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Abstract. The present study aimed to study the protec-
tive effect of intranasally delivered recombinant human
erythropoietin (thEPO) on cognitive and visual impairments
in a permanent bilateral common carotid artery occlusion
(2VO)-induced chronic cerebral ischemia (CCI) rat model.
Male Sprague-Dawley rats (age, 6 months) with 2VO-induced
CCI were treated with intranasal rhEPO (50 U/100 g) once per
week for 8 weeks. A Morris water maze was used to evaluate
the spatial learning and memory of the rats. Flash visual
evoked potentials were measured to assess retinal function.
Hematoxylin and eosin staining was performed to visualize and
evaluate histopathological changes in the cerebral cortex, the
hippocampus CA1 region and the retina. CCI-induced learning,
memory and visual impairments were significantly alleviated
in rats treated with rhEPO compared with those treated with
a saline vehicle control. This was evidenced by remarkably
decreased escape latency, increased frequency of crossing the
hidden platform and elevated amplitude of primary wave in
the rats treated with thEPO. In addition, the rats experienced
CCl-induced histopathological alterations, demonstrated by
thinning of the cerebral cortex and retina, and losses of neurons
and retinal ganglion cells. These alterations were significantly
reversed in response to rhEPO administration compared with
the saline vehicle control group. rhEPO may exert a protective
role against cognitive and visual impairments in rats with CCI
at least partially through preventing the thinning of the cerebral
cortex and retina, as well as by inhibiting the loss of neurons
and retinal ganglion cells.
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Introduction

Erythropoietin (EPO) is a single chain glycoprotein that
promotes hematopoietic cell growth through binding to
the EPO receptor; recombinant human EPO (thEPO) has
previously been successfully used in the treatment of severe
anemia (1-3). EPO is primarily produced in the kidneys but
is also detectable in other organs, such as the liver and the
brain (4). In addition to hematopoietic growth-promoting
activity, EPO has been shown to exhibit anti-apoptotic and
neuroprotective effects in acute hypoxic/ischemia cerebral
damages (5). However, the effect of EPO treatment on chronic
cerebral ischemia (CCI) remains relatively unknown.

A major challenge for clinical application of EPO in cere-
bral ischemia is to facilitate its delivery to the central nervous
system (CNS) across the blood-brain barrier (BBB) (6). Current
approaches for EPO delivery to the CNS in animal models include
systemic [intraperitoneal (i.p.) or subcutaneous], intracerebro-
ventricular (i.cv)) and intranasal administrations. Because only
0.5-1% of systemically administered EPO can cross the BBB (7),
higher doses of EPO are required to reach effective concentra-
tions in the brain, leading to severe side effects such as cerebral
infarct and overproduction of platelets (8-11). Although direct
i.cv. injection of EPO has been shown to provide significant
protection against ischemic brain injury (12-14), it may not be
suitable for clinical use owing to high risks of brain damage and
infections (7). Compared with systemic and i.c.v. administrations,
the intranasal delivery method has significant clinical potential
owing to simple and non-invasive drug administration, rapid
CNS delivery and minimal systemic exposure (15). A previous
study showed that the brain uptake of neurotherapeutics after
intranasal delivery is >5 times the uptake after i.p. delivery (16).
The present study established a rat model of permanent bilateral
common carotid artery occlusion (2VO)-induced CCI that were
treated with intranasal rhEPO in order to explore the protective
effects of thEPO on cognitive and visual impairments. Morris
water maze (MWM) and flash visual evoked potential (FVEP)
measurement were used to evaluate learning and memory abili-
ties, and visual functions in rats, respectively. Hematoxylin and
eosin (H&E) staining was performed to examine the histopatho-
logic changes in the brain and retina.
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Materials and methods

Animals. Healthy male Sprague-Dawley rats (n=90; age,
6 months; weight, 300-340 g) were purchased from the
Central Animal House at Shanxi Medical University and
maintained under standard conditions according to the Animal
Research Center guidelines of Shanxi Medical University
(Taiyuan, China). Rats were acclimatized for 1 week before use.
All rats were housed in rooms kept at 22°C with 60% humidity,
and a 12-h light/dark cycle. Rats were provided ad libitum
access to food and water. All the experimental procedures were
approved by the Animal Use and Care Committee of Shanxi
Medical University. All animal experiments were performed
in accordance with the guidelines for Animal Use and Care of
Shanxi Medical University (Taiyuan, China).

2VO procedure. After a qualifying MWM test, rats were
randomly divided into sham-operated, 2VO + saline and
2VO + thEPO groups (n=30 rats/group). The 2VO surgery was
performed to induce CCI as previously described (17). Briefly,
rats were fasted for 12 h and deprived of water for 4 h followed by
an i.p. injection of 5% (mass/volume) chloral hydrate (325 mg/kg,
the dose for anesthesia before model establishment, Wuhan
HeChang Chemical Co., Ltd.). The rats were immobilized,
shaved and disinfected. The skin and mucosa at the front of the
neck were cut and the muscles were bluntly separated to expose
the bilateral common carotid arteries and the vagus nerve. The
bilateral common carotid arteries were tightly double ligated
with silk braided non-sutures (diameter, 26 mm; model number,
3-0; Johnson & Johnson). The wound was then rinsed thor-
oughly with metronidazole (Shijiazhuang No. 4 Pharmaceutical
Co., Ltd.) and sutured layer by layer. After recovery, rats were
returned to their home cages with free access to food and water.
Rats in the sham-operated group were subjected to the same
procedure without ligation of the common carotid arteries (17).
The body weight loss was <3% post-fasting for 12 h.

Intranasal drug delivery. thEPO (Shenyang Sunshine
Pharmaceutical Co., Ltd.; 3Sbio Group) was dissolved in
sterile saline (Shijiazhuang No. 4 Pharmaceutical Co., Ltd.) at
a concentration of 150 U rhEPO/120 ul. At 3 days following
the 2VO procedure, 2VO + thEPO group was intranasally
administered with thEPO (50 U/100 g/week; Shenyang
Sunshine Pharmaceuticals Co., Ltd.; 3Sbio Group) for 8 weeks.
Sham-operated and 2VO + saline groups were given an equiva-
lent volume of saline. Briefly, rats were anesthetized with 5%
(mass/volume) chloral hydrate (325 mg/kg) by i.p. injection
followed by stereotaxic frame (Chengdu Taimeng Technology
& Market Co. Ltd.,)-based immobilization in a supine position
at a -70° angle (18). A polyvinyl chloride tube (inner diameter:
0.5 mm, outer diameter: 1.0 mm; Jiangxi Hongda Medical
Equipment Group Co., Ltd.) attached to a 1 ml syringe (Jiangxi
Hongda Medical Equipment Group Co., Ltd.) was inserted into
each nostril to a depth of ~2 cm. A total of 125 ul of rhEPO
sterile solution containing 150 U rhEPO in 120 pl of saline
was delivered by gently pushing into the nasal cavities for
30 min. After delivery, the tube was removed, and the rats were
kept immobilized for 30 min to avoid the loss of thEPO. Rats
that swallowed or expelled fluid were excluded from further
analyses. A total of eight rats in each group were included in

the statistical analysis. The other 12 rats were excluded as they
did not meet the test standards for various reasons.

MWM test.Rats were subjected to MWM test for spatial learning
and memory evaluation before 2VO surgery and after 8 weeks
of thEPO/saline treatment, respectively. A black circular pool
(diameter, 150 cm; height, 50 cm) divided into four equal quad-
rants and with four points designed as starting positions (I, II,
IIT and IV) was filled with water at 24°C. A video camera was
hanging over the pool, and a black platform (diameter, 10 cm;
height, 27 cm) was submerged 2 cm below the surface of the
water. The position of each reference inside and outside the
maze was kept unchanged during the training sessions (19).

Before 2VO surgery, each rat received one training session
per day for 5 days consecutively (19,20). Each session consisted
of four trials with an interval of 1 h. During each trial, the rat
was gently placed in the water at one of the four starting posi-
tions and faced toward the wall of the maze. The time spent to
find the hidden platform (escape latency) and the swimming
trajectories were recorded. If a rat failed to find the platform
within 2 min, the rat would be gently guided to the platform
and was allowed to stay on it for 5 sec before being removed
from the water. A maximum score of 2 min was assigned. On
day six, the platform was removed, and the rats were subjected
to a probe test for spatial memory assessment. Another probe
test was performed after 8 weeks of thEPO or saline treatment.
The number of times a rat passed through the target platform
within 2 min was recorded.

FVEP measurement. FVEP, a cluster of electrical signals that
occur in the cerebral cortex in response to visual stimuli (21),
was determined for visual function evaluation. As two rats
did not cooperate, in order to unify the several indices in the
experiments, a total of six rats successfully administered drugs
were selected from each group and were anesthetized with
chloral hydrate, such that comparisons could be performed
using paired statistics. Latency and amplitude of the primary
wave (P1) were recorded using a four channel signal averager
(Nicolet Biomedical Inc.).

H&E staining. After MWM test and FVEP measurement,
rats were anesthetized with 5% chloral hydrate and sacrificed
by intracardial perfusion with 0.9% saline (200-240 ml;
Shijiazhuang No.4 pharmaceutical Co. Ltd.,) followed by 4%
paraformaldehyde (250-400 ml; Tianjin Aoran Fine Chemical
Research Institution) in 0.1 mol/l PBS (pH 7.4; Tianjin Aoran
Fine Chemical Research Institution). When there is no sign
of breath, the rats were deemed dead. The brain and eyes of
each rat were removed and fixed in 10% formaldehyde for
48 h followed by dehydration in a graded series of ethanol
and paraffin embedding. Cerebral cortex, hippocampus
CA1 and retina tissues were cut into sections (5 ym). The
paraffin-embedded sections were dewaxed in xylene, dehy-
drated using a series of graded ethanol solutions (2 min each in
100, 90 and 70%), washed in distilled water, stained with H&E
(Chengdu Kelong Chemical Reagent Factory), dehydrated
through graded ethanol solutions (95% ethanol 15 sec, 100%
ethanol 10 min), soaked for 10 min in turn in 100% xylene
(LII Tianjin Damao Chemical Reagent Factory) and mounted
using neutral balsam (Sinopharm Chemical Reagent Co., Ltd.).
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Figure 1. MWM test. MWM test was performed before the chronic cerebral ischemia model was established and after treatment with thEPO. The (A) escape
latency and (B) the number of passes through the target zone were recorded. Left, two-way ANOVA was performed, followed by a LSD multiple comparisons

test. Right, differences between groups were compared using a one-way ANOVA and a LSD-t test. n=8 rats/group. “P<0.01,

Aok

P<0.001. Tracking images of

(C) the navigation trial and (D) the probe trial. MWM, Morris water maze; 2VO, bilateral common carotid artery occlusion; thEPO, recombinant human

erythropoietin.

Morphological changes were observed using an optical micros-
copy (Chengdu Taimeng Technology & Market Co., Ltd.). The
thicknesses of the cerebral cortex and the retina as well as the
number of hippocampus CA1 neurons and retinal ganglion cells
were measured using a light microscope (Olympus BX60F5;
Olympus Corporation) and a BI-2000 medical image analysis
system (Chengdu Taimeng Technology & Market Co., Ltd.).

Statistical analysis. Data were expressed as mean =+ the
standard error of the mean. Statistical analysis was performed
using R (22) version 3.5.1 and R-Studio version 1.0.44 (23).
Differences between groups were compared using a one-way
ANOVA with a post-hoc LSD t-test, or a two-way ANOVA,
followed by a LSD multiple comparisons test. P<0.05 was
considered to indicate a statistically significant difference.

Results
Clinical observation

Model establishment and behavioral observation after
surgery. The rats were awake ~1 h after surgery. The main

clinical symptoms included drowsiness, poor spirit, apathy, a
lack of activity, limbs failing to fully stretch, vacillation to the
left and to the right when walking and a proneness to falling.

Rats after saline or rhEPO treatment. After treatment, the
control group (2VO + saline) rats were less active, slow-moving,
had memory deficits and exhibited a lower sense of pain. One
of the rats in the control group repeatedly bit other rats. Rats in
the experimental group (2VO + rhEPO) and the sham-operated
group were much more active and more mentally quick and
agile compared with the rats in the control group.

rhEPO protects CCI model rats from learning and memory
impairments. To investigate the effect of rhEPO on learning
and memory impairments in CCI, the present study estab-
lished a 2VO-induced CCI rat model and treated the rats with
rhEPO once a week for 8 weeks. MWM training and tests were
performed to evaluate spatial learning and memory in rats
before modeling and 8 weeks after modeling/treatment. As
shown in Fig. 1A (left), no significant difference was observed
in the escape latency among the three groups (P=0.851) before
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Figure 2. Flash visual evoked potential measurement. (A) Latency and (B) amplitude of the P1 wave. n=6 rats/group. "P<0.05, “P<0.01, ““P<0.001.
2VO, bilateral common carotid artery occlusion; hEPO, recombinant human erythropoietin; P1, primary wave; Sham-0, sham-operated.

modeling. After modeling, there was a significant difference
in the escape latency between the three groups (P=0.000).
After 8 weeks of modeling and treatment, as shown in Fig. 1A
(right) the escape latency in the 2VO + saline group was
significantly increased compared with that in the sham-oper-
ated group (P=0.000), which indicated that there was an
impaired spatial learning ability in the saline-treated CCI
rats. By contrast, the escape latency in the experimental group
(2VO + rhEPO) was significantly lower compared with that
in the control group (2VO + saline) (P=0.001) and remained
comparable with the sham-operated group (P=0.549).

In addition, the frequencies of passing through the target
zone were comparable among the three groups before modeling
(P=0.847; Fig. 1B, left), whereas after modeling, there was
a significant difference in the number of passes through the
target zone between the three groups (P=0.000). After 8 weeks
of modeling and treatment, as shown in Fig. 1B (right), the
rats in the 2VO + saline treatment group crossed the target
zone significantly less often than those in the sham-operated
group after the model/treatment was established (P=0.000),
which suggested that there may be a memory deficit in rats
with 2VO-induced CCI. By contrast, the frequency of passing
through the target zone in rhEPO-treated CCI rats was
significantly higher compared with that in saline-treated ones
(P=0.001) and remained comparable with the sham-operated
group (P=0.591), which suggested that there was a protec-
tive role of rhEPO against memory impairment in CCI rats.
Similar results were observed in the swimming trajectory
length (Fig. 1C and D). Taken together, these data suggested
that thEPO may provide effective protection against learning
and memory deficits in rats with CCI.

rhEPO improves visual dysfunction in rats with CCI. As
cerebral ischemia has previously been shown to cause retinal
damage, which can lead to visual function impairment and
subsequent deteriorated spatial learning ability (24,25), the
present study next sought to investigate the effect of rhEPO
on visual functions in CCI model rats. As shown in Fig. 2, the
results of FVEP measurements indicated that the latency and
amplitude of the P1 wave were significantly increased and
decreased, respectively, in the 2VO + saline group compared
with those in the sham-operated group, which suggested that
CCI induced visual dysfunction in rats with 2VO. Importantly,
rhEPO treatment markedly reduced the latency and elevated
the amplitude of the P1 wave compared with the 2VO + saline
treatment group, which suggested that thEPO may restore
some visual function in CCI rats, which in turn improves the
spatial learning ability in these rats.

rhEPO reverses neuropathological and retinal alterations in
rats with CCI. To further study the histopathological basis of the
improved learning and memory impairments in thEPO-treated
rats, H&E staining was performed to observe the morpholog-
ical changes in the hippocampal CAl region, which is known
to be highly involved in learning and memory (26), as well
as morphological changes in the retina in response to rhEPO
administration. Neurons with abnormal nuclear shape and
massive vacuolation of cytoplasm were loosely and irregularly
arranged in the control (2VO + saline) group. By contrast, in
the experimental (2VO + rhEPO) group, neuronal cells with
normal size and morphology were tightly packed and ordered.
In addition, the thickness of cerebral cortex was significantly
decreased in the 2VO + saline group compared with that in the
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Figure 3. Quantification of the hematoxylin and eosin stained tissues. The thicknesses of (A) cerebral cortex and (B) retina as well as the (C) numbers of
neurons in the hippocampus CA1 and (D) retinal ganglion cells were quantified from the images presented in Fig. 3. Data are expressed as the mean + SEM;
n=6 rats/group. “"P<0.001. 2VO, bilateral common carotid artery occlusion; hEPO, recombinant human erythropoietin.

sham-operated group (982+28 ym vs. 1378+113 pm), which was
significantly improved in the 2VO + rhEPO group (1,350+63 ym
vs. 982+28 um, F=49.645, P<0.001) (Fig. 3A). Similar results
were observed in the thickness of retina (Fig. 3B), the number
of neurons in hippocampus CA1 area (Fig. 3C) and the number
of retinal ganglion cells (Fig. 3D). These data collectively
suggested a protective role of rhEPO against neuronal and
retinal damage in rats with CCI.

Discussion

Intranasal delivery of neurotherapeutics is widely used in
animal experiments owing to its simple and non-invasive

administration, repeatability, and rapid and effective CNS
delivery (15). EPO is a heat-resistant acidic glycoprotein
containing sialic acid and is typically used to treat different
types of anemia (1,3). In addition, EPO has been shown to exert
neuroprotective effects on acute ischemia in the CNS through
various mechanism (27), such as inhibiting glutamate overpro-
duction (28), inflammation (29,30) and oxidative stress (31). It
has been reported that intranasal administration of EPO is a
non-invasive, simple approach to bypass the BBB (32) and is
safer, 10-times more rapid and more efficient than intravenous
delivery in acute brain injury animal models (33). However,
the effect of intranasally delivered EPO on CCl-induced brain
and retina damage remains unclear. The present study explored
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the effects of intranasally delivered thEPO on behavior, spatial
orientation, learning and memory and vision function in rats
with 2VO-induced CCI.

CCl is considered both a neurological and cerebrovascular
disease and is characterized by progressive cognitive and
behavioral deterioration caused by long-term cerebral blood
perfusion insufficiency (34). Permanent 2VO in rats can induce
cognitive impairment and has been widely used to establish
CCImodels (17). CClis closely associated with several cerebro-
vascular diseases, including cerebral arteriosclerosis, cerebral
infarction, vascular dementia and Alzheimer's disease. With
an increasingly aging population, CCI is becoming a major
cause of disability and constitutes a large burden to healthcare
systems (34).

The MWM test performed in the present study showed a
significant increase in escape latency, swimming trajectory
length and a decreased frequency of passing through the target
quadrant in the saline-treated animals 8 weeks after the 2VO
procedure compared with the sham-operated group, which
suggested that a CCI model was successfully established in
the present study. Furthermore, these cognitive impairments
were significantly improved in response to thEPO administra-
tion compared with the 2VO + saline treatment group, which
suggested a protective role of rhEPO against neuronal damage
in CCI. The hippocampus is an important region of the brain
that governs spatial learning and memory (26). Hippocampal
neuronal damage and thinning of the cerebral cortex in response
to hypoxia are possible mechanisms underlying cognitive and
abnormal dysfunction in CCI. In the present study, it was found
that the neurons in the cortex and hippocampus CAl region
exhibited morphological changes and the overall number of
neurons was significantly reduced in the 2VO + saline group
compared with those observed in the sham group, which is
consistent with previous studies (17). Importantly, these patho-
logical alterations were noticeably reversed in the thEPO-treated
rats compared with the saline-treated ones, further confirming
that hEPO may alleviate neuronal damage in CCI.

Ocular ischemic syndrome commonly occurs in the elderly,
and is typically a local manifestation of internal diseases, such
as high blood pressure, arteriosclerosis and diabetes (35). The
ophthalmic artery is the first branch of the internal carotid
artery (36). Thus, internal carotid artery occlusion may lead
to retina ischemia. It has previously been reported that ocular
ischemic syndrome is an early sign of cerebral ischemia and the
occurrence between retinal and brain ischemia is significantly
positively correlated (35). Retinal damage induces visual function
impairment, which contributes to deteriorated spatial learning
ability (24,25). Indeed, the present results showed that the latency
and amplitude of the P1 wave were significantly increased and
decreased, respectively, in the saline-treated CCI rats compared
with those in the sham-operated group, which suggests that CCI
may induce visual dysfunction in rats. Intriguingly, thEPO treat-
ment restored some visual function in CCI rats as evidenced by
significantly reduced latency and elevated amplitude of P1 wave
compared with 2VO + saline, which at least partially contributed
to improvement of spatial learning ability in these rats. Consistent
results were observed in the changes in the thickness of retina
and the number of retinal ganglion cells. These data collectively
suggested a potential protective role of thEPO against retinal
damage in rats with CCI.

Results from the present study suggested that intrana-
sally delivered rhEPO may attenuate cognitive and visual
impairments in 2VO-induced CCI in rats possibly through
protecting the cerebral cortex and retina from thinning, and
preventing losses of neurons and retinal ganglion cells. These
data indicated that intranasal administration of rhEPO may
be a potential therapeutic approach in CCI treatment. Further
studies are required to reveal the molecular mechanism of
rhEPO in CCI therapy.
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