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Abstract—Post-traumatic stress disorder (PTSD) patients exhibit abnormal learning and memory. Axons from
orexin neurons in the lateral hypothalamus innervate the hippocampus, modulating learning and memory via
the orexin 1 and 2 receptors (OX1R and OX2R). However, the role of the orexin system in the learning and memory
dysfunction observed in PTSD is unknown. This was investigated in the present study using PTSD animal model-
single prolonged stress (SPS) rats. Spatial learning and memory in the rats were evaluated with the Morris water
maze (MWM) test; changes in body weight and food intake were recorded to assess changes in appetite; and the
expression of orexin-A and its receptors in the hypothalamus and hippocampus was examined and quantified by
immunohistochemistry, western blotting and real-time PCR. The results showed that spatial memory was
impaired and food intake was decreased in SPS rats; this was accompanied by downregulation of orexin-A in
the hypothalamus and upregulation of OX1R and OX2R in the hippocampus and of OX1R in the hypothalamus.
Intracerebroventricular administration of orexin-A improved spatial memory and enhanced appetite in SPS
rats and partly reversed the increases in OX1R and OX2R levels in the hippocampus and hypothalamus. These
results suggest that the orexin system plays a critical role in the memory and appetite dysfunction observed in
PTSD. © 2020 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION stress (SPS) enhances negative feedback in the hypotha
lamic—pituitary—adrenal (HPA) axis and alters the tran-
script levels of glucocorticoid receptor, which reproduces
the neuroendocrine features of PTSD (Liberzon et al.,
1997, 1999). Thus, SPS is a paradigm that has been used
to model PTSD in an experimental setting (Yamamoto
et al., 2009). SPS-exposed animals show spatial learning
and memory deficits in the Morris water maze (MWM) test
and apoptosis of hippocampal neurons (Wen et al., 2017;
Zheng et al., 2017), suggesting a dysfunction in memory-
related neural circuits.

Orexins are paired peptides (i.e., orexin-A/-B)
produced by hypothalamic neurons that are ligands of
orphan G protein-coupled receptors (GPCRs) expressed
in the rat brain (Sakurai et al., 1998). Orexin neurons have
been identified in the lateral hypothalamus (LH), posterior

One of the main symptoms of post-traumatic stress
disorder (PTSD) is recurrent, involuntary, intrusive, and
distressing memories of the traumatic event(s). The
hippocampus is an important structure in the limbic
system that regulates learning and memory. Numerous
studies have demonstrated that hippocampal volume is
reduced in patients with PTSD (Karl et al., 2006; Woon
and Hedges, 2011), and magnetic resonance spec-
troscopy imaging has revealed altered neurometabolite
ratios and concentrations in the hippocampal neurons of
PTSD patients (Karl and Werner, 2010). Single prolonged
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et al., 1998; Nambu et al., 1999), and OX1R and OX2R
are distributed throughout the central nervous system
and regulate a variety of physiological functions including
feeding and energy homeostasis (Edwards et al., 1999;
Volkoff et al., 1999; Yamada et al., 2000; Leinninger
et al., 2011; Sakurai and Mieda, 2011; Yokobori et al.,
2011; Goforth et al., 2014), the sleep-wake cycle (Carter
et al., 2009; Tsujino and Sakurai, 2013), reward process-
ing and addictive behavior (Rao et al., 2013; Baimel et al.,
2015), stress response, and learning and memory
(Stanley and Fadel, 2012; Yang et al., 2013; Palotai
et al., 2014).

The axons of orexin neurons in the hypothalamus
project to the hippocampus where orexin receptors are
highly expressed (Trivedi et al., 1998). Orexin/ataxin-3-
transgenic mice in which orexin neurons degenerate by
3 months of age exhibit deficits in long-term social mem-
ory (Yang et al., 2013), which is restored by enhancing
hippocampal synaptic plasticity and cyclic adenosine
monophosphate (cAMP) response element-binding pro-
tein phosphorylation through nasal administration of
orexin-A (Yang et al., 2013). Rats treated with the selec-
tive OX1R antagonist SB-334867-A exhibit impaired
memory acquisition, consolidation, and retrieval in the
MWM test compared to control rats, suggesting that
orexin-A plays an important role in spatial learning and
memory (Akbari et al., 2006). Many studies have shown
that the orexin system regulates learning and memory
processes; however, how this is impaired in PTSD is
unknown.

To answer this question, in the present study we
investigated changes in spatial memory in a rat model of
SPS-induced PTSD. We quantified the expression of
orexin-A and its receptors in the hypothalamus and
hippocampus by immunohistochemistry,  western
blotting, and real-time polymerase chain reaction (PCR),
and examined the effect of orexin-A administration on
these parameters. Finally, we monitored weight and food
intake to determine whether these were altered by SPS
exposure and orexin-A treatment. This study aimed to
further elucidate the role of the orexin system in memory
impairment and the dysregulation of appetite in PTSD.

EXPERIMENTAL PROCEDURES
Animals and grouping

A total of 152 male Wistar rats were obtained from the
Experimental Animal Center of China Medical University
and were housed three to a cage, with free access to
water and food under controlled conditions (12:12-h
light/dark cycle, 23 °C + 1 °C, and 55% + 5% humidity).

In Experiment 1 (examining the effects of SPS), 120
rats with a body weight range of 170-200g were
randomly divided into the following five groups
according to the time between SPS exposure and
sacrifice: control (n = 30), 1day post-SPS (SPS-1d;
n = 20), 4days post-SPS (SPS-4d; n = 20), 7 days
post-SPS (SPS-7d; n = 20), and 14 days post-SPS
(SPS-14 d; n = 30). Ten rats each from the control and
SPS-14d groups were used for body weight, food
intake measurements and in the MWM test; and 20 rats

per group were used for immunohistochemistry
(n = 6/group), western blotting (n = 6/group), and real-
time PCR (n = 6/group).

In Experiment 2 (orexin-A treatment), 32 rats with a
body weight range of 200-230 g were randomly divided
into four groups of eight rats each: SPS + vehicle, SPS
+ orexin-A, non-SPS + vehicle, and non-SPS + orexin-
A. All the rats in four groups were used in the body
weight measure, food intake measure, MWM and
western blotting. The detailed experimental arrangement
in experiment 2 was showed in Fig. 1.

SPS procedure

The SPS procedure was always performed in the
morning. Rats were immobilized for 2h in a plastic
bottle that was the same size as their body with an
open mouth that allowed normal breathing. The animals
were exposed to forced swim stress (water depth,
40cm; 24°C £ 1°C) for 20min with a 15-min rest
period; they were then anesthetized with ether until they
were unconscious, and returned to their home cages. All
experimental procedures involving the animals were
approved by the Ethics Committee of China Medical
University.

In Experiment 1, rats were exposed to SPS (day 0).
Control rats were left in their home cages without
handling and were sacrificed on day 14. In Experiment
2, the SPS + vehicle and SPS + orexin-A groups
underwent the SPS procedure whereas the non-SPS
+ vehicle and non-SPS + orexin-A groups did not. All
rats were sacrificed on day 13.

Measurement of body weight

In Experiment 1, the body weight of rats in the control and
SPS-14d groups (n = 10 rats/group) were recorded on
days 0, 7, and 14 post-SPS; food intake over two
experimental stages (days 0-7 and 7-14 after SPS) in
the control and SPS-14d groups (n = 10 rats/group)
was recorded. In Experiment 2, body weight and food
intake in the four groups were recorded on day 13.

Surgery and orexin-A administration

In Experiment 2 (Fig. 1), SPS + vehicle, SPS + orexin-
A, non-SPS + vehicle, and non-SPS + orexin-A groups
(n=28 each) underwent surgery for
intracerebroventricular (icv) administration of orexin-A or
vehicle (0.9% saline). One day after SPS exposure, the
rats were anesthetized with 10% chloral hydrate
(0.3 ml/100 g) and placed in the prone position. The
head of each rat was fixed on a stereotaxic instrument.
After preparing and disinfecting the skin, a 0.5- to 1.0-
cm incision was made at the center of the head to
expose the skull. According to the stereotaxic
coordinates of 0.8 mm posterior and 1.4 mm lateral to
bregma and 4.5 mm below the dural surface, puncture
cannulas were implanted into the right lateral ventricle
and fixed to the skull with dental cement. Rats were
individually housed after the surgery and behavioral
experiments were performed 7 days later. The place
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Fig. 1. Protocol for the MWM test and orexin-A administration in Experiment 2. All four groups (SPS + vehicle, SPS + orexin-A, non-SPS
+ vehicle, and non-SPS + orexin-A) were tested in the MWM and were treated with orexin-A or vehicle through icv administration (n = 8

rats/group).

navigation test (PNT) of the MWM was completed on
days 7-11 after SPS, and the spatial probe test (SPT)
was performed on day 12. Orexin-A (Absin, Shanghai,
China) was dissolved in sterile 0.9% saline. Over the
6 days of the MWM test, the SPS + orexin-A and non-
SPS + orexin-A groups were treated with 5 pl (5 nmol)
of orexin-A every 24 h by icv delivery via the cannula,
while SPS + vehicle and non-SPS + vehicle groups
received 5 pul of 0.9% saline. The rats were decapitated
after the behavioral tests to obtain brain tissue samples
for western blot analysis. The orexin-A treatment was
administered between 09:00 and 11:00 h.

MWM

The MWM was used to assess spatial memory and
learning in rats. The MWM consisted of a circular pool
with a camera and behavioral analysis system. The
experiment had two parts: the PNT was conducted in
the first 5 days, and the SPT was performed on day 6.
In the PNT, In the PNT, the rat was placed in the water
at the midpoint of four different quadrant edges of the
pool with its head facing to the wall of the pool. If the rat
found the hidden platform (2cm below the water
surface) within 2 min, it was allowed to remain on the
platform for 20 s. If it failed to find the platform within
this time frame, it was guided to the platform and
allowed to remain there for 20 s. Each rat was tested in
a 2-min learning trial (with a 20-s interval) four times a
day. We recorded the swimming path of the rats and
swimming distance before finding the platform to
determine spatial learning ability. In the SPT, the
platform was removed, and the rats were placed in the
water on the opposite side of the target quadrant (where
the platform was previously located).

In Experiment 1, the control and SPS-14d group
(n = 10 rats/group) were tested in the MWM (PNT each
day from day 2 to 6 after SPS and SPT on day 7), and
were sacrificed on day 14. In Experiment 2 (Fig. 1), all
four groups (n = 8 rats/group) were tested in the MWM
(PNT each day from day 7 to 11 and SPT on day 12).

Immunohistochemistry

Rats in the control and SPS groups (n = 6 per group)
were anesthetized on days 1, 4, 7, and 14 with
Nembutal (Abbott Laboratories, Irving, TX, USA; 40 mg/
kg by intraperitoneal [ip] injection) between 09:00 and
11:00 h and transcardially perfused through the left
ventricle with 300-400 ml prewarmed saline and

300-400 ml of 4% paraformaldehyde (PFA) in 0.1 M
phosphate-buffered saline (PBS). The whole brain was
removed and immersed in 4% PFA at 4 °C for 6-10 h
and then transferred to 40% sucrose solution for 2 days.
Sections of brain tissue frozen in liquid nitrogen were
cut at a thickness of 20 um and stored at —20 °C for
immunohistochemistry.

The streptavidin—biotin peroxidase complex (SABC)
method was used for immunohistochemistry. Frozen
sections were washed three times for 5 min with PBS
and treated with 5% bovine serum albumin at 37 °C for
30 min. The sections were then incubated overnight at
4 °C with goat anti-orexin-A primary antibody (1:200;
Santa Cruz Biotechnology, CA, USA; cat. no. H-104).
After washing three times for 5min with PBS, the
sections were incubated at room temperature for 2 h
with horseradish peroxidase (HRP)-conjugated anti-goat
IgG (1:1000; Boster Biotechnology, Wuhan, China), then
treated with SABC at 37 °C for 30 min and incubated
with diaminobenzidine (DAB). The staining of neurons
was observed under a microscope. When the brown
color appeared, all sections were immediately washed
three times for 5 min with PBS to terminate the reaction
simultaneously. Finally, the sections were dehydrated
and mounted with neutral balsam. In the
immunohistochemical experiment, the concentration and
incubation time of all the reagents were strictly
controlled to assure that all sections were treated the
same way. Orexin neurons are located in the LH, PH,
PeF, and DMH; the LH was photographed for analysis
of orexin-A expression. Image-pro plus 6.0 was used to
measure the mean optical density (OD), the number
and size of orexin-A-positive cells. After calibrating the
intensity and spatial scales, the count/size command
was selected to perform counting and measurement
operations. Optical density of 50 orexin-A-positive cells
per rat were measured and the average value of 50
cells were calculated as OD of per rats. Then 6 rats per
group were calculated as the average OD of each
group. For orexin-A-positive cells, cross-sectional area
is used to evaluate cell size with square micron (um?)
as unit. The investigators performing experiments and
analyzing the data were blinded to group assignment.

Preparation of brain tissue for western blotting and
real-time PCR

Rats were anesthetized with Nembutal (40 mg/kg ip) and
decapitated between 09:00 and 11:00 h. The whole brain
was immediately removed and placed in an ice-cold dish.



D. Han et al. /Neuroscience 432 (2020) 126-136 129

The hypothalamus and hippocampus were rapidly
dissected, frozen in liquid nitrogen, and stored at
—80 °C for western blotting and real-time PCR analyses.
In Experiment 1, rats in the control and SPS groups
were sacrificed on days 1, 4, 7, and 14 and in
Experiment 2, rats in all four groups were sacrificed on
day 13.

Western blotting

Protein was extracted from the hippocampus and
hypothalamus  using precooled radio immuno-
precipitation assay lysis buffer containing protease

Table 1. The sequence of primers

inhibitor. The protein concentration of the lysate was
evaluated with the Coomassie Brilliant Blue method.
Samples were separated by 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and
transferred to a polyvinylidene difluoride membrane that
was blocked with 5% skim milk for 2 h and washed with
Tris-buffered saline with 0.1% Tween-20 (TBST), then
incubated overnight at 4 °C with goat anti-OX1R (cat.
no. sc-8072, 1:500) and anti-OX2R (cat. no. sc-8074,
1:200) antibodies (both from Santa Cruz Biotechnology).
After washing with TBST, the membrane was incubated
with HRP-conjugated anti-goat IgG as the secondary
antibody (1:1000; Boster Biotechnology, Wuhan, China)

Gene Forward primer Reverse primer Product length (bp)
Orexin-A GCTCCAGACACCATGAACCT TTCGTAGAGACGGCAGGAAC 162
OX1R TCAGAGCAACTGGAAGCTCA AAACCAGCAGAACCACCATC 136
OX2R GGTTCATCGTCGTCAAGGAG GCTGCTGGGAGTGTGCTTAT 150
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Fig. 2. Changes in body weight, food intake, and behavior in the MWM test in rats subjected to SPS. (A) Body weight (g) (n = 10/group). (B) Food
intake (g) (n = 10/group). (C) Number of platform crossings (n = 10/group). (D) Total swimming distance (cm) (n = 10/group). *P < 0.01 vs control

(Student’s t test).
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Fig. 3. Immunohistochemical analysis of orexin-A expression in LH neurons. (A) Control group. Orexin-A-positive neurons were observed in the LH.
(B)—(F) High magnification view of orexin-A-positive neurons in the LH. (B) Control group. (C) SPS-1 d group. (D) SPS-4 d group. (E) SPS-7 d group.
(F) SPS-14 d group. (G) The mean integral optical density of orexin-A in hypothalamus. (H) Cell count of orexin-A-positive neurons. (I) Cell size of
orexin-A-positive neurons (um?). Scale bars = 500 um (A) and 200 um (B-F). 3V, 3rd ventricle; f, fornix; mt, mammillothalamic tract; LH, lateral
hypothalamus; OPT, optic tract. Data represent mean + SD (n = 6 per group). *P < 0.05 vs control; P < 0.05 vs SPS-1d; P < 0.05 vs SPS-4d;

4P < 0.05 vs SPS-7d (Tukey’s test).

for 2h at room temperature. Protein expression was
visualized by enhanced chemiluminescence (Amersham
Pharmacia Biotech, Little Chalfont, UK). The membrane
was stripped and re-probed with an antibody against the
loading control glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; Experiment 1) or p-actin
(Experiment 2). The orexin receptor bands were
identified based on molecular weight (OX1R, 56 kDa;
OX2R, 38 kDa) using the marker. The optical density
(OD) of target proteins, GAPDH and B-actin were
analyzed on the Gel Image Analysis System (Model
2500R; Tanon Science and Technology, Shanghai,
China). We used the ratio of OD (target protein/GAPDH
or B-actin) for statistical analysis. The procedures were
repeated three times per rat and then calculation of six
rats per group to obtain the average value of each group.

Quantitative real-time PCR

Total RNA was extracted from the hippocampus and
hypothalamus using TRIzol reagent (Takara Bio, Otsu,
Japan) according to the manufacturer’s instructions.
RNA concentration and purity were determined with an
ultramicro spectrophotometer based on an OD ratio of
A260/A280. Total RNA was reverse transcribed into
cDNA using an RT-PCR kit (Takara Bio). PCR primers
were designed and synthesized by Sheng Gong
(Shanghai, China); the sequences are shown in Table 1.
PCR was performed using SYBR Premix Ex Taq Il
(Takara Bio). The orexin-A, OX1R, and OX2R genes
were amplified on a LightCycler 480 (Roche,
Indianapolis, IN, USA) and relative transcript levels were
calculated with the comparative cycle threshold method
and normalized to that of the internal reference GAPDH.
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Statistical analysis

In the present study, the blinded studies used in
performing experiment and data analyzing from
behavior test, immunohistochemistry, protein and real-
time PCR results. Data are expressed as mean + SD
and were analyzed using SPSS v18.0 software (IBM,
Armonk, NY, USA). The means of two groups were
compared with the unpaired Student’s t test. Differences
between groups in Experiment 1 were evaluated by
one-way analysis of variance (ANOVA) followed by
Tukey’s post-hoc test to correct for multiple
comparisons. The effects of orexin A administration in
Experiment 2 were assessed by two-way ANOVA
followed by Bonferroni's post-hoc test to determine the
significance of post-hoc differences between individual
groups. P < 0.05 was considered statistically significant.

RESULTS

Changes in weight, food intake and memory behavior
in the MWM following SPS

We recorded changes in body weight of rats in the control
and SPS-14d groups on days 1, 7, and 14 and total food

intake between days 1-7 and days 7—-14 post-SPS. Rats
exposed to SPS gained weight at a slower rate (P < 0.01;
Fig. 2A) and showed decreased food intake on days 7—-14
(P < 0.01; Fig. 2B) compared to controls.

In the MWM test, the SPS group showed fewer
platform crossings than control rats (P < 0.01; Fig. 2C).
There was no significant difference in the total
swimming distance between the two groups (Fig. 2D).

SPS alters the expression of orexin-A and its
receptors in the hypothalamus and hippocampus

Immunohistochemical staining results. The
immunohistochemical analysis revealed that orexin-A-
positive neurons were distributed in the LH of control
rats (Fig. 3A). At higher magnification (Fig. 3B-F),
positive orexin-A immunoreactivity was observed in the
cytoplasm and fibers of neurons. SPS decreased the
mean integral optical density and the number of orexin-
A-positive cells (P < 0.05; Fig. 3G, H), but the cells size
doesn’t change compared to the neurons in control rats
(Fig. 3I).
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Western blotting and qRT-PCR results. OX1R protein
expression in the hypothalamus increased after SPS
(P < 0.05; Fig. 4A, B), whereas no change was
observed for OX2R (Fig. 4A, B). Orexin-A mRNA level
was reduced (P < 0.05; Fig. 4C) whereas OX7R mRNA
was upregulated (P < 0.05; Fig. 4D) in the
hypothalamus. There were no obvious changes in
OX2R mRNA expression at any time point (Fig. 4D).

Western blot analysis revealed that OX1R and OX2R
protein levels in the hippocampus gradually increased
over time following SPS (P < 0.05; Fig. 5A, B). Similar
trends for OX7R and OX2R mRNA were detected by
gRT-PCR (P < 0.05; Fig. 5C, D).

Orexin-A administration restores body weight and
memory performance

Body weight (day 13 post-SPS) and food intake (days 7—
13 post-SPS) were recorded during orexin-A
administration (days 7-13 post-SPS). Two-way ANOVA
showed significant main effects of SPS and orexin-A on
body weight (F[1,28] = 96.80, P < 0.01; F[1,28]
= 13.90, P < 0.01) and food intake (F[1,28] = 130.32,
P < 0.01; F[1,28] = 39.18, P < 0.01) (Fig. 6A, B). On

the other hand, the interaction between SPS and orexin-
A was not significant for body weight (F[1,28] = 2.60,
P = 0.118) and food intake (F[1,28] = 3.04, P = 0.09).
A Bonferroni post-hoc test showed that body weight
(Fig. 6A) and food intake (Fig. 6B) were increased in the
SPS + orexin-A group compared to the SPS + vehicle
group (P < 0.01) and decreased in the SPS + vehicle
group relative to the non-SPS + vehicle group
(P < 0.05). Meanwhile, food intake (P < 0.05; Fig. 6B)
was increased in the non-SPS + orexin-A group
compared to the non-SPS + vehicle group.

In the MWM test, two-way ANOVA revealed
significant main effects of SPS and orexin-A on the
number of platform crossings (F[1,28] = 67.95,
P < 0.01; F[1,28] = 8.22, P < 0.01) (Fig. 6C, D). The
interaction between SPS and orexin-A was significant (F
[1,28] = 4.624, P = 0.04). A post-hoc analysis showed
that the number of platform crossings was higher in the
SPS + orexin-A group than in the SPS + vehicle group
(P <0.01) and lower in the SPS + vehicle group
compared to the non-SPS + vehicle group (P < 0.01)
(Fig. 6C). However, there was no statistically significant
difference between the non-SPS + vehicle and non-
SPS + orexin-A groups (Fig. 6C), and total swimming
distance was similar across groups (Fig. 6D).
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way ANOVA with Bonferroni post-hoc test).

Orexin-A administration alters orexin receptor
expression

In the hypothalamus (Fig. 7A-C), the main effect of SPS
and orexin-A administration on OX1R protein expression
(F[1,28] = 185.19, P < 0.01; F[1,28] = 23.33,
P < 0.01) was statistically significant. The interaction
between SPS and orexin-A was also significant (F[1,28]
= 23.38, P < 0.01). The post-hoc test revealed that
OX1R was upregulated in the SPS + vehicle group
compared to the non-SPS + vehicle group (P < 0.01)
but downregulated in the SPS + orexin-A group relative
to the SPS + vehicle group (P < 0.01). In contrast,
OX2R level did not differ across groups.

In the hippocampus (Fig. 7D-F), OX1R and OX2R
protein levels showed main effects for SPS (F[1,28]
= 90.85, P < 0.01; F[1,28] = 7.027, P = 0.013) and
orexin-A (F[1,28] = 74.39, P < 0.01; F[1,28] = 7.78,
P < 0.01). The interaction between SPS and orexin-A
was significant for OX1R and OX2R expression levels
(F[1,28] = 7.66, P = 0.01; F[1,28] = 8.356, P < 0.01).
The post hoc test showed that OX1R and OX2R protein
levels were higher in the SPS + vehicle group than in

the non-SPS + vehicle group (P < 0.01), whereas
OX1R and OX2R levels were lower in the SPS
+ orexin-A group than in the SPS + vehicle group
(P < 0.01).

DISCUSSION

Orexins are involved in the regulation of various
physiological functions including learning and memory.
Orexin A facilitates learning, consolidation of learning
and also retrieval processes (Telegdy and Adamik,
2002) and controls bidirectional long-term synaptic plas-
ticity (Selbach et al., 2010) in the hippocampus. The
results of the present study show that SPS decreased
orexin-A and increased OX1R and OX2R expression in
rats, which was associated with spatial learning and mem-
ory impairment. Injection of orexin-A into the brain
improved memory performance and restored OX1R and
OX2R levels in the hippocampus. Orexins may mediate
the relationship between memory and behavior by altering
hippocampus function and connectivity (Selbach et al.,
2010; Stanley and Fadel, 2012). Abnormal orexin signal-
ing is closely associated with the development of stress-
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related disorders such as PTSD, depression, and panic
disorder, as evidenced by the reduced orexin levels in
anxiety patients with severe depression compared to nor-
mal subjects (Johnson et al., 2010) and low orexin-A
activity in PTSD patients with combat experience
(Strawn et al., 2010). It was also suggested that downreg-
ulation of orexin in the hippocampus contributes to age-
related learning and memory impairment (Stanley and
Fadel, 2012).

The role of OX1R and OX2R in the hippocampus of
SPS rats

The action of orexins is mediated via OX1R and OX2R. In
our study, icv injection of orexin-A reversed the effects of
SPS on behavior and orexin receptor expression. This is
consistent with previous reports demonstrating that
orexin-A alleviated spatial learning and memory
dysfunction via OX1R (Zhao et al., 2014) and that perfor-
mance in the MWM test was impaired by blocking OX1R
(Garcia-Brito et al., 2018). In addition, hippocampal
OX1R is thought to be involved in the disturbance of
learning and memory induced by pain (Kooshki et al.,
2017) and morphine (Alijjanpour et al, 2016;
Farahmandfar et al., 2016). Intrusive persistent memories
are a key feature of PTSD, and the inability to suppress
recall of intrusive memories is different from spatial mem-
ory and learning dysfunction. Injection of the OX1R antag-
onist SB-334867-A into the CA1 area of the hippocampus
was shown to prevent memory acquisition, consolidation,

and retrieval (Akbari et al., 2006), whereas injection into
the dentate gyrus affected only the first two processes
(Akbari et al., 2007, 2011), implying that OX1R plays dis-
tinct roles in different stages of learning and memory.

Few studies to date have investigated how OX2R
affects learning and memory. One study found that
endogenous orexins inhibited hippocampal synaptic N-
methyl-p-aspartate receptor function and memory
formation via OX2R (Perin et al., 2014); in addition, injec-
tion of OX1R and OX2R antagonists into the CA1 area of
the hippocampus prevented morphine-induced condi-
tioned place preference, but the effect size was three
times larger upon inhibition of OX1R compared to OX2R
(Alizamini et al., 2018). Orexin neuron activation induced
a passive coping phenotype during social defeat leading
to memory deficits, but this did not involve OX2R
(Eacret et al., 2019). Thus, OX1R plays a more important
role than OX2R in the regulation of learning and memory;
but our results suggest that both receptors are involved,
which may be due to different memory type.

The role of OX1R and OX2R in the hypothalamus of
SPS rats

In the present study, SPS reduced the rate of weight gain
and food intake in rats; these changes were associated
with decreased orexin-A and increased OX1R
expression in the hypothalamus, which was partly
reversed by orexin-A administration. Other studies have
shown that rats exposed to SPS showed decreased



D. Han et al./Neuroscience 432 (2020) 126—136 135

body weight (Xiao et al., 2018; Ding et al., 2019) and loss
of appetite (Xiao et al., 2018). Orexins stimulate food con-
sumption (Sakurai et al., 1998; Edwards et al., 1999;
Benoit et al., 2005; Yokobori et al., 2011; Li et al., 2015)
whereas fasting results in an upregulation of pre-pro-
orexin mRNA level (Sakurai et al., 1998). Conversely,
orexin-deficient mice exhibit narcolepsy, inactivity, and
obesity (Hara et al., 2001); and orexin deficiency in indi-
viduals with narcolepsy is linked to higher body mass
(Schuld et al., 2000; Wang et al., 2016). Thus, orexins
promote negative energy balance. The effects of orexin
on food intake are influenced by circadian rhythm: orexin
treatment increased daytime feeding and reduced noctur-
nal feeding, resulting in no net change in food intake over
24 h (Haynes et al., 1999). Orexin-A is thought to be more
effective than orexin-B in mediating food intake (Sakurai
et al., 1998; Edwards et al., 1999; Volkoff et al., 1999).
OX1R activation is necessary for food-reinforced
responses and motivation in mice (Sharf et al., 2010).
Administration of a selective orexin-1 receptor antagonist
(Haynes et al., 2000) or anti-orexin antibody reduced food
intake (Yamada et al., 2000). Additionally, OX1R signal-
ing was shown to regulate cue-induced feeding in rats
(Cole et al., 2015). However, OX2R signaling may also
play a role in energy homeostasis: enhanced orexin sig-
naling via OX2R conferred resistance to diet-induced dys-
regulation of energy metabolism by enhancing leptin
sensitivity (Funato et al., 2009). In the present study, only
OX1R and not OX2R was upregulated in SPS rats. It is
possible that OX1R level returned to the baseline at some
time point after SPS that was beyond the temporal reso-
lution of our experiment. In future studies, this possibility
will be investigated by examining additional time points
(e.g., 21 and 28 days post-SPS exposure).

The limitation of OX1R and OX2R

There has been a long-standing problem in the specificity
of OX1R and OX2R antibodies. To our knowledge, all
attempts to find OXR antibodies that are knockout-
verified have failed. Commercial OXR antibodies
typically stain multiple bands. The anti-OX1R and -
OX2R antibodies used in this study are polyclonal
antibodies (from Santa Cruz), resulting in the
appearance of non-specific bands possibly. It is a
limitation of western in the present study. In future
studies, more specific antibodies or other experimental
methods will be used to obtain more convincing data.

In summary, our results indicate that perturbation of
the orexin system may play a critical role in memory
impairment and appetite disturbance in PTSD. Also, the
changes in behavior and orexin receptor expression in
SPS rats were partly reversed by orexin-A
administration; these findings suggest that orexin-A has
therapeutic potential for the treatment of PTSD.

ACKNOWLEDGEMENT

This research was supported by a research grant from the
National Natural Science Foundation of China (No.
81571324).

AUTHOR CONTRIBUTIONS

YS designed the study with FH and DH. DH and SZ
performed surgeries and collected tissues. DH and LW
performed immunohistochemistry, western blotting and
real-time PCR, and carried out behavioral testing in the
MWM. DH wrote the manuscript. All authors analyzed
the results and approved the final version of the
manuscript.

REFERENCES

Akbari E, Motamedi F, Davoodi FG, Noorbakhshnia M, Ghanbarian E
(2011) Orexin-1 receptor mediates long-term potentiation in the
dentate gyrus area of freely moving rats. Behav Brain Res
216:375-380.

Akbari E, Naghdi N, Motamedi F (2006) Functional inactivation of
orexin 1 receptors in CA1 region impairs acquisition, consolidation
and retrieval in Morris water maze task. Behav Brain Res
173:47-52.

Akbari E, Naghdi N, Motamedi F (2007) The selective orexin 1
receptor antagonist SB-334867-A impairs acquisition and
consolidation but not retrieval of spatial memory in Morris water
maze. Peptides 28:650-656.

Alijanpour S, Tirgar F, Zarrindast MR (2016) Role of dorsal
hippocampal orexin-1 receptors in memory restoration induced
by morphine sensitization phenomenon. Neuroscience
312:215-226.

Alizamini MM, Kavianpour M, Karimi-Haghighi S, Fatahi Z,
Haghparast A (2018) Intra-hippocampal administration of orexin
receptor antagonists dose-dependently attenuates reinstatement
of morphine seeking behavior in extinguished rats. Peptides
110:40-46.

Baimel C, Bartlett SE, Chiou LC, Lawrence AJ, Muschamp JW,
Patkar O, Tung LW, Borgland SL (2015) Orexin/hypocretin role in
reward: implications for opioid and other addictions. Br J
Pharmacol 172:334-348.

Benoit SC, Clegg DJ, Woods SC, Seeley RJ (2005) The role of
previous exposure in the appetitive and consummatory effects of
orexigenic neuropeptides. Peptides 26:751-757.

Carter ME, Adamantidis A, Ohtsu H, Deisseroth K, de Lecea L (2009)
Sleep Homeostasis modulates hypocretin-mediated sleep-to-
wake transitions. J Neurosci 29:10939—10949.

Cole S, Mayer HS, Petrovich GD (2015) Orexin/hypocretin-1 receptor
antagonism selectively reduces cue-induced feeding in sated rats
and recruits medial prefrontal cortex and thalamus. Sci Rep
5:16143.

Ding J, da Silva MS, Lingeman J, Chen X, Shi Y, Han F, Meijer OC
(2019) Late glucocorticoid receptor antagonism changes the
outcome of adult life stress. Psychoneuroendocrinology
107:169-178.

Eacret D, Grafe LA, Dobkin J, Gotter AL, Renger JJ, Winrow CJ,
Bhatnagar S (2019) Orexin signaling during social defeat stress
influences subsequent social interaction behaviour and
recognition memory. Behav Brain Res 356:444-452.

Edwards CM, Abusnana S, Sunter D, Murphy KG, Ghatei MA, Bloom
SR (1999) The effect of the orexins on food intake: comparison
with neuropeptide Y, melanin-concentrating hormone and galanin.
J Endocrinol 160:R7-R12.

Farahmandfar M, Kadivar M, Rastipisheh S (2016) Blockade of dorsal
hippocampal orexin-1 receptors impaired morphine-induced
state-dependent learning. Neuropeptides 60:13—19.

Funato H, Tsai AL, Willie JT, Kisanuki Y, Wiliams SC, Sakurai T,
Yanagisawa M (2009) Enhanced orexin receptor-2 signaling
prevents diet-induced obesity and improves leptin sensitivity.
Cell Metab 9:64-76.

Garcia-Brito S, Aldavert-Vera L, Huguet G, Alvarez A, Kadar E,
Segura-Torres P (2018) Increased training compensates for
OX1R blockage-impairment of spatial memory and c-Fos


http://refhub.elsevier.com/S0306-4522(20)30112-3/h0005
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0005
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0005
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0005
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0010
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0010
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0010
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0010
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0015
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0015
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0015
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0015
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0020
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0020
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0020
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0020
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0025
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0025
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0025
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0025
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0025
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0030
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0030
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0030
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0030
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0035
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0035
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0035
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0040
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0040
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0040
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0045
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0045
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0045
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0045
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0050
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0050
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0050
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0050
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0055
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0055
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0055
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0055
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0060
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0060
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0060
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0060
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0065
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0065
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0065
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0070
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0070
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0070
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0070
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0075
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0075
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0075

136 D. Han et al. /Neuroscience 432 (2020) 126-136

expression in different cortical and subcortical areas. Behav Brain
Res 353:21-31.

Goforth PB, Leinninger GM, Patterson CM, Satin LS, Myers Jr MG
(2014) Leptin acts via lateral hypothalamic area neurotensin
neurons to inhibit orexin neurons by multiple GABA-independent
mechanisms. J Neurosci 34:11405—-11415.

Hara J, Beuckmann CT, Nambu T, Willie JT, Chemelli RM, Sinton
CM, Sugiyama F, Yagami K, et al. (2001) Genetic ablation of
orexin neurons in mice results in narcolepsy, hypophagia, and
obesity. Neuron 30:345-354.

Haynes AC, Jackson B, Chapman H, Tadayyon M, Johns A, Porter RA,
Arch JR (2000) A selective orexin-1 receptor antagonist reduces
food consumption in male and female rats. Regul Pept 96:45-51.

Haynes AC, Jackson B, Overend P, Buckingham RE, Wilson S,
Tadayyon M, Arch JR (1999) Effects of single and chronic
intracerebroventricular administration of the orexins on feeding in
the rat. Peptides 20(9):1099-1105.

Johnson PL, Truitt W, Fitz SD, Minick PE, Dietrich A, Sanghani S,
Traskman-Bendz L, Goddard AW, et al. (2010) A key role for
orexin in panic anxiety. Nat Med 16:111-115.

Karl A, Schaefer M, Malta LS, Dorfel D, Rohleder N, Werner A (2006)
A meta-analysis of structural brain abnormalities in PTSD.
Neurosci Biobehav Rev 30:1004-10031.

Karl A, Werner A (2010) The use of proton magnetic resonance
spectroscopy in PTSD research—-meta-analyses of findings and
methodological review. Neurosci Biobehav Rev 34:7-22.

Kooshki R, Abbasnejad M, Esmaeili-Mahani S, Raoof M (2017) The
modulatory role of orexin 1 receptor in cal on orofacial pain-
induced learning and memory deficits in rats. Basic Clin Neurosci
8:213-222.

Leinninger GM, Opland DM, Jo YH, Faouzi M, Christensen L,
Cappellucci LA, Rhodes CJ, Gnegy ME, et al. (2011) Leptin action
via neurotensin neurons controls orexin, the mesolimbic
dopamine system and energy balance. Cell Metab 14:313-323.

Li A, Wang Q, Davis H, Wang R, Ritter S (2015) Orexin-A enhances
feeding in male rats by activating hindbrain catecholamine
neurons. Am J Physiol Regul Integr Comp Physiol 309:358-367.

Liberzon |, Krstov M, Young EA (1997) Stress-restress: effects on
ACTH and fast feedback. Psychoneuroendocrinology 22
(6):443—-453.

Liberzon |, Lépez JF, Flagel SB, Vazquez DM, Young EA (1999)
Differential regulation of hippocampal glucocorticoid receptors
mRNA and fast feedback: relevance to post-traumatic stress
disorder. J Neuroendocrinol 11(1):11-17.

Nambu T, Sakurai T, Mizukami K, Hosoya Y, Yanagisawa M, Goto K
(1999) Distribution of orexin neurons in the adult rat brain. Brain
Res 827:243-260.

Palotai M, Telegdy G, Ekwerike A, Jaszberényi M (2014) The action
of orexin B on passive avoidance learning. Involvement of
neurotransmitters. Behav Brain Res 272:1-7.

Perin M, Longordo F, Massonnet C, Welker E, Lithi A (2014) Diurnal
inhibition of NMDA-EPSCs at rat hippocampal mossy fibre
synapses through orexin-2 receptors. J Physiol 592:4277-4295.

Peyron C, Tighe DK, van den Pol AN, de Lecea L, Heller HC, Sutcliffe
JG, Kilduff TS (1998) Neurons containing hypocretin (orexin)
project to multiple neuronal systems. J Neurosci 18:9996—-10015.

Rao Y, Mineur YS, Gan G, Wang AH, Liu ZW, Wu X, Suyama S, de
Lecea L, et al. (2013) Repeated in vivo exposure of cocaine
induces long-lasting synaptic plasticity in hypocretin/orexin-
producing neurons in the lateral hypothalamus in mice. J
Physiol 591:1951-1966.

Sakurai T, Amemiya A, Ishii M, Matsuzaki I, Chemelli RM, Tanaka H,
Williams SC, Richardson JA, et al. (1998) Orexins and orexin
receptors: a family of hypothalamic neuropeptides and G protein-
coupled receptors that regulate feeding behavior. Cell 92:573-585.

Sakurai T, Mieda M (2011) Connectomics of orexin-producing
neurons interface of systems of emotion, energy homeostasis
and arousal. Trends Pharmacol Sci 32:451-462.

Schuld A, Hebebrand J, Geller F, Pollmacher T (2000) Increased
body-mass index in patients with narcolepsy. Lancet
355:1274-1275.

Selbach O, Bohla C, Barbara A, Doreulee N, Eriksson KS, Sergeeva
OA, Haas HL (2010) Orexins/hypocretins control bistability of
hippocampal long-term synaptic plasticity through co-activation of
multiple kinases. Acta Physiol (Oxf) 198:277-285.

Sharf R, Sarhan M, Brayton CE, Guarnieri DJ, Taylor JR, DiLeone RJ
(2010) Orexin signaling via the orexin 1 receptor mediates
operant responding for food reinforcement. Biol Psychiatry
67:753-760.

Stanley EM, Fadel J (2012) Aging-related deficits in orexin/hypocretin
modulation of the septohippocampal cholinergic system. Synapse
66:445-452.

Strawn JR, Pyne-Geithman GJ, Ekhator NN, Horn PS, Uhde TW,
Shutter LA, Baker DG, Geracioti Jr TD (2010) Low cerebrospinal
fluid and plasma orexin-A (hypocretin-1) concentrations in
combat-related posttraumatic stress disorder.
Psychoneuroendocrinology 35:1001-1007.

Telegdy G, Adamik A (2002) The action of orexin A on passive
avoidance learning. Involvement of transmitters. Regul Pept
104:105-110.

Trivedi P, Yu H, MacNeil DJ, Van der Ploeg LH, Guan XM (1998)
Distribution of orexin receptor mRNA in the rat brain. FEBS Lett
438:71-75.

Tsujino N, Sakurai T (2013) Role of orexin in modulating arousal,
feeding, and motivation. Front Behav Neurosci 7:28.

Volkoff H, Bjorklund JM, Peter RE (1999) Stimulation of feeding
behavior and food consumption in the goldfish, Carassius
auratus, by orexin-A and orexin-B. Brain Res 846:204-2009.

Wang Z, Wu H, Stone WS, Zhuang J, Qiu L, Xu X, Wang Y, Zhao Z,
et al. (2016) Body weight and basal metabolic rate in childhood
narcolepsy: a longitudinal study. Sleep Med 25:139-144.

Wen L, Xiao B, Shi Y, Han F (2017) PERK signalling pathway
mediates single prolonged stress-induced dysfunction of medial
prefrontal cortex neurons. Apoptosis 22:753—768.

Woon F, Hedges DW (2011) Gender does not moderate hippocampal
volume deficits in adults with posttraumatic stress disorder: a
meta-analysis. Hippocampus 21:243-252.

Xiao B, Wang JG, Han F, Shi YX (2018) Effects of calcium-dependent
molecular chaperones and endoplasmic reticulum in the
amygdala in rats under single-prolonged stress. Mol Med Rep
17(1):1099-1104.

Yamada H, Okumura T, Motomura W, Kobayashi Y, Kohgo Y (2000)
Inhibition of food intake by central injection of anti-orexin antibody
in fasted rats. Biochem Biophys Res Commun 267:527-531.

Yamamoto S, Morinobu S, Takei S, Fuchikami M, Matsuki A,
Yamawaki S, Liberzon | (2009) Single prolonged stress: toward
an animal model of posttraumatic stress disorder. Depress
Anxiety 26:1110-1117.

Yang L, Zou B, Xiong X, Pascual C, Xie J, Malik A, Xie J, Sakurai T,
et al. (2013) Hypocretinjorexin neurons contribute to
hippocampus-dependent social memory and synaptic plasticity
in mice. J Neurosci 33:5275-5284.

Yokobori E, Kojima K, Azuma M, Kang KS, Maejima S, Uchiyama M,
Matsuda K (2011) Stimulatory effect of intracerebroventricular
administration of orexin A on food intake in the zebrafish, Danio
rerio. Peptides 32:1357-1362.

Zhao X, Zhang RX, Tang S, Ren YY, Yang WX, Liu XM, Tang JY
(2014) Orexin-A-induced ERK1/2 activation reverses impaired
spatial learning and memory in pentylenetetrazol-kindled rats via
OX1R-mediated hippocampal neurogenesis. Peptides
54:140-147.

Zheng S, Han F, Shi Y, Wen L, Han D (2017) Single-prolonged-
stress-induced changes in autophagy-related proteins Beclin-1,
LC3, and p62 in the medial prefrontal cortex of rats with post-
traumatic stress disorder. J Mol Neurosci 62:43-54.

(Received 1 July 2019, Accepted 18 February 2020)
(Available online 27 February 2020)


http://refhub.elsevier.com/S0306-4522(20)30112-3/h0075
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0075
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0080
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0080
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0080
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0080
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0085
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0085
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0085
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0085
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0090
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0090
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0090
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0095
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0095
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0095
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0095
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0100
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0100
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0100
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0105
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0105
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0105
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0110
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0110
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0110
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0115
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0115
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0115
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0115
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0120
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0120
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0120
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0120
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0125
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0125
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0125
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0130
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0130
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0130
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0135
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0135
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0135
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0135
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0140
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0140
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0140
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0145
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0145
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0145
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0150
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0150
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0150
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0155
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0155
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0155
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0160
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0160
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0160
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0160
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0160
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0165
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0165
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0165
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0165
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0170
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0170
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0170
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0175
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0175
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0175
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0180
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0180
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0180
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0180
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0185
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0185
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0185
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0185
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0190
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0190
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0190
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0195
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0195
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0195
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0195
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0195
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0200
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0200
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0200
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0205
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0205
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0205
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0210
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0210
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0215
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0215
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0215
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0220
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0220
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0220
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0225
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0225
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0225
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0230
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0230
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0230
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0235
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0235
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0235
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0235
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0240
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0240
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0240
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0245
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0245
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0245
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0245
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0250
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0250
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0250
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0250
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0255
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0255
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0255
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0255
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0260
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0260
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0260
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0260
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0260
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0265
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0265
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0265
http://refhub.elsevier.com/S0306-4522(20)30112-3/h0265

	Mechanisms of Memory Impairment Induced by Orexin-A via Orexin 1 �and Orexin 2 Receptors in Post-traumatic Stress Disorder Rats
	Introduction
	Experimental procedures
	Animals and grouping
	SPS procedure
	Measurement of body weight
	Surgery and orexin-A administration
	MWM
	Immunohistochemistry
	Preparation of brain tissue for western blotting and real-time PCR
	Western blotting
	Quantitative real-time PCR
	Statistical analysis

	Results
	Changes in weight, food intake and memory behavior in the MWM following SPS
	SPS alters the expression of orexin-A and its receptors in the hypothalamus and hippocampus
	Immunohistochemical staining results
	Western blotting and qRT-PCR results

	Orexin-A administration restores body weight and memory performance
	Orexin-A administration alters orexin receptor expression

	Discussion
	The role of OX1R and OX2R in the hippocampus of SPS rats
	The role of OX1R and OX2R in the hypothalamus of SPS rats
	The limitation of OX1R and OX2R

	ack25
	Acknowledgement
	Author contributions
	References


