyman, 2020 ), it

is important to clarify the effects of OXA in 3xTg-AD mice, which

exhibit both A β plaques and tau phosphorylation. Intranasal ad-

ministration allows OXA to be conveyed rapidly and directly to the

central nervous system ( Erichsen et al., 2021 ). Intranasal OXA ad-

ministration results in substantial delivery throughout the brain in

rhesus monkeys ( Deadwyler et al., 2007 ), rats ( Dhuria et al., 2009 ;

Van de Bittner et al., 2018 ) and mice ( Hanson et al., 2004 ); reduces

wake-REM sleep transitions and REM sleep duration in narcolepsy

patients with cataplexy ( Baier et al., 2011 ; Weinhold et al., 2014 );

and triggers arousal in a rat model of cardiac arrest-induced coma

( Modi et al., 2017 ). In addition, intranasal administration of OXA

minimizes drug exposure in peripheral organs and tissues, thereby

reducing adverse systemic side effects. Given the effectiveness and

advantages of intranasal administration, we chose this method to

deliver OXA in the present study. 

To evaluate the effects of OXA on the learning and mem-

ory abilities of 3xTg-AD mice, the NORT, YMT and MWMT were

performed. The results showed that OXA administration signifi-

cantly aggravated the impairments in short-term working mem-

ory and long-term spatial memory in 3xTg-AD mice. In addition,

a negative DI in the NORT was observed in the 3xTg-AD + OXA

group. Given the results of the other behavioral tests, this nega-
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tive DI might be the result of impaired recognition memory, but

the possibility of neophobia should be considered ( Binder et al.,

2015 ). Orexin knockout mice exhibit poor spatial recognition per-

formance ( Dang et al., 2018 ), and cellular activation of hypothala-

mic orexin neurons facilitates short-term spatial memory in mice

( Aitta-Aho et al., 2016 ); in rats, i.c.v. injection of OXA impairs per-

formance in the MWMT ( Aou et al., 2003 ). Here, we found that

OXA administration induced spatial learning and memory impair-

ments in WT mice but did not affect the recognition memory and

short-term working memory of WT mice, indicating that the po-

tential mechanisms by which OXA affects different types of cogni-

tive functions differ under physiological conditions and AD patho-

logical conditions. 

LTP is an important phenotypic form of synaptic plasticity

and is closely related to the formation of learning and mem-

ory ( Bliss and Collingridge, 1993 ). Oddo et al. reported in vitro

LTP impairment in brain slices from 6-month-old 3xTg-AD mice

( Oddo et al., 2003 ). We previously observed in vivo LTP depression

and long-term depression (LTD) facilitation in 9-month-old 3xTg-

AD mice ( Yan et al., 2022 ). However, the effects of OXA on hip-

pocampal synaptic plasticity in 3xTg-AD mice have not been as-

sessed. In the present study, in vivo electrophysiological record-

ing showed that OXA did not affect basal synaptic transmission

or presynaptic neurotransmitter release in the hippocampus in ei-

ther WT mice or 3xTg-AD mice. HFS successfully induced LTP in

each group, and LTP depression was observed in 3xTg-AD mice.

Notably, OXA treatment exacerbated the hippocampal LTP depres-

sion in 3xTg-AD mice and induced hippocampal LTP depression in

WT mice. These results may explain why OXA administration ag-

gravated the impairments in cognitive behaviors in 3xTg-AD mice

and induced impairments in WT mice. A previous study found that

OXA treatment impairs in vitro hippocampal LTP in rats without

affecting presynaptic neurotransmitter release ( Aou et al., 2003 ),

and we recently showed that chronic sleep deprivation depresses

in vivo hippocampal LTP in both APP/PS1 mice and WT mice

( Wang et al., 2021 ). More importantly, the present study showed

that OXA administration increased the daily activity of both 3xTg-

AD mice and WT mice and aggravated the disturbance of the cir-

cadian locomotor rhythm in 3xTg-AD mice. Considering that a nor-

mal circadian rhythm and sleep are important for regulating struc-

tural plasticity and synaptic strength ( Raven et al., 2018 ), OXA

might impair hippocampal synaptic plasticity by disrupting the cir-

cadian rhythm and increasing wakefulness. 

A β deposition is the dominant pathological manifestation of

AD and can impair cognitive function and accelerate the develop-

ment of AD ( Katzmarski et al., 2020 ; Tolar et al., 2021 ). In Tg2576

mice, which mainly exhibit A β pathology, i.c.v. injection of OXA

increases A β levels in the hippocampal interstitial fluid by induc-

ing wakefulness ( Kang et al., 2009 ). In APP/PS1-21 and APP/PS1

mice, the deletion of orexin significantly reduces A β plaques in

the brains and increases sleep time, whereas restoring hypotha-

lamic orexin expression increases wakefulness and A β plaques in

the brain ( Roh et al., 2014 ). Consistent with these previous stud-

ies, administration of OXA significantly increased A β plaque de-

position in the hippocampus and cortex in 3xTg-AD mice in the

present study. Furthermore, considering that soluble A β oligomers

form earlier than A β plaques and exert neurotoxicity ( Lee et al.,

2017 ; Tolar et al., 2021 ), we also measured the level of soluble A β
oligomers in the hippocampus in 3xTg-AD mice. We found that in-

tranasal administration of OXA significantly increased the level of

soluble A β oligomers, which might be an important reason for the

A β plaque formation, synaptic plasticity impairment and cognitive

dysfunction observed in 3xTg-AD mice treated with OXA. In addi-

tion, our assessment of circadian rhythm based on wheel-running

activity showed that OXA treatment decreased the robustness, am-
plitude and IS but increased IV and daily activity, especially activ-

ity in ZT12-ZT24, in 3xTg-AD mice, indicating that OXA effectively

aggravated the circadian rhythm disturbance and increased wake-

fulness in 3xTg-AD mice. These changes might be closely related to

the development of A β pathology. 

Although the results of the present study and previous stud-

ies consistently demonstrate that OXA treatment increases A β lev-

els in the brain in different mouse models of AD, the underlying

mechanism is unclear. OXA has been reported to affect the phago-

cytosis and degradation of exogenous A β in microglia ( An et al.,

2017 ) and decrease A β clearance by the brain glymphatic system

by reducing nighttime sleep ( Dauvilliers, 2021 ). However, the effect

of OXA on A β production has not been examined. In the present

study, the expression level of BACE1, the rate-limiting enzyme in

A β production ( Hampel et al., 2021 ), was measured. We found

that OXA treatment increased the expression of BACE1 in the hip-

pocampus in 3xTg-AD mice, suggesting that OXA elevates A β levels

by increasing A β production. In addition, NEP plays an important

role in A β degradation ( Campos et al., 2020 ; Ullah et al., 2021 ).

We showed here that the expression of NEP in the hippocampus in

3xTg-AD mice decreased significantly after OXA treatment, indicat-

ing that OXA also increases A β levels in the brain in 3xTg-AD mice

by decreasing NEP expression. These results indicate that OXA ad-

ministration affects the expression levels of enzymes related to A β
production and degradation, but whether these effects are related

to circadian rhythm disruption and increased wakefulness and the

potential mechanisms need to be further investigated. 

NFTs formed by abnormal tau phosphorylation are another

typical pathological feature in the AD brain and are positively

correlated with the degree of dementia in AD patients ( Ju and

Tam, 2022 ). According to the amyloid cascade hypothesis, A β
plays pivotal roles in AD pathogenesis and can lead to hyper-

phosphorylation of tau protein and NFT formation ( Long and Holtz-

man, 2019 ; Shin et al., 2019 ). At the same time, accumulation of

hyperphosphorylated tau can directly induce synaptic toxicity and

cognitive impairment ( Ma et al., 2017 ). This study is the first to

examine the effect of OXA treatment on tau pathology. Immuno-

histochemistry and western blotting revealed that OXA administra-

tion increased abnormal tau phosphorylation at epitopes Ser202,

Thr205 and Thr231 in the hippocampus in 3xTg-AD mice, possibly

by increasing A β or other unknown mechanisms. 

5. Conclusion 

In the present study, exogenous OXA aggravated the impair-

ments of multiple cognitive behaviors in 3xTg-AD mice, which ex-

hibit both plaque and NFT pathologies, by worsening the impair-

ment in in vivo hippocampal synaptic plasticity. OXA exerted detri-

mental effects in this AD mouse model by aggravating circadian

rhythm disturbance, increasing wakefulness and reducing sleep, in-

creasing A β production and decreasing A β clearance, thereby in-

creasing A β oligomers, A β plaques and abnormal tau phosphory-

lation. 
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