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Abstract Vascular dementia is the second most common
cause of dementia in older people and is characterized by the
sudden onset of impairments in thinking skills and behavior,
which generally occur following a stroke. Unfortunately, ef-
fective therapy for vascular dementia remains inadequate.
Erythropoietin (EPO) is a glycoprotein hormone that controls
erythropoiesis, or red blood cell production. Recently, a prom-
inent role for EPO has been defined in the nervous system, and
there is growing interest in the potential therapeutic use of
EPO for neuroprotection. However, whether it is protective
from memory impairments and the underlying mechanisms
of vascular dementia (VD) remains unknown. In the current
study, we reported that supplements with exogenous erythro-
poietin (EPO) for 4 weeks could restore impaired memory in
2-vessel occlusion (2VO) rats, a well-established vascular de-
mentia animal model. EPO also rescued impairments in den-
dritic spines and cholinergic dysfunctions in the hippocampus.
Moreover, EPO suppressed the overactivation of GSK-3β in
the hippocampus by stimulating the JAK2/STAT5/PI3K/Akt
signal pathway. Furthermore, we found that genetic knock-
down of the EPO receptor (EPO-R) by shRNA blocks the
neuroprotection conferred by EPO on memory in VD. We

hypothesized that EPO treatment is able to rescue the memory
impairments in VD by stimulating the EPO-R/JAK2/STAT5/
PI3K/Akt/GSK-3β pathway and suggest the potential usage
of EPO in the therapy for VD.
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Introduction

Vascular dementia refers to a mild and gradual worsening of
learning/memory and other cognitive functions presumed to
be due to vascular disorders within the brain. It is the second
most common cause of dementia, and patients often present
with symptoms similar to those of Alzheimer’s disease (AD).
However, the related changes in the brain are not due to AD
pathology but to chronic reduced blood flow in the brain,
eventually resulting in dementia [1]. Unlike AD, there are no
licensed treatments for vascular dementia in the world.

Chronic cerebral hypoperfusion (CCH) has been consid-
ered to be a critical reason for the pathogenesis of cognitive
decline in VD [2]. CCH mimics the pathological initiation of
VD by performing the permanent occlusion of bilateral com-
mon carotid arteries. Previous studies have revealed that CCH
leads to cognitive deficits, as assessed by the water maze task
and step-down inhibitory avoidance [3]. In addition to appar-
ent neuronal loss in the hippocampus, determined by Nissl
staining, NeuN immunostaining, and cleaved caspase-3 im-
munostaining [4], CCH is able to induce cholinergic abnor-
malities, such as a reduction in the levels of acetylcholine
(ACh) and the number of muscarinic acetylcholine receptors
[5–7]. Furthermore, CCH increased hyperphosphorylation of
the microtubule-associated protein tau and caused imbalances
in the phosphorylation system by activating glycogen
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synthase kinase 3β (GSK-3β) and Akt [8]. Thus, suppression
of GSK-3β activity is a promising therapeutic approach for
CCH-related memory deficit.

Erythropoietin (EPO) is a glycoprotein hormone that con-
trols erythropoiesis by acting as a cytokine (protein signaling
molecule) for erythrocyte, or red blood cell, precursors in the
bone marrow, which are primarily found to be secreted from
the kidneys [9]. In addition to hematopoietic cells, expression
of the EPO receptor (EPO-R) and an EPO response are ob-
served in other cell types, including neurons [10]. Recently,
numerous experimental studies have suggested that erythro-
poietin (EPO) is an endogenous mediator of neuroprotection
in various central nervous system disorders. For example, the
expression of EPO and the EPO-R in the adult brain can be
stimulated by stress and is regulated by oxygen supply be-
cause the receptor and ligand are upregulated after hypoxia
or ischemia [11]. In a previous study, we reported that EPO
attenuates memory deficits in aging rats by rescuing impair-
ments due to oxidative stress and inflammation and by pro-
moting BDNF release [12], which suggested that it is also able
to protect against the memory decline observed in aged rats.

Here, we report that supplementing CCH rats with EPO for
4 consecutive weeks is able to rescue the memory decline in
CCH rats. EPO also restores the loss of dendritic spines and
dysfunction in cholinergic neurons in the hippocampus. In
addition, we found that EPO inhibits the activation of
GSK-3β by stimulating the EPO-R/JAK2/STAT5/PI3K/Akt/
GSK-3β signaling pathway. These data suggest that EPO
could play a neuroprotective role in vascular dementia.

Materials and Methods

Animals and Drug Treatment

A total of 40 male Wistar rats (280–300 g), 4–5 months old
(Experimental Animal Center of ZhengzhouUniversity), were
kept at a temperature of 22 ± 3 °C in a 12-h light/dark cycle
and were maintained under a maintenance rodent diet ad
libitum throughout the study. The rats were randomly divided
into the following four groups: sham operation plus oral ve-
hicle treatment (Sham), 2-VO surgery plus oral vehicle treat-
ment (2VO), 2-VO surgery plus oral EPO (5000 IU/Kg,
Shanghai Kehua Biopharmacy Inc. Shanghai, China) treat-
ment (2VO + EPO), and sham operation plus EPO treatment
(EPO). The Institutional Animal Care and Use Committee
approved this animal study. All procedures in this study were
carried out in accordance with the recommendations in the
guide for the care and use of laboratory animals of
Zhengzhou University. All rats were sacrificed for biochemi-
cal studies 24 h after a step-down inhibitory avoidance behav-
ioral task, as described below.

2-VO Surgery

2-VO surgery was performed as previously described [13, 14].
Briefly, the rats were anesthetized with 10% chloral hydrate
(350 mg/kg, i.p.), and the bilateral common carotid arteries
were gently separated from the carotid sheath and vagal nerves.
Each artery was bi-ligated with 6–0 silk sutures, and then the
arteries were cut between the two ligatures. The sham-operated
controls received the same operation without ligation. During
the surgical procedure, the animal’s body temperature was
maintained at 36.5 ± 0.5 °C using a heating pad.

Morris Water Maze Test

The rats were tested in a Morris water maze (MWM) accord-
ing to previous reports [15]. To exclude the impact of vision
on this task, a visible platform task of the MWM was per-
formed before the regular MWM task. The pool consisted of
a circular tank (120 cm in diameter, 50 cm high) and was
divided into four quadrants. It was filled with water (30 cm
in height) made opaque by Chinese ink, and the water tem-
perature was maintained at 21–22 °C. A black platform
(10 cm in diameter) was located in the center of quadrant 3
(2 cm below the water surface). Prominent external cues at-
tached to the curtain surrounding the wall were used to indi-
cate the location of the platform. During the training stage, rats
were required to locate the submerged platform by using ex-
ternal cues in the room. Theywere tested for four trials per day
for 5 consecutive days. The rats were released from one of
four possible starting points and allowed to search the plat-
form for 60 s. The rats that could not find the platform within
60 s were guided to the platform and were allowed to stay on
the platform for 30 s. The time to reach the platform was
recorded using a video camera linked to an electronic imaging
system. Training trials on day 7 were followed by a probe trial.
For this, the platform was removed, and the search time in the
quadrant previously containing the platformwas measured for
over 60 s. This provides a measurement for the retention of
spatial memory and indicates whether a spatial strategy was
used during the hidden platform training.

Step-Down Passive Avoidance Test

One day after the MWM test, the step-down passive avoid-
ance test was performed according to a previously described
method [16, 17]. Briefly, on the first day of the experiment, the
rats were acclimated to the acquisition chamber. On the sec-
ond day, the rats were gently placed on the wooden platform,
and the latency to step-down (SDL) was recorded as the learn-
ing phase. When all four paws touched the grid, a low-level
electric shock (0.3 mA, 3 s) was delivered. On days 1, 3, and 7
after shock delivery, the rats’ step-down latencies were mea-
sured (maximum 300 s) while no shock was applied.
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Golgi Staining

Golgi staining was performed as previously described [15].
Briefly, tissue slices (approximately 4 mm thick) were placed
in the solution containing 5% chloral hydrate, 5% potassium
dichromate, and 10% formalin in ddH2O for 3 days and were
then subjected to 1% silver nitrate under a continuous vacuum
for 4 days. After that, the brain tissues were cut into 40 μm
thick sections with a vibratome and analyzed using a light
microscope (Olympus BX60, Tokyo, Japan) with a 100X ob-
jective lens. The number of dendritic spines and the percent-
age of mushroom-like spines on the hippocampal CA1 pyra-
midal neurons were analyzed blindly. For each experimental
group, a minimum of 40 cells per animal (n = 4) was analyzed
by Image-Pro Plus 6.0 software. The criteria for the spine
analysis were defined according to a previous study [18].

Western Blot

Protein lysates of the hippocampus were subjected to 10%
SDS-PAGE and transferred onto a nitrocellulose membrane.
After blocking with 5% skim milk, the membranes were in-
cubated overnight at 4 °C with primary antibodies to
phospho-Ser9-GSK-3β (1:1000, ab107166, Abcam,
Shanghai, China), GSK-3β (1:1000, ab93926, Abcam,
Shanghai, China), pTyr1007/1008-JAK2 (1:5000, ab32101,
Abcam, Shanghai, China), JAK2 (1:5000, ab39636, Abcam,
Shanghai, China), pTyr694-STAT5 (1:5000, ab32364,
Abcam, Shanghai, China), and STAT5 (1:500, ab68465,
Abcam, Shanghai, China). The membranes were then incu-
bated with secondary horseradish peroxidase-conjugated anti-
rabbit immunoglobulin G (IgG) and anti-biotin antibody
(1:2000, Cell signaling, USA) for 1 h at room temperature.
The blots were detected using the enhanced chemilumines-
cence (ECL, Amersham, UK) reaction, and the protein bands
were quantified using ImageJ software.

ELISA Assay

The activities of GSK-3β, PI3K and Akt were determined by
the GENMED ki t (GMS50161 .4 , GMS50058 .2 ,
GMS50054.2, Genmed, MA, USA) according to the manu-
facturer’s instructions. The activity of JAK2 was assayed by a
commercial kit (Uscn Life Science Inc. #E95494Ra).

Lentivirus Construction and Injection

The shRNA of the rat EPO-R (NM_017002) was constructed
and synthesized by Shanghai GeneChem Co., Ltd. (Shanghai,
China). The target sequence used against the rat EPO-Rwas as
follows: 5′-CAGCGCTTGGAAGACTTGGTGTGTT-3′.
Recombinant lentivirus Lenti-EPO-R-shRNA-GFP was pro-
duced by cotransfecting 293 T cells with the lentivirus

expression plasmid and packaging plasmids using
Lipofectamine 2000. Intrahippocampal microinjection of re-
combinant lentivirus was carried out using a stereotaxic in-
strument (RWD, Shenzhen, China) according to the following
coordinates: 3.5 mm posterior to bregma; 3.5 mm lateral to
sagittal suture; 3.5 mm ventral [19].

Immunofluorescence

The immunofluorescence assay was performed as previously
reported [20]. The brains were fixed by transcardial perfusion
of 4% paraformaldehyde and sectioned coronally. The sections
were first incubated with rabbit anti-phospho-Ser9-GSK-3β
polyclonal antibody (1:200, ab107166, Abcam, Shanghai,
China). Subsequently, the sections were incubated with fluores-
cein Rhodamine-conjugated goat anti-rabbit (1:200; cat. no.
sc-2012; Santa Cruz Biotechnology, Inc.) The nucleus was
stained with 4′,6-diamidino-2-phenylindole (DAPI; Beyotime
Institute of Biotechnology, Inc., Dalian, China; 1:100). A total
of 5 sections per rat were analyzed under a microscope
(DTX500; Nikon Corporation, Tokyo, Japan).

Statistical Analysis

All data were analyzed using SPSS 14.0with either Student’s t
test or a one-way analysis of variance (ANOVA) followed by
post hoc Student’s t test. The data are expressed as
mean ± S.E.M. (standard error of the mean) and deemed sta-
tistically significant when P < 0.05.

Results

EPO Supplement Rescues the Spatial Memory Decline
in 2VO Rats

The Morris water maze test was used to evaluate the spatial
learning and memory ability of the rat. This task utilized a
visible platform task before the training period, followed by
a 5-day training period, and finally a probe trial on day 7. In
the visible platform swimming test, the escape latencies and
path lengths of the rats were not statistically different between
the 2VO and sham groups (one-way ANOVA, p > 0.05), sug-
gesting that surgery did not affect the animal’s visual ability
(Fig. 1a, b). During the 5 days of probe navigation training,
the 2VO rats displayed a markedly longer escape latency com-
pared with the control rats from the third day, and the EPO
supplement significantly shortened the escape latency
(Fig. 1c). After the probe trial test on the 7th day, the platform
was removed. As expected, the 2VO rats displayed an in-
crease in the time until the first crossing of the platform region,
fewer platform-passing times, and less time spent in the target
quadrant (Fig. 1d–f). Treatment with EPO is able to attenuate
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those impairments, as indicated by a reduction in the time until
the first crossing, more crossing times, and a longer duration
in the target quadrant. The above data suggest that EPO treat-
ment could prevent spatial memory impairment in the 2VO
rats. No significant difference in the swimming speed or total
distance was observed among four groups during the probe
trial test (Fig. 1g, h).

EPO Supplement Attenuates the Fear Memory Decline
in 2VO Rats

Previous studies suggested that fear memory is impaired in the
CCH rats [16]. Thus, the current study also examined the
effect of EPO supplementation on fear memory in 2VO rats.
As shown in Fig. 2, the step-down latency (SDL) was signif-
icantly decreased during memory trials on the 1st, 3rd, and 7th
day after shock delivery to the foot paw in the 2VO rats.
Treatment with EPO significantly extended the SDL in 2VO
rats. No obvious difference was found between EPO-treated
alone rats when compared to sham rats. Meanwhile, there
were no significant differences between all groups during
the learning phase (Fig. 2). Thus, we conclude that EPO could
attenuate the fear memory impairment induced by chronic
cerebral hypoperfusion.

EPO Supplement Attenuates Dendritic Spine
Abnormalities in 2VO Rats

The loss of dendritic spines plays an important role in memory
impairment in CCH rats [21]. We used Golgi staining to ex-
amine the dendritic spine density. Compared with the control
group, the dendritic spine density in the hippocampal CA1

Fig. 1 EPO supplementation rescues spatial memory decline in 2VO
rats. The Morris water maze was used to evaluate the spatial memory of
rats. a, b The latency (a) and the swimming distance (b) of the visible
platform task in theMorris water maze. c The escape latency during the 5-
day learning stages of the invisible platform task. d–f The first crossing

latency (d), the total crossing times (e), and the total time spent in the
target quadrant (f) in the probe trial. g, h The swimming speed (g) and the
total swimming distances of the four groups. **P < 0.01, compared with
the sham rats; ##P < 0.01, compared with the 2VO rats. N = 10

Fig. 2 EPO supplementation attenuates fear memory decline in 2VO
rats. The step-down latency (SDL) was measured during the memory
trials on the 1st, 3rd, and 7th day after shock was delivered to the foot
paw. **P < 0.01, compared with the sham rats; ##P < 0.01, compared with
the 2VO rats. N = 10
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region of the 2VO rats significantly decreased. Meanwhile,
the percentage of mushroom-type spines, the matured-type
spine, is also reduced in the 2VO rats. However, treatment
with EPO effectively restored the dendritic spine density and
percentage of mushroom-type spines in 2VO rats. No obvious
change was found between the EPO-treated alone rats and the
sham rats (Fig. 3a–c). Thus, EPO supplement is able to atten-
uate synaptic function.

EPO Supplement Rescues Cholinergic Dysfunction
in 2VO Rats

Previous studies have revealed that cholinergic abnormalities
are associated with a disturbance in cognitive function in pa-
tients with VaD [22]. We then measured the effect of EPO
supplement on the activities of AchE and ChAT and the level
of Ach in the hippocampal homogenate of 2VO rats.
Consistent with previous reports [14], the level of Ach and
the activity of ChAT decreased and the activity of AchE in-
creased significantly in the 2VO rats, suggesting a dysfunction

in the cholinergic system in the CCH. Supplementation with
EPO restored the activity of ChAT and the level of Ach and
inhibited the activity of AchE in 2VO rats (Fig. 4a–c). These
data support the behavioral test results and suggest that EPO
may exert its neuroprotection by rescuing cholinergic
function.

EPO Supplementation Inhibits GSK-3β Activity via
the PI3K-Akt Signal Pathway

The PI3K-Akt-GSK-3β signaling pathway plays an im-
portant role in the EPO-stimulated proliferation of human
erythroid progenitors [23], and GSK-3β is a key signal-
ing molecule that induces neurodegeneration and deficits
in memory formation related to dementia [24]. We then
measured the GSK-3β activity by a commercial kit as
previously described [25]. As indicated in Fig. 5a, the
activity of GSK-3β is dramatically increased in 2VO
rats, and EPO is able to reduce the increased GSK-3β
activity. Western blot analysis also verified the inhibition

Fig. 4 EPO supplementation rescues cholinergic dysfunction in 2VO rats. The levels of Ach (a), activity, of AchE (b), and the activity of ChAT (c) in the
hippocampus were detected. **P < 0.01, compared with the sham rats; ##P < 0.01, compared with the 2VO rats. N = 4

Fig. 3 EPO supplementation restores dendritic spine abnormalities in
2VO rats. The representative images of dendritic spines (a) from the
Golgi staining of the CA1 region, the quantitative analysis of the

density of the spines (b), and the percentage of mushroom types (c)
were obtained using ImageJ software. **P < 0.01, compared with the
sham rats; ##P < 0.01, compared with the 2VO rats. N = 3
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of GSK-3β activity by EPO because the phosphorylation
level of serine 9 is restored by EPO treatment (Fig. 5b,
c). Meanwhile, EPO treatment significantly stimulated

the activity of PI3K and Akt (Fig. 5d, e). These data
suggest that EPO reduces the activity of GSK-3β via
the PI3K-Akt signal pathway.

Fig. 5 EPO supplementation
inhibits GSK-3β activity via the
PI3K-Akt signaling pathway. a
The activity of GSK-3β was
measured by commercial kits. b
The representative western blots
for the phosphorylation of Ser9-
GSK-3β and total GSK-3β and
quantitative analysis. c, d The
activities of PI3K and Akt were
measured by commercial kits
**P < 0.01, compared with the
young rats; ##P < 0.01, compared
with the aged rats. N = 5

Fig. 6 Knockout of the EPO-R
blocks the memory restoration by
EPO in 2VO rats. a The
swimming traces of rats on the 5th
day of training in theMorris water
maze. b The escape latency
during the 5-day learning stages
of the invisible platform task. c–e
The first crossing latency (c), the
total crossing times (d), and the
total time spent in the target
quadrant (e) in the probe trial. f
The swimming speed of the four
groups. **P < 0.01, compared
with the sham rats; ##P < 0.01,
compared with the 2VO rats;
$$P < 0.01, compared with the
2VO + EPO + Vec rats. N = 10
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EPO Supplementation Stimulates
the EPO-R/JAK2/STAT5 Pathway

Previous studies have suggested that the majority of the bio-
logical function of EPO is processed by the EPO receptor. We
then examined whether EPO receptor knockout could block
the neuroprotection conferred by EPO onmemory in vivo.We
injected the lenti-EPO-R-shRNA-GFP into the hippocampus
after 2VO surgery and then treated the rats with or without
EPO for 4 weeks. As expected, the EPO-R level was reduced
to 56% in lenti-EPO-R-shRNA-GFP virus-injected rats when
compared to the vector virus-injected rats (data not shown).
The Morris water maze task was used to evaluate learning and
memory. Representative paths taken by the control and treated
animals are shown in Fig. 6a. It was observed that during the
first 5 days of maze trials and compared to 2VO rats treated
with EPO and the lenti-vector, the rats injected with
lenti-EPO-R-shRNA-GFP showed a slower learning response
(Fig. 6b). In the probe trial task, the rats treated with
lenti-EPO-R-shRNA-GFP plus EPO displayed a lengthened
time until the first crossing, fewer crossing times, and a shorter
duration in the target quadrant than the rats treated with
lenti-vector plus EPO (Fig. 6c–e). The above data suggests
that EPO-R is necessary for the neuroprotection conferred
by EPO on memory impairment induced by 2VO. No

significant difference in the swimming speed was observed
between the four groups during the probe trial test (Fig. 6f).

Finally, we examined the JAK2/STAT5 pathway, which is
important in mediating the activation of the EPO receptor
[26]. We examined the phosphorylation of JAK2 and
STAT5 at tyrosine-1007/1008 and tyrosine-694, respectively,
in the hippocampus by western blot analysis. We found that
the 2VO surgery dramatically reduced, while EPO supple-
mentation restored, the phosphorylation levels of Tyr-1007/
1008 of JAK2 and Tyr-694 of STAT5 (Fig. 7a, b). Using the
commercial activity assay kit, we found that 2VO rats
displayed lower JAK2 activity compared with the sham rats,
and the EPO supplement recovered the JAK2 activity in 2VO
rats (Fig. 7c). Silencing of the EPO-R blocks the activation of
the JAK2/STAT5 pathway by EPO (Fig. 7a–c). This suggests
that the neuroprotection of EPO in VD rats is mediated by the
EPO-R/JAK2/STAT5/PI3K/Akt/GSK-3β pathway.

Discussion

Previous studies have suggested that EPO has neuroprotective
effects after ischemic, hypoxic, metabolic, neurotoxic and
excitotoxic stress in the nervous system. EPO operates at sev-
eral levels within the central nervous system, including

Fig. 7 EPO supplementation
activates the JAK2/STAT5
pathway. a, b The representative
western blots for the
phosphorylation of Tyr1007/
1008-JAK2, total JAK2, Tyr694-
STAT5, and total STAT5 from
two independent experiments (a)
and quantitative analysis (b). c
The activity of JAK2 was
measured by commercial kits.
**P < 0.01, compared with the
sham rats; ##P < 0.01, compared
with the 2VO rats; $$P < 0.01,
compared with the 2VO + EPO +
Vec rats. N = 10
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limiting the production of reactive oxygen species and gluta-
mate, modulating neurotransmission, reversing vasospasm,
promoting angiogenesis, preventing apoptosis, reducing in-
flammation and recruiting stem cells [27, 28]. We reported
previously that EPO supplementation is able to rescue cogni-
tive decline in aged rats [12], and in the present study, we
found that treating the 2VO rats with EPO for 4 weeks addi-
tionally rescued spatial and fear memory decline. EPO treat-
ment also restored the loss of dendritic spines and the cholin-
ergic dysfunction in the hippocampus. Importantly, EPO
inhibited GSK-3β activity in the hippocampus by stimulating
the EPO-R/JAK2/STAT5/PI3K/Akt/GSK-3β pathway.

The effects of EPO on cognition were first observed when it
was clinically used for the treatment of anemia in chronic kidney
disease [29]. In that study, EPO is able to improve cognitive
performance by increasing red blood cells/hemoglobin with a
subsequent enhancement of tissue oxygenation. In the animal
study, chronic EPO treatment for 19 weeks in healthy mice in-
duces a slight improvement in hippocampal learning and mem-
ory asmeasured using theMorris watermaze [30]. Given that the
EPO receptor is widely expressed in the nervous system and that
EPO easily crosses the intact blood–brain barrier [31], EPO like-
ly affects cognition by directly acting on the brain. For example,
in human studies, no correlation between the blood values and
cognitive enhancement was found [32], and non-hematopoietic
EPO variants (e.g., CEPO = carbamoylated erythropoietin) were
found to exert specific actions on the nervous system [33]. A
high-dose EPO treatment in young mice results in an improve-
ment in hippocampus-associated learning and memory, as well
as a highly significant enhancement of long-term potentiation in
the hippocampus [34]. The protective role of EPO on cognition
has been used in the treatment of neuropsychiatric disorders with
cognitive impairments, such as schizophrenia [35]. In our previ-
ous study, EPO supplementation is able to rescue cognitive de-
cline in aged rats [12].Here, supplementation of EPO for 4weeks
effectively restored impaired memory in the vascular dementia
rat model.

The hippocampus receives cholinergic projections from the
basal forebrain cholinergic complex [36]. In neurodegenera-
tive diseases, the dysfunction of the cholinergic system was
reported to play an important role in cognitive deficits [37]. In
particular, in vascular dementia, the postmortem examinations
revealed significant reductions in ChAT activity in the hippo-
campus [38]. In patients with Binswanger or multi-infarct de-
mentia (MID), an apparent reduction in CSF ACh concentra-
tion was also reported [39]. Furthermore, one study reported a
loss of cholinergic neurons in 40% of VaD patients, accompa-
nied by reduced ACh activity in the cortex, hippocampus,
striatum, and CSF [40]. In the VaD animal models, persistent
reductions in several cholinergic markers were also reported.
For example, 2VO surgery was shown to result in the loss of
cholinergic neurons, as demonstrated by decreased choline
acetyltransferase (ChAT) and AChE activities [5, 6], as well

as reduced mRNA expression of the m3 and m5 muscarinic
acetylcholine (ACh) receptors [41]. In addition, decreased
ACh content and the corresponding impairments in learning
and memory were also found in rats with 4-vessel occlusion
[42]. In the present study, administration of EPO for 4 weeks
was able to rescue the cholinergic dysfunction by restoring
Ach levels and ChAT activity, suppressing AchE activity.

One of the earliest detectable signaling events initiated by
EPO-R activation is phosphorylation at tyrosine residues of
several intracellular proteins, and the Jak2 protein tyrosine
kinase was first identified to serve as the principal kinase
involved in mediating Epo-responsive signal transduction
[43]. Tyrosine-phosphorylated Jak2 also appears to interact
directly with STAT5A and STAT5B, leading to tyrosine phos-
phorylation and activation of STAT5 [44]. The activation of
STAT5 directly enhances the transcriptional activation of
PI3K and Akt1 [45], and Stat5 binds with the p85 regulatory
subunit of PI3K via the Gab2 scaffolding adapter and then
activates PI3K [46]. Furthermore, Stat5 could serve as a tran-
scription factor for both Pik3r1 and Pik3ca encoding p85α
and p110α, which are important for the activation of PI3K.
Thus, the PI3K/Akt1 pathway is a downstream effector of
Jak2/Stat5 signaling. Here, we knocked out the EPO-R by
siRNA and found that the neuroprotective effect of EPO on
2VO rats was dramatically reduced.Meanwhile, the activation
of EPO on JAK2/STAT5 was also blocked by the EPO-R
knockdown. These data strongly suggest that EPO-R/JAK2/
STAT5 is essential for the activation of PI3K/Akt by EPO.

Thus, our study provides the in vivo experimental basis for
the application of EPO in the attenuation or retardation of
cognitive impairments of vascular dementia.
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