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Objective: Rapid eye movement sleep deprivation (REM-SD) can cause a decline in

learning and memory and lead to changes in behavior. Therefore, REM sleep plays

a key role in processes that govern learning and memory. However, the mechanism

underlying REM-SD-induced learning and memory impairment is unclear and the

underlying molecular signaling still needs to be identified. In the present study, we

investigated the role of the cPKCγ-Ng signaling pathway in REM-SD-induced learning

and memory impairment.

Method: Sixty male rats were divided into Control, REM-SD, REM-SD+cPKCγ activator

PMA, REM-SD+cPKCγ inhibitor H-7, and sleep revival (SR) groups. The Morris water

maze was used to assess spatial learning and memory. Western blot analysis was used

to detect cPKCγ total protein expression and membrane translocation levels, and Ng

total protein expression and phosphorylation levels.

Results: The REM-SD group performed worse on the Morris water maze test than the

control group. Western blot analysis showed that cPKCγ membrane translocation and

Ng phosphorylation levels were significantly lower in the REM-SD group. SR following

REM-SD restored learning and memory ability, cPKCγ transmembrane translocation,

and Ng phosphorylation levels, but not to levels observed before REM-SD. PMA and

H-7 significantly improved/disrupted task ability as well as cPKCγ transmembrane

translocation and Ng phosphorylation levels in REM-SD rats.

Conclusion: The REM-SD induced learning and memory impairment in rats and

may be associated with the cPKCγ-Ng signaling pathway. Specifically, activation of the

cPKCγ-Ng signaling pathway may protect against REM-SD.
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INTRODUCTION

Sleep deprivation (SD) can cause changes in mood, learning,
memory, and immune function, which can lead to physiological,

psychological, and even behavioral changes. Although studies

have confirmed that SD can cause obvious cognitive impairment
(1–3), the underlying mechanisms remain unknown. Studies

that focus on the molecular signaling pathways that govern
this process will be important for the development of effective
therapeutic interventions.

In 2007, the American Academy of Sleep Medicine classified
sleep into non-rapid eye movement (NREM) stages 1, 2, and
3 and a rapid eye movement (REM) stage, with each stage
being interconnected. Normally, people pass through 4–6 cycles
of these sleep stages each night. Compared to a waking state,
REM sleep is characterized by low-amplitude, mixed frequency
signals as seen on electroencephalograms (EEG), rapid eyeball
movement, markedly decreased muscle tone, and increased
cerebral blood flow and oxygen consumption. REM-SD can
cause a decline in memory and cognitive functions. Therefore,
REM sleep plays a key role in learning and memory (4–
7). Neuroimaging is a powerful tool to explore the neural
mechanism of sleep disorders. Studies have found that some
certain diseases, such as optic neuritis, sleep deprivation, etc.,
can cause changes in the topology of the brain network, which
may cause symptoms of cognitive impairment (8). However,
it is also of great significance to carry out molecular signal
mechanism research. Through the study of molecular signal
targets, it may be possible to provide a new perspective for future
drug interventions.

Protein kinase C (PKC) was first discovered by Nishizuka
in 1977. PKC is a family of serine/threonine kinases that is
widely expressed in many bodily systems and is an important
intracellular signal transduction molecule. To date, at least 12
subtypes of PKC have been isolated and identified through
molecular cloning and enzyme analysis, and these are widely
distributed in various tissues and organs. PKC plays an important
physiological role in the regulation of neuronal excitability, signal
transduction, release of neurotransmitters, synaptic plasticity,
learning and memory, cell proliferation, gene expression, cell
degeneration, and programmed cell death (9, 10). Under resting
conditions, PKC exists in the cytoplasm in an inactive form.
When external stimulus exists, PKC is translocated to the cell
membrane where it can exert its physiological role (11, 12).
There is increasing evidence that PKC also plays an important
role in spatial learning and memory (). Inhibition of PKC
activity can impair learning and memory abilities, such as that
induced by vascular dementia and traumatic brain injury (13–
16). PKC activators have also been shown to have memory-
enhancing and anti-dementia effects (17). Studies have shown
that PKC plays an important role in changes that occur during
SD; PKC mRNA levels in the hippocampus and pre-frontal
cortex of rats were significantly reduced after periods of SD (18).
However, PKC is considered to exert its physiological activities
through its translocation, and changes in PKC activity during
SD have not been studied, nor has anyone explored the roles
that PKC subtypes play in SD-induced learning and memory

impairment. cPKCγ is a classical PKC subtype that only exists
in neurons of the brain and spinal cord. cPKCγ can regulate
synaptic development and plasticity, and can directly affect long-
term potentiation and long-term depression (LTD). Thus, cPKCγ

has attracted increasing attention. Although some reports have
found that cPKCγ is involved in learning and memory (19, 20),
the role of cPKCγ in REM-SD-induced learning and memory
impairment has been rarely studied. Therefore, in the present
study, we investigated the role of cPKCγ in REM-SD-induced
learning and memory impairment, and observed changes in
its activity in the brain. The results thus contribute to our
understanding of the molecular mechanism that underlies REM-
SD-induced memory impairment, which is of critical importance
in the field of SD.

Neurogranin (Ng) is a newly discovered neuro-specific
postsynaptic protein member of the calpacitin protein family
that comprises 78 amino acids. Ng is distributed in specific
brain regions, including the cerebral cortex, hippocampus, and
olfactory bulb, and is a postsynaptic substrate of PKC (21). Ng
can be phosphorylated by PKC and participates in the induction
of long-term potentiation and long-term depression. Ng gene
expression and protein synthesis are synchronized with synapse
formation and neuronal differentiation, which indicates that Ng
may be involved in physiological processes such as learning,
memory, and development of the nervous system. Under certain
pathophysiological conditions, such as hypothyroidism, SD, and
hypoxic preconditioning, Ng activity plays roles in changing
nervous system functions (22–26). One study found that SD
resulted in a significant reduction in Ng mRNA levels in the
rat hippocampus and pre-frontal cortex (18). Ng exerts its
physiological activity after being phosphorylated by PKC, but
changes in Ng activity after REM-SD have not been explored,
nor have the subtypes of PKC that phosphorylate Ng in REM-
SD-induced learning and memory impairment been identified.

Both PKC and Ng play important roles in learning and
memory. In the present study, we investigated the role of the
PKC-Ng signaling system in REM-SD-induced learning and
memory impairment in rats. The key aim was to identify which
subtypes of PKC phosphorylate Ng and play crucial roles in
learning and memory impairment. Represa et al. found that
Ng is widely distributed in the cerebral cortex, thalamus, and
striatum, and is scarce in the cerebellum and brain stem, which
is consistent with the distribution of cPKCγ in the brain (27).
Sato et al. (28) further found that Ng and cPKCγ exhibit
similar gene expression patterns during brain development.
Neuner-Jehle et al. found that after 24 h of SD, mRNA and
expression of Ng differed depending on the brain region. Ng
mRNA was significantly reduced in the forebrain and midbrain
regions, but did not change in the hippocampus. Ng protein
levels were significantly reduced in the cortex, but did not
change significantly in other brain regions (29). This suggests
that it may be more meaningful to study the changes in the
PKC-Ng signaling system in the pre-frontal cortex of animals.
Given this theoretical basis, it is important to investigate the
cPKCγ-Ng signaling system and its role in REM-SD-induced
learning and memory impairment. In the present study, we
established a rat model of 72-h REM-SD and 12-h sleep revival
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(SR), and identified changes in the cPKCγ-Ng signaling system
in the frontal cortex of the rats. Additionally, we measured
Ng phosphorylation levels after administration of the cPKCγ

activator PMA and the cPKCγ inhibitor H-7 and explored the
underlying molecular mechanisms.

MATERIALS AND METHODS

Experimental Animals
Sixty male Sprague Dawley rats (15 weeks old) were used in
the experiment [provided by the Experimental Animal Center,
Shandong University of Traditional Chinese Medicine, China;
License No.: SCXK (Lu) 20050015]. All rats were provided with
standard food pellets and tap water and housed in a quiet room
set to 18–25◦C and 40–60% humidity. The rats were divided
into five groups (12 rats/group). Control group: rats were housed
in a normal rat cage with a natural 12/12 h light–dark cycle
(lights on at 7:00A.M.), and did not undergo REM-SD. REM-
SD group: rats were continuously subjected to a fluorescent
lamp for 72 h. After REM-SD was completed, the rats were
taken out of the REM-SD box and then returned to their cages.
REM-SD+PMA group: during the 72-h continuous REM-SD,
20 µl PMA solution (containing 100 ng PMA, phorbol-12-
myristate-13-acetate C2230, Sigma) was injected into the spinal
subarachnoid space once every 24 h (three injections overall).
The dose of PMA was chosen according to a previous study
(11) REM-SD+H-7 group: during the 72-h continuous REM-SD,
20 µl H-7 solution (containing 200 µg H-7, soluble in saline,
I6891, Sigma) was injected into the spinal subarachnoid space
once every 24 h (three injections overall). The dose of H-7 was
chosen according to previous study (11). SR group: after the rats
were subjected to 72 h of continuous REM-SD, rats were placed in
a cage for 12 h of SR. An overview of the experimental procedure
is shown in Figure 1.

Catheterization of the Spinal Subarachnoid
Space
Rats were anesthetized with sodium pentobarbital (40 mg/kg)
intraperitoneally. The skin was incised at the midline of the
occipital bone and separated layer by layer. Heads were tilted
forward by about 30◦ and a polyethylene catheter (PE-10) was
caudally inserted into the subarachnoid space. After surgery, rats
were injected intramuscularly with gentamicin sulfate (40,000
units/rat/day) for 3–5 days. Normal rats without hemiparesis
were used for the experiments.

Establishment of the REM-SD Model
REM-SD was induced by the modified multiple platformmethod
as described previously (30, 31). The modified multiple platform
method is the most widely used technique mainly for deprivation
of REM sleep, but not for deprivation of non-REM sleep
(NREM). A self-made REM-SD box (110 × 60 × 40 cm) had
15 small platforms (6.5 cm in diameter and 8.0 cm in height)
that were set up at 15-cm intervals. The box was filled with
water, and the surface of the water was about 1.0 cm below the
surface of the platforms. Water and food were placed on the

top of platforms. Rats had free access to food and water and
were allowed to move freely between platforms. Due to their
instinctive fear of water, rats slept on the platforms and could
enter NREM. However, if the rats entered REM sleep and lost
their muscle tone, they would fall into the water and awaken,
thus being prevented from entering REM sleep. This technique
has been validated using electroencephalography and has been
shown to eliminate∼90–95% of REM sleep (32).

The Morris Water Maze
The Morris water maze is a widely used method to assess spatial
learning and memory. Maze testing was carried out by the
SMART-CS (Panlab, Barcelona, Spain). This maze comprised a
circular pool with a 160 cm-diameter and a 55 cm-high wall. The
pool was divided into four equal quadrants. Powdered milk was
added to make the water opaque, and the water was kept at 22–
25◦C. A circular transparent platform (12 cm in diameter and
25 cm in height) was located in the center of the third quadrant,
hidden 1 cm below the surface of the water. The Morris water
maze test was conducted for 5 days, beginning immediately after
72-h REM-SD and 12-h SR, and the navigation probe test was
performed within the first 4 days of the experiment. For each
trial, a rat was put into the water from the midpoint of each
quadrant facing the maze’s wall. The rat was allowed to swim for
120 sec to find the hidden platform and climb onto it. If the rat
found the platform within 120 sec, the rat was allowed to remain
on the platform for 4 sec, then the trial was terminated and the
latency was recorded; if the rat had not found the platform in
120 sec, it was guided and placed on the platform for 30 sec by
the experimenter, the trial was terminated and latency period was
recorded as 120 sec. There was an intertrial interval of 5min.
The position of rats in the pool was tracked using an overhead
camera connected to a SMART-CS program. The escape latency,
swimming distance, and swimming speed were recorded (average
of four trials) to evaluate the spatial learning of rats.

The spatial probe test was performed on day 6 to evaluate the
spatial memory of rats. In this test, the platform was removed,
the rats were placed into the water from the first quadrant, and
were allowed to swim for 120 sec. The time spent in the target
quadrant (where the platform had previously been placed) and
the other quadrants within 120 sec was recorded.

Western Blot Analysis
The pre-frontal cortices of rats in each group were removed and
frozen in liquid nitrogen and stored at−80◦C for future use.

Detection of cPKCγ protein expression in cytosolic and
membrane fractions: The frozen tissues were thawed and
homogenized in Buffer A (10 µl/mg tissue, containing 50
mmol/L Tris-HCl pH 7.5, 2 mmol/L EDTA, 2 mmol/L EGTA,
2 mmol/L DTT, 5 mmol/L Napyrophosphate, 50 mmol/L KF, 5
× 10−5 mmol/L Okadaic acid, and 5 ug/ml each of leupeptin,
aprotinin, pepstatin A, and chymostatin). After centrifugation
at 30,000 g for 30min at 4◦C, the supernatant was collected
as cytoplasmic fraction (cytosol) and stored. Then, Buffer B
(Buffer A + 0.5% NP-40) was added to the remaining pellet, the
procedure described above was performed, and the supernatant
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FIGURE 1 | Overview of the experimental procedures.

was collected as a membrane fraction (particulate). Total cPKCγ

protein: The frozen tissues were thawed and homogenized in
Lysis Buffer containing 50mM Tris-HCl pH 7.5, 5mM EDTA,
5mM EGTA, 1.0% SDS, 150mM NaCl (10 µl/mg tissue). Ng
protein: The frozen tissues were thawed and homogenized in lysis
buffer (10 µl/mg tissue) containing 50mM Tris-HCl, pH 7.5,
2mMEDTA, 2mMEGTA, 2mMDTT, 5mMNa pyrophosphate,
50mM KF, 50 nM Okadaic acid, 5 mg/ml each of leupeptin,
aprotinin, pepstatin A, and chymostatin, and 1.0% SDS. Protein
concentration was measured using a BCA kit (Pierce Company,
Rockford, USA). SDS-PAGE loading buffer was added to the
protein samples (3 µg/µL) and the samples were boiled for 5min
and then stored at −80◦C for western blot analysis. Antibodies
included cPKCγ rabbit polyclonal antibody (1:1000, Santa Cruz,
Dallas, Texas), Ng mouse monoclonal antibody (1:1000, Santa
Cruz, Dallas, Texas), phosphorylated Ng rabbit monoclonal
antibody (1:1000, Merck-Millipore, ABN426), β-actin rabbit
polyclonal antibody (1:1000, Santa Cruz, Dallas, Texas), β-actin
mouse monoclonal antibody (1:1000, Santa Cruz, Dallas, Texas),
Na-K ATPase monoclonal antibody (1:1000, Santa Cruz, Dallas,
Texas), goat anti-rabbit secondary antibody (1:5000, Santa Cruz,
Dallas, Texas), and goat anti-mouse secondary antibody (1:5000,
Santa Cruz, Dallas, Texas). Western blots were developed using
the SuperSignal West Pico Chemi-luminescent Substrate kit
(Pierce Company, Rockford, USA). After membranes were
exposed, the bands were scanned and analyzed using Quantity
One 1-D analysis software (Bio-Rad Laboratory, Hercules, CA).
The contents of cPKCγ cytoplasmic protein and membrane
protein were calculated using β-actin as an internal reference.
The cPKCγ membrane translocation level was expressed by

the percentage of membrane protein content to total protein
(membrane protein + cytoplasmic protein) in each group. The
membrane translocation level of the control group was taken
as 100%, and the cPKCγ membrane translocation level in each
experimental group was expressed using a percentage. Taking
β-actin as an internal reference, the total protein contents of
cPKCγ and Ng were calculated for each group. The protein
expression in the control group was 100%, and the change of
protein expression in each group was expressed as a percentage.
The Ng phosphorylation level was expressed as the ratio of Ng
phosphorylated protein to total protein.

Statistical Analysis
Results were analyzed using a two-way ANOVA and one-
way ANOVA using SPSS 22.0 software. For significant results
identified by the one-way ANOVA, Tukey’s post hoc tests were
used to compare the differences betweenmultiple groups. A value
of P < 0.05 was considered statistically significant.

RESULTS

REM-SD- Induced Behavioral and
Physiological Changes in Rats
As the length of sleep deprivation increased, behavioral and
physiological changes in rats became increasingly obvious.
The primary manifestations included increased lassitude,
dullness, lack of luster, dryness, disheveled and untidy
fur, increased excitability and irritability, and increased
alertness, responsiveness, and aggressive behavior in response to
environmental stimuli. Some rats even suffered from mucosal
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FIGURE 2 | Average escape latency (seconds) for all groups. Compared with the control group (C), the average escape latencies for all other groups were significantly

prolonged on each day of training. Compared with the REM-SD group, the average escape latency was significantly shorter in the SR and REM-SD+PMA groups,

and was significantly longer in the REM-SD+H-7 group *P < 0.05, #P < 0.05 vs. control group, ***/###means P < 0.001.

bleeding of the paws due to scratching. These symptoms
indicated successful establishment of the rat model of REM-SD.

REM-SD Induced Changes of Morris Water
Maze Test in Rats
REM-SD Prolongs the Average Escape Latency in

Rats
Results from the place navigation test showed that, for all groups,
the average time needed to find the platform gradually shortened
during training. However, compared with the control group, the
average escape latencies for all other groups were significantly
prolonged on each day of training. Compared with the REM-SD
group, the average escape latency was significantly shorter in the
SR and REM-SD+PMA groups, and was significantly longer in
the REM-SD+H-7 group (Figure 2).

REM-SD Decreases the Percentage of Time Spent in

the Target Quadrant
Results from the spatial probe test showed that, compared with
the control group, the percentage of time spent on searching
for the target quadrant (where the platform was placed) was
significantly lower in the REM-SD, REM-SD+PMA, REM-
SD+H-7, and SR groups. Compared with the REM-SD group,
this time was significantly higher in the SR and REM-SD+PMA
groups and lower in the REM-SD+H-7 group. The REM-SD,
REM-SD+PMA, and REM-SD+H-7 groups spent significantly
more time in the first quadrant than did the control group, and
no significant difference was found between the SR and control
groups. Compared with the REM-SD group, the percentage
of time spent in the first quadrant was lower in the SR and
REM-SD+PMA groups, and higher in the REM-SD+H-7 group
(Figure 3).

REM -SD Does Not Affect Swimming Speed in Rats
Average swimming speed did not differ across the five groups
(Figure 4) on the Morris water-maze test.

REM-SD Reduces cPKCγ Protein
Expression
Results from Western blot analysis showed that cPKCγ protein
expression in the REM-SD, REM-SD+PMA, and REM-SD+H-
7 groups was significantly lower than that in the control group.
Levels did not differ between the SR and control groups, between
the REM-SD and REM-SD+PMA groups, or between the REM-
SD and REM-SD+H-7 groups. cPKCγ protein expression in the
SR group was significantly higher than that in the REM-SD group
(Figure 5).

REM-SD Inhibits cPKCγ Membrane
Translocation
Results fromwestern blot analysis showed that the level of cPKCγ

membrane translocation in the REM-SD, REM-SD+PMA, REM-
SD+H-7, and SR groups were all significantly lower than that in
the control group. Compared with REM-SD group, levels were
higher in the SR and REM-SD+PMA groups and lower in the
REM-SD+H-7 group (Figure 6).

REM-SD Reduces Ng and Phosphorylated
Ng Expression
Western blot analysis showed that Ng protein expression in
REM-SD/ REM-SD+PMA/ REM-SD+H-7 experimental groups
were significantly lower than in the control group. Compared
with the REM-SD group, Ng protein expression was significantly
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FIGURE 3 | The percentage of time spent in target quadrant for each group. Compared with the control group (C), the percentage of time spent searching the target

quadrant (where the platform was placed) was significantly lower in the REM-SD, REM-SD+PMA, REM-SD+H-7, and SR groups. Compared with the REM-SD

group, this time was significantly higher in the SR and REM-SD+PMA groups and lower in the REM-SD+H-7 group. ***###means P < 0.001.

lower in the REM-SD+H-7 group, tended to be higher in REM-
SD+PMA group, and was significantly higher in the SR group
(Figure 7).

The expression of phosphorylated Ng in all experimental
groups was lower than in the control group. Compared
with the REM-SD group, expression of phosphorylated Ng
was significantly higher in the SR and REM-SD+PMA
groups and was significantly lower in the REM-SD+H-7
group (Figure 7).

DISCUSSION

In the present study, we confirmed that REM-SD can
significantly reduce spatial learning and memory ability in
rats. Western blot analysis showed that cPKCγ activity and
Ng phosphorylation levels were significantly reduced following
REM-SD, which suggests that REM-SD-induced impairments in
spatial learning and memory in rats are associated with cPKCγ-
Ng signal transduction.

We used a modified multiple platform method to selectively
deprive rats of REM sleep. When rats enter REM sleep,
they lose their muscle tone and fall into the water, thus
waking them up and making rats unable to enter REM sleep.
After 72 h of REM-SD, we observed expected symptoms
of REM-SD, including increased food intake, lassitude,
dullness, lack of luster, dryness, disheveled and untidy
fur, increased excitability and irritability, and increased
alertness, responsiveness, and aggressive behavior in response to
environmental stimuli.

We used the Morris water maze to assess changes in spatial
learning and memory. The place navigation test revealed that the
average time needed to find the platform (escape latency) was
significantly prolonged in the REM-SD group compared with
control group, which indicates that REM-SD can significantly
impair spatial learning and memory ability in rats. Although
escape latency in the SR group was significantly shorter than
that of the REM-SD group, it was still longer than that of the
control group. This indicates that SR following REM-SD only
partially restores learning and memory ability. During the spatial
probe test, the percentage of time spent in the target quadrant
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FIGURE 4 | The average swim speed (cm/s) on the Morris water-maze test for each group. No significant difference was found between the five groups with regard to

the average swimming speed on the Morris water-maze test.

was significantly shorter in the REM-SD group than that in the
control group, which indicates that REM-SD can cause damage
to the acquisition and maintenance of spatial memory, which
is consistent with previous resultsT. The percentage of time
spent in the target quadrant was significantly longer in the SR
group compared to the REM-SD group, and was shorter in the
SR group than in the control group, which indicates that after
12 h of SR, spatial memory was partially improved. This further
validated the results of the place navigation test. We also found
that the REM-SD group spent significantly more time in the
first quadrant than did the control group, while the SR group
spent significantly less time in the first quadrant compared with
the REM-SD group, further suggesting that REM-SD can impair
spatial learning and memory.

PKC is a family of serine–threonine kinases that is widely
expressed in mammalian tissues. PKC is essential for signal
transduction involved in sleep/wake regulation and sleep-related
behaviors (33–35). Studies focused on cPKCγ have attracted
broad attention. Although some reports have found that cPKCγ

is involved in learning and memory (19, 20), its role in REM-SD-
induced learning and memory impairment is still unknown. In
the present study, we found that cPKCγ protein expression was
significantly reduced after REM-SD and was increased following
SR. However, administration of the cPKCγ activator PMA and
the inhibitor H-7 had no effects on cPKCγ protein expression.
cPKCγ is present in the cytoplasm in an inactive form when at
rest. The regulatory domain interacts with the catalytic domain
through a pseudosubstrate sequence and prevents the substrate
from entering the catalytic region. cPKCγ is activated upon
translocation to the cell membrane under external stimulus
conditions (20, 36). We therefore also investigated the degree
to which cPKCγ was translocated to the membrane and found

that it was markedly lower in the REM-SD group than in the
control group. This indicates that REM-SD can significantly
inhibit cPKCγ membrane translocation and activation. SR after
REM-SD can increase cPKCγ membrane-translocation levels
and thus promote cPKCγ activation, although activation levels
did not reach pre-SD levels. These results are consistent with
the Morris water maze test results. Similarly, administering the
cPKCγ activator PMA significantly increased cPKCγ membrane
translocation, and thus promoted its activation. In contrast, the
cPKCγ inhibitor H-7 significantly reduced cPKCγ membrane
translocation and activation. These changes are also consistent
with the behavioral results; the REM-SD+PMA group performed
better than the REM-SD group on the place navigation
and spatial probe tests, whereas the REM-SD+H-7 group
performed worse than both untreated and REM-SD rats. These
findings indicate that changes in the level of cPKCγ membrane
translocation are related to REM-SD-induced learning and
memory impairment.

Ng is a natural postsynaptic PKC substrate that is abundantly
expressed in brain regions, and which is involved in cognitive
function (36). Ng is a key CaM-binding protein that buffers
CaM function. Phosphorylation of Ng by PKC at serine 36
(Ser36) reduces its binding to CaM, allowing CaM to bind
to calcium and activate CaM-dependent pathways, such as
the Ca2+/Calmodulin-Dependent Protein Kinase II (CaMKII)
signal cascade, which is involved in learning and memory.
Zhong et al. revealed the importance of the PKC signaling
system for CaM-Ng-dependent synaptic plasticity; the ratio
of phosphorylated/non-phosphorylated Ng can determine the
CaMKII- associated LTP/LTD threshold (37). Our western blot
analysis results showed that REM-SD significantly reduced
cPKCγ membrane translocation and Ng phosphorylation levels,
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FIGURE 5 | cPKCγ protein expression in the prefrontal cortex of SD rats from each group and control group (C). (A) Western blot analysis results. (B) The relative

protein expression of cPKCγ for each group. **P < 0.01, ***P < 0.001 vs. control group; #P < 0.05 vs. SD group.

Frontiers in Psychiatry | www.frontiersin.org 8 October 2021 | Volume 12 | Article 763032

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Xu et al. cPKCγ-Ng Signaling on REM-Sleep Deprivation

FIGURE 6 | cPKCγ membrane translocation levels in the prefrontal cortex of SD rats from each group and control group (C). (A) Western blot analysis results. Cytosol

and particulate-represented cytosolic and membrane proteins, respectively. (B) cPKCγ membrane translocation levels for each group. *P < 0.05, ***P < 0.001 vs.

control; #P < 0.05, ##P < 0.01, vs. SD group.
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FIGURE 7 | Protein expression for Ng and phosphorylated Ng in the prefrontal cortex of SD rats from each group and control group (C). (A) Western blot analysis

results. (B) Relative protein expression of Ng for each group. (C) Relative protein expression of phosphorylated Ng for each group. *P < 0.05, **P < 0.01, ***P <

0.001 vs. control; #P < 0.05, ##P < 0.01 vs. SD group.
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which suggests that REM-SD-induced memory impairment
is mediated by inhibition of the cPKCγ and Ng signaling-
transduction pathway. REM-SD may prevent the buffering effect
of non-phosphorylated Ng over CaM, leading to abnormal
CaM signaling. Administration of the cPKCγ activator PMA
significantly increased Ng phosphorylation levels and the cPKCγ

inhibitor H-7 significantly inhibited Ng phosphorylation, which
suggests that Ng is downstream of the cPKCγ signaling pathway.
The cPKCγ inhibitor H-7 can significantly reduce Ng protein
expression and the cPKCγ activator PMA can increase Ng protein
expression. Although no statistical difference was found between
groups, the results further indicate that cPKCγ not only regulates
the activation and phosphorylation of Ng, but can also promote
Ng protein expression.

REM sleep plays an important role in the consolidation of
long-term memory in the nervous system, which can strengthen
the newly-formed connections made during wakefulness,
form new connections, and enhance new memories during
subsequent wakefulness. Thus, we can hypothesize that
the role of the cPKCγ-Ng pathway on REM-SD-induced
learning and memory impairment may be associated with it
involvement in the establishment of new synaptic connections
during the learning and memory consolidation. In future
work, we will use neurophysiological methods to perform
electrophysiological recordings of the pre-frontal cortex in rats,
and investigate the role of cPKCγ-Ng in long-term synaptic
plasticity during REM-SD.

There are some limitations to the current study. The main
purpose of the modified multiple platform method is used in
the present study to investigate REM (30, 31). The EEG results
also support this is an effective performance to reduce the 95%
of REM (30, 32). However, Alkadhi et al. found that non-REM
(NREM) sleep was signficantly reduced by the multiple platform
method (38). Therefore, we cannot completely exclude the effects
of NREM deprivation on the impairment of spatial lerning and
memory. Additionally, it has been reported that expression levels
of both Ng mRNA and Ng protein differ across different brain
regions after 24 h of SD, and Ng protein levels were significantly
reduced in the cortex (29). Based on these findings, we only
focused on the pre-frontal cortex. However, the hippocampus is a
key area for spatial learning and memory. Further investigations
should explore the changes in the PKC-Ng signaling pathway in
the hippocampus of rats to confirm our results. Furthermore,
due to a lack of specific activators and inhibitors of cPKCγ, we
used the non-specific activators and inhibitors of the PKC family,
PMA and H-7. Also, it remains unclear without administration
of PMA/H-7 will affect the response during water maze test.
Administering PMA can promote cPKCγ activation and increase
Ng phosphorylation levels, and administering H-7 showed the
opposite effect; this result indicates that PMA and H-7 have
excitatory and inhibitory effects on cPKCγ, respectively. Other
groups’ studies have found that many signaling pathways are
involved in REM-SD-induced cognitive impairment, including

NMDA receptor pathways; 24-h SD impairs NMDAR function
in the rat dentate gyrus and 72-h REM-SD also impairs NMDAR
function in the rat hippocampal CA1 area (33, 34). Thus, in
the future, we will investigate other possible downstream targets
of the cPKCγ signaling pathway, or other signaling pathways
that could play a role in learning and memory impairment
after REM-SD.

In summary, our results showed that the REM-SD can
induce learning and memory impairments in rats which are
associated with the cPKCγ-Ng signaling pathway. Activation
of the cPKCγ-Ng signaling pathway can significantly improve
REM-SD-induced learning and memory impairment, which is
expected to become a novel molecular target for treatment
of REM-SD.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study
are included in the article/Supplementary Material,
further inquiries can be directed to the
corresponding authors.

ETHICS STATEMENT

All animal experiments were approved by the Ethics Committee
of the Medical School of Capital Medical University.

AUTHOR CONTRIBUTIONS

SX, YZ, ZX, and LS: contributed significantly to this
work, and wrote and revised the manuscript. ZX
and LS: designed the research study. SX and YZ:
performed the research study and extracted and analyzed
the data. All authors approved the final version of
the manuscript.

FUNDING

This study was supported by the National Science and
Technology Support Program in China (2013BAI07B01), the
Natural Science Foundation of Shandong Province in China
(ZR2012HQ014, ZR2011HM044, ZR2015HL041), and Shandong
Province Medical and Health Plan (2014WSB32015), Special
Fund of Basic Scientifc Research Service Fee of Central Public
Welfare Scientifc Research Institute of China (2015CZ-49,
2019zx-Q9), The National Key Research and Development
Program of China (2016YFF0201002).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpsyt.
2021.763032/full#supplementary-material

Frontiers in Psychiatry | www.frontiersin.org 11 October 2021 | Volume 12 | Article 763032

https://www.frontiersin.org/articles/10.3389/fpsyt.2021.763032/full#supplementary-material
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Xu et al. cPKCγ-Ng Signaling on REM-Sleep Deprivation

REFERENCES

1. Nir Y, Andrillon T, Marmelshtein A, Suthana N, Cirelli C, Tononi G, et

al. Selective neuronal lapses precede human cognitive lapses following sleep

deprivation. Nat Med. (2017) 23:1474–80. doi: 10.1038/nm.4433

2. Ratcliff R, Van Dongen HPA. The effects of sleep deprivation on item and

associative recognition memory. J Exp Psychol Learn Mem Cogn. (2018)

44:193–208. doi: 10.1037/xlm0000452

3. Saygin M, Ozguner MF, Onder O, Doguc DK, Ilhan I, Peker Y. The impact

of sleep deprivation on hippocampal-mediated learning and memory in rats.

Bratisl Lek Listy. (2017) 118:408–16. doi: 10.4149/BLL_2017_080

4. Santos PD, Targa ADS, Noseda ACD, Rodrigues LS, Fagotti J, Lima

MMS. Cholinergic oculomotor nucleus activity is induced by REM sleep

deprivation negatively impacting on cognition. Mol Neurobiol. (2017)

54:5721–9. doi: 10.1007/s12035-016-0112-z

5. Alzoubi KH. Rababa’h AM, Owaisi A, Khabour OF. L-carnitine prevents

memory impairment induced by chronic REM-sleep deprivation. Brain Res

Bull. (2017) 131:176–82. doi: 10.1016/j.brainresbull.2017.04.004

6. Eydipour Z, Vaezi G, Nasehi M, Haeri-Rouhani SA, Zarrindast MR. Different

Role of CA1 5HT3 serotonin receptors on memory acquisition deficit induced

by total (TSD) and REM sleep deprivation (RSD). Arch Iran Med. (2017)

20:581–8. doi: 10.15171/icnj.2018.04

7. Qureshi MF, Jha SK. Short-term total sleep-deprivation impairs

contextual fear memory, and contextual fear-conditioning reduces rem

sleep in moderately anxious swiss mice. Front Behav Neurosci. (2017)

11:239. doi: 10.3389/fnbeh.2017.00239

8. Song K, Li J, Zhu Y, Ren F, Cao L, Huang ZG. Altered small-world functional

network topology in patients with optic neuritis: a resting-state fMRI study.

Dis Markers. (2021) 2021:9948751. doi: 10.1155/2021/9948751

9. Zhang Y, Wang N, Su P, Lu J, Wang Y. Disruption of dopamine D1 receptor

phosphorylation at serine 421 attenuates cocaine-induced behaviors in mice.

Neurosci Bull. (2014) 30:1025–35. doi: 10.1007/s12264-014-1473-9

10. Yang P, Li ZQ, Song L, Yin YQ. Protein kinase C regulates

neurite outgrowth in spinal cord neurons. Neurosci Bull. (2010)

26:117–25. doi: 10.1007/s12264-010-1105-y

11. Zhang Y, Gong K, ZhouW, Shao G, Li S, Lin Q, et al. Involvement of subtypes

gamma and epsilon of protein kinase C in colon pain induced by formalin

injection. Neurosignals. (2011) 19:142–50. doi: 10.1159/000328311

12. Zhang YB, Guo ZD Li MY, Fong P, Zhang JG, Zhang CW, et al.

Gabapentin effects on PKC-ERK1/2 signaling in the spinal cord of rats

with formalin-induced visceral inflammatory pain. PLoS ONE. (2015)

10:e0141142. doi: 10.1371/journal.pone.0141142

13. SajanMP, Hansen BC, HiggsMG, Kahn CR, BraunU, LeitgesM, et al. Atypical

PKC, PKClambda/iota, activates beta-secretase and increases Abeta1-40/42

and phospho-tau in mouse brain and isolated neuronal cells, and may link

hyperinsulinemia and other aPKC activators to development of pathological

and memory abnormalities in Alzheimer’s disease. Neurobiol Aging. (2018)

61:225–37. doi: 10.1016/j.neurobiolaging.2017.09.001

14. Howell KK, Monk BR, Carmack SA, Mrowczynski OD, Clark RE,

Anagnostaras SG. Inhibition of PKC disrupts addiction-related memory.

Front Behav Neurosci. (2014) 8:70. doi: 10.3389/fnbeh.2014.00070

15. Sun MK, Alkon DL. The “memory kinases”: roles of PKC

isoforms in signal processing. Prog Mol Biol Transl Sci. (2014)

122:31–59. doi: 10.1016/B978-0-12-420170-5.00002-7

16. Wang J, Gallagher D, DeVito LM, Cancino GI, Tsui D, He L, et al.

Metformin activates an atypical PKC-CBP pathway to promote neurogenesis

and enhance spatial memory formation. Cell Stem Cell. (2012) 11:23–

35. doi: 10.1016/j.stem.2012.03.016

17. Hongpaisan J, Alkon DL. A structural basis for enhancement of long-term

associative memory in single dendritic spines regulated by PKC. Proc Natl

Acad Sci USA. (2007) 104:19571–6. doi: 10.1073/pnas.0709311104

18. Zhang N, Liu HT. Effects of different duration of sleep deprivation

on neurogranin, PKC and CaMK II mRNA expression in hippocampus

and forebrain of rats. Zhongguo Bingli Shengli Zazhi. (2009) 25:1355–9.

doi: 10.3321/j.issn:1000-4718.2009.07.020

19. Ma Y, Wang S, Tian Y, Chen L, Li G, Mao J. Disruption of persistent

nociceptive behavior in rats with learning impairment. PLoS ONE. (2013)

8:e74533. doi: 10.1371/journal.pone.0074533

20. Bohacek J, Farinelli M, Mirante O, Steiner G, Gapp K, Coiret G, et

al. Pathological brain plasticity and cognition in the offspring of males

subjected to postnatal traumatic stress. Mol Psychiatry. (2015) 20:621–

31. doi: 10.1038/mp.2014.80

21. Neuner-Jehle M, Denizot JP, Mallet J. Neurogranin is locally concentrated

in rat cortical and hippocampal neurons. Brain Res. (1996) 733:149–

54. doi: 10.1016/0006-8993(96)00786-X

22. Reker AN, Oliveros A, Sullivan JM, Nahar L, Hinton DJ, Kim T, et al.

Neurogranin in the nucleus accumbens regulates NMDA receptor tolerance

and motivation for ethanol seeking. Neuropharmacology. (2018) 131:58–

67. doi: 10.1016/j.neuropharm.2017.12.008

23. Casaletto KB, Elahi FM, Bettcher BM, Neuhaus J, Bendlin BB,

Asthana S, et al. Neurogranin, a synaptic protein, is associated with

memory independent of Alzheimer biomarkers. Neurology. (2017)

89:1782–8. doi: 10.1212/WNL.0000000000004569

24. Lista S, Toschi N, Baldacci F, Zetterberg H, Blennow K, Kilimann I, et

al. Cerebrospinal fluid neurogranin as a biomarker of neurodegenerative

diseases: a cross-sectional study. J Alzheimers Dis. (2017) 59:1327–

34. doi: 10.3233/JAD-170368

25. Lista S, Hampel H. Synaptic degeneration and neurogranin in the

pathophysiology of Alzheimer’s disease. Expert Rev Neurother. (2017) 17:47–

57. doi: 10.1080/14737175.2016.1204234

26. Zhang P, Tripathi S, Trinh H, CheungMS. Opposing intermolecular tuning of

Ca(2+) affinity for calmodulin by neurogranin and CaMKII peptides. Biophys

J. (2017) 112:1105–19. doi: 10.1016/j.bpj.2017.01.020

27. Represa A, Deloulme JC, Sensenbrenner M, Ben-Ari Y, Baudier

J. Neurogranin: immunocytochemical localization of a brain-

specific protein kinase C substrate. J Neurosci. (1990) 10:3782–

92. doi: 10.1523/JNEUROSCI.10-12-03782.1990

28. Sato T, Xiao DM Li H, Huang FL, Huang KP. Structure and

regulation of the gene encoding the neuron-specific protein kinase

C substrate neurogranin (RC3 protein). J Biol Chem. (1995)

270:10314–22. doi: 10.1074/jbc.270.17.10314

29. Neuner-Jehle M, Rhyner TA, Borbely AA. Sleep deprivation differentially

alters the mRNA and protein levels of neurogranin in rat brain. Brain Res.

(1995) 685:143–53. doi: 10.1016/0006-8993(95)00416-N

30. Machado R B, Aa H D S, Tufik S. Sleep deprivation induced by the modified

multiple platform technique: quantification of sleep loss and recovery. Brain

Res. (2004) 1004:45–51. doi: 10.1016/j.brainres.2004.01.019

31. Han Y, Wen XS, Rong F, Chen XM, Ouyang RY, Wu S, et al. Effects

of chronic rem sleep restriction on D1 receptor and related signal

pathways in rat prefrontal cortex. Biomed Res Int. (2015) 2015:978236,

doi: 10.1155/2015/978236.

32. Suchecki D, Tufik S. Comparison of REM sleep-deprivation methods:

role of stress and validity of use. In: Mallick BN, Pandi-Perumal SR,

McCarley RW, Morrison AR, editors. Rapid Eye Movement Sleep: Regulation

and Function. Cambridge: Cambridge University Press (2011) p. 368–382.

doi: 10.1017/CBO9780511921179.039

33. Li SJ, Cui SY, Zhang XQ Yu B, Sheng ZF, Huang YL, et al.

PKC in rat dorsal raphe nucleus plays a key role in sleep–wake

regulation. Prog Neuropsychopharmacol Biol Psychiatry. (2015)

63:47–53. doi: 10.1016/j.pnpbp.2015.05.005

34. Armani F, Andersen ML, Andreatini R, Frussa-Filho R, Tufik S, Galduróz

JC. Successful combined therapy with tamoxifen and lithium in a paradoxical

sleep deprivation-induced mania model. CNS Neurosci Ther. (2012) 18:119–

25. doi: 10.1111/j.1755-5949.2010.00224.x

35. Abrial E, Bétourné A, Etiévant A, Lucas G, Scarna H, Lambásseñas L, et al.

Protein kinase c inhibition rescues manic-like behaviors and hippocampal

cell proliferation deficits in the sleep deprivation model of mania. Int J

Neuropsychopharmacol. (2014) 18:pyu031. doi: 10.1093/ijnp/pyu031

36. Díez-Guerra FJ. Neurogranin, a link between calcium/calmodulin

and protein kinase C signaling in synaptic plasticity.

IUBMB Life. (2010) 62:597–606. doi: 10.1002/i

ub.357

37. Kumar V, Chichili VPR, Zhong L, Tang X, Velazquez-Campoy A, Sheu FS,

et al. Structural basis for the interaction of unstructured neuron specific

substrates neuromodulin and neurogranin with calmodulin. Sci Rep. (2013)

3:1392. doi: 10.1038/srep01392

Frontiers in Psychiatry | www.frontiersin.org 12 October 2021 | Volume 12 | Article 763032

https://doi.org/10.1038/nm.4433
https://doi.org/10.1037/xlm0000452
https://doi.org/10.4149/BLL_2017_080
https://doi.org/10.1007/s12035-016-0112-z
https://doi.org/10.1016/j.brainresbull.2017.04.004
https://doi.org/10.15171/icnj.2018.04
https://doi.org/10.3389/fnbeh.2017.00239
https://doi.org/10.1155/2021/9948751
https://doi.org/10.1007/s12264-014-1473-9
https://doi.org/10.1007/s12264-010-1105-y
https://doi.org/10.1159/000328311
https://doi.org/10.1371/journal.pone.0141142
https://doi.org/10.1016/j.neurobiolaging.2017.09.001
https://doi.org/10.3389/fnbeh.2014.00070
https://doi.org/10.1016/B978-0-12-420170-5.00002-7
https://doi.org/10.1016/j.stem.2012.03.016
https://doi.org/10.1073/pnas.0709311104
https://doi.org/10.3321/j.issn:1000-4718.2009.07.020
https://doi.org/10.1371/journal.pone.0074533
https://doi.org/10.1038/mp.2014.80
https://doi.org/10.1016/0006-8993(96)00786-X
https://doi.org/10.1016/j.neuropharm.2017.12.008
https://doi.org/10.1212/WNL.0000000000004569
https://doi.org/10.3233/JAD-170368
https://doi.org/10.1080/14737175.2016.1204234
https://doi.org/10.1016/j.bpj.2017.01.020
https://doi.org/10.1523/JNEUROSCI.10-12-03782.1990
https://doi.org/10.1074/jbc.270.17.10314
https://doi.org/10.1016/0006-8993(95)00416-N
https://doi.org/10.1016/j.brainres.2004.01.019
https://doi.org/10.1155/2015/978236
https://doi.org/10.1017/CBO9780511921179.039
https://doi.org/10.1016/j.pnpbp.2015.05.005
https://doi.org/10.1111/j.1755-5949.2010.00224.x
https://doi.org/10.1093/ijnp/pyu031
https://doi.org/10.1002/iub.357
https://doi.org/10.1038/srep01392
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Xu et al. cPKCγ-Ng Signaling on REM-Sleep Deprivation

38. Alkadhi K, Zaqaar M, Alhaider I, Salim S, Aleisa A. Neurobiological

consequences of sleep deprivation. Curr Neuropharmacol. (2013) 11:231–

49. doi: 10.2174/1570159X11311030001

Conflict of Interest: 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Xu, Zhang, Xu and Song. 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 Psychiatry | www.frontiersin.org 13 October 2021 | Volume 12 | Article 763032

https://doi.org/10.2174/1570159X11311030001
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/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	Effect of the cPKCγ-Ng Signaling System on Rapid Eye Movement Sleep Deprivation-Induced Learning and Memory Impairment in Rats
	Introduction
	Materials and Methods
	Experimental Animals
	Catheterization of the Spinal Subarachnoid Space
	Establishment of the REM-SD Model
	The Morris Water Maze
	Western Blot Analysis
	Statistical Analysis

	Results
	REM-SD- Induced Behavioral and Physiological Changes in Rats
	REM-SD Induced Changes of Morris Water Maze Test in Rats
	REM-SD Prolongs the Average Escape Latency in Rats
	REM-SD Decreases the Percentage of Time Spent in the Target Quadrant
	REM -SD Does Not Affect Swimming Speed in Rats

	REM-SD Reduces cPKCγ Protein Expression
	REM-SD Inhibits cPKCγ Membrane Translocation
	REM-SD Reduces Ng and Phosphorylated Ng Expression

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


