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Abstract: Objective: We designed this study to investigate the mechanism of cellular prion protein (PrPC) in memory 
impairment induced by sleep-deprivation. Methods: Rats were deprived of sleep for 72 h using the modified mul-
tiple platform method. The Morris water maze task was used to assess hippocampal-dependent spatial memory. 
After sleep-deprivation, the rats were sacrificed and their brain tissue was analyzed for PrPC and cAMP response 
element binding protein (CREB) expression by western blotting and immunohistochemistry. Results: After 72 h 
sleep-deprivation, it was observed hippocampal-dependent spatial memory impairment, down-regulations of PrPC 
and p-CREB (selectively in the hippocampus) in rats. Conclusions: These findings suggest that the reduced PrPC level 
in the hippocampus contributes to sleep-deprivation induced hippocampal-dependent memory impairment; and 
CREB signaling pathway involves in this process. In view of PrPC-CREB system involves in sleep-deprivation induced 
memory impairment, it may be a potential target for future treatment.
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Introduction

It is well known that sleep-deprivation can lead 
to serious physiological disorders and even 
death [1]. Although previous data indicate that 
sleep-deprivation impairs learning and memory 
[2, 3], the mechanistic details of this process 
still remain unclear. A glycosylphosphatidylino-
sitol-anchored membrane protein-cellular pri- 
on protein (PrPC) is involved in memory, sleep, 
inflammatory reactions, cellular proliferation 
and cellular differentiation [4]. Among these 
functions, the role of PrPC in memory and sleep 
is intriguing. Research has shown that PrPC-null 
mice have defects in hippocampal-dependent 
spatial learning, which can be reversed by PrPC 
being selectively re-expressed in neurons [5]. 
In addition, PrPC-null mice exhibit alterations in 
their circadian rhythms and sleep patterns [6], 
which indicates that PrPC might be involved in 
sleep regulation. All above data suggest that 
PrPC is involved in both memory and sleep func-
tion in mice. The cAMP response element bind-
ing protein (CREB) is a transcription factor that 

is involved in many physiological processes, 
including learning and memory. Previous stud-
ies indicate that p-CREB levels were increas- 
ed in the hippocampus following learning, and 
down-regulated after sleep-deprivation [7, 8], 
which suggest that CREB phosphorylation may 
play important role in the cognitive impairment 
induced by sleep-deprivation.

Despite efforts having been made, it is still 
unclear the way that PrPC and CREB phospho- 
rylation involved in sleep-deprivation induced 
memory impairment. This study was designed 
to explore the details of cerebral PrPC function 
in. We hope that will bring greater understand-
ing to mechanism of memory impairment in- 
duced by sleep-deprivation.

Materials and methods

Ethics statement

This protocol followed the national guidelines 
for the care and use of experimental animals 
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(China). And protocol were reviewed and ap- 
proved by the experimental animal ethics com-
mittee of the Second Military Medical University 
(Approval Number: AE2013-0146). The animals 
were maintained under standard conditions, 
which included free access to food and water. 
Clean cages and fresh water were provided 
twice a week.

Chemicals

The chemicals used in this study included: rab-
bit monoclonal antibody (EP1802Y) to the pri- 
on protein PrP (Abcam, Cambridge, England, 
UK), CREB (48H2) rabbit monoclonal antibody, 
phospho-CREB (Ser133) (87G3) rabbit mono-
clonal antibody (Cell Signaling, Boston, Mas- 
sachusetts, USA), mouse monoclonal antibody 
to β-actin, mouse monoclonal antibody to GA- 
PDH (Kangcheng, Shanghai, China), goat anti-
rabbit IgG horseradish peroxidase (HRP)-link- 
ed antibody, donkey anti-rabbit IgG Cy3-linked 
antibody (Jackson, Lancaster, Pennsylvania, 
USA), DMEM/F12, fetal bovine serum, and B27 
(Invitrogen, Camarillo, California, USA). Water 
was distilled and purified by Milli-Q water purifi-
cation system (Millipore, Bedford, Massachu- 
setts, USA). All other chemicals were of analyti-
cal grade.

Rats and treatment

Adult male Sprague-Dawley rats (weight 220-
250 g) and new born rats were used. Adult 
male rats were randomly divided into 3 groups: 
cage control (CC) group, tank control (TC) group, 
and sleep-deprivation (SD) group. All rats were 
allowed to acclimate for 2 weeks before the 
experiment; rats of the TC and SD groups were 
allowed to acclimate on platforms for 1 h per 
day for 1 week. The rats were raised under an 
automatic 12 h light/12 h dark cycle (lights on 
at 08:00) at 24°C, 50-60% humidity. The rats 
were anesthetized with chloral hydrate immedi-
ately after completing the 72 h sleep-depriva-
tion period and the Morris water maze probe 
test. The new born rats were sacrificed for ex- 
periment of hippocampal neurons culture.

Sleep-deprivation

Rats of SD group were deprived of sleep for 72 
h using the modified multiple platform method, 
which has been reported to interfere with both 
REM (rapid eye movement) sleep and non-REM 
sleep [9, 10]. When the rats placed on the small 

platforms reached the REM sleep phase, they 
would be woken up by the touch of water due to 
loss of muscle tone. Rats placed on the large 
platforms set to be TC group, which enabled us 
control the potential environmental stress 
effects. The other rats were maintained in their 
home cages as normal controls (CC).

Assessment of spatial memory

The Morris water maze task, which is widely 
used to assess hippocampal-dependent learn-
ing and memory, was performed as described 
previously [11]. Memory retention was evaluat-
ed based on the number of times the rats 
passed through the original site of the platform 
and the mean value of proximity to the plat-
form. The swimming trail was recorded simulta-
neously. After the training period, 18 rats (6 per 
group) were used in a probe test to acquire the 
baseline spatial memory data. During the probe 
test, the platform was removed to keep the rats 
swimming freely for 120 s. After the 72-h sleep-
deprivation period was over, the probe test was 
immediately performed again.

Western blotting

The tissue or cultured cells were collected, 
homogenized, and centrifuged. The superna-
tants were collected, mixed with loading buffer, 
boiled for 5 min, electrophoretically separated 
on 12% SDS-polyacrylamide gels and trans-
ferred to nitrocellulose membranes. The mem-
branes were blocked with 10% nonfat dry milk 
in Tris-buffered saline with 0.1% Tween-20 
(TBST) for 2 h at room temperature and subse-
quently incubated with PrP (1:10000, Abcam), 
p-CREB (1:500, Cell Signaling) and CREB (1: 
1000, Cell Signaling) antibodies in TBST over-
night at 4°C. After incubation with HRP-con- 
jugated secondary antibodies (1:10000, Jack- 
son) for 2 h at room temperature, the bands 
were visualized using an ECL detection kit. The 
optical density of the bands was analyzed using 
Image-Pro Plus 6.0 image software.

Immunohistochemistry

A 0.9% NaCl solution and 4% paraformalde-
hyde in 0.1 M PBS were used to perfuse in rats. 
The brains were dissected out, immersed in 4% 
paraformaldehyde in 0.1 M PBS for 4 h and 
transferred to 20% sucrose in 0.1 M PBS until 
they sank to the bottom. Frozen sections were 
used for p-CREB detection by immunofluores-
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Figure 1. Results of the Morris water maze probe test. A. Typical swim trajectories in the probe test. Upper: baseline; 
lower: experimental treatments (N=6). B. The number of times of rats passing through the platform during the probe 
test. This number was decreased significantly in the SD group compared with the CC and TC groups after 72 h of 
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cence staining. The sections were incubated 
with anti-p-CREB antibody (1:300, Cell Signa- 
ling) overnight at 4 degrees centigrade and 
subsequently incubated with Cy3-conjugated 
secondary antibody (1:300, Jackson) for 1 h at 

room temperature. Images were obtained with 
a Nikon digital camera (DXM1200) attached to 
a Nikon Eclipse E600 microscope.

Statistical analysis

Significant differences among the treatments 
were determined using either an analysis of 
variance (ANOVA) or the Kruskal-Wallis test. A 
P-value of 0.05 was considered statistically 
significant.

Results

Sleep-deprivation impairs spatial memory

The swim trajectories of rats in the CC, TC and 
SD groups during the probe test are shown in 
Figure 1A. After 72 h of sleep-deprivation, rats 
in the SD group swam randomly throughout the 
4 quadrants, whereas the CC and TC groups 
stayed mainly in the target quadrant. The num-
ber of times of rats passing through the plat-
form during the probe test was significantly 
decreased in the SD group compared with the 
CC and TC groups (Figure 1B, right, P<0.05, 
n=6). The mean value of proximity to the plat-
form was larger for rats of the SD group com-
pared with the control groups (Figure 1C, right, 
P<0.05, n=6). There were no significant differ-
ences in baseline characteristics.

PrPC expression in various cerebral regions

PrPC expression in the frontal cortex, occipital 
cortex, temporal cortex, hippocampus and thal-
amus of normal rat was detected by western 
blotting (Figure 2A). Results showed that PrPC 
expression in the hippocampus and thalamus 
was significantly higher than that in the cere-
bral cortex (Figure 2B, P<0.05, n=6). We 
believed that PrPC must play a critical role in 
maintaining the normal function of the hippo-
campus and thalamus. PrPC expression was 
examined in three cerebral regions (hippocam-
pus, frontal cortex and thalamus) of CC, TC and 
SD groups by western blotting analysis (Figure 
3A). Our results showed that PrPC expression in 
the SD group decreased significantly in hippo-
campus compared with control groups (Figure 
3B, P<0.05, n=6) after 72 h sleep-deprivation. 
At same time, no differences were observed in 

sleep deprivation (*P<0.05, N=6). C. The mean value of proximity to the platform. This value was greater for rats of 
the SD group compared to those of the CC and TC groups after 72 h of sleep-deprivation (*P<0.05, N=6).

Figure 2. Expression of PrPC in the normal rat brain. 
A. PrPC expression in the frontal cortex, occipital cor-
tex, temporal cortex, hippocampus and thalamus of 
the normal rat brain was examined by western blot-
ting. b-Actin was used as a loading control (N=6). B. 
The mean optical density of PrPC/b-actin. PrPC ex-
pression in the hippocampus and thalamus was sig-
nificantly higher than its expression in the cerebral 
cortex (including the frontal cortex, occipital cortex, 
and temporal cortex) (*P<0.05, N=6).

Figure 3. PrPC expression. A. PrPC expression was ex-
amined by western blotting. PrPC expression levels in 
the rat hippocampus, frontal cortex and thalamus af-
ter various treatments. b-actin was used as a loading 
control (N=6). B. The mean optical density of PrPC/b-
actin among the three groups. The data indicate that 
the hippocampal expression of PrPC in the SD group 
sharply decreased after 72 h of sleep-deprivation 
(*P<0.05, N=6). No changes were observed in other 
brain regions or groups.
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Figure 4. CREB expression and phosphorylation. A. CREB expression and phosphorylation was examined by western 
blotting. CREB expression and phosphorylation levels in the rat hippocampus, frontal cortex and thalamus after dif-
ferent treatments are shown. GAPDH was used as a loading control (N=6). B. The mean optical density of CREB/
GAPDH. No differences were observed among regions or groups (N=6). C. The mean optical density of p-CREB/
GAPDH. The phosphorylation of CREB in the hippocampus was obviously suppressed in rats of the SD group after 
72 h of sleep-deprivation (*P<0.05, N=6). D. Immunofluorescence experiment. A smaller number of p-CREB posi-
tive cells were observed in the dentate gyrus of the hippocampus in the SD group compared with the control groups 
(N=6).
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the frontal cortex or thalamus among the CC, 
TC and SD groups.

The CREB expression and phosphorylation in 
various cerebral regions

The expression and phosphorylation of CREB in 
hippocampus, frontal cortex and thalamus 
were simultaneously examined using western 
blotting analysis (Figure 4A) in all groups. After 
72 h of sleep-deprivation, the CREB phosphory-
lation in the hippocampus was significantly 
inhibited (Figure 4C, P<0.05, n=6). A smaller 
number of p-CREB-positive cells in dentate 
gyrus of hippocampus were observed in the SD 
group (Figure 4D). But the differences among 
the groups were no significant after examining 
hippocampal regions CA1 and CA3 (Data not 
shown). Additionally, no significant differences 
were observed in p-CREB-positive cell number 
in the frontal cortex and thalamus (Data not 
shown).

Discussion

Although plenty of research has been done, the 
details of sleep-deprivation induced cognitive 
impairment still remain unclear. In this study, 
we confirmed that sleep deprivation reduces 
PrPC expression in the hippocampus, which 
might involve in memory impairment during 
sleep-deprivation.

Previous experiments using PrP-null mice sug-
gested that PrPC was not necessary for normal 
physiological function. However, PrPC is highly 
expressed in the nervous system, and its role in 
neuronal function has been widely concerned. 
Unfortunately, the role of PrPC is still not well 
understood in the past 20 years. Increasing evi-
dence suggests that PrPC is involved in memo-
ry, sleep regulation and some signal transduc-
tion pathways [4].

Our data showed that the expression of PrPC in 
hippocampus was significantly higher than that 
in frontal cortex, occipital cortex and temporal 
cortex in normal rat. That suggests PrPC might 
act as a hippocampal-dependent function regu-
lator. But there is evidence that the cerebral 
cortex displayed a higher level of PrPC expres-
sion than the hippocampus [12]. Thus, more 
independent studies are necessary in future.

We confirmed that sleep-deprivation can impair 
the spatial memory of rats indeed, which was 

similar to conclusions of previous studies [13, 
14]. Moreover, we found that PrPC expression in 
the rat hippocampus was inhibited. It is well 
known that hippocampal oxidative stress plays 
an important role in sleep-deprivation related 
memory impairment [15, 16]. In view of PrPC 
protecting cells from oxidative damage [17, 18], 
its down-regulation after sleep-deprivation can 
aggravate oxidative damage and memory im- 
pairment in an indirect way. Data show that 
PrPC plays a key role in several signaling path-
ways including the cAMP/PKA, MAPK, PI3-K/
Akt and soluble non-receptor tyrosine kinase 
pathways [4]. Among them, PrPC can promote 
neuro-protection or neuritogenesis via PKA or 
MAPK signaling pathways [19], and modulate 
memory consolidation via PKA and ERK1/2 
pathways [20].

CREB is not only known to involve in hippocam-
pal-dependent learning, memory storage, but 
also involve in synaptic plasticity [21], oxidative 
stress [22]. In 1C11 precursor cells and their 
neuronal progenies, CREB is proved to be tar-
get of PrPC, act roles of cyto-protection and 
neuronal plasticity [23]. Our results showed 
that CREB phosphorylation in the hippocampus 
was inhibited after sleep-deprivation, which 
was consistent with previous reports [8]. These 
results suggest that the inhibition of CREB 
phosphorylation in the hippocampus of sleep-
deprived rats may be a result of low PrPC 
expression. The simultaneous changes of PrPC 
and p-CREB in rat’s hippocampus after sleep-
deprivation can be observed in our study, which 
indicate that PrPC and p-CREB may share some 
common mechanisms in memory impairment.

In conclusion, we confirmed that sleep-depriva-
tion reduced the expression of PrPC in the hip-
pocampus, which suggests it contributes to 
sleep-deprivation induced hippocampal-depen-
dent memory impairment. Moreover, we found 
CREB might involve in one of the downstream 
signaling pathways of PrPC. Thus, PrPC-CREB 
may be a potential target for treatment of sl- 
eep-deprivation induced memory impairment 
in future.
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