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Methods: After treatment of adult male wistar rats with 72-h SD, the Y-maze test, object
location test (OLT), novel object recognition test (NORT) and the Morris water maze
(MWM) test were performed to determine the cognitive function. The autophagosome
formation was observed with electron microscope. Generation of endogenous HsS in
the hippocampus of rats was detected using unisense HoS microsensor method. The
expressions of cystathionine-p-synthase (CBS), 3-mercaptopyruvate sulfurtransferase
(8-MST), beclin-1, light chain LC3 II/LC3 |, and p62 in the hippocampus were assessed
by western blotting.

Results: The Y-maze, OLT, NORT, and MWM test demonstrated that SD-exposed rats
exhibited cognitive dysfunction. SD triggered the elevation of hippocampal autophagy
as evidenced by enhancement of autophagosome, up-regulations of beclin-1 and LC3
[I/LC3 |, and down-regulation of p62. Meanwhile, the generation of endogenous H»S
and the expressions of CBS and 3-MST (H»S producing enzyme) in the hippocampus
of SD-treated rats were reduced.

Conclusion: These results suggested that inhibition of endogenous H»S generation
and excessiveness of autophagy in hippocampus are involved in SD-induced cognitive
impairment.

Keywords: autophagy, cognitive impairment, hydrogen sulfide, sleep deprivation, hippocampus

Frontiers in Psychology | www.frontiersin.org 1

January 2019 | Volume 10 | Article 53


https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/journals/psychology#editorial-board
https://www.frontiersin.org/journals/psychology#editorial-board
https://doi.org/10.3389/fpsyg.2019.00053
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpsyg.2019.00053
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyg.2019.00053&domain=pdf&date_stamp=2019-01-24
https://www.frontiersin.org/articles/10.3389/fpsyg.2019.00053/full
http://loop.frontiersin.org/people/484725/overview
https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Yang et al.

Mechanisms of SD-Induced Cognitive Dysfunction

INTRODUCTION

Sleep plays a key role in human life and work, but sleep
deprivation (SD), namely irregular and inadequate sleep, shows a
rising trend in today’s society (Feng et al., 2016; Honn et al., 2018).
Therefore, the association between SD and cognitive impairment
has been paid close attention (Zhang and Liu, 2008; Jin et al.,
2017; Li S. et al., 2017). It is well known that SD affects human
health and work efficiency (Honn et al,, 2018) and that SD is a
common state leading to a global cognitive decline for individuals
(Jackson et al., 2013). Meanwhile, extensive studies confirmed
that rats deprived of sleep is embodied in various morphological
and neurobiological changes in the brain and a decline of
cognitive behavior (Zhang L. et al., 2013; Zhao et al., 2014; Hajali
et al.,, 2015; Kreutzmann et al., 2015). Recent studies showed that
the oxidative stress and the disorder of neurotransmitters play
important roles in the cognitive impairment induced by SD (Lu
etal., 2018; Nabaee et al., 2018; Siddique et al., 2018). In addition,
increasing evidence showed that SD impacts the epigenome that
plays an important role in regulating learning and memory (Duan
etal,, 2016; Gaine et al., 2018). Although the research of cognitive
impairment induced by SD has been reported, further exploring
the mechanism underlying SD-induced cognitive impairment is
necessary for a greater understanding of the pathophysiology
about SD and its effects on cognition.

Hydrogen sulfide (H,S) is a colorless gas with the smell of
rotten eggs and was considered toxic in the past (Reiffenstein,
1992). In recent years, it has been confirmed that H,S is
an important neuroprotective and neuromodulatory agent
(Bae et al, 2013; Zhang and Bian, 2014; Jiang et al, 2016).
Endogenous H,S is largely synthesized in mammalian
tissues by cystathionine-p-synthase (CBS) in the brain
and 3-mercaptopyruvate sulfurtransferase (3-MST) in the
mitochondria (Kimura, 2011). It has been demonstrated that
H,S promotes the formation of long-term potentiation (LTP)
(Chen etal., 2017), improves synaptic plasticity remodeling (Li Y.
L. et al., 2017), and regulates learning and memory (Whiteman
et al., 2011; Li M. et al,, 2017; Tang et al, 2018; Zhan et al,
2018). Furthermore, our previous work has confirmed that
inhibition of H,S synthesis contributes to formaldehyde- and
homocysteine-induced defects in learning and memory of rats
(Tang X. Q. et al, 2013; Li M.H. et al, 2014). Therefore, we
investigated whether the inhibition of hippocampal endogenous
H,S generation is responsible for SD-impaired learning and
memory.

Autophagy is a catabolic process that digests the useless
cytosolic components through invagination of its membrane in
order to maintain cell homeostasis and integrity (Barthet and
Ryan, 2018; Sharma et al., 2018). Studies demonstrated that the
level of autophagy is regulated by a variety of factors, such as
oxidative stress, energy balance or aging (Zhang et al, 2016;
Loos et al., 2017). However, the change of autophagy level under
conditions of SD remains unknown. Accumulating evidence
suggests that the disorder of hippocampal autophagy plays crucial
role in the formation of cognitive dysfunction in neurological
diseases (Ghavami et al., 2014), including Parkinson’s disease
(PD) (Zhang S. et al,, 2013) and Alzheimer’s disease (AD) (Zheng

et al., 2006; Sharma et al., 2018). Therefore, we speculated that
excessive hippocampal autophagy is injurious to the cognitive
function of SD-exposed rats.

The present work was to clarify the relationship between
hippocampal endogenous H,S generation as well as autophagy
and SD-induced cognitive impairment. We demonstrated
that exposure of SD impaired the function of cognition,
suppressed the generation of hippocampal H,S, and stimulated
the excessiveness of hippocampal autophagy. These results
suggest that inhibited endogenous H,S generation and excessive
autophagy in hippocampus play important role in SD-induced
cognitive impairment.

MATERIALS AND METHODS

Reagents

Specific monoclonal anti-LC3, anti-Beclinl, and anti-p62
antibodies were obtained from Cell Signaling Technology, Inc.
(Danvers, MA, United States). Specific monoclonal anti-CBS and
anti-3-MST were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, United States).

Animals and Experiment Schedule
Adult male Wistar rats (weighing 250-280 g) were purchased
from the SJA Lab Animal Center of Changsha (Changsha, China),
were housed individually in a constant temperature (25 & 2°C)
and humidity controlled room, the rats were illuminated with
artificial light for 12-h light/12-h dark cycle and access to food
and water ad libitum. Experimental protocol of the study was
approved by the Animal Use and Protection Committee of
the University of South China. Rats were used according to
“3Rs” principles (Replacement, Reduction and Refinement) in
all experimental procedures. All efforts were made to minimize
animal suffering.

All rats were habituated to the experimenter and laboratory for
1 week pre-handled prior to testing. SD group rats were exposed
to the modified multiple platform method (MMPM) for 72 h.
The Y-maze was performed one day after SD. The NORT was
performed 2 days after Y-maze test. The OLT was performed
2 days after NORT. The MWM test was performed 2 days after
OLT. One day after behavioral testing, the hippocampal tissues
were collected for detecting the generation of H,S and the level
of autophagy.

Induction of Sleep Deprivation

The method of SD was adopted from the modified multiple
platform method. Animals were exposed to the modified multiple
platform method (MMPM) for 72 h. In brief, rats were placed on
platforms (19 platforms; 6.5 cm in diameter, 15 cm apart edge-to-
edge) surrounded by water (24 = 1°C) which were located 1 cm
below the water surface in a water tank (170 cm x 70 cm x 50 cm)
where water and food were accessible. The method was used
to disturb the total sleep (especially REM sleep). During REM
sleep, muscle atonia caused animals to fall into or touch the water
and waken. Immediately after SD, animals were submitted to
behavioral tasks.
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Behavioral Testing

Y-Maze

The Y-maze apparatus is composed of 3 arms with identical
dimensions (120°; 55 cm long x 16 cm wide x 20 cm high),was
placed inside a room with dim illumination. The floor of the
maze consists of sawdust to eliminate olfactory stimuli. Testing
was always at the same time and performed in the same room
to ensure environmental coincide. The rats prefer to explore
a new arm of the maze rather than going back to a previous
one. Briefly, each rat was inserted to the center of the Y-maze
and allowed to explore freely the three arms during an 8-min
session. A rat into an arm was considered valid if its body and
tail completely entered the arm. The total number of arm entries
and sequence were recorded with video and analyzed later on
a computer. An alternation was identified as three consecutive
entries in three different arms of the maze (i.e, 1, 2, 3, or 3, 2,
1, etc.). The alternation performance was calculated using the
following equation: total alternation number/(total number of
entries —2). At the same time, the total numbers of entries in the
three arms were used to detecting the activity of rats.

Morris Water Maze

The Morris water maze system consists of water maze device,
water maze image automatic collection and software analysis
system. Pictures of mice swimming (analog signal) were collected
via the camera was introduced to the computer for analog-to-
digital conversion to get the relevant data through digital image
analysis. This system is a classical program for evaluating the
spatial learning and memory of rodents. Water maze device
mainly consists of a circular pool containing water (diameter of
180 cm, high 60 ¢cm) and a circular acrylic platform (12.5 cm
diameter) placed 2 cm below the surface of the water during
acquisition trials. The pool was divided into 4 quadrants, and
platform was placed in the first quadrant (target quadrant). The
video recorder was placed above the center of the pool, recording
the experimental process and stored in a computer (Chengdu
Technology and Market Corp, Chengdu, China). The rats were
allowed four acquisition trials per day for 5 days conducted in a
spaced fashion, and each rat was given a 120-s swim to find the
platform. The swimming route and escape latencies to platform
(s) were determined in each trial. Twenty-four hours after the
last acquisition trial the rats were given a probe trail without the
platform, and they were allowed a free 120-s swim to search for
the pool. The start position for each animal was in contrast to
the platform location and the platform quadrant was referred to
as the target quadrant. The times of crossing former platform
area and the proportionality of swimming time in target quadrant
and Mid-ring were determined. In the visible-platform test, the
platform was located 2 cm above the water surface. Swim speed
was tested with a visible platform in the water maze to rule out
the differences in performance could be owing to non-cognitive
factors including stress (Lu et al.,, 2017) and depression (Yang
etal., 2016).

Novel Object Recognition
The Novel object recognition test (NORT) surveys the
exploration of familiar and novel objects, which is a part

of recognition memory. The test consists of three stages:
adaptation, training and testing. During the adaptation period of
2 days, animals were habituated to the opaque empty square box
(50 cm x 50 cm x 60 cm) for 5 min each day. In the training
stage, the rat was placed into the testing box for 5 min to explore
two different objects on opposite sides of the arena, the total
approach time for exploring each object were recorded by an
experienced researcher blind to treatments. The following acts
were considered as the exploration of the object: touching to the
object with the head of animal, sniffing to the object and keeping
the distance from nose of rat to the objects less than 2 cm. The
apparatus include testing box and the objects were cleaned with
70% alcohol at the end of each experiment for every rat. During
testing sessions, one familiar object and one novel object of
similar size were placed into the same places as in the training
phase, and the animals were permitted to explore for 5 min.
Calculation of the object recognition memory by measuring
the interest in the novel object in testing phase which is called
recognition index (RI) was expressed as the time exploring on
the novel objects divided by the total time spent in exploring
both objects.

Object Location

The Object location test (OLT) following with the same rules on
NORT and consist of three identical parts (adaptation, training,
and testing). The difference between OLT and NORT is that the
exploration time in measuring two same objects but one of them
was placed in a new position, also the recognition index (RI) is
similar to NORT was calculated as the time exploring on the
objects placed in novel location divided by the total time spent
in exploring both objects. It evaluates especially spatial memory
and discrimination.

Transmission Electron Microscopy (TEM)
Transmission electron microscopy was used to assess the
ultrastructural change of hippocampus sections. The volume of
hippocampus fragments for electron microscopy were obtained
not more than 1 mm x 1 mm X 1 mm and then rapid fixed
with 2.5% glutaraldehyde in 0.1 M PBS solution at 4°C for 2-
4 h. Afterward, they were washed three times for 15 min each
with PBS and then fixed with 1% osmic acid for 2 h. After washed
with PBS, tissues were dehydrated in a graded ethanol series,
embedded in Epo x 812 overnight. Ultra-thin sections were cut
at 60-80 nm thickness and double colored with uranyl acetate
and lead citrate, which were subsequently observed under a 1230
type transmission electron microscope (Electron Co., Tokyo) and
photographed.

Western Blotting Analysis

The hippocampal tissues were homogenized in extraction buffer
(50 mM Tris, pH 7.4, 1% Triton X-100, 150 mM NaCl, 1%
sodium deoxycholate, 1 mM NaF, 0.1% SDS, 2 mM Na3VO4,
1 mM PMSF) and then centrifuged at 12,000 rounds/min for
30 min at 4 °C. Protein concentrations were measured using a
BCA Protein Assay Kit (Beyotime, Shanghai, China). Equivalent
amounts of protein were run on SDS-PAGE (12% for LC3
and; 10% for CBS, 3-MST and Beclinl) and then transferred
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to a PVDF membrane. The membrane was blocked using TBS-
T buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05%
Tween-20) containing 5% non-fat milk at room temperature
for 2 hr and then serially incubated with primary antibodies
directed against CBS (1:2000), 3-MST (1:1000), LC3 (1:1000),
Beclinl (1:1000) and P62 (1:1000) overnight at 4°C. After
washing with TBS-T three times for 10 min, respectively, the
membrane was incubated with secondary antibody (1:5000)
in blocking solution at room temperature for 2 h. The
membrane was washed again for three times with TBS-T,
the bound antibody was were visualized by autoradiographic
films (Tanon-5600) and then tegrated optical density of the
protein band from Western blot analyses was quantified using
Image-] software. Each experiment was repeated at least three
times.

Assay of H>S Generation

To detect the generation of H,S in hippocampal tissue of rat,
unisense H,S microsensor (a miniaturized amperometric sensor
with guard electrode) (Model H,S-MRCh, Unisense, Aarhus,
Denmark) coupled to a unisense picoampere amplifier was
used. Hippocampus was homogenized in 50 mmol/L ice-cold
potassium phosphate buffer (pH 6.8). After BCA quantitative
analysis, the reaction mixture was added to the reaction bottle.
The reaction mixture contained 100 mM potassium phosphate
buffer (pH 7.4), L-cysteine (20 pl, 10 mM), pyridoxal 5'-
phosphate (20 i1, 2 mM), 10% (w/v) tissue homogenate. Adding
1 mol/L NaOH to the central hole of the reaction bottle
0.5 mL, the reaction bottle is blown 20 s by N2 before sealing.
Reaction was initiated by a thermostatic water bath for 90 min
at 37°C. Then 50% (mass fraction) trichloroacetic acid was
added into the reaction system. Finally, the reaction system
was incubated at 37 C for 60 min to terminate the reaction.
The concentration of H,S in the solution was determined
by the sensitive sulfur electrode method in the central hole.
The rate of H,S formation was calculated and expressed as
nmol/(min X mg).

Statistical Analysis

Data are expressed as the mean &= SEM. The significance of the
difference between two groups was analyzed by the independent
samples t-test with SPSS 20 software (SPSS, Chicago, IL,
United States). Statistical significance was indicated at p < 0.05.

RESULTS

SD Induces a Decrease in Alternation

Performance in the Y-Maze Tested

Y-maze test was subjected to detect whether the cognitive
function of SD-exposed rats is impaired. As shown in Figure 1A,
SD-exposed rats showed a significant decline in the alternation
performance compared to control group. However, the total
arm entries did not change between SD-rats and control group
(Figure 1B). These data indicated that SD could impair learning
and memory process of rats.
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FIGURE 1 | Effect of SD on the alternation performance of rats in Y male test.
After exposure of SD for 72 h, rats were tested in the Y male test. The
alternation performance (A) and the total arm entries (B) were recorded. The
data are expressed as mean 4+ SEM (n = 9-11); ***P < 0.001, vs. control
group.

SD Impairs the Cognitive Function of
Rats in Novel Object Recognition (NOR)
Test

Next, we used the novel object recognition test to examine
the altheration of cognitive function in SD-exposed rats. As
shown in Figure 2A, the recognition index in SD-exposed
rats was markedly decreased compared to control in the test
period. However, SD-exposed rats did not change the total object
exploration time in the training period (Figure 2B) and the test
period (Figure 2C). These data also indicated that SD impairs the
cognitive function of rats.

SD Causes Deficit in Location Memory in

Object Location Test

We performed the object location test to extend our observation
to a spatial form of cognition. SD did not affect the total object
exploration time of rats in the training period (Figure 3A) and the
test period (Figure 3B). However, compared to control groups,
the recognition index in test period was significantly decreased in
the rats treated with SD (Figure 3C), indicating that SD triggered
deficit in object recognition memory.

SD Impairs Learning and Memory in the

Morris Water Maze Test

To further explore the effect of SD on learning and memory in
rats, we investigated the effects of SD on spatial learning and
memory using the Morris water maze test. Figure 4A shows
the representative swimming tracks of rats searching for the
underwater platform on the first and fifth training days. On
the first training day, there was no difference of the distance
in searching for the hidden platform. On the fifth training day,
SD-exposed rats exhibited a significant increase in the distance
swam compared with the control group. Meanwhile, SD-treated
rats exhibited significant higher escape latency on days 5 during
training trials compared with control group rats (Figure 4B).
These data further indicated that SD had an obvious negative
effect on spatial learning of rats.
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FIGURE 2 | Effect of SD on the object recognition memory of rats. Rats were tested in the novel object recognition test. The recognition index in the test period (A)
and the total object exploration time in the training period (B) or in the test period (C) were recorded. Values are the mean + SEM (n = 9-11); ***P < 0. 001, vs.
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FIGURE 3 | Effect of SD on the spatial recognition memory of rats. Rats were tested in the object location test. The total object exploration in the training period (A)
and the total object exploration (B) as well as the recognition index (C) in the test period were recorded. Values are the mean + SEM (n = 9-11); **P < 0.01, vs.

In the probe trial, the platform was removed and the rats
were placed into the quadrant opposite to the target quadrant
and allowed to swim freely for 120 s. Rats treated with
SD exhibited significantly fewer number of crossing over the
platform position (Figure 5A) and lower percentage of time
in the target quadrant (Figure 5B) compared with control
group, which indicated that SD impairs the spatial memory of
rats.

Ruling Out the Influences of the Changes
in Motor Ability and Vision on Learning

and Memory in Rats

In order to exclude possible changes in visual acuity and
motor ability, we tested the escape latency and the average
swimming speed of rats in the visual platform test after
we completed the probe test. There was no significant
difference in the escape latency (Figure 6A) and the
average swimming speed (Figure 6B) among all rats,
which ruled out the possible that the alters in vision and
motion contribute to the changes of all parameters in MWM
experiment.

SD Causes Excessive Autophagy in

Hippocampus of Rats

To explore whether excessive autophagy is involved in SD-
induced impairment in cognition, the formation of autophagic
vacuoles, as well as the expressions of LC3-II/LC3-I, Beclin-1 and
P62 were investigated in the hippocampus of rat (Merenlender-
Wagner et al., 2015). As shown in Figure 7A, SD-treated rats
displayed increase in the formation of autophagic vacuoles.
In addition, the ratio of LC3-II/LC3-I (Figure 7B) and the
expression of Beclin-1 (Figure 7C) were significantly increased
in the hippocampus of SD-exposed rats. While the expression
of P62 was significantly down-regulated in the hippocampus of
SD-treated rats (Figure 7D). These data indicated that SD exerts
excressive autophagy in the hippocampus of rats.

SD Reduces the Expressions of 3-MST,
CBS and the Generation of H,S in the

Hippocampus of Rats
To explore whether the inhibition of hippocampal H,S
generation involves in SD-induced impairment in cognition, the
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FIGURE 4 | Effect of SD on the spatial learning in the acquisition phase of
Morris water maze task. Rats were tested in the Morris water maze task. (A)
The representative swimming route of rats in 1st day and 5th day in the
acquisition phase. (B) The escape periods of rats in 1-5 days in the
acquisition phase. Values are the mean + SEM (n = 9-11), ***P < 0.001, vs.
control group.

expressions of CBS and 3-MST as well as the endogenous H,S
generation in the hippocampus of rats were analyzed (Calvert
et al., 2010). SD caused decrease in the expressions of CBS
(Figure 8A) and 3-MST (Figure 8B) in the hippocampus of
rats. Simultaneously, the endogenous H,S generation in the
hippocampus of rats was significantly inhibited by treatment
with SD for 72 h (Figure 8C). These data demonstrated that SD
reduces the generation of endogenous H,S in the hippocampus
of rats.

DISCUSSION

Sleep deprivation (SD) is considered as a common social
phenomenon and is a frequent cause of cognitive impairment
(Miller, 2015; Feng et al, 2016; Hao et al, 2018). It is
well established that H,S regulates learning and memory
(Nagpure and Bian, 2015; Zhuang et al., 2016; Tang et al,
2018) and that excessive autophagy in hippocampus causes
cognitive impairment (Xu et al, 2016). Therefore, we
explored the alterations in the hippocampal endogenous
H,S generation and autophagy and the change of cognitive
function in SD-exposed rats. Our present work demonstrated
that SD impaired the learning and memory of rats and
caused the decrease in endogenous H,S generation and the
formation of excessive autophagy in the hippocampus of
rats. These novel discoveries provide distinctive insights into
understanding the mechanism underlying SD-induced cognitive
impairment.

Exposure of SD has certain toxicity in nervous system
of humans and animals (Novati et al, 2012; Basner et al,
2013). In agreement with this, sleep plays a key role in
the removed of neurotoxic substances that produce in the
waking state (Xie et al., 2013). Research has shown that SD
impacts the expression and function of glutamate receptor
(Ravassard et al., 2009) and neurogenesis (Meerlo et al., 2009)
in the hippocampus. In addition, SD interferes with the
hippocampal synaptic plasticity and hippocampal long-term
potentiation (LTP), contributing to the deficit of cognition in

FIGURE 5 | Effects of SD on the spatial memory in the probe phase of Morris
water maze task. After finishing the acquisition phase, rats were submitted to
the probe trial. The times of crossing platform (A) and the proportionality of
swimming time in target quadrant (B) was analyzed. Values are the

mean + SEM (n = 9-11), *P < 0.05, vs. control group.
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FIGURE 6 | Effects of SD on the vision and motion of rats. After finishing the
probe test, rats were submitted to the visible platform test. The latency to
reach the platform (A) and the average swimming speed (B) were recorded.

Values are the mean + SEM (n = 9-11).

animals and humans (Alkadhi et al, 2013). In our present
study, SD-exposed rats showed cognitive impairment in Y maze
test, OLT, NORT, and MWM test. Our results are consistent
with the finding that exposure of rats with SD leads to
the dysfunction of learning and memory (McDermott et al.,
2006). Clinical studies show that SD leads to cognitive deficits
(Olaithe et al., 2018). However, the molecular mechanisms
underlying SD-induced cognitive impairment have not been fully
clarified.

The biologic function of H,S mainly include antioxidation,
anti-apoptosis and anti-inflammation for central nervous system
(Wei et al, 2014), which imply the protective effect of H,S
on neurodegenerative diseases. It has been reported that
physiological concentration of H,S specifically enhances the
activity of N-methyl-D-aspartate receptor and facilitates the
hippocampal synaptic plasticity and LTP (Zhang and Bian, 2014;
Kamat et al., 2015). Previous work has implicated that exogenous
H,S attenuates diabetes-associated cognitive impairment (Tang
et al., 2015; Ma et al, 2017) and has a protective effect from
traumatic brain injury-induced cognitive impairment (Karimi
et al., 2017; Ma et al., 2017). In addition, we have demonstrated
that inhibition of H,S generation mediates homocysteine-
induced cognitive impairment (Li M.H. et al., 2014), which is
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FIGURE 7 | Effects of SD on the autophagy in the hippocampus of rats. After 72 h exposure to SD, the rat’s hippocampus was separated. Autophagic vacuoles (A)
was observed under transmission electron microscope. Arrows indicate autolysosome-like vesicles in the cytoplasm. LC3-II/LC3-I (B), Beclin-1 (C), and P62 (D)
expressions in the hippocampus of rats were detected by Western blot using anti-LC3, -Beclin-1, and -P62 antibody, respectively. -actin was used as loading
control. Data are reported as the mean + SEM (n = 3-5); *P < 0.05, **P < 0.0, ***P < 0.001, vs. control group.
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FIGURE 8 | Effects of SD on the expressions of CBS and 3-MST and the generation of H»S in the hippocampus of rats. After 72 h SD treatment, the hippocampus
of rats was homogenized. The expressions of CBS (A) and 3-MST (B) were measured by western blot analysis using anti-CBS and anti-3-MST antibody,
respectively. B-actin was used as loading control. The generation of HpS (C) was analyzed by unisense H»S microsensor. Values are the mean + SEM (n = 3-5);
**P < 0.01 vs. control group.
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prevented by exogenous H,S (Li M. et al, 2017; Tang et al,
2018). Thus, we speculate that inhibited hippocampal H,S
generation may be associated with the pathophysiology of SD-
induced cognitive impairment in rats. In our present study, we
demonstrated both the decreased expression of H,S-synthesizing
enzyme (CBS and 3-MT) and the inhibition of H,S generation
in the hippocampus of SD-exposed rats. Studies showed that
the decreased activity of CBS mediates homocysteine- and
formaldehyde-induced cognitive deficits (Tang X. Q. et al., 2013;
Kumar et al,, 2017). Likewise, the level of endogenous H,S is
decrease in the animal model and the patients of Alzhermer’s
disease (Liu et al., 2008; Liu H. et al., 2015; Karimi et al., 2017).
Thus, it is reasonable to believe that inhibition of hippocampal
H,S generation contributes to SD-induced cognitive impairment.
Autophagy is essential for maintaining metabolic balance by
digestion of misfolded proteins and dysfunctional organelles
(Mizushima and Komatsu, 2011; Shehata and Inokuchi, 2014).
However, it has been reported that excessive activation of
autophagy damages synaptic plasticity in hippocampus (Hao
et al, 2018) and that excessive activation of autophagy in
hippocampus is responsible for cognitive impairment induced by
hypoxic-ischemic brain injury (Xu et al., 2016) and sevoflurane
(Li X. et al,, 2017). Interestingly, inhibition of autophagy has
a protective effect on cognitive impairment (Wang et al., 2015,
2017; Kong et al, 2018). So we speculated that excessive
autophagy in hippocampus is inseparable from cognitive
impairment of SD-exposed rats. Our present study found that the
protein expressions of Beclin-1 and LC3-II, which are important
for regulation of autophagy, were remarkably upregulated in
the hippocampus of SD-exposed rats, while the expression of
P62 was significantly downregulated. Meanwhile, the number of
autophagosome was also increased in the hippocampus of SD-
exposed rats. These data demonstrated that SD induces excessive
autophagy in the hippocampus of rats. Interestingly, previous
studies showed that the expression of LC3-II was increased
in sevoflurane induced cognitive impairment, while p62 was
decreased (Li X. et al., 2017), which is consistent with our results.
Based on the evidence that excessive autophagy in hippocampus
is closely associated with cognitive impairment (Xu et al., 2016; Li
X.etal., 2017; Hao et al.,, 2018), our present results suggested that
excessive hippocampal autophagy is an important pathological
mechanism involved in the SD-induced cognitive impairment.

REFERENCES

Alkadhi, K., Zagaar, M., Alhaider, I, Salim, S., and Aleisa, A. (2013).
Neurobiological consequences of sleep deprivation. Curr. Neuropharmacol. 11,
231-249. doi: 10.2174/1570159X11311030001

Bae, S. K., Heo, C. H., Choi, D. J., Sen, D., Joe, E. H., Cho, B. R,, et al. (2013).
A ratiometric two-photon fluorescent probe reveals reduction in mitochondrial
H2S production in Parkinson’s disease gene knockout astrocytes. J. Am. Chem.
Soc. 135, 9915-9923. doi: 10.1021/ja404004v

Barthet, V. J. A, and Ryan, K. M. (2018). Autophagy in neurodegeneration: can’t
digest it, Spit It Out! Trends Cell Biol. 28, 171-173. doi: 10.1016/j.tcb.2018.
01.001

Basner, M., Rao, H., Goel, N., and Dinges, D. F. (2013). Sleep deprivation and
neurobehavioral dynamics. Curr. Opin. Neurobiol. 23, 854-863. doi: 10.1016/
j.conb.2013.02.008

CONCLUSION

Taken together, the present study demonstrated that SD causes
impairment in cognitive function, inhibition of hippocampal
H,S generation, and excessiveness in hippocampal autophagy.
We suggested that SD-caused cognitive impairment may be
due to the decreased endogenous H,S generation and the
excessive autophagy in hippocampus. Increasing studies have
demonstrated that H,S inhibits excessive autophagy (Shui et al.,
2016; Jiang et al, 2017). Therefore, we suggested that the
inhibition of endogenous hippocampal H,S generation causes
the formation of excessive autophagy in the hippocampus of
SD-exposed rats. The limitation of this article is that we did
not demonstrate whether cognitive impairment induced by SD
is improved by the inhibitors of autophagy or exogenous H,S
and that whether other brain regions have the same pathological
changes. In the future, we will explore the changes of H,S
generation and autophagy in other brain regions, investigate the
protective actions of autophagy inhibitor and exogenous H,S in
SD-induced cognitive impairment, and detect the levels of H,S
in the clinical samples. Based on the neuroprotective role of
H,S, our findings opened a novel avenue that H,S might be a
potential agent for treatment of cognitive impairment induced
by SD.

AUTHOR CONTRIBUTIONS

X-QT and WZ were responsible for the experimental design.
X-QT supervised this study. S-QY, L], and FL analyzed the data.
S-QY and L] wrote the manuscript. S-QY, L], FL, H-jW, MX, PZ,
C-YW, and Y-RX performed the experiments.

FUNDING

This study was supported by National Natural Science
Foundation of China (81671057 and 81771178), the Major
Research Topics of the Health and Family Planning
Commission of Hunan Province (A2017020), and the Key
Projects of the Education Department of Hunan Province
(17A187).

Calvert, J. W., Coetzee, W. A., and Lefer, D. J. (2010). Novel insights into hydrogen
sulfide mediated cytoprotectionPg1203 17[PMIDB19769484].PDF. Antioxid.
Redox Signal. 12, 1203-1217. doi: 10.1089/ars.2009.2882

Chen, H.-B., Wu, W.-N.,, Wang, W., Gu, X.-H., Yu, B., Wei, B,, et al. (2017).
Cystathionine-B-synthase-derived hydrogen sulfide is required for amygdalar
long-term potentiation and cued fear memory in rats. Pharmacol. Biochem.
Behav. 155, 16-23. doi: 10.1016/j.pbb.2017.03.002

Duan, R, Liu, X, Wang, T.,, Wu, L, Gao, X, and Zhang, Z. (2016).
Histone acetylation regulation in sleep deprivation-induced spatial memory
impairment. Neurochem. Res. 41, 2223-2232. doi: 10.1007/s11064-016-1937-6

Feng, L., Wu, H. W., Song, G. Q., Lu, C,, Li, Y. H.,, Qu, L. N, et al. (2016). Chronical
sleep interruption-induced cognitive decline assessed by a metabolomics
method. Behav. Brain Res. 302, 60-68. doi: 10.1016/j.bbr.2015.12.039

Gaine, M. E., Chatterjee, S., and Abel, T. (2018). Sleep deprivation and the
epigenome. Front. Neural Circuits 12:14. doi: 10.3389/fncir.2018.00014

Frontiers in Psychology | www.frontiersin.org

January 2019 | Volume 10 | Article 53


https://doi.org/10.2174/1570159X11311030001
https://doi.org/10.1021/ja404004v
https://doi.org/10.1016/j.tcb.2018.01.001
https://doi.org/10.1016/j.tcb.2018.01.001
https://doi.org/10.1016/j.conb.2013.02.008
https://doi.org/10.1016/j.conb.2013.02.008
https://doi.org/10.1089/ars.2009.2882
https://doi.org/10.1016/j.pbb.2017.03.002
https://doi.org/10.1007/s11064-016-1937-6
https://doi.org/10.1016/j.bbr.2015.12.039
https://doi.org/10.3389/fncir.2018.00014
https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Yang et al.

Mechanisms of SD-Induced Cognitive Dysfunction

Ghavami, S., Shojaei, S., Yeganeh, B., Ande, S. R,, Jangamreddy, J. R., Mehrpour, M.,
et al. (2014). Autophagy and apoptosis dysfunction in neurodegenerative
disorders. Progr. Neurobiol. 112, 24-49. doi: 10.1016/j.pneurobio.2013.10.004

Hajali, V., Sheibani, V., Ghazvini, H., Ghadiri, T., Valizadeh, T., Saadati, H.,
et al. (2015). Effect of castration on the susceptibility of male rats to the
sleep deprivation-induced impairment of behavioral and synaptic plasticity.
Neurobiol. Learn. Mem. 123, 140-148. doi: 10.1016/j.nlm.2015.05.008

Hao, Y., Li, W., Wang, H., Zhang, J., Yu, C,, Tan, S, et al. (2018). Autophagy
mediates the degradation of synaptic vesicles: a potential mechanism of synaptic
plasticity injury induced by microwave exposure in rats. Physiol. Behav. 188,
119-127. doi: 10.1016/j.physbeh.2018.02.005

Honn, K. A., Hinson, J. M., Whitney, P., and Van Dongen, H. P. A. (2018).
Cognitive flexibility: a distinct element of performance impairment due to sleep
deprivation. Accid. Anal. Prev. doi: 10.1016/j.aap.2018.02.013 [Epub ahead of
print].

Jackson, M. L., Gunzelmann, G., Whitney, P., Hinson, J. M., Belenky, G., Rabat, A.,
et al. (2013). Deconstructing and reconstructing cognitive performance in
sleep deprivation. Sleep Med. Rev. 17, 215-225. doi: 10.1016/j.smrv.2012.
06.007

Jiang, J. M., Wang, L., Gu, H. F,, Wu, K, Xiao, F., Chen, Y., et al. (2016).
Arecoline induces neurotoxicity to PC12 cells: involvement in ER stress and
disturbance of endogenous H2S generation. Neurochem. Res. 41, 2140-2148.
doi: 10.1007/s11064-016-1929-6

Jiang, W. W., Huang, B. S., Han, Y., Deng, L. H., and Wu, L. X. (2017). Sodium
hydrosulfide attenuates cerebral ischemia/reperfusion injury by suppressing
overactivated autophagy in rats. FEBS Open Biol. 7, 1686-1695. doi: 10.1002/
2211-5463.12301

Jin, H., Zhang, J. R, Shen, Y., and Liu, C. F. (2017). Clinical significance of REM
sleep behavior disorders and other non-motor symptoms of parkinsonism.
Neurosci. Bull. 33, 576-584. doi: 10.1007/s12264-017-0164-8

Kamat, P. K., Kalani, A., and Tyagi, N. (2015). Role of hydrogen sulfide in brain
synaptic remodeling. Methods Enzymol. 555, 207-229. doi: 10.1016/bs.mie.
2014.11.025

Karimi, S. A., Hosseinmardi, N., Janahmadi, M., Sayyah, M., and Hajisoltani, R.
(2017). The protective effect of hydrogen sulfide (H2S) on traumatic brain
injury (TBI) induced memory deficits in rats. Brain Res. Bull. 134, 177-182.
doi: 10.1016/j.brainresbull.2017.07.014

Kimura, H. (2011). Hydrogen sulfide: its production, release and functions. Amino
Acids 41, 113-121. doi: 10.1007/s00726-010-0510-x

Kong, F.-J., Wu, J.-H,, Sun, S.-Y., Ma, L.-L., and Zhou, J.-Q. (2018). Liraglutide
ameliorates cognitive decline by promoting autophagy via the AMP-activated
protein kinase/mammalian target of rapamycin pathway in a streptozotocin-
induced mouse model of diabetes. Neuropharmacology 131, 316-325. doi: 10.
1016/j.neuropharm.2018.01.001

Kreutzmann, J. C., Havekes, R., Abel, T., and Meerlo, P. (2015). Sleep deprivation
and hippocampal vulnerability: changes in neuronal plasticity, neurogenesis
and cognitive function. Neuroscience 309, 173-190. doi: 10.1016/j.neuroscience.
2015.04.053

Kumar, M., Modi, M., and Sandhir, R. (2017). Hydrogen sulfide attenuates
homocysteine-induced cognitive deficits and neurochemical alterations by
improving endogenous hydrogen sulfide levels. Biofactors 43, 434-450. doi:
10.1002/biof.1354

Li, M., Zhang, P., Wei, H. J, Li, M. H, Zou, W,, Li, X,, et al. (2017).
Hydrogen sulfide ameliorates homocysteine-induced cognitive dysfunction by
inhibition of reactive aldehydes involving upregulation of ALDH2. Int. J.
Neuropsychopharmacol. 20, 305-315. doi: 10.1093/ijnp/pyw103

Li, S., Wang, Y., Wang, F., Hu, L. F,, and Liu, C. F. (2017). A new perspective for
parkinson’s disease: circadian rhythm. Neurosci. Bull. 33, 62-72. doi: 10.1007/
512264-016-0089-7

Li, X.,, Wu, Z., Zhang, Y., Xu, Y., Han, G., and Zhao, P. (2017). Activation of
autophagy contributes to sevoflurane-induced neurotoxicity in fetal rats. Front.
Mol. Neurosci. 10:432. doi: 10.3389/fnmol.2017.00432

Li, Y.-L., Wu, P.-F,, Chen, J.-G., Wang, S., Han, Q.-Q., Li, D., et al. (2017).
Activity-dependent sulfhydration signal controls n-methyl-d-aspartate subtype
glutamate receptor-dependent synaptic plasticity via increasing d-serine
availability. Antioxid. Redox Signal. 27, 398-414. doi: 10.1089/ars.2016.6936

Li, M. H, Tang, J. P,, Zhang, P, Li, X, Wang, C. Y., Wei, H. J,, et al. (2014).
Disturbance of endogenous hydrogen sulfide generation and endoplasmic

reticulum stress in hippocampus are involved in homocysteine-induced defect
in learning and memory of rats. Behav. Brain Res. 262, 35-41. doi: 10.1016/j.
bbr.2014.01.001

Liu, H., Deng, Y., Gao, J., Liu, Y., Li, W,, Shi, J.,, et al. (2015). Sodium
hydrosulfide attenuates beta source curr alzheimer res SO 2015 12 7 673
83[PMIDT26165866].pdf. Curr. Alzheimer Res. 12, 673-683. doi: 10.2174/
1567205012666150713102326

Liu, X. Q., Liu, X. Q,, Jiang, P., Huang, H., and Yan, Y. (2008). Plasma levels of
endogenous hydrogen sulfide and homocysteine in patients with Alzheimer’s
disease and vascular dementia and the significance thereof. Zhonghua Yi Xue
Za Zhi 88, 2246-2249. doi: 10.3321/j.issn:0376-2491.2008.32.004

Loos, B., Klionsky, D. J., and Wong, E. (2017). Augmenting brain metabolism to
increase macro- and chaperone-mediated autophagy for decreasing neuronal
proteotoxicity and aging. Prog. Neurobiol. 156, 90-106. doi: 10.1016/j.
pneurobio.2017.05.001

Lu, C.,, Wang, Y., Ly, ], Jiang, N., Fan, B., Qu, L., et al. (2018). Ginsenoside Rh2
reverses sleep deprivation-induced cognitive deficit in mice. Behav. Brain Res.
349, 109-115. doi: 10.1016/j.bbr.2018.03.005

Lu, C. Y, Liu, X,, Jiang, H., Pan, F,, Ho, C. S, and Ho, R. C. (2017). Effects of
traumatic stress induced in the juvenile period on the expression of gamma-
aminobutyric acid receptor type a subunits in adult rat brain. Neural Plast.
2017:5715816. doi: 10.1155/2017/5715816

Ma, S., Zhong, D., Ma, P., Li, G., Hua, W,, Sun, Y., et al. (2017). Exogenous
hydrogen sulfide ameliorates diabetes-associated cognitive decline by regulating
the mitochondria-mediated apoptotic pathway and IL-23/IL-17 expression in
db/db Mice. Cell Physiol. Biochem. 41, 1838-1850. doi: 10.1159/000471932

McDermott, C. M., Hardy, M. N., Bazan, N. G., and Magee, J. C. (2006). Sleep
deprivation-induced alterations in excitatory synaptic transmission in the CA1
region of the rat hippocampus. J. Physiol. 570, 553-565. doi: 10.1113/jphysiol.
2005.093781

Meerlo, P., Mistlberger, R. E., Jacobs, B. L., Heller, H. C., and McGinty, D. (2009).
New neurons in the adult brain: the role of sleep and consequences of sleep loss.
Sleep Med. Rev. 13, 187-194. doi: 10.1016/j.smrv.2008.07.004

Merenlender-Wagner, A., Malishkevich, A., Shemer, Z., Udawela, M., Gibbons, A.,
Scarr, E., et al. (2015). Autophagy has a key role in the pathophysiology of
schizophrenia. Mol. Psychiatry 20, 126-132. doi: 10.1038/mp.2013.174

Miller, M. A. (2015). The role of sleep and sleep disorders in the development,
diagnosis, and management of neurocognitive disorders. Front. Neurol. 6:224.
doi: 10.3389/fneur.2015.00224

Mizushima, N., and Komatsu, M. (2011). Autophagy: renovation of cells and
tissues. Cell 147, 728-741. doi: 10.1016/j.cell.2011.10.026

Nabaee, E., Kesmati, M., Shahriari, A., Khajehpour, L., and Torabi, M. (2018).
Cognitive and hippocampus biochemical changes following sleep deprivation
in the adult male rat. Biomed. Pharmacother. 104, 69-76. doi: 10.1016/j.biopha.
2018.04.197

Nagpure, B. V., and Bian, J. S. (2015). Brain learning and memory role of source
handb exp pharmacol SO 2015 230 193 215[PMIDT26162836].pdf. Handb. Exp.
Pharmacol. 230, 193-215. doi: 10.1007/978-3-319-18144-8_10

Novati, A., Hulshof, H. J., Granic, I, and Meerlo, P. (2012). Chronic partial
sleep deprivation reduces brain sensitivity to glutamate N-methyl-D-aspartate
receptor-mediated neurotoxicity. J. Sleep Res. 21, 3-9. doi: 10.1111/j.1365-2869.
2011.00932.x

Olaithe, M., Bucks, R. S., Hillman, D. R., and Eastwood, P. R. (2018). Cognitive
deficits in obstructive sleep apnea: insights from a meta-review and comparison
with deficits observed in COPD, insomnia, and sleep deprivation. Sleep Med.
Rev. 38, 39-49. doi: 10.1016/j.smrv.2017.03.005

Ravassard, P., Pachoud, B., and Salin, P. A. (2009). Paradoxical REM sleep
deprivation causes a large and rapidlyPg227 40[PMIDS19238810].pdf. Sleep
2009, 227-240. doi: 10.1093/sleep/32.2.227

Reiffenstein, R. J. (1992). Toxicology of hydrogen sulfide[PMIDQ1605565].pdf.
Annu. Rev. Pharmacol. Toxicol. 32, 109-134. doi: 10.1146/annurev.pa.32.
040192.000545

Sharma, J., di Ronza, A., and Sardiello, M. (2018). Lysosomes and brain health.
Annu. Rev. Neurosci. 41, 255-276. doi: 10.1146/annurev-neuro-08031706
1804

Shehata, M., and Inokuchi, K. (2014). Does autophagy work in synaptic plasticity
and memory? Rev. Neurosci. 25, 543-557. doi: 10.1515/revneuro-2014-
0002

Frontiers in Psychology | www.frontiersin.org

January 2019 | Volume 10 | Article 53


https://doi.org/10.1016/j.pneurobio.2013.10.004
https://doi.org/10.1016/j.nlm.2015.05.008
https://doi.org/10.1016/j.physbeh.2018.02.005
https://doi.org/10.1016/j.aap.2018.02.013
https://doi.org/10.1016/j.smrv.2012.06.007
https://doi.org/10.1016/j.smrv.2012.06.007
https://doi.org/10.1007/s11064-016-1929-6
https://doi.org/10.1002/2211-5463.12301
https://doi.org/10.1002/2211-5463.12301
https://doi.org/10.1007/s12264-017-0164-8
https://doi.org/10.1016/bs.mie.2014.11.025
https://doi.org/10.1016/bs.mie.2014.11.025
https://doi.org/10.1016/j.brainresbull.2017.07.014
https://doi.org/10.1007/s00726-010-0510-x
https://doi.org/10.1016/j.neuropharm.2018.01.001
https://doi.org/10.1016/j.neuropharm.2018.01.001
https://doi.org/10.1016/j.neuroscience.2015.04.053
https://doi.org/10.1016/j.neuroscience.2015.04.053
https://doi.org/10.1002/biof.1354
https://doi.org/10.1002/biof.1354
https://doi.org/10.1093/ijnp/pyw103
https://doi.org/10.1007/s12264-016-0089-7
https://doi.org/10.1007/s12264-016-0089-7
https://doi.org/10.3389/fnmol.2017.00432
https://doi.org/10.1089/ars.2016.6936
https://doi.org/10.1016/j.bbr.2014.01.001
https://doi.org/10.1016/j.bbr.2014.01.001
https://doi.org/10.2174/1567205012666150713102326
https://doi.org/10.2174/1567205012666150713102326
https://doi.org/10.3321/j.issn:0376-2491.2008.32.004
https://doi.org/10.1016/j.pneurobio.2017.05.001
https://doi.org/10.1016/j.pneurobio.2017.05.001
https://doi.org/10.1016/j.bbr.2018.03.005
https://doi.org/10.1155/2017/5715816
https://doi.org/10.1159/000471932
https://doi.org/10.1113/jphysiol.2005.093781
https://doi.org/10.1113/jphysiol.2005.093781
https://doi.org/10.1016/j.smrv.2008.07.004
https://doi.org/10.1038/mp.2013.174
https://doi.org/10.3389/fneur.2015.00224
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1016/j.biopha.2018.04.197
https://doi.org/10.1016/j.biopha.2018.04.197
https://doi.org/10.1007/978-3-319-18144-8_10
https://doi.org/10.1111/j.1365-2869.2011.00932.x
https://doi.org/10.1111/j.1365-2869.2011.00932.x
https://doi.org/10.1016/j.smrv.2017.03.005
https://doi.org/10.1093/sleep/32.2.227
https://doi.org/10.1146/annurev.pa.32.040192.000545
https://doi.org/10.1146/annurev.pa.32.040192.000545
https://doi.org/10.1146/annurev-neuro-080317061804
https://doi.org/10.1146/annurev-neuro-080317061804
https://doi.org/10.1515/revneuro-2014-0002
https://doi.org/10.1515/revneuro-2014-0002
https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Yang et al.

Mechanisms of SD-Induced Cognitive Dysfunction

Shui, M., Liu, X., Zhu, Y., and Wang, Y. (2016). Exogenous hydrogen sulfide
attenuates cerebral ischemia-reperfusion injury by inhibiting autophagy in
mice. Can. J. Physiol. Pharmacol. 94, 1187-1192. doi: 10.1139/cjpp-2016-
0100

Siddique, S. A., Tamilselvan, T., Vishnupriya, M., and Balamurugan, E. (2018).
Evaluation of neurotransmitter alterations in four distinct brain regions after
rapid eye movement sleep deprivation (REMSD) induced mania-like behaviour
in swiss albino mice. Neurochem. Res. 43, 1171-1181. doi: 10.1007/s11064-018-
2533-8

Tang, X. Q., Fang, H. R,, Zhou, C. F,, Zhuang, Y. Y., Zhang, P., Gu, H. F,,
et al. (2013). A novel mechanism of formaldehyde neurotoxicity: inhibition of
hydrogen sulfide generation by promoting overproduction of nitric oxide. PLoS
One 8:254829. doi: 10.1371/journal.pone.0054829

Tang, X. Q., Zhuang, Y. Y., Zhang, P., Fang, H. R,, Zhou, C. F,, Gu, H. F,, et al.
(2013b). Formaldehyde impairs learning and memory involving the disturbance
of hydrogen sulfide generation in the hippocampus of rats. J. Mol. Neurosci. 49,
140-149. doi: 10.1007/s12031-012-9912-4

Tang, Y. Y., Wang, A. P., Wei, H. ], Li, M. H,, Zou, W,, Li, X,, et al. (2018).
Role of silent information regulator 1 in the protective effect of hydrogen
sulfide on homocysteine-induced cognitive dysfunction: involving reduction of
hippocampal ER stress. Behav. Brain Res. 342, 35-42. doi: 10.1016/j.bbr.2017.
12.040

Tang, Z. J., Zou, W., Yuan, J., Zhang, P., Tian, Y., Xiao, Z. F, et al

(2015).  Antidepressant-like and anxiolytic-like effects of hydrogen
sulfide in streptozotocin-induced diabetic rats through inhibition
of hippocampal oxidative stress. Behav. Pharmacol. 26, 427-435.

doi: 10.1097/FBP.0000000000000143

Wang, D, Lin, Q, Su, S, Liu, K, Wu, Y, and Hai, J. (2017). URB597
improves cognitive impairment induced by chronic cerebral hypoperfusion
by inhibiting mTOR-dependent autophagy. Neuroscience 344, 293-304. doi:
10.1016/j.neuroscience.2016.12.034

Wang, H. C., Zhang, T., Kuerban, B,, Jin, Y. L., Le, W., Hara, H., et al. (2015).
Autophagy is involved in oral rAAV/Abeta vaccine-induced Abeta clearance
in APP/PSI transgenic mice. Neurosci. Bull. 31, 491-504. doi: 10.1007/s12264-
015-1546-4

Wei, H. J., Li, X,, and Tang, X. Q. (2014). Therapeutic benefits of H(2)S in
Alzheimer’s disease. J. Clin. Neurosci. 21, 1665-1669. doi: 10.1016/j.jocn.2014.
01.006

Whiteman, M., Le Trionnaire, S., Chopra, M., Fox, B., and Whatmore, J. (2011).
Emerging role of hydrogen sulfide in health and disease: critical appraisal of
biomarkers and pharmacological tools. Clin. Sci. 121, 459-488. doi: 10.1042/
¢s20110267

Xie, L., Kang, H., Xu, Q., Chen, M. J,, Liao, Y., Thiyagarajan, M., et al. (2013).
Sleep drives metabolite clearance from the adult brain. Science 342, 373-377.
doi: 10.1126/science.1241224

Xu, Y., Tian, Y., Tian, Y., Li, X., and Zhao, P. (2016). Autophagy activation
involved in hypoxic-ischemic brain injury induces cognitive and memory
impairment in neonatal rats. J. Neurochem. 139, 795-805. doi: 10.1111/jnc.1
3851

Yang, J. L., Liu, X,, Jiang, H., Pan, F., Ho, C. S., and Ho, R. C. (2016). The Effects of
high-fat-diet combined with chronic unpredictable mild stress on depression-
like behavior and leptin/LepRb in male rats. Sci. Rep. 6:35239. doi: 10.1038/
srep35239

Zhan, J.-Q., Zheng, L.-L., Chen, H.-B., Yu, B., Wang, W., Wang, T, et al. (2018).
Hydrogen sulfide reverses aging-associated amygdalar synaptic plasticity and
fear memory deficits in rats. Front. Neurosci. 12:390. doi: 10.3389/fnins.2018.
00390

Zhang, L., Zhang, H. Q., Liang, X. Y., Zhang, H. F., Zhang, T., and Liu, F. E. (2013).
Melatonin ameliorates cognitive impairment induced by sleep deprivation in
rats: role of oxidative stress, BDNF and CaMKII. Behav. Brain Res. 256, 72-81.
doi: 10.1016/j.bbr.2013.07.051

Zhang, S., Xue, Z. F,, Huang, L. P, Fang, R. M., He, Y. P, Li, L., et al. (2013).
Dynamic expressions of Beclin 1 and tyrosine hydroxylase in different areas
of 6-hydroxydopamine-induced Parkinsonian rats. Cell. Mol. Neurobiol. 33,
973-981. doi: 10.1007/s10571-013-9964- 1

Zhang, N., and Liu, H. T. (2008). Effects of sleep deprivation on
cognitive functions. Neurosci. Bull. 24, 45-48. doi: 10.1007/s12264-008-0
910-z

Zhang, X., and Bian, J. S. (2014). Hydrogen sulfide: a neuromodulator and
neuroprotectant in the central nervous system. ACS Chem. Neurosci. 5, 876
883. doi: 10.1021/cn500185g

Zhang, X., Cheng, X,, Yu, L, Yang, J., Calvo, R., Patnaik, S., et al. (2016). MCOLN1
is a ROS sensor in lysosomes that regulates autophagy. Nat. Commun. 7:12109.
doi: 10.1038/ncomms12109

Zhao, Q., Peng, C., Wu, X, Chen, Y., Wang, C., and You, Z. (2014). Maternal sleep
deprivation inhibits hippocampal neurogenesis associated with inflammatory
response in young offspring rats. Neurobiol. Dis. 68, 57-65. doi: 10.1016/j.nbd.
2014.04.008

Zheng, L., Roberg, K., Jerhammar, F., Marcusson, J., and Terman, A. (2006).
Autophagy of amyloid beta-protein in differentiated neuroblastoma cells
exposed to oxidative stress. Neurosci. Lett. 394, 184-189. doi: 10.1016/j.neulet.
2005.10.035

Zhuang, F., Zhou, X,, Li, H., Yang, X., Dong, Z., Zhou, W, et al. (2016). Hydrogen
sulfide promotes learning and memory and suppresses proinflammatory
cytokines in repetitive febrile seizures. Neuroimmunomodulation 23, 271-277.
doi: 10.1159/000449504

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Yang, Jiang, Lan, Wei, Xie, Zou, Zhang, Wang, Xie and Tang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Psychology | www.frontiersin.org

10

January 2019 | Volume 10 | Article 53


https://doi.org/10.1139/cjpp-2016-0100
https://doi.org/10.1139/cjpp-2016-0100
https://doi.org/10.1007/s11064-018-2533-8
https://doi.org/10.1007/s11064-018-2533-8
https://doi.org/10.1371/journal.pone.0054829
https://doi.org/10.1007/s12031-012-9912-4
https://doi.org/10.1016/j.bbr.2017.12.040
https://doi.org/10.1016/j.bbr.2017.12.040
https://doi.org/10.1097/FBP.0000000000000143
https://doi.org/10.1016/j.neuroscience.2016.12.034
https://doi.org/10.1016/j.neuroscience.2016.12.034
https://doi.org/10.1007/s12264-015-1546-4
https://doi.org/10.1007/s12264-015-1546-4
https://doi.org/10.1016/j.jocn.2014.01.006
https://doi.org/10.1016/j.jocn.2014.01.006
https://doi.org/10.1042/cs20110267
https://doi.org/10.1042/cs20110267
https://doi.org/10.1126/science.1241224
https://doi.org/10.1111/jnc.13851
https://doi.org/10.1111/jnc.13851
https://doi.org/10.1038/srep35239
https://doi.org/10.1038/srep35239
https://doi.org/10.3389/fnins.2018.00390
https://doi.org/10.3389/fnins.2018.00390
https://doi.org/10.1016/j.bbr.2013.07.051
https://doi.org/10.1007/s10571-013-9964-1
https://doi.org/10.1007/s12264-008-0910-z
https://doi.org/10.1007/s12264-008-0910-z
https://doi.org/10.1021/cn500185g
https://doi.org/10.1038/ncomms12109
https://doi.org/10.1016/j.nbd.2014.04.008
https://doi.org/10.1016/j.nbd.2014.04.008
https://doi.org/10.1016/j.neulet.2005.10.035
https://doi.org/10.1016/j.neulet.2005.10.035
https://doi.org/10.1159/000449504
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

	Inhibited Endogenous H2S Generation and Excessive Autophagy in Hippocampus Contribute to Sleep Deprivation-Induced Cognitive Impairment
	Introduction
	Materials and Methods
	Reagents
	Animals and Experiment Schedule
	Induction of Sleep Deprivation
	Behavioral Testing
	Y-Maze
	Morris Water Maze
	Novel Object Recognition
	Object Location

	Transmission Electron Microscopy (TEM)
	Western Blotting Analysis
	Assay of H2S Generation
	Statistical Analysis

	Results
	SD Induces a Decrease in Alternation Performance in the Y-Maze Tested
	SD Impairs the Cognitive Function of Rats in Novel Object Recognition (NOR) Test
	SD Causes Deficit in Location Memory in Object Location Test
	SD Impairs Learning and Memory in the Morris Water Maze Test
	Ruling Out the Influences of the Changes in Motor Ability and Vision on Learning and Memory in Rats
	SD Causes Excessive Autophagy in Hippocampus of Rats
	SD Reduces the Expressions of 3-MST, CBS and the Generation of H2S in the Hippocampus of Rats

	Discussion
	Conclusion
	Author Contributions
	Funding
	References


