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ABSTRACT Memory formation in the hippocampus is formed and maintained by 
circadian clock genes during sleep. Sleep deprivation (SD) can lead to memory im-
pairment and neuroinflammation, and there remains no effective pharmacological 
treatment for these effects. Myricetin (MYR) is a common natural flavonoid that has 
various pharmacological activities. In this study, we investigated the effects of MYR 
on memory impairment, neuroinflammation, and neurotrophic factors in sleep-
deprived rats. We analyzed SD-induced cognitive and spatial memory, as well as 
pro-inflammatory cytokine levels during SD. SD model rats were intraperitoneally 
injected with 10 and 20 mg/kg/day MYR for 14 days. MYR administration significantly 
ameliorated SD-induced cognitive and spatial memory deficits; it also attenuated the 
SD-induced inflammatory response associated with nuclear factor kappa B activa-
tion in the hippocampus. In addition, MYR enhanced the mRNA expression of brain-
derived neurotropic factor (BDNF) in the hippocampus. Our results showed that MYR 
improved memory impairment by means of anti-inflammatory activity and appropri-
ate regulation of BDNF expression. Our findings suggest that MYR is a potential func-
tional ingredient that protects cognitive function from SD.

INTRODUCTION
Sleep deprivation (SD) is linked to various health problems [1]. 

Sleep physiologically improves the functioning of the nervous, 
muscular, and immune systems, which are strengthened during 
sleep. Thus, regular SD increases the risk of metabolic disorders 
by causing hormonal imbalances. It can also lead to appetite 
loss, anxiety, stress, depression, and weight loss [2,3]. Important 
functions of sleep include learning facilitation and memory con-
solidation [4]. SD damages the hippocampus and cerebral cortex, 
thereby delaying the speed of information processing; this causes 
memory loss and impairs cognitive function [5-7].

Rapid eye movement SD increases plasma corticosterone levels 
and interferes with spatial memory integration in the Morris wa-

ter maze (MWM) and eight-arm radial maze (8-arm RAM) test, 
leading to memory impairment in rats [8-11]. In addition, some 
studies have shown that SD impairs the consolidation of declara-
tive memory and motor-adaptive working memory in rats [12,13]. 
SD also impairs hippocampal-dependent memory [14] and emo-
tional memory [15], suggesting that hippocampal memory forma-
tion is vulnerable to sleep disorders [16,17]. Finally, SD inhibits 
the induction of long-term potentiation without synthesizing the 
proteins involved in long-term potentiation stabilization [18,19]. 
Because SD can impair memory, we selected the 24-h SD model 
to investigate the effects of SD on cognitive function and memory 
impairment.

Along with reducing cognitive function, SD leads to high 
levels of inflammatory cytokines [20]. Cytokines are powerful 
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molecules involved in sleep regulation, and they are stimulated 
during sleep. For example, in the SD animal model, rats report-
edly show decreased memory performance and increased levels 
of inflammatory cytokines in passive avoidance tasks [21]; the in-
creased levels of inflammatory cytokines caused by SD influence 
the regulation of synaptic plasticity and consolidation of memory 
involved in the process of memory formation [22]. Decreased 
hippocampal volume and densely located cytokine receptors are 
commonly observed in SD patients [23]. The severity of SD is as-
sociated with cognitive dysfunction caused by damage to the hip-
pocampus and enhanced pro-inflammatory cytokine levels [24].

SD may also impair neurotrophin-mediated signaling [25]. 
Brain-derived neurotrophic factor (BDNF), an important neu-
rotrophin, is associated with the regulation of neuronal develop-
ment and neuronal survival as well as memory formation via 
binding interactions with its receptor tropomyosin-related kinase 
B (TrkB) [26].

Myricetin (MYR, 3,3’,4’,5,5’,7-hexahydroxylflavone) is a natu-
ral flavonoid found in berries, vegetables, teas, fruits and wines 
produced by various plants [27]. This compound has antioxidant 
activity and anti-apoptotic effects [28]. MYR has various phar-
macological activities such as anti-photoaging, anti-cancer, anti-
diabetic, and anti-inflammatory effects; it has important roles in 
the treatment and prevention of some diseases [29]. In particular, 
MYR has neuroprotective properties in the hippocampus of 
stressed mice and protects neurons from neurodegenerative 
diseases (e.g., ischemic stroke, epilepsy, Parkinson’s disease, and 
Alzheimer’s disease) [30-32]. Some studies have demonstrated 
that MYR attenuates brain damage in a rat model of cerebral 
ischemia through activation of the nuclear factor, erythroid 2-like 
2 pathway and reduction of oxidative stress [33]. Therefore, MYR 
may be a potential drug for treatment or supplementary care in 
various brain diseases, but the mechanisms underlying its effects 
are unknown.

Therefore, we hypothesized that MYR, a potential flavonoid, 
would be beneficial for learning and memory in an experimental 
model of SD-induced memory impairment and that it would im-
prove neuroinflammation caused by SD. We investigated the pos-
sible effects of MYR on memory impairment and neuroinflam-
mation in a 72-h SD animal model. The 8-arm RAM and MWM 
tests were performed to investigate the memory-improving effects 
of MYR. In addition, neuroinflammatory responses, such as pro- 
and anti-inflammatory cytokines and neurotrophic pathways, 
were evaluated to investigate the molecular mechanisms underly-
ing the effects of MYR.

METHODS

Animals and MYR administration

Male Sprague–Dawley rats (7–8 weeks, old, 220–250 g; Sam-

taco, Seoul, Korea) were used as the experimental model. The 
rats were reared in groups of three or four in a breeding room 
maintained at a temperature of 23 ± 2°C and humidity of 55 ± 5%, 
with a 12:12 light/dark cycle. Sterile drinking water and food were 
provided to the rats ad libitum. Every effort was made to mini-
mize pain and reduce the number of laboratory animals used. 
Animal experiments were conducted in accordance with the 
Code of Ethics and guidelines for the management of laboratory 
animals by the Animal Care and Use Committee of Kyung Hee 
University (Seoul, Korea), which also approved the experimental 
protocol (KHUASP(SE)-21-045). Before behavioral testing, rats 
were handled daily for at least 1 week by the experimenter to ex-
clude the effects of stress during the experiment.

To analyze the inhibitory effects of MYR on cognitive and 
memory impairment in an animal model of SD. Thirty-nine rats 
were randomly divided into the following six groups (6–7 rats/
group): control, wide platform (WPF), chronic SD, SD with MYR 
(Sigma-Aldrich Chemical Co., St. Louis, MO, USA), and SD with 
alprazolam. The MYR group was administered 10 or 20 mg/kg 
for 14 days. The alprazolam group was administered 0.25 mg/kg 
alprazolam (ATI; Pfizer, New York, NY, USA), a positive control 
drug, for 14 days. MYR and ATI were dissolved in 0.9% physi-
ological saline (SAL) before use and administered by intraperi-
toneal injection. The overall experimental schedule for all drug 
administrations, behavioral testing and sampling is presented in 
Fig. 1.

SD induction

SD was induced using a modified multi-platform method 
[34,35], in which rats were deprived of rapid eye movement sleep 
for 72 h. Briefly, rats were placed in a large round water tank (110 
× 50 cm) with 15 columns (platforms) adjusted in three rows. The 
diameter of each platform was 5 cm, the platform height was 15 
cm, and the distance between the two columns (edge ​​to edge) was 
7 cm. Rats could move freely in the tank and jump between plat-
forms. The distance between the two columns was the distance 
that the rat could move freely. Water was filled within 2 cm below 
the platforms, and the temperature of the water was maintained 
at approximately 25 ± 2°C. The water in the tank was changed 
daily. The rats were placed on the platforms. When the rats fell 
into rapid eye movement sleep, they lost muscle tone and fell off 
the platforms and into the water. At this point, the rats woke up 
and immediately climbed back onto the platforms. For the WPF 
group, wide platforms with a diameter of 12 cm were used to al-
low the rats to sleep without drowning, thus evaluating possible 
stress in the water tank environment.

Short-term memory and spatial memory in the rats were evalu-
ated using the 8-arm RAM and MWM tests, respectively. Inflam-
matory cytokine levels and molecular indicators were measured 
after behavioral tests. The body weight and food intake of the 
control and SD group rats were measured regularly at each time 
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point as physiological test markers. Throughout the study, a con-
stant amount (150 g) of food pellets was provided to rats in the 
control cage and in the SD chamber.

8-Arm RAM task

The 8-arm RAM task was conducted in a device in the form of 
a central platform made of black wood, with eight arms extend-
ing out at a 45 degree angle (radial). The central starting area was 
a regular octagonal box close to a circle with a diameter of 38 
cm and a height of 25 cm. On each side of the starting box were 
long radial connection arms (70 × 10 × 25 cm). At the ends of the 
arms, a container (5 × 5 × 2 cm) was installed to hold food that 
was provided as a reward. SMART software (ver. 2.5; PanLab Co., 
Barcelona, Spain) was used to track and analyze the behaviors of 
the rats exploring each arm. Based on signals provided at the ends 
of the arms, the number of times the rat visited each arm and the 
number of errors were calculated. Before the experiment began, 
the rats were deprived of food for 24 h, thus inducing hunger. The 
rats were placed in the central starting box and allowed to accli-
matize for 1 min. The passages to each arm were then opened and 
the rats were allowed to roam freely through the maze. When the 
rats visited each arm course and ran to the end, they were allowed 
to eat food from the reward container. However, if the same route 
was visited repeatedly, food was not provided beginning in the 
second visit; these repeat visits were recorded as errors. If the rats 
did not visit all eight-arms within 5 min, the trial was stopped 
and considered a failure. When the rats reached the learning cri-
terion, a memory test was performed after 24 h [36].

MWM test

The MWM test was performed in accordance with the Morris 
method [35]. The test was conducted in a water tank (2 m in di-
ameter and 0.35 m high) filled with water to a depth of 22 cm; the 
water temperature was 23–25​​°C. An escape platform (15 cm in di-

ameter and 20 cm in height) was installed in one of the quadrants 
and slightly submerged (1.5 cm) below the water surface. Sleep-
deprived rats were subjected to a training test for 5 consecutive 
days. This MWM test was conducted at the same time for 5 days, 
three times per day per. The rats were dunked in water and ob-
served while they escaped to an escape platform; this process was 
tracked using a video tracking system with the SMART program 
(ver. 2.5; PanLab). When the rats successfully reached the escape 
platform, they were allowed to rest for 10 s. However, if the rats 
did not find an escape platform within 180 s, they were trans-
ferred to the escape platform and allowed to rest for 10 s. A spatial 
memory maintenance test (retention test) was conducted on day 
6 of the MWM test. To find the escape platform, the rats in each 
group were allowed to swim freely for 60 s in the same tank from 
which the escape platform had been removed; the swimming 
path was tracked with the video tracker and stored in a computer 
analysis system. The space in the tank was divided into four 
zones centered on the location of the escape platform and scores 
were assigned to each zone; the times spent swimming in each 
zone during the 60 s swimming times were calculated separately. 
SMART software was used for this analysis. The MWM test was 
conducted beginning on day 20 after 3 days of SD, following 
completion of the eight-arm RAM task.

Open field test

The rats were placed in a black acrylic box (60 × 60 × 30 cm 
for width, length, and height, respectively); a digital camera was 
installed on the box. Locomotor activity was measured using a 
video-tracking system with the SMART program (ver. 2.5; Pan-
Lab). Following pre-experiment measurements of rat weight, the 
rats were individually placed in a measuring box to measure their 
locomotor activities. After 5 min of adaptation and stabilization, 
the locomotor activity was measured for 5 min. This test was used 
as a behavioral indicator of emotional reactivity.

Fig. 1. Experimental protocols for sleep deprivation (SD)-induced memory impairment behaviors and myricetin (MYR) treatment in rats. Rats 
were divided into groups (n = 6–7 rats/group), then subjected to the indicated experimental protocols. OFT, open-field test; 8-arm RAM task, eight-
arm radial maze task.
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Enzyme-linked immunosorbent assay to assess 
inflammatory mediator levels

Rats were euthanized immediately after the behavioral test, 
and pro-inflammatory cytokine levels were measured in the hip-
pocampus using enzyme-linked immunosorbent assays (ELISAs). 
To prevent the decomposition of unstable inflammatory mark-
ers, the hippocampus was separated and stored at –80°C until 
analysis. Hippocampal brain tissue was homogenized on ice in 
phosphate-buffered SAL (pH 7.4) containing a protease inhibitor 
cocktail, using a Polytron homogenizer. The lysate was collected 
and centrifuged at 10,000 rpm for 10–15 min; the supernatant 
was then collected and subjected to cytokine analysis. Pro-in-
flammatory cytokine (interleukin [IL]-1β, IL-4, IL-6, IL-8, IL-12, 
and tumor necrosis factor [TNF]-α) levels in the hippocampus 
were quantified using commercially available ELISA kits, in ac-
cordance with the manufacturers’ instructions (Abcam, Cam-
bridge, MA, USA and Cell Signaling Technology, Danvers, MA, 
USA). All samples were evaluated in triplicate. A 50 µl aliquot of 
the substrate solution was added to each well for 20 min to induce 
color development, and the quantities of pro-inflammatory cyto-
kines were measured at 450 nm using an ELISA plate reader.

Total RNA isolation and reverse transcription-
polymerase chain reaction

Reverse transcription-polymerase chain reaction (RT-PCR) 
was performed to confirm the changes in BDNF and TrkB 
mRNA. TRIzol reagent (Sigma-Aldrich) was used to isolate total 
RNA from the rat brain; the total RNA was then synthesized into 
cDNA by room temperature (Takara Bio, Otsu, Japan). To analyze 
the expression levels of BDNF and TrkB in the synthesized cDNA, 
PCR was performed using 2 μg total RNA, reverse transcriptase 
and random hexamer primers (QIAGEN, Germantown, MD, 
USA) at 65°C for 10 min and 42°C for 1 h. For the cDNA ampli-
fication process, Taq DNA polymerase (Takara Bio), pre-stained 
solution, cDNA, and primers were added to a premix (Bioneer, 
Oakland, CA, USA) containing dNTPs; PCR was performed at 
57°C for 27 cycles for BDNF and 58°C for 28 cycles for TrkB us-
ing a thermal cycler (MJ Research, Watertown, MA, USA). As an 
internal standard, glyceraldehyde 3-phosphate dehydrogenase 
primer was used. BDNF and TrkB expression levels were correct-
ed on the basis of amplification results. The amplified cDNA was 
subjected to electrophoresis in a 1.5% agarose gel; cDNA expres-
sion was observed with an ultraviolet-visible spectrophotometer 
(Kodak, Rochester, NY, USA) and analyzed using Image TotalLab 
software (Amersham Pharmacia Biotech, Piscataway, NJ, USA).

Western blot analysis

Total protein was extracted from the brain to detect nuclear 
factor kappa B (NF-κB) protein in the hippocampus. To extract 

total protein, brain tissue was homogenized with lysis buffer 
containing a phosphatase inhibitor and a protease inhibitor (Cy-
QUANT; Invitrogen, Carlsbad, CA, USA). To separate proteins 
from the homogenized sample, the supernatant was collected by 
centrifugation (12,000 rpm, 15 min, 4°C). The protein concentra-
tion was measured using a colorimetric protein assay kit (Bio-
Rad, Hercules, CA, USA). Proteins were resolved by 10% sodium 
dodecyl sulfate-polyacrylamide gel, electrophoresis at 120 V, then 
electrotransferred to a nitrocellulose membrane (Schleicher & 
Schuell, Dassel, Germany). After incubation with a mouse NF-κB 
antibody (1:500; Cell Signaling, Danvers, MA, USA), the mem-
brane was incubated with horseradish peroxidase conjugated 
goat anti-mouse IgG secondary antibody (Santa Cruz Biotech, 
Santa Cruz, CA, USA). A chemiluminescent kit (Super Signal 
West Pico; Pierce, Rockford, IL, USA) was used to detect NF-κB 
protein. Protein content was analyzed using an enhanced chemi-
luminescence detection system (Santa Cruz), and the density was 
measured using the program Tina 2.1.

Statistical analyses

Data are expressed as means ± standard errors of the mean. 
Data analyses and graph plotting were conducted using SPSS ver-
sion 13.0 (SPSS Inc., Chicago, IL, USA). To evaluate the change 
in body weight, Student’s t-test was performed; individual com-
parisons were made using one-way analysis of variance (ANOVA) 
with Tukey’s post-hoc test to evaluate changes in behavior and 
cytokine levels. Learning performance in the MWM test was 
processed by two-way repeated measures ANOVA; a simple main 
effect analysis for group comparison and individual comparison 
of Tukey’s post-hoc test were performed at each training session. 
p < 0.05 was considered statistically significant.

RESULTS

Rats subjected to SD have reduced body weight and 
food intake

We measured the weights of rats in the SAL-treated control 
group and SD group for 17 days. Analyses of body weight changes 
in both groups showed that the rats gained body weight over time 
(Fig. 2A). However, on the first day after SD induction, the body 
weight on day 14 was reduced: the SD group showed significant 
body weight loss on day 17, compared with the SAL group (t = 
2.949, p < 0.05). This body weight loss was not associated with 
SD-induced memory impairment. Nevertheless, body weight loss 
is an important indicator of rat physiological health; therefore, 
SD can be used to ensure that rats are sufficiently physiologically 
stressed. However, rats treated with MYR showed no significant 
difference in the reduction in body weight gain compared with 
the SD group (data not shown). We also measured food consump-
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tion over 17 days (Fig. 2B). The SD group showed a tendency for 
decreased food intake after the first day of SD induction, but this 
was not significantly different from the intake in the SAL group. 
In particular, the difference in food intake during 3 days after the 
onset of SD induction did not reach statistical significance be-
tween the SAL and SD groups (t = 0.059, p = 0.907). Although this 
comparison did not reveal a statistically significant interaction 
between SAL and SD groups, it showed less food consumption by 
the SD group than by the SAL group during the SD period.

MYR ameliorates impairments of cognitive and 
spatial memory in rats subjected to SD

An 8-arm RAM task was used to determine whether SD af-
fected memory performance in rats. In the radial maze task, 
SAL-treated control normal rats made the correct choice (> 75 % 
accuracy) to acquire eight foods placed on eight arms. In addi-
tion, the WPF group also made the correct choice during food ac-
quisition (> 70 % accuracy) (data not shown). However, rats in the 
SD group showed less frequently made the correct choice during 
food acquisition, compared with the SAL and WPF groups. This 
implied that SD interfered with short-term memory and work-
ing memory (Fig. 3A). The SD group showed a slower acquisition 
curve, compared with the SAL group (p < 0.01 for trials 3 and 4, p 
< 0.001 for trial 5). The SD group showed more errors, compared 
with the SAL group. ANOVA (4 × 6, treatment × time) performed 
on the number of errors indicated a significant difference among 
groups (F5,33 = 9.091, p < 0.001), and a significant effect of day (F1,33 

= 2.633, p = 0.114); it did not reveal a group × day interaction (F5,33 

= 8.815; p < 0.001). In post-hoc analyses, the SD + MYR20 group 
showed significantly fewer errors, compared with the SD group (p 
< 0.01). This recovery effect of MYR treatment revealed a signifi-
cant effect during the 5th trial. In the retention test performed 24 
h after rats reached the learning criterion, the SD group demon-
strated significantly more errors, compared with the SAL group 
(p < 0.05), and the WPF group showed similar values ​​to the SAL 
group (Fig. 3B). However, in the retention test, the SD + MYR20 
group demonstrated significantly fewer errors, compared with 
the SD group (p < 0.05). The performance of the 8-arm RAM 
task was impaired in the SD group, and MYR treatment attenu-

ated SD-induced learning and memory impairment in the 8-arm 
RAM task.

Following MYR treatment in our SD animal model, the MWM 
test was performed to determine the effects of MYR on learning 
and memory ability. The MWM is a test that evaluates working 
memory and long-term memory. Two-way repeated measures 
ANOVA revealed that the escape time to find the hidden plat-
form was gradually shortened in the SAL group during the 5-day 
training period (acquisition phase; Fig. 4A), indicating that the 
normal rats had an improved ability to identify the hidden plat-
form. However, the SD group spent more time finding the hidden 
platform, compared with the SAL group (p < 0.01 on days 3 to 
5). Similar to the normal group, the WPF group had a gradually 
shortened time to find the hidden platform. In contrast, the MYR 
group administered a dose of 20 mg/kg had a significantly shorter 
escape delay, compared with the SD group (p < 0.05). However, 
there were no differences among groups in the escape latency 
required to find the escape platform from the first to fourth ses-
sions, indicating that the difference in learning ability among 
groups increased over time. The SD group exhibited delayed 

Fig. 2. Results of body weight and 
food intake analyses of rats subjected 
to 14 days of sleep deprivation (SD). 
(A) Body weight and (B) food intake were 
significantly lower in SD-exposed rats 
than in saline (SAL)-treated rats (signifi-
cant main effect of SD exposure vs. con-
trol handling). Data are shown as means 
± SEM. *p < 0.05 vs. SAL group.

A B

Fig. 3. Effects of myricetin (MYR) on the number of errors in the 
8-arm RAM task in sleep deprivation (SD)-induced rats. The task 
was started during the second week after SD, and four trials were per-
formed each day. (A) Comparison of rat performance during the acqui-
sition phase and (B) short-term memory test. 8-arm RAM task, eight-
arm radial maze task; WPF, wide platform; SAL, saline; ATI, alprazolam. 
*p < 0.05, **p < 0.01, ***p < 0.001 vs. SAL group; #p < 0.05, ##p < 0.01 vs. 
SD group.

A B
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learning from the beginning of the learning phase, indicating 
that learning was inhibited by MYR treatment. There was no dif-
ference in mean swimming speed among groups, implying that 
the time to reach the platform was mainly influenced by memory 
impairment (Fig. 4B). In the retention test (probe test) conducted 
on day 6, we assessed the time spent in the target area (no hid-
den platform), distance spent in the target area, efficiency of the 
path to reach the target area and number of entries to the target 
area. There were significant changes in performance among all 
rats. In particular, normal rats showed efficiency in all aspects 
of the spatial memory test. The WPF group showed efficiency in 
finding the target area with the hidden platform, at a level simi-
lar to efficiency in the normal group. However, SD-exposed rats 
displayed impaired spatial memory (Fig. 4C–F). The MYR group 
administered a dose of 20 mg/kg showed a significant decrease in 
the length of time spent in the target area compared with the SD 
group (p < 0.05); this MYR group also exhibited a significantly 
efficiency of the path to reach the target area (p < 0.05). These 
results were similar between the MYR- and alprazolam-treated 
groups.

The MWM test showed that impairment of learning and 
memory occurred in the SD group; these effects were prevented 
by MYR treatment for 14 days. Because the effect of the SD pro-
cedure or drug administration may have been secondary to the 

change in rat locomotor activity, we examined the locomotor 
activities of rats in an environment similar to their breeding con-
ditions. The observed behaviors were not affected by traumatic 
stress or MYR administration (Fig. 5). There was no significant 
difference among groups in the distance of locomotor activity, 
but the distance of locomotor activity tended to be higher in the 
SD group than in the normal group (F5,38 = 0.094, p = 0.993). This 
implied that the observed behavior in rats was only caused by 

Fig. 4. The Morris water maze test was used to assess the effects of myricetin (MYR) on spatial learning and memory. Time to escape (latency) 
from the water onto a submerged platform during acquisition trials, (A) a submerged platform during acquisition trials, (B) swimming speed, (C) per-
centage of time spent in the target quadrant, (D) percentage of distance traversed in the target quadrant, (E) path efficiency to reach the target zone,  
and (F) number of entries to the target zone outcome measures. SD, sleep deprivation; SAL, saline; WPF, wide platform; ATI, alprazolam. **p < 0.01 vs. 
SAL group; #p < 0.05, ##p < 0.01 vs. SD group.

A

B

C D E F

Fig. 5. Effects of MYR administration on locomotor activity in the 
OFT during SD. MYR, myricetin; OFT, open-field test; SAL, saline; WPF, 
wide platform; ATI, alprazolam.
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memory impairment, rather than by other pathological factors or 
side effects.

MYR decreases pro-inflammatory cytokine 
expression levels and increases anti-inflammatory 
cytokine expression levels in the hippocampus of rats 
subjected to SD

ELISA was used to evaluate the effects of MYR on the expres-
sion levels of inflammatory cytokines in hippocampal tissue. In 
the SD group, pro-inflammatory cytokine (TNF-α, IL-1β, IL-6, 
and IL-8) levels were increased in the hippocampus, while anti-
inflammatory cytokine (IL-4 and IL-12) levels were decreased 
(Fig. 6). The SD group showed increases in the expression levels 
of TNF-α, IL-1β (p < 0.05), IL-6 (p < 0.001), and IL-8 in the hip-
pocampus, compared with the SAL-treated normal group. In ad-
dition, the SD group showed decreases in the expression of IL-4 (p 
< 0.05) and IL-12 (p < 0.01) in the hippocampus, compared with 
the SAL-treated normal group. However, MYR treatment (20 mg/
kg) significantly attenuated the SD-induced increases in the ex-
pression levels of IL-1β and IL-6 in the hippocampus (p < 0.05); it 
also attenuated the decrease in IL-12 expression level (p < 0.05).

MYR increases mRNA expression levels of BDNF and 
TrkB in the hippocampus of rats subjected to SD

The mRNA expression levels of BDNF and TrkB upon MYR 
administration after SD were assessed by PCR analysis. SD mark-
edly reduced the mRNA expression levels of BDNF and TrkB. 

Two-way ANOVA with MYR administration and SD induction 
as the main effects showed significant differences among groups 
in terms of BDNF mRNA (p < 0.001) and TrkB mRNA (p < 0.05; 
Fig. 7A) expression levels. One-way ANOVA and Tukey’s post-hoc 
test showed that BDNF mRNA was significantly decreased in the 
SD group, compared with the SAL-treated normal group. Howev-
er, in the group subjected to repeated MYR pretreatment, BDNF 
mRNA expression was significantly increased, compared with 
the SD group (153.34%, p < 0.05). One-way ANOVA and Tukey’s 
post-hoc test showed that TrkB mRNA expression was decreased 
in the SD group, compared with the SAL-treated control group. 
However, in the group subjected to repeat MYR pretreatment, 
TrkB mRNA expression was increased compared with the SD 
group (125.69%, p = 0.953).

MYR reduces the activation of NF-κB in the 
hippocampus of rats subjected to SD

The effects of MYR on the protein expression level of NF-κB 
in hippocampal tissue were determined by Western blotting. The 
SD group showed a significant increase in NF-κB protein expres-
sion level in the hippocampus, compared with the SAL-treated 
normal group (p < 0.001; Fig. 7B). However, MYR treatment (20 
mg/kg) significantly attenuated the SD-induced increase in NF-
κB protein expression level (p < 0.05).

Fig. 6. Effects of myricetin (MYR) on tumor necrosis factor (TNF)-α (A), interleukin (IL)-1β (B), IL-6 (C), IL-8 (D), IL-4 (E), and IL-12 (F) concentra-
tions in the hippocampus of rats exposed to sleep deprivation (SD), determined by ELISA analysis. SAL, saline. *p < 0.05, **p < 0.01, ***p < 0.001 
vs. SAL group; #p < 0.05, ##p < 0.01 vs. SD group.
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DISCUSSION
Our results showed that SD-induced learning and memory 

deficits, increased NF-κB-mediated pro-inflammatory cytokine 
expression levels, and decreased the expression of the neuro-
trophic factor, BDNF in the hippocampus. Furthermore, sleep-
deprived rats showed no change in food intake, although they 
showed a decrease in body weight. These results suggested that 
sleep is essential for cognitive function; moreover, sleep distur-
bances caused physiological and behavioral changes in rats. MYR 
treatment improved memory function in SD-induced rats, inhib-
ited the production of pro-inflammatory cytokines, inhibited the 
reduction of anti-inflammatory cytokines, and restored BDNF 
expression levels in the hippocampus. Thus, MYR treatment sig-
nificantly alleviated cognitive dysfunction caused by SD through 
regulation of NF-κB and BDNF; thus, it may serve as an effective 
anti-inflammatory and potential neuroprotective agent.

In our study, SD led to changes in body weight, suggesting that 
body weight loss and changes in food intake because of SD induce 
physiological and psychological stress. This body weight loss can 
lead to SD-induced neuroinflammation. Several studies have 
shown that lipopolysaccharide injection and SD increase pro-
inflammatory cytokine levels in the hippocampus and decrease 
body weight in rats [37]. Therefore, chronic stress caused by SD 
can sufficiently induce neuroinflammation in the hippocampus 
[38], and MYR treatment can sufficiently suppress neuroinflam-

mation.
In this study, 8-arm RAM (short-term memory) and MWM 

(long-term memory) tests were performed to measure the effects 
of MYR administration on the improvement of spatial learning 
and memory function in rats subjected to SD. Sleep-deprived rats 
showed significant impairment in working or spatial memory, as 
evaluated in the 8-arm RAM task. In particular, sleep-deprived 
rats had significantly more errors when learning the radial arm 
maze and required more time to complete all tasks in the 8-arm 
RAM. Thus, the rats did not establish short-term memories of 
collecting food rewards [39]. However, rats administered MYR 
performed at a much faster rate (shorter time) than the SD group 
in the 8-arm RAM task; they also had fewer errors when learning 
the maze.

Furthermore, sleep-deprived rats showed considerably longer 
escape latencies to reach the platform in the MWM test, com-
pared with the SAL-treated control group, indicating that sleep-
deprived rats had impaired spatial learning ability [40]. Sleep-de-
prived rats reportedly have impairment in memory consolidation 
and retrieval in retention tests [40]. Unlike RAM, the MWM task 
evaluated spatial memory for 5 days and assessed spatial memory 
learned over a long period of time. However, MYR treatment 
significantly shortened the escape delay time (latencies) and the 
distance to the escape zone in the spatial learning test, suggesting 
that MYR restored the impairment of spatial learning ability that 
had been caused by SD. In addition, MYR treatment improved 

Fig. 7. Effects of myricetin (MYR) on the expression of brain-derived neurotrophic factor (BDNF) and tropomyosin-related kinase B (TrkB) 
mRNA in rats with sleep deprivation (SD)-induced hippocampal impairment. (A) PCR bands on agarose gels and relative intensities are shown. 
Expression levels of BDNF and TrkB mRNAs were normalized to glyceraldehyde 3-phosphate dehydrogenase mRNA as the internal control, (B) activa-
tion of nuclear factor kappa B (NF-κB) in the hippocampus after MYR treatment. Western blot analysis of protein expression levels of NF-κB. SAL, sa-
line; WPF, wide platform; ATI, alprazolam. *p < 0.05, ***p < 0.001 vs. SAL group; #p < 0.05, ##p < 0.01 vs. SD group.
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the crossing time and target distance around the target quadrant 
in the spatial probe trail, thus increasing the learning speed and 
improving memory consolidation. These results showed that 
MYR administration could improve impairment of spatial abil-
ity that had been caused by SD; it also significantly ameliorated 
severe memory recall and retrieval difficulties. Therefore, our 
findings suggest that MYR administration can elicit significant 
improvement in short-term (working) memory and long-term 
(spatial) memory.

Because no difference in locomotor activity was observed 
among groups in the open field test, MYR administration did 
not affect motor function abnormalities or motor performance 
improvement. Therefore, MYR-related reductions in the number 
of errors for food reward and in the time required to reach the 
platform in the 8-arm RAM and MWM tasks were caused by 
improvements in rat memory deficit, rather than improvement of 
rat locomotor activity.

We also measured changes in inflammatory cytokine expres-
sion levels in the hippocampus to determine whether MYR 
administration indirectly improved memory performance in 
sleep-deprived rats through regulation of neuroinflammation. 
We applied 72-h SD using a multiplatform method, because 72-h 
SD causes memory impairment in rats with significant decreases 
in working memory and spatial memory performance [41]. The 
mechanisms responsible for the amnestic effect induced by SD 
have not been clearly elucidated; however, some studies have 
suggested that this effect is related to the regulation of neuro-
inflammation, which involves mediators of pro-inflammatory 
cytokines [42]. Neuroinflammation-induced cytokine imbalance 
(increased pro-inflammatory cytokine expression and decreased 
anti-inflammatory cytokine expression) in the hippocampus 
causes memory dysfunction [43]. In addition, pro-inflammatory 
cytokine expression levels are increased in the hippocampus of 
SD-induced rats [42]. Some studies have shown that the expres-
sion levels of TNF-α, IL-1β, and IL-6 are increased in 72-h sleep 
deprived rats; moreover, neuroinflammation-related changes 
in spatial memory cause memory disability [44-46]. Our results 
also showed that 72-h SD increased the expression levels of pro-
inflammatory cytokines and impaired spatial memory. However, 
MYR administration ameliorated neuroinflammation by inhibit-
ing activation of the NF-κB pathway in the hippocampus. Specifi-
cally, MYR administration regulated neuroinflammation (inhib-
ited pro-inflammatory cytokine expression and increased anti-
inflammatory cytokine expression) by inhibiting NF-κB pathway 
activation in SD-induced rats. These data showed that MYR 
administration can significantly attenuate SD-induced cognitive 
dysfunction by regulating neuroinflammation via inhibition of 
inflammatory cytokines and activation of the NF-kB pathway.

BDNF is an important mediator between cognitive impairment 
and neuroinflammation, and modulation of BDNF signaling may 
be an important factor in the regulation of neuroinflammation 
and cognitive function in sleep-deprived rats [47]. In addition, 

neuroinflammation reduces BDNF expression levels in the hip-
pocampus [48]. Administration of IL-1β receptor antagonists 
reportedly inhibits the reduction of BDNF, suggesting that pro-
inf lammatory cytokines have important roles in regulating 
BDNF expression levels [49-51]. In this study, MYR administra-
tion reversed the SD-induced reduction in BDNF mRNA expres-
sion, which was likely associated with inhibition of both NF-κB 
activation and pro-inflammatory cytokine expression (e.g., IL-
1β and IL-6). BDNF activates the neuronal signaling pathway 
of BDNF-TrkB in the brain [52], which participates in the tran-
scription, translation, and trafficking of proteins during synaptic 
maturation and synaptic plasticity. BDNF also downregulates 
neuroinflammation-related protein expression [52]. These data 
suggested that SD-induced neuroinflammation improves im-
paired memory function by downregulating the BDNF-TrkB 
pathway. Our results showed that the mRNA expression level 
of memory-related BDNF was decreased because of SD in rats; 
MYR treatment markedly inhibited the SD-induced decreases in 
mRNA expression levels of BDNF and TrkB in the hippocampus. 
Thus, MYR treatment may activate the BDNF-TrkB signaling 
pathway in SD-induced memory impairment, thereby regulating 
neuroinflammation and improving cognitive function. Our find-
ings suggest that the memory-enhancing effect of MYR is related 
to the inhibition of neuroinflammation via BDNF-TrkB signaling 
pathway modulation, it is also associated with the inhibition of 
both pro-inflammatory cytokine expression and NF-κB activa-
tion.

This study showed that MYR administration improved cogni-
tive function and abilities (e.g., learning acquisition and memory 
consolidation) in SD-induced memory impairment in rats, and 
might be involved in regulating BDNF and NF-kB activation. 
Therefore, MYR may be a useful alternative therapeutic agent for 
the treatment of SD-related diseases.
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