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A B S T R A C T   

Cognitive dysfunction is the main clinical manifestation of Alzheimer’s disease (AD). Previous research found 
that elevated orexin level in the cerebrospinal fluid was closely related to the course of AD, and orexin-A 
treatment could increase amyloid β protein (Aβ) deposition and aggravate spatial memory impairment in 
APP/PS1 mice. Furthermore, recent research found that dual orexin receptor (OXR) antagonist might affect Aβ 
level and cognitive dysfunction in AD, but the effects of OX1R or OX2R alone is unreported until now. 
Considering that OX1R is highly expressed in the hippocampus and plays important roles in learning and 
memory, the effects of OX1R in AD cognitive dysfunction and its possible mechanism should be investigated. In 
the present study, selective OX1R antagonist SB-334867 was used to block OX1R. Then, different behavioral tests 
were performed to observe the effects of OX1R blockade on cognitive function of 3xTg-AD mice exhibited both 
Aβ and tau pathology, in vivo electrophysiological recording and western blot were used to investigate the po
tential mechanism. The results showed that chronic OX1R blockade aggravated the impairments of short-term 
working memory, long-term spatial memory and synaptic plasticity in 9-month-old female 3xTg-AD mice, 
increased levels of soluble Aβ oligomers and p-tau, and decreased PSD-95 expression in the hippocampus of 
3xTg-AD mice. These results indicate that the detrimental effects of SB-334867 on cognitive behaviors in 3xTg- 
AD mice are closely related to the decrease of PSD-95 and depression of in vivo long-term potentiation (LTP) 
caused by increased Aβ oligomers and p-tau.   

1. Introduction 

Cognitive dysfunction is the main clinical manifestation of Alz
heimer’s disease (AD), a neurodegenerative disease account for more 
than two-thirds of dementia in the world [1]. The characterized path
ological features of AD are senile plaques mainly composed of β amyloid 
protein (Aβ) and neurofibrillary tangles formed by abnormal phos
phorylation of tau protein. According to previous reports, Aβ oligomers 
played an important neurotoxic role in the course of AD [2], abnormal 
hyperphosphorylated tau protein caused synaptic loss, damage to axonal 
transport and cytoskeletal dysfunction [3]. More importantly, the two 
pathologies have synergistic effects [4]. Although Aβ may initiate the 
cascade of events, tau impairment is likely the effector molecule of 
neurodegeneration [5], which indicated the importance of using animal 
model exhibited both Aβ and tau pathology. 

Orexins/hypocretins are neuropeptides synthesized by neurons in 
the lateral hypothalamus, which play important roles in regulating 
sleep-wake cycle, mood and cognition [6]. Recent studies found that 
orexin level in the cerebrospinal fluid (CSF) was closely related to the 
course of AD. In patients with mild cognitive impairment (MCI), 
abnormally elevated orexin-A in the CSF was observed, along with lower 
Aβ1–42 level, higher total tau (t-tau) and phosphorylated tau (p-tau) 
levels [7]. In AD patients, increase of orexin-A, and abnormal levels of 
p-tau and Aβ1–42 were observed in the CSF, accompanied with signif
icant decrease in the mini-mental state examination (MMSE) score 
[8–11]. In animal models, recent research observed higher density and 
distribution of orexin A-positive neurons in the brain of APP/PS1 mice 
[12]; orexin-A treatment increased Aβ deposition in the brain of 
APP/PS1 mice and aggravated spatial memory deficits in the Morris 
water maze test [13]. 
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There are two types of orexin receptors, orexin 1 receptor (OX1R) 
and orexin 2 receptor (OX2R). OX1R is highly expressed in the hippo
campus [14] and is important to learning and memory regulation [15, 
16]. Some research found that knockdown of OX1R in the hippocampal 
CA1 region by injection of adeno-associated virus could lead to impaired 
spatial memory and decreased density of apical dendritic spines in CA1 
region in rats [17]. OX2R is also expressed in the hippocampus, but 
up-regulation of OX2R in the hippocampus and impairment of spatial 
memory were observed in single prolonged stress rats [18]. Recently, 
there are a few reports about effects of dual orexin receptor antagonist 
(DORA) on Aβ level and cognitive dysfunction in AD, but the results 
from different studies are inconsistent. Kang et al. found that chronic 
intracerebroventricular (i.c.v.) injection of almorexant could signifi
cantly reduce Aβ plaques in the cortex of APP/PS1 mice [19]; our pre
vious research also found that chronic oral administration of suvorexant 
could reduce Aβ deposition in the brain of APP/PS1 mice and improve 
its learning and memory impairments [20]. However, chronic admin
istration of DORA-22 did not affect short-term working memory and the 
density of Aβ plaques in 5xFAD mice mainly exhibited Aβ pathology 
[21]. Considering that the use of DORA could not confirm which subtype 
of OXR plays a major role in AD pathogenesis, and there is lack of 
research about effects of OX1R or OX2R alone in AD, it is important to 
further investigate the effects of OX1R or OX2R alone in AD. 

Because OX1R is highly expressed in the hippocampus and exert 
important roles in cognitive function, the effects and potential mecha
nism of OX1R on cognitive dysfunction in AD was investigated in the 
present study. Firstly, the effects of OX1R on cognitive dysfunction in 
3xTg-AD mice exhibited both Aβ deposition and abnormal tau phos
phorylation [22] were observed by using multiple behavioral tests, then 
the possible electrophysiological and molecular mechanism were 
investigated by using in vivo electrophysiological recording and western 
blot, which could provide experimental evidence for further clarifying 
the role and mechanism of OX1R in the course of AD. 

2. Materials and methods 

2.1. Animals and treatment 

Considering that females are at higher risk of developing AD 
compared with males [23], and the pathological phenotype of female 
3xTg-AD mice is more obvious than that of males [24,25], 9-month-old 
female 3xTg-AD mice (Jackson Laboratory, USA) and non-transgenic 
wild-type (WT) mice were used. All procedures were performed in 
accordance with the guidelines established by the ethics committee for 
the use of experimental animals at Shanxi Medical University. All mice 
were housed in the SPF laboratory animal room of Shanxi Medical 
University under a 12 h/12 h light-dark cycle, and received standard 
rodent food and water ad libitum. The 3xTg-AD mice and WT mice were 
randomly divided into four groups: WT+Vehicle, WT+SB-334867, 
3xTg-AD+Vehicle and 3xTg-AD+SB-334867 (n = 10 for each group). 
SB-334867 (20 mg/kg, InvivoChem, USA) or equal volume of 10% 
hydroxypropyl-β-cyclodextrin (Vehicle) solution was intraperitoneal 
injected once a day [26] before turning off the lights at 18:00. After 28 
days of continuous administration, different behavioral tests were per
formed in sequence. All behavioral experiments were carried out during 
the activity period of mice under dim red light (<10 Lx) [27], and the 
drug was administered continuously during the behavioral experiments. 

2.2. Object recognition test 

The experiment was consisted of acquisition phase and testing phase. 
In the acquisition phase, two identical objects were placed symmetri
cally in the object recognition experimental box, and the mouse was 
allowed to explore freely for 10 min. The testing phase was performed 6 
h later. A novel object was put into the experimental box, and the mouse 
was allowed to freely explore for another 10 min. The exploration time 

of familiar object and novel object was recorded, and the recognition 
index (RI) and discrimination index (DI) of mice were calculated. RI =
time to explore novel object / (time to explore old object + time to 
explore novel object) × 100%, DI = (time to explore novel object - time 
to explore novel object) / (time to explore old object + time to explore 
novel object) × 100% [28]. This test assumes that a mouse not recog
nizing the object have a random chance of exploring each object (50%). 
A mouse which identifies one of the objects as new will spend more time 
exploring it. Therefore, its RI will be higher than 50%, and a lack of 
discrimination between the novel and the familiar object, i.e., a RI of 
50% or below, was interpreted as impaired object recognition [29]. 

2.3. Y-maze spontaneous alternation test 

The Y-maze consists of three closed arms with equal length (30 cm 
long × 12 cm high × 5 cm wide) connected at angles of 120o. Each 
mouse was placed in the triangle area in the middle of the Y-maze and 
allowed to explore freely for 8 min. The total number of entering the arm 
and the order of exploration of the arms were recorded. The percentage 
of correct spontaneous alteration was calculated as [(number of correct 
alternations) / (total number of arm entries − 2)] × 100% [30]. 

2.4. Morris water maze test 

The experiment included three parts: the hidden platform test, the 
probe test and the visible platform test [31]. The maze is a circular pool 
with a diameter of 120 cm and height of 50 cm. Four markers with 
different shapes are isometrically affixed to the white inner wall as vi
sual references for mice. Before the beginning of experiment, tap water 
was poured into the maze and temperature was controlled at 22 ± 2 ℃. 
The maze was divided into four quadrants by software (Smart 3.0, 
Panlab Harward Apparatus, USA), and an escape platform 1 cm below 
the water surface was placed in the target quadrant. In the hidden 
platform test, each mouse was put into the water from the midpoint of 
the four quadrants to swim for 60 s, and the escape latency was recor
ded. Each mouse was trained four times per day for 5 consecutive days. 
In the probe test on the 6th day, the underwater escape platform was 
removed, and each mouse was put into the water from the same position 
of any two quadrants except the target quadrant. The swimming track of 
each mouse was recorded, then the number crossed the platform and the 
percentage of swimming time in the target quadrant of mice were 
calculated. In the visible platform test, the escape platform 1 cm above 
the water surface was placed in any quadrant except the target quadrant, 
and the time of mice to reach the platform was recorded. In addition, the 
swimming speed of mice in each group at three experimental phases was 
recorded. 

2.5. In vivo hippocampal electrophysiological recording 

In vivo hippocampal field potential recordings were performed after 
the cognitive behavioral experiments. Each mouse was anesthetized by 
intraperitoneal injection of 5% chloral hydrate (7 ml/kg), and then fixed 
in the brain stereotaxic apparatus (68016, RWD Life Science, China). 
The skull was exposed, holes were drilled and the dura was removed. 
The tips of the stimulating and recording electrodes were located at the 
Schaffer collateral/commissural pathway and the stratum radiatum of 
the hippocampal CA1 region, respectively. As described previously [32], 
the field excitatory postsynaptic potentials (fEPSPs) were evoked with 
gradually increased stimuli (0–0.2 mA with 0.02 mA increments; dura
tion: 50 μs) at a frequency of 0.033 Hz, and the input-output curve (I-O 
curve) was drawn firstly. Then, baseline fEPSPs were evoked by test 
stimulus (intensity: 30%− 50% of the maximum stimulus, frequency: 
0.033 Hz) and recorded for 30 min, paired-pulse facilitation (PPF) 
generally agreed to be of presynaptic origin and reflected the probability 
of transmitter release [33] was initiated by paired stimuli with an in
terval of 50 ms. Finally, high frequency stimulation (HFS, 3 trains of 20 

W.-R. Gao et al.                                                                                                                                                                                                                                 



Behavioural Brain Research 438 (2023) 114171

3

stimuli at 200 Hz with an inter-train interval of 30 s) was given to induce 
long-term potentiation (LTP), and the recording of fEPSPs was 
continued for at least 60 min with the same intensity of basal fEPSPs. 

2.6. Western blot 

After the in vivo electrophysiological recording, mice randomly 
selected from each group were anesthetized, and hippocampal tissue 
was quickly removed on ice. According to the net weight of mouse 
hippocampus tissue, RIPA lysate (10 ml/g), PMSF (1:100) and broad- 
spectrum phosphatase inhibitor (1:100) were added in turn and the 
protein was extracted (Tissue Protein Extraction Reagent, Boster, 
China). The fully lysed tissue was centrifuged at 13,000 r/min for 25 
min, and the supernatant was extracted to measure the protein con
centration with BCA protein quantification kit (AR0146, Boster, China). 
Then, the proteins were separated by electrophoresis, samples were 
transferred to polyvinylidene difluoride membrane. After blocking 
nonspecific binding by 5% bovine serum albumin, the samples were 
incubated with primary antibodies post-synaptic density 95 (PSD-95, 
1:1000, ab76115, Abcam, UK), synaptophysin (SYP, 1:1000, 
mAb#36406, Cell Signaling Technology, USA), 6E10 (1:10000, 803015, 
Biolegend, USA), PhosphoT231 (1:5000, ab151559, Abcam, UK), tau 
(1:5000, ab76128, Abcam, UK), OX1R (1:1000, AB3092, Sigma-Aldrich, 
USA), OX2R (1:1000, ab183072, Abcam, UK), β-tubulin (1:5000, 
AP0064, Bioworld Technology, USA) and GAPDH (1:5000, AP0063, 
Bioworld Technology, USA) overnight at 4◦C, and detected with sec
ondary antibody (goat anti-rabbit IgG-HRP conjugate, 1:5000, BA1054, 
Boster, China; goat anti-mice IgG-HRP conjugate, BA1050, Boster, 
China). The bands were detected with BeyoECL Plus kit (P0018M, 
Beyotime, China), scanned with detection system (FluorChem FC3, 

ProteinSimple, USA) and analyzed by Image J analysis software. 

2.7. Statistical analysis 

Statistical analysis was using SPSS 18.0 and Sigmaplot 14.0. All re
sults were presented as mean ± standard error of the mean (SEM). 
Three-way repeated measures analysis of variance (ANOVA) was used to 
analyze the escape latency in the MWM test. Two-way ANOVA and 2- 
sample t-test were used for western blot analysis, other data were 
analyzed using two-way ANOVA and post hoc Tukey’s multiple com
parison tests. P < 0.05 was considered statistically significant. 

3. Results 

3.1. SB-334867 aggravated the impairment of short-term working 
memory in 3xTg-AD mice 

In the object recognition test, the object recognition index (RI,  
Fig. 1A) and discrimination index (DI, Fig. 1B) in WT+Vehicle group 
were 59.1% ± 4.8% and 18.3% ± 9.7%, respectively. Compared with 
WT+Vehicle group, the RI and DI in 3xTg-AD+Vehicle group signifi
cantly decreased to 38.1% ± 4.2% (P = 0.003) and − 23.3% ± 8.4% (P 
= 0.002), indicating that APP/PS1/tau gene mutation impaired object 
recognition of mice. At the same time, both RI (P = 0.008) and DI (P =
0.006) of WT mice were significantly decreased after SB-334867 treat
ment, indicating that OX1R antagonist SB-334867 impaired object 
recognition memory in WT mice. In addition, SB-334867 treatment 
further decreased the RI (P = 0.015) and DI (P = 0.042) in 3xTg-AD 
mice. (2-way ANOVA: RI: genotype: F(1,39)= 18.391, P < 0.001; treat
ment: F(1,39)= 14.553, P < 0.001; genotype x treatment: F(1,39)= 0.039, 

Fig. 1. SB-334867 aggravated the impairment of short-term working memory in 3xTg-AD mice. (A - B) Bar graphs showing the decreased recognition index 
(RI) and discrimination index (DI) of 3xTg-AD mice and WT mice after SB-334867 treatment. (C) Bar graphs showing no significant difference in the total number of 
arm entries among the four groups. (D) Bar graphs showing the decreased correct spontaneous alternation of 3xTg-AD mice and WT mice after SB-334867 treatment 
(n = 10, * P < 0.05, ** P < 0.01). 
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P = 0.845. DI: genotype: F(1,39)= 16.505, P < 0.001; treatment: F(1,39)=

12.759, P = 0.001; genotype x treatment: F(1,39)= 0.339, P = 0.564). 
The Y-maze spontaneous alternation test was used to evaluate the 

short-term working memory ability of mice. The results of Y maze test 
were shown in Fig. 1C-D, there was no significant difference in the total 
arm entries among the 4 groups (Fig. 1C, 2-way ANOVA: genotype: 
F(1,39)= 0.468, P = 0.498; treatment: F(1,39)= 0.208, P = 0.651; geno
type x treatment: F(1,39)= 0.159, P = 0.692), suggesting that APP/PS1/ 
tau gene mutation and SB-334867 treatment did not affect the loco
motor activity of mice. However, compared with 72.6% ± 2.0% in 
WT+Vehicle group, the percentage of correct spontaneous alternation in 
3xTg-AD+Vehicle group significantly decreased to 58.5% ± 3.7% 
(P = 0.009), and SB-334867 treatment further decreased the percentage 
of 3xTg-AD mice to 47.5% ± 3.6% (P = 0.037, Fig. 1D). Meanwhile, the 
percentage of correct spontaneous alternation in WT+SB-334867 group 
was significantly lower than that in WT+Vehicle group (P = 0.032). (2- 
way ANOVA: genotype: F(1,39)= 14.785, P < 0.001; treatment: 
F(1,39)= 9.820, P = 0.003; genotype x treatment: F(1,39)= 0.005, 
P = 0.941). These results indicated that SB-334867 treatment further 
aggravated the short-term working memory impairment in 3xTg-AD 
mice and caused impairment in WT mice. 

3.2. SB-334867 exacerbated the impairments of long-term spatial 
learning and memory in 3xTg-AD mice 

Morris water maze test was used to evaluate the long-term spatial 
learning and memory ability of mice. The escape latency of mice among 
four groups in hidden platform test progressively decreased with the 
increase in training days (Fig. 2A-B, repeated measures ANOVA: day: 
F(4,199)= 100.468, P < 0.001). On day 3–5, the average escape latency 
of mice in 3xTg-AD+Vehicle group was significantly longer than that in 
WT+Vehicle group (day 3: P = 0.038; day 4: P = 0.003; day 5: 
P = 0.029), and SB-334867 treatment further increased the average 
escape latency of 3xTg-AD mice (day 3: P = 0.030; day 4: P = 0.006; day 
5: P = 0.002). Meanwhile, the mean escape latency in WT+SB-334867 
group was longer than that in WT+Vehicle group on day 4 (P = 0.029). 

The results of probe test on day 6 were shown in Fig. 2C-E. Compared 
with 42.2% ± 2.6% in WT+Vehicle group, the swimming time per
centage in the target quadrant in 3xTg-AD+Vehicle group significantly 
decreased to 31.1% ± 2.2% (P < 0.001), and SB-334867 treatment 
further decreased the swimming time percentage of 3xTg-AD mice to 
24.5% ± 1.9% (P = 0.035, Fig. 2C). Meanwhile, the number of platform 
crossing (Fig. 2D) in WT+Vehicle, WT+SB-334867, 3xTg-AD+Vehicle 
and 3xTg-AD+SB-334867 group was 3.8 ± 0.4, 3.0 ± 0.3, 2.6 ± 0.4 and 
1.4 ± 0.3, respectively. Compared with WT mice, the number of plat
form crossing in 3xTg-AD mice was significantly reduced (P = 0.01), 
and SB-334867 treatment further reduced the number of platform 
crossing in 3xTg-AD mice (P = 0.013). In addition, the swimming time 
percentage in the target quadrant of WT mice significantly decreased 
after SB-334867 treatment (P = 0.004), but the number of platform 
crossing only showed decreased tendency without significant difference 
(P = 0.125). (2-way ANOVA: time percentage in target quadrant: ge
notype: F(1,39)= 20.467, P < 0.001; treatment: F(1,39)= 11.903, 
P=0.001; genotype x treatment: F(1,39)= 0.314, P = 0.578. Platform 
crossing numbers: genotype: F(1,39)= 13.799, P < 0.001; treatment: 
F(1,39)= 5.815, P=0.021; genotype x treatment: F(1,39)= 0.344, 
P=0.561). 

In the visible platform test, the time to reach the platform was similar 
among 4 groups (P > 0.05, Fig. 2F), and there was no significant dif
ference in swimming speed among 4 groups during all tests (P > 0.05, 
Fig. 2G), indicating that APP/PS1/tau gene mutation and OX1R 
blockade did not affect visual and motor abilities of mice. These results 
suggested that SB-334867 exacerbated impairments of spatial learning 
and reference memory in 3xTg-AD mice, and caused impairments in WT 
mice. The prolonged escape latency observed in hidden platform test, 
decreased swimming time percentage and number of platform crossing 

observed in probe test were the results of spatial learning and memory 
impairments of mice. 

3.3. SB-334867 worsened the impairment of hippocampal synaptic 
plasticity in 3xTg-AD mice 

Considering that synaptic plasticity in hippocampus is the cytolog
ical and electrophysiological basis of animal learning and memory be
haviors [34], in vivo electrophysiological recording was performed after 
behavioral experiments. The input-output (I-O) curve of mice in four 
groups was shown in Fig. 3A. The amplitude of fEPSPs in each group of 
mice increased with the increase of stimulation intensity, but there was 
no statistically significant difference of fEPSPs amplitude under the 
same stimulation intensity among the four groups (P > 0.05). During 
30 min of basal fEPSPs recording, the fEPSPs slopes of mice in each 
group were relatively stable and had no significant difference (P > 0.05, 
Fig. 3C-D). After paired-pulse stimulation, PPF was induced and there 
was no significant difference of PPF values among four groups 
(P > 0.05, Fig. 3B). These results indicated that neither APP/PS1/tau 
gene mutation nor SB-334867 treatment affected the basal synaptic 
transmission and presynaptic neurotransmitter release in mice. 

After high-frequency stimulation (HFS), LTP was successfully 
induced in other three groups except mice in 3xTg-AD+SB-334867 
group (Fig. 3C-E). At 0 min and 30 min after HFS, there was no signif
icant difference of fEPSPs slopes between mice in WT+Vehicle group 
and 3xTg-AD+Vehicle group, but the fEPSPs slopes of 3xTg-AD mice at 
60 min after HFS was significantly lower than that of WT mice 
(P = 0.003). (2-way ANOVA: 60 min: genotype: F(1,23)= 24.126, 
P < 0.001; treatment: F(1,23)= 9.570, P = 0.006; genotype x treatment: 
F(1,23)= 0.012, P = 0.912). More importantly, SB-334867 treatment 
significantly decreased the slopes of fEPSPs in 3xTg-AD mice at 0 min 
(P < 0.001), 30 min (P = 0.018) and 60 min (P = 0.035) after HFS. 
Meanwhile, the slope of fEPSPs in the WT+SB-334867 group was 
significantly lower than that in the WT+Vehicle group at 60 min after 
HFS (P = 0.048). (2-way ANOVA: 0 min: genotype: F(1,23)= 20.913, 
P < 0.001; treatment: F(1,23)= 22.278, P < 0.001; genotype x treatment: 
F(1,23)= 14.226, P = 0.001. 30 min: genotype: F(1,23)= 19.437, 
P < 0.001; treatment: F(1,23)= 4.285, P = 0.052; genotype x treatment: 
F(1,23)= 2.488, P = 0.130). These results indicated that OX1R blockade 
by SB-334867 treatment impaired hippocampal synaptic plasticity in 
both 3xTg-AD mice and WT mice. 

3.4. SB-334867 down-regulated the expression level of postsynaptic 
density 95 (PSD-95) in the hippocampus of 3xTg-AD mice 

The expression levels of presynaptic SYP and postsynaptic PSD-95 in 
the hippocampus of mice in each group were shown in Fig. 4. Compared 
with WT+Vehicle group, the expression level of SYP in the hippocampus 
of 3xTg-AD+Vehicle group was significantly decreased (P = 0.010), but 
SB-334867 treatment did not affect SYP expression in hippocampus of 
both 3xTg-AD mice (P = 0.586) and WT mice (P = 0.753) (2-way 
ANOVA: genotype: F(1,19)= 18.553, P < 0.001; treatment: 
F(1,19)= 0.383, P = 0.545; genotype x treatment: F(1,19)= 0.028, 
P = 0.869). At the same time, the expression level of PSD-95 in the 
hippocampus of mice in 3xTg-AD+Vehicle group was significantly lower 
than that of WT+Vehicle group (P = 0.047), SB-334867 treatment 
significantly decreased the expression levels of PSD-95 in hippocampus 
of both 3xTg-AD mice (P = 0.015) and WT mice (P = 0.009) (2-way 
ANOVA: genotype: F(1,19)= 8.216, P=0.011; treatment: F(1,19)= 16.182, 
P < 0.001; genotype x treatment: F(1,19)= 0.032, P = 0.861). These re
sults indicated that OX1R blockade could significantly reduce the 
expression of PSD-95 in hippocampus, but did not affect the expression 
of SYP. 
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Fig. 2. SB-334867 exacerbated spatial reference memory impairment in 3xTg-AD mice. (A) Bar graphs showing the average escape latencies of mice during the 
5 training days. (B) Representative swimming traces of mice on the fifth day of hidden platform test. The large circle represents the water maze pool, and the small 
circle represents the hidden platform. The green point was the beginning and the red point was the end of one experimental trail. (C-D) Bar graphs showing the 
swimming time percentage spent in target quadrant and number of platform crossing of mice in probe test. (E) Representative swimming traces of mice in probe test. 
(F) Bar graphs showing the average swimming time of arrival at the visible platform. (G) Line charts showing no significant difference in the average swimming speed 
of mice among the four groups. (n = 10, * P < 0.05, ** P < 0.01, *** P < 0.001). 
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3.5. SB-334867 increased the expression levels of soluble Aβ oligomers 
and p-tau in the hippocampus of 3xTg-AD mice 

Because Aβ oligomers played important neurotoxic role in the course 
of AD [2], the expression levels of Aβ oligomers in the hippocampus of 
3xTg-AD mice were detected. As shown in Fig. 5A-B and Fig S1, 
SB-334867 treatment significantly increased the expression of Aβ olig
omers (t = 7.182, P < 0.001), the levels of Aβ1–40 (P = 0.024) and 
Aβ1–42 (P = 0.024) in 3xTg-AD mice (2-way ANOVA: Aβ1–40: geno
type: F(1,15)= 22.961, P < 0.001; treatment: F(1,15)= 8.020, P = 0.015; 
genotype x treatment: F(1,15)= 0.687, P = 0.423. Aβ1–42: genotype: F(1, 

15)= 24.817, P<0.001; treatment: F(1,15)= 5.245, P = 0.041; genotype x 
treatment: F(1,15)= 1.905, P = 0.193). 

Abnormal tau hyperphosphorylation is another important patho
logical characteristic of AD, which could affect the degree of dementia in 
AD [35]. The expression levels of phosphorylated tau (p-tau) protein and 
total tau (t-tau) protein in the hippocampus of mice were shown in 
Fig. 5C-E, the expression level of p-tau in the hippocampus of mice in 
3xTg-AD+Vehicle group was significantly higher than that in WT+Ve
hicle group (P = 0.008), and SB-334867 treatment further increased the 
expression level of p-tau in the hippocampus of 3xTg-AD mice 
(P = 0.009) (2-way ANOVA: genotype: F(1,19)= 51.333, P < 0.001; 
treatment: F(1,19)=1.815, P=0.197; genotype x treatment: F(1, 

19)= 8.377, P = 0.011). 

Fig. 3. SB-334867 worsened hippocampal LTP in 3xTg-AD mice. (A) Input-output curves showed no significant difference among four groups. (B) APP/PS1/tau 
gene mutation and SB-334867 treatment did not affect PPF among the four groups. Inset: representative trace of fEPSPs induced by paired pulse stimulation. (C) Time 
course of fEPSPs and LTP induced by HFS in the hippocampus of mice. (D) Bar graphs showing LTP depression in 3xTg-AD mice was aggravated by SB-334867 
treatment at 0 min, 30 min and 60 min after HFS. (n = 6, * P < 0.05, ** P < 0.01, *** P < 0.001). (E) Typical fEPSP traces before (black) and 60 min after HFS 
(red) among four groups. Scale bars: 1 mV and 10 ms. 
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4. Discussion 

AD is a neurodegenerative disease characterized by progressive 
memory loss and cognitive deficits [36]. Previous clinical evidence 
showed that the elevated orexin-A level in CSF was related to the 
abnormal levels of Aβ and tau in CSF, and the significant decrease of 
cognitive function in the preclinical MCI and early phase of AD patients 
[7,8,37]. Recent animal research showed higher density and distribu
tion of orexin A-positive neurons in APP/PS1 mice [12], and orexin-A 
increased Aβ deposition, aggravated spatial reference memory impair
ment in APP/PS1 mice [13]. Considering that orexin exerting its effects 
through OX1R and OX2R [38], the expression and roles of OX1R and 
OX2R in AD should be investigated. Our preliminary data showed that 
both the expression of OX1R and OX2R increased in the hippocampus of 
9-month-old 3xTg-AD mice (Fig S2). At the same time, the effects of 
DORA almorexant, suvorexant and DORA-22 on different AD model 
mice were reported before. Almorexant and suvorexant could reduce Aβ 
deposition, improve different types of memory impairments and alle
viate in vivo hippocampal LTP depression in APP/PS1 mice [19,20], but 
DORA-22 did not affect short-term working memory and the density of 
amyloid plaques in 5xFAD mice [21]. Because the use of DORA could not 
confirm the effects of OX1R and OX2R alone in AD pathogenesis, it is 
important to further investigate the effects of OX1R or OX2R alone by 
using selective subtype antagonist. Considering that OX1R is highly 
expressed in the hippocampus and important to learning and memory 
regulation [39], the effects of OX1R on cognitive impairments in 
3xTg-AD mice exhibited both Aβ and tau pathology were investigated in 
the present study by using OX1R antagonist SB-334867 [40,41]. 

Previous reports found that hippocampal injection of SB-334867 
could impair memory acquisition and consolidation of rats [42]; OX1R 
knockdown in hippocampal CA1 region could impair spatial learning 
and memory in rats [17]. In the present study, SB-334867 treatment lead 
to impairments of object recognition, short-term working memory and 
long-term spatial memory of WT mice, which was similar to previous 
reports and testified the important roles of OX1R in cognitive function. 
More importantly, OX1R blockade significantly aggravated the impair
ments of short-term working memory and long-term spatial memory of 

3xTg-AD mice, without affecting the visual acuity and motor ability. 
Although SB-334867 treatment further decreased the RI and DI of 
3xTg-AD mice in object recognition test, it does not mean that 
SB-334867 further impaired the object recognition of 3xTg-AD mice 
because the levels of RI in both groups are lower than 50% [29,43]. 

Memory formation and consolidation is closely related to synaptic 
plasticity [44], LTP is one manifestation of increased synaptic trans
mission efficiency primarily involves a postsynaptic modification [45, 
46]. Previous research found SB-334867 could inhibit in vivo LTP in
duction in the dentate gyrus of hippocampus in rats [47], indicating the 
activation of OX1R was involved in the regulation of hippocampal 
synaptic plasticity. In the present study, SB-334867 treatment also 
depressed in vivo hippocampal LTP of WT mice, which was closely 
related to the decline of cognitive function observed in WT mice. 
However, the effects of blocking OX1R on hippocampal synaptic plas
ticity in 3xTg-AD mice were still unknown. So, we observed the effects of 
SB-334867 on basic synaptic transmission, presynaptic neurotransmitter 
release, and LTP of 3xTg-AD mice by using in vivo electrophysiological 
recordings after the behavioral experiments. The results showed that 
APP/PS1/tau gene mutation and SB-334867 treatment did not affect the 
basic synaptic transmission and presynaptic neurotransmitter release. 
However, HFS induced LTP was significantly depressed in the hippo
campus of 3xTg-AD mice, and SB-334867 treatment failed to induce 
hippocampal LTP in 3xTg-AD mice. Therefore, the aggravation of 
cognitive impairments in 3xTg-AD mice after SB-334867 treatment 
might be the results of hippocampal synaptic plasticity depression. 

SYP is the most abundant integral membrane protein in synaptic 
vesicles, and is involved in the regulation of synaptic development and 
the release of neurotransmitters [48]. PSD-95 is abundant in the brain, 
mainly expresses in the postsynaptic region, regulates synaptic strength 
by interacting with other synaptic proteins, and plays important roles in 
LTP induction [46,49]. Postmortem autopsy showed marked loss of SYP 
and PSD-95 in the hippocampus of MCI and AD patients [50–52]. In the 
present study, the expression levels of SYP and PSD-95 in the hippo
campus of 3xTg-AD mice were obviously decreased, which was similar 
to previous report in the hippocampus of 9-month-old 3xTg-AD mice 
[53]. After SB-334867 treatment, the expression of PSD-95 in the 

Fig. 4. SB-334867 down-regulated the expression level of PSD-95 in the hippocampus of 3xTg-AD mice. (A) Representative immunoblots of SYP and PSD-95. 
(B-C) Bar graphs showing the quantification of SYP and PSD-95 immunoblots density among four groups. All values were expressed as percentages of WT+Vehicle 
mice (n = 5, * P < 0.05, ** P < 0.01). 
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hippocampus of both WT mice and 3xTg-AD mice decreased, but the 
expression of SYP did not change significantly. Considering that 
knockdown of OX1R in the hippocampus of grass rats selectively 
decreased mushroom spines that has the most expanded postsynaptic 
density [17], and phospholipase C β3 (PLCβ3) which interact with 
PSD-95/Dlg/ZO-1 (PDZ) domain [54] could mediate impairment of 
memory by long-term OX1R blockade [15], decreased PSD-95 expres
sion observed after SB-334867 treatment might be the results of spine 
density reduction and PLCβ3 signaling pathway down-regulation. At the 
same time, these results were consistent with the electrophysiological 
results that SB-334867 aggravated LTP depression in 3xTg-AD mice and 
induced LTP depression in WT mice, but did not affect PPF values and 
presynaptic neurotransmitter release in two types of mice, suggesting 
that long-term blockade of OX1R induced the impairments of synaptic 
plasticity and cognitive functions in both WT and 3xTg-AD mice mainly 
through postsynaptic mechanism. 

During the course of AD, elevated Aβ levels in the brain play pivotal 
roles, which could lead to hyperphosphorylation of tau protein and 
formation of neurofibrillary tangles, ultimately leading to neuronal 
death and synaptic dysfunction [55,56]. Considering that Aβ oligomers 
played important neurotoxic role than Aβ plaques, we detected soluble 
Aβ oligomers and levels of Aβ1–40 and Aβ1–42, but not Aβ plaques, in 
the present study. The results showed that SB-334867 significantly 
increased the contents of soluble Aβ oligomers and levels of Aβ1–40 and 
Aβ1–42 in the hippocampus of 3xTg-AD mice. Since Aβ oligomers could 
directly cause synaptic damage, synaptic transmission dysfunction and 
cognitive decline, the increased Aβ oligomers might reduce the expres
sion of PSD-95, thereby aggravating synaptic plasticity and cognitive 
impairments observed in AD mice. On the other hand, pathological tau 
in the brain could directly exert neurotoxic effects and induce Aβ 
neurotoxicity [5], so the expression levels of t-tau and p-tau at Thr231 
occurred at early stage in AD [57] were measured in the present study. 

Fig. 5. SB-334867 increased the expression levels of soluble Aβ oligomers and p-tau in the hippocampus of 3xTg-AD mice (A) Representative immunoblots of 
soluble Aβ oligomers. (B) Bar graphs showing the quantification of soluble Aβ oligomers of 3xTg-AD mice. (n = 4, *** P < 0.001) (C) Representative immunoblots of 
p-tau and t-tau. (D-E) Bar graphs showing the quantification of p-tau and t-tau immunoblots density among four groups. All values were expressed as percentages of 
WT+Vehicle mice. (n = 5, ** P < 0.01). 
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The results showed that SB-334867 did not affect the expression of t-tau, 
but significantly increased the expression of p-tau in the hippocampus of 
3xTg-AD mice, which might be another important reason of SB-334867 
aggravating cognitive impairment and synaptic plasticity damage in 
3xTg-AD mice. However, there are different epitopes of p-tau and only 
one epitope detected is a weakness of present study. 

As we known, the increased Aβ level in the brain is the result of 
disturbances in Aβ metabolism, including increased Aβ production and 
decreased Aβ clearance [58]. According to previous research, orexin-A 
could affect the phagocytosis and degradation of exogenous Aβ in 
microglia [59], and decrease Aβ clearance via the brain glymphatic 
system by reducing nighttime sleep [6,19,60]. Our recent research 
(unpublished) found that orexin-A increased the expression of β-site 
amyloid precursor protein cleaving enzyme 1 (BACE1) which initiates 
the generation of Aβ [61], decreased the expression of NEP plays an 
important role in Aβ degradation [58] in the hippocampus of 3xTg-AD 
mice. However, there is no report about how OX1R affects Aβ meta
bolism until now. Considering that OX1R knockout resulted in almost 
normal sleep-wake patterns in mice [39], the possible mechanism of 
OX1R blocking to affect Aβ level might not closely related to sleep-wake 
cycle and brain glymphatic system clearance, and SB-334867 might 
increase Aβ level through affecting expression levels of BCAE1 and NEP, 
or affecting glia cell-mediated degradation. According to the amyloid 
cascade hypothesis, Aβ plays pivotal roles in AD pathogenesis and can 
lead to hyperphosphorylation of tau protein and formation of neurofi
brillary tangles [55,56,62]. The increased expression of p-tau in the 
hippocampus of 3xTg-AD mice after SB-334867 treatment might be the 
result of abnormal Aβ elevation. 

In conclusion, this study indicates that long-term blockade of OX1R 
with SB-334867 exacerbates impairments of synaptic plasticity and 
cognitive function in 3xTg-AD mice. The detrimental effects of OX1R 
blockade in AD might be the cumulative results of both aggravating 
development of AD pathology and its direct damage on cognition. 
Meanwhile, the mechanism by which OX1R blockade increasing levels 
of soluble Aβ oligomers and p-tau remains to be further investigated. 
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