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ABSTRACT

Retinitis pigmentosa (RP) is a heterogeneous group hereditary retinal disease that is characterized by
photoreceptor degeneration. The present study sought to explore the therapeutic effects of erythropoi-
etin (EPO) on the N-methyl-N-nitrosourea (MNU)-induced photoreceptor degeneration. The MNU-
administered mouse or normal control received a subretinal injection of EPO (at the dose of 10U).
Twenty-four hours after EPO injection, the retinal EPO levels of experimental animals were quantified.
Subsequently, the experimental animals were subjected to optokinetic tests, ERG examination, SD-OCT
examination, histology assessment, and immunohistochemistry evaluation. The retinal superoxide dis-
mutase (SOD) activity, malondialdehyde (MDA) content, and expression levels of several apoptotic fac-
tors were also quantified. The subretinal injection of EPO up-regulated the retinal EPO level in the
retinas of MNU-administered mice. The optokinetic tests and ERG examination suggested the visual
functional impairments in MNU-administered mice were ameliorated after EPO treatment. The SD-OCT
and histological examination suggested the morphological devastations in MNU-administered mice
were alleviated after EPO treatment. The cone photoreceptors in MNU-administered mice were pro-
tected from the MNU-induced detrimental effects. Moreover, the EPO treatment rectified the apoptotic
abnormalities in MNU-administered mice, and enhanced the expression level of Foxo3, a critical medi-
ator of autophagy. The EPO treatment also mitigated the MDA concentration and enhanced the retinal
SOD activity, thereby counteracting the retinal oxidative stress in MNU administered mice. In ophthal-
mological practice, the subretinal delivery of EPO is a feasible therapeutic strategy to alleviate photo-
receptor degeneration. These findings would enrich our pharmacological knowledge about EPO and
shed light on the development of an effective therapy against RP.
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Introduction photoreceptor degeneration in RP (Tao et al, 2016).

Photoreceptors in the outer nuclear layer (ONL) of retina are Currently, the specific molecular mechanism underlying RP is

responsible for the perception of light and color. Retinitis
pigmentosa (RP) is a heterogeneous group hereditary retinal
disease that is characterized by the initially impaired dark-
adapted sight, progressive deterioration of visual fields, and
eventual blindness (Geneva |l, 2016; Moskowitz et al., 2016).
Although remarkable advancements have been made in the
therapeutic strategy against RP, the effects of existed clinical
treatments remain far from satisfactory. The futility should be
ascribed to the enormous heterogeneity implying in the eti-
ology, since more than 180 gene mutations can initiate

not thoroughly characterized. Sever lines of evidences sug-
gest that the photoreceptor apoptosis is recognized as the
primary pathological process of various RP phenotypes. It is
noteworthy that the oxidative stress is related to the photo-
receptor apoptosis in both RP patients and animal models
(Yu & Cringle, 2005; Nowak, 2013). Oxidative insults can
impair mitochondrion, perturb redox status, alter mitochon-
drial membrane permeability, and induce cytochrome c leak-
age. The leakage of cytochrome c from mitochondrion is
considered as a pivotal initiator in apoptotic cascades.
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Moreover, Oxidative stress elevates excessively the poly adp-
ribose polymerase (PARP) activity and interacts with the
transcription factors such as nuclear factor-kB (NF-kB) and
activator protein-1 (AP-1). Bursts of reactive oxidative species
(ROS) can mediate photoreceptor apoptosis via the up-regu-
lation of Bax protein, the down-regulation of Bcl-2 protein,
and the activation of caspase families (Fernandez-Sanchez
et al, 2015; Kruk et al, 2015). Therefore, oxidative stress
should be considered as an upstream target for therapeutics
against RP. To corroborate this notion, several kinds of anti-
oxidants are given to the RP patients and animal models to
alleviate the photoreceptor degeneration (Pasantes-Morales
et al.,, 2002; Fernandez-Sanchez et al., 2015). These investiga-
tions suggest that the molecular with anti-oxidative potency
might be developed into mutation-independent therapeutics
against RP.

RP animal models are essential to attempt a variety of
therapeutic approaches. The N-methyl-N-nitrosourea (MNU)
administered mouse is a powerful tool to test candidate
therapies (Tsubura et al., 2010). As a DNA alkylating agent,
the MNU paralyzes the excision repair machinery within
nucleus, and thereby inducing photoreceptor apoptosis in
mammalian retinas. After a single MNU administration, active
sighs of massive photoreceptor degeneration, such as the
decreased ONL width, the degraded electroretinogram (ERG)
response, and the hyper-expressed apoptotic labeling, would
occur within one week (Tao et al., 2015; Rosch et al.,, 2017).
These characteristics faithfully mimic the features of RP.
Therefore, the MNU administered mouse has served as a
pharmacologically induced RP model with rapidly progressive
dynamics.

As a glycoprotein, erythropoietin (EPO) critically modulates
the erythropoiesis in fetal liver and adult kidneys. EPO also
acts as a pleiotropic growth factor beyond erythropoiesis
(Maiese et al., 2004). In the retina, EPO is secreted by gan-
glion cells and muller cells to maintain cellular homeostasis
(Caprara & Grimm, 2012). Unlike some neuroprotective com-
pounds with enormous molecular size, EPO can traverse the
intact blood-retina barrier (BRB) at therapeutic concentra-
tions. Emerging evidences suggest the exogenous EPO can
protect retinal ganglion cells from acute ischemia-reperfusion
injury, experimental glaucoma, and axotomy-induced degen-
eration (Luo et al, 2015). Furthermore, the exogenous EPO
counteracts oxidative impairments and maintains mitochon-
drial dysfunction in the retinal pigment epithelial (RPE) cell
(Gawad et al., 2009). In clinical practice, the beneficial effects
of exogenous EPO have been reported in three patients with
diabetic retinopathy (Li et al, 2010). Therefore, it is highly
possible that the EPO could be developed into a effective
drug against retinal degenerative diseases. However, whether
the EPO exerts beneficial effects on the RP models remains
to be clarified yet. Accordingly, we delivered EPO into the
subretinal cavity of MNU administered mice. We showed that
the subretinal delivery of EPO could ameliorate the photo-
receptor degeneration as well as the visual function impair-
ments in the MNU administered mice. Future refinements of
our findings would shed light on the development of an
effective therapeutic against RP.

Materials and methods
Animals and pharmacological administration

The C57BL/6 mice (male, 8 weeks old) were purchased from
Laboratory Animal Center of General hospital of PLA (Beijing,
China), and were housed in the experimental animal facility
(room temperature: 18-23°C, humidity: 40-65%) on a 12-h
light/dark cycle. The care and maintenance of animals were
performed in compliance with the ARVO guidelines for the
Use of Animals in Ophthalmic and Vision Research. The ani-
mals were randomly assigned into four groups: (1) Normal
control group: mice in this group were left without any
pharmacological administration; (2) MNU group: mice in this
group received the intraperitoneal administration of MNU (at
the at the dose of 60 mg/kg; Sigma; St. Louis, MO); (3) EPO
treated group: mice in this group received the subretinal
injection of 10U EPO (3S Bio Co. Ltd., ShenYang, China) 1h
after MNU administration; (4) Normal control +EPO group:
mice in this group received the subretinal injection of 10U
EPO. The subretinal injection followed the previous described
methods (Petit et al, 2017). Briefly, the anesthetized mice
were moved to an animal operating table under a micro-
scope. A 30 '/,-gague disposable beveled needle was used to
make an incision near the corneal limbus (Figure 1(A)). The
syringe needle of a Hamilton micro injector (Hamilton
Company, Reno, NV) was inserted into the anterior chamber
through the corneal perforation, avoiding the iris and lens to
go deeper into the vitreous cavity and was stopped before
the retinal inner surface. The plunger of the Hamilton syringe
was slowly pushed to deliver the EPO into the subretinal cav-
ity. After then, the syringe needle was carefully removed out
and the neomycin/polymyxin B ophthalmic ointment (Xing
Qi, Shenyang, China) was applied to the injected eyes to
avoid further infection. Generally, a successful subretinal
injection would cause one or more retinal blebs on which
retinal blood vessels were visible. The complications of subre-
tinal injection (such as cataracts and retinal puncture) were
found in nine experimental animals. These mice were euthan-
ized and were not involved in further evaluation.

Enzyme-linked immunosorbent assay (ELISA) of retinal
EPO level

Twenty-four hours after EPO treatment, the experimental ani-
mals were sacrificed and their eyecups were enucleated. The
retina was isolated carefully and stored at -80°C. Before
detection, the retina tissue was homogenized in radio-immu-
noprecipitation assay (RIPA) lysis and extraction buffer, and
then was sonicated at 0.5Hz for 50s (50-watt sonicator,
Sonics & Materials, Danbury, CT). The retinal EPO concentra-
tion was evaluated by an ELISA kit (R&D Systems, Genetimes
Technology, Inc,, Shanghai, China) according to the man-
ufacturer’s instructions. The protein levels of EPO in the ret-
ina were normalized by the total protein content, as
determined by a bicinchoninic acid (BCA) kit. Absorbance at
450 nm and reference at 600 nm was measured by a micro-
plate reader (Safire2, Tecan Group Ltd, Maennedorf,
Switzerland).



(A)

Trans-Corneal Subretinal Injection

Sclera

Neural retina

Lens

Choroid and RPE

Vitreous cavity

Optic nerve

Retinal detachment

DRUG DELIVERY 1275

()] #
#
# L] L
3 r 1

£ #

] ! )

1

@

£ |

ET 2

c B

oo

35

= o

$2 4

&

5]

(8]

e

—— 1
- nl_l 1 | | 1
v T T 1
] le) o]
- @‘\\‘5 (3 : e
N \;0
‘3\\\

Figure 1. (A) The subretinal delivery pathway of EPO. A 30/>-gague beveled needle was used to make an incision near the corneal limbus. The syringe needle of a
Hamilton micro injector was inserted into the anterior chamber through the corneal perforation. The plunger of the Hamilton syringe was slowly pushed to deliver
the EPO into the subretinal cavity. A successful subretinal injection would cause one or more retinal blebs on which retinal blood vessels were visible. (B) The retinal
EPO level of the treated group was significantly higher than the normal controls. The retinal EPO level of the treated group was also significantly higher than the
MNU group. The retinal EPO level of the Normal 4 EPO group was significantly higher than the normal controls (#p < .01 for differences compared between animal

groups; All the values were presented as mean + SD).

ERG recording

One week after MNU administration, the dark-adapted ani-
mals were anesthetized by an intraperitoneal injection of
ketamine (80mg/kg) and chlorpromazine (15mg/kg, Jilin
Shengda Animal Pharmaceutical Co., Ltd, China). Their pupils
were dilated with 1% atropine and 2.5% phenylephrine
hydrochloride (Xing Qi, Shenyang, China). Subsequently, they
were transferred to the recording platform under dim red
light. The top of the stage was fixed to the position where
the animal eye faced the stimulus flash at a 20 cm distance.
Their cornea was anesthetized with a drop of 0.5% proxyme-
tacaine. The RETIport system (Roland Consult, Brandenburg,
Germany) and custom-made chloride silver electrodes were
used in the ERG recording. A loop electrode was placed over
the cornea to serve as the active electrode. Needle reference
and ground electrodes were inserted respectively into the
cheek and tail. Scotopic ERGs were recorded at a stimulus
intensity of 0.5 log cd-s/m? with the inter-stimulus intervals
of 30s. Subsequently, the mice were light adapted for 10 min
at the background intensity of 30cd-s/m?. Photopic ERGs
were recorded at the stimulus intensity of 1.48 log cd-s/m?
with the inter-stimulus intervals of 0.4s. The band-pass (1 Hz-
300Hz) was used to amplify the recorded signals. The line
noise was wiped off by a 50-Hz notch filter. Totally 60 pho-
topic responses and 10 scotopic responses were collected
and averaged for wave analysis. The amplitude of b-wave
was defined as the distance between the trough and peak of
each waveform.

SD-OCT examination

After ERG recordings, the animals were transferred to the
recording plane of the SD-OCT system (Bioptigen, Durham,
NC) when they were still anesthetized. Their pupils were

dilated with 1 atropine and 2.5% phenylephrine hydrochlor-
ide (Xing Qi, Shenyang, China). A corresponding box was
centered on the Optic nerve head (ONH) with eight measure-
ment points separated by 3mm from each other. The
SD-OCT cross-sectional images were analyzed with the
InVivoVueTM DIVER version 2.4 software (Bioptigen, Inc.,
Morrisville, NC). The neural retinal thickness for examined
eyes was compared at each point by measuring the distance
from the vitreous face of the RGCs layer to the apical face of
the RPE layer.

Optokinetic testing

Light adapted visual acuity and contrast sensitivity of experi-
mental animals were measured using a two-alternative forced
choice paradigm as described previously (Umino et al., 2008).
Briefly, stepwise functions for correct responses in both the
clockwise and counter-clockwise direction were used to
determine the response thresholds. The initial stimulus in vis-
ual acuity measurements was set as 0.200 cyc/deg sinusoidal
pattern with a fixed 100% contrast. The initial pattern in con-
trast sensitivity measurements was set as 100% contrast, with
a fixed spatial frequency of 0.128 cyc/deg. Contrast sensitivity
was defined as 100 divided by the lowest percent contrast
yielding a threshold response. All patterns were presented
at a speed of 12 degrees/s with the mean luminance of
70 cd/m?. Visual acuities and contrast sensitivities of each
mouse were measured for four times over a period of 24 h.

Histology assessment and immunohistochemistry

The experimental animals were sacrificed and their eyecups
were enucleated. Their eyecups were immersed in a fixative
solution 4% paraformaldehyde (Dulbecco’s PBS; Mediatech,
Inc., Herndon, VA) for 24h. They were rinsed with PB
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(phosphate buffer), dehydrated in a graded ethanol series,
and embedded in paraffin wax. Five sections with the thick-
ness of 5um were cut vertically through the ONH of each
eye. The sections were stained with hematoxylin and eosin
(HE) and were evaluated by light microscopy. With the aid of
the Image-Pro Plus software (Media Cybernetics, Silver
Spring, MD), the adjacent thickness of the ONL was measured
along the vertically superior-inferior axis at 250 um intervals.
The mean ONL thickness of each mouse was averaged from
five sections. Then sections were rinsed in 0.01 M PBS, per-
meabilized in 0.3% Triton X-100, and blocked in 3% BSA for
1h at room temperature. The sections were incubated over-
night at 4°C with a Alexa Fluor 488 conjugated peanut
agglutinin (PNA, 1:200, L21409, Invitrogen, Carlsbad, CA), a
rabbit polyclonal S-cone opsin antibody or a M-cone opsin
antibody (1:400, Millipore, MA) that was diluted in 0.1%
Triton X-100 and 1% BSA in PBS. The sections were exten-
sively washed with PBS, and then incubated with Cy3-conju-
gated goat anti-rabbit IgG (1:400, 711-165-152, Jackson
ImmunoResearch Laboratories, West Grove, PA) that was
diluted in 0.01M PBS . The sections were rapidly rinsed for
five times with 0.01 M PBS, and then were covered with the
anti-fade Vectashield mounting medium (Vector Laboratories,
Burlingame, CA) for photographing. The Retinal whole
mounts were prepared according to the previously described
methods (Zhong et al, 2012). Briefly, the optic nerve bud
and its surrounded sclera were cut from the back of the eye-
cup. Soft touching and gentle pressing by forceps on the
sclera to help separate the whole neuroretinal layer from
the RPE layer. Fluorescence in flat mounts was analyzed with
the Zeiss LSM 510 META microscope (Zeiss, Thornwood, NY)
fitted with Axiovision Rel. version 4.6 software (Carl Zeiss
AGManufacturing company, Oberkochen, Germany). The
number of cones presents within four 440 x 440 um squares
which located 1 mm superior to the center of the optic nerve
was determined.

Quantification of superoxide dismutase (SOD) activity
and malondialdehyde (MDA) content

Three days post MNU administration, the animals were sacri-
ficed and their eyecups were enucleated. The retinal tissue
was added into the PBS containing 0.5% Triton X-100 (pH
7.4) and then was homogenized in ice cold by Grinders. The
retinal tissue was centrifuged at 500 x g for 5min at 4°C.
The suspension was assayed for protein content to normalize
enzyme activity and content of MDA. The SOD activity was
examined with the SOD Assay Kit-WST (Jiancheng Biotech
Ltd., Nanjing, China). A spectrophotometer with ultra-micro
cuvettes was used to measure the absorbance values. The
content of MDA was assessed using a total bile acids colori-
metric assay under the guidance of manufacturer’s instruc-
tions (Jiancheng Biotech Ltd., Nanjing, China).

Quantitative reverse transcription-polymerase chain

reaction (QRT-PCR)

Total RNA was extracted from pooled retinal patches with a
commercial reagent (Trizol, Gibco Inc, Grand Island, NY),

followed by cDNA synthesis using the uMACS DNA Synthesis
kit (Miltenyi Biotech GmbH, Bergisch-Gladbach, Germany). Ten
retinal patches from each animal group were prepared for
gRT-PCR examination. Totally 40 retinal patches were involved
in gRT-PCR examination. GAPDH was used as the internal
standard of mRNA expression. Reactions were performed in a
real-time CFX96 Touch PCR detection system (Bio-Rad
Laboratories, Reinach, Switzerland). The amplification program
consisted of polymerase activation at 95°C for 5min and 50
cycles of denaturation at 95 °C for 1 min, annealing and exten-
sion at 59°C for 30s. The primers used in qRT-PCR were: Bax:

5-AGCTCTGAACAGATCATGAAGACA-3’' (forward) and 5'-
CTCCATGTTGTTGTCCAGTTCATC-3’ (reverse); Bcl-2:5'-
GGACAACATCGCTCTGTGGATGA-3'  (forward) and 5-CA

GAGACAGCCAGGAGAAATCAA-3' (reverse); Caspase-3: 5-TGTC
GATGCAGCTAACC-3' (forward) and 5-GGCCTCCACTGGTATCT
TCTG3'- (reverse); Calpian-2: 5-CCCCAGTTCATTATTGGAGG3’
(forward) and 5'-GCCAGGATTTCCTCATTCAA-3’ (reverse); Foxo-
3. 5-CGGGATCCATGGCAGAGGCACCGGCTTC-3' (forward) and
5'-GCTCTAGATCAGCCTGGCACCCAGCTCTG-3’ (reverse). The
relative expression levels were normalized and quantified to
obtain the AACT values (DATA assist Software version 2.2;
Applied Biosystems, Foster City, CA).

Statistical analysis

The statistical difference between different animal groups was
processed using the ANOVA analysis followed by Bonferroni’s
post-hoc analysis. p <.05 was considered significant. The val-
ues are presented as mean * standard deviation (SD).

Results

Subretinal injection of EPO ameliorated the MNU-
induced visual impairments

The retinal EPO levels of different animal groups were ana-
lyzed by ELISA kit. The retinal EPO level of the EPO treated
group was significantly higher than the normal controls
(p<.01; n=10; Figure 1(B)). The retinal EPO level of the EPO
treated group was also significantly higher than the MNU
group (p <.01; n=10). Moreover, the retinal EPO level of the
Normal 4+ EPO group was significantly higher than the normal
controls (p <.01; n=10), suggesting that the subretinal injec-
tion could act as an effective pathway to enhance retinal
EPO level. Subsequently, the experimental animals were sub-
jected to the optokinetic tests one week after MNU adminis-
tration. Notably, the mice in the MNU group responded
extremely poor to stimulus: both the visual acuity and con-
trast sensitivity of MNU group were significantly lower than
the normal controls (p <.01; n=10; Figure 2(A)). On the
other hand, the optokinetic performances of the EPO treated
group were significantly better than the MNU group. Both
the visual acuity and contrast sensitivity of the EPO treated
group were both significantly larger than the MNU group
(p <.01; n=10). However, the visual acuity and contrast sen-
sitivity of the EPO treated group were significantly smaller
than the normal controls (visual acuity: p <.01; contrast sen-
sitivity: p <.05; n=10), suggesting the visual function of the
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Figure 2. (A) The visual acuity and contrast sensitivity of MNU group were significantly lower than the normal control group. The visual acuity and contrast sensitiv-
ity of the EPO treated group were both significantly larger than the MNU group. The visual acuity and contrast sensitivity of the EPO treated group were smaller
than the normal control group. Moreover, the visual acuity and contrast sensitivity of the Normal + EPO group were not significantly different from the normal con-
trol group. (B) The representative ERG wave forms of each animal group. The MNU administration induced severe impairments to the ERG function of the MNU
group. Both the photopic and scotopic b-waves were almost undetectable in the MNU group. (C) The photopic and scotopic b-wave amplitudes of the EPO treated
group were larger than the MNU group, respectively. The photopic and scotopic b-wave amplitudes of the Normal + EPO group were smaller than the normal con-
trol, but the differences were not statically significant (#p <.01, *p < .05, for differences compared between animal groups; All the values were presented as

mean + SD).

EPO treated mice were not rescued absolutely by EPO treat-
ment. Moreover, the visual acuity and contrast sensitivity of
the Normal + EPO group were not significantly different from
those of the Normal controls (p > .05; n=10) suggesting that
the EPO treatment did not affect the optokinetic

performances of normal mice. Furthermore, the experimental
animals were subjected to ERG examination. The representa-
tive ERG waveforms of each animal group are shown in the
Figure 2(B). As expected, the MNU toxicity-induced severe
impairments on the ERG function of the MNU group.
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Both the photopic and scotopic b-waves were almost
undetectable in the MNU group. Conversely, the EPO treated
mice exhibited significantly better ERG function: both the
photopic and scotopic b-wave amplitudes of the EPO treated
group were larger than the MNU group (p<.01; n=10,
Figure 2(C)). Moreover, the photopic and scotopic b-wave
amplitudes of the Normal 4+ EPO group were smaller than the
normal control, but the differences were not statically signifi-
cant (p>.05; n=10). Collectively, these findings suggested
the EPO treatment could ameliorate the MNU-induced visual
impairments without giving rise to obvious reverse effects.

Subretinal delivery of EPO alleviated the MNU-induced
morphological devastation

The SD-OCT examination was performed to assess the retinal
architecture of the experimental animals in vivo (Figure 3(A)).
The retinal architecture of the MNU group was severely dev-
astated by MNU administration. The mean retinal thickness
of the MNU group was significantly smaller than the normal
controls (p <.01; n=10). The mean retinal thickness of the
EPO treated group was also smaller than the normal controls
(p <.01; n=10). However, the mean retinal thickness of the
EPO treated group was significantly larger than the MNU
group (p <.01; n=10), indicating that the MNU-induced mor-
phological devastation was partly alleviated by EPO treat-
ment. Particularly, the retinal thickness of the Normal + EPO
group was not significantly different from the normal con-
trols (p >.05; n=10). No morphological alteration was found
in the retinas of Normal +EPO group, suggesting that EPO
would not cause pathophysiological changes in mice retinas.

(A)
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GCL RIS

MNU+EPO

MNU+EPO

In greater detail, the ONL thickness of retinal section
was quantified to evaluate the viability of photoreceptors
(Figure 3(B)). The ONL in the retinas of the MNU group disap-
peared after MNU administration. Conversely, a large propor-
tion of ONL was retained in the retinas of EPO treated group.
The mean ONL thickness of the EPO group was significantly
smaller than the normal controls (p <.01; n=10). However, it
was significantly larger than the MNU group (p <.01; n=10),
suggesting the photoreceptors were effectively rescued
by EPO. Additionally, the mean ONL thickness of the
Normal + EPO group was not significantly different from the
normal controls (p >.05; n=10).

EPO-induced protection on the cone photoreceptors of
MNU administered mice

Typically, rods account for the majority of photoreceptor
populations in murine retinas (~97%). The ONL should be
considered as an indicator of rods viability (Szel et al., 1996).
Consequently, we performed immunostaining experiments to
verify the viability of cones in both retinal sections and
whole mounts (Figure 4). In the normal control group, typical
PNA staining was detected at the outer segments of retinal
sections. Conversely, no PNA staining was found in the retina
sections of the MNU group. The PNA staining could also be
detected at the outer segments of the EPO treated group.
The PNA staining result from the retinal whole mounts were
consistent with that from the retinal sections. The PNA stain-
ing density of the MNU group was smaller than the normal
controls (p <.01; n=10). On the other hand, the PNA stain-
ing density of the EPO treated group was significantly larger
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Figure 3. (A) The SD-OCT examination suggested the retinal architecture of MNU group was significantly devastated by MNU administration. The retinal thickness
of MNU group was significantly smaller than the normal controls. The retinal thickness of the EPO treated group was smaller than the normal controls. However,
the retinal thickness of the EPO treated group was larger than that in the MNU group. The retinal thickness of the normal + EPO group was not significantly differ-
ent from the normal controls. (B) The ONL of the MNU group disappeared after MNU administration. Conversely, a large proportion of ONL was retained in the reti-
nas of EPO treated group. The mean ONL thickness of the EPO treated group was significantly smaller than the normal controls. However, the mean ONL thickness
of the EPO treated group was significantly larger than the MNU group. The mean ONL thickness of the Normal -+ EPO group was not significantly different from the
normal controls (#p < .01, for differences compared between animal groups; all the values were presented as mean + SD; ONL: outer nuclear layer; OPL: outer plexi-
form layer; INL: inner nuclear layer; IPL: inner plexiform layer; GCL: ganglion cell layer).
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Figure 4. The typical PNA staining was detected in the retinal sections of normal control group. Conversely, no PNA staining was found in the retina sections of
the MNU group. The PNA staining could also be detected at the outer segments of EPO treated group. The staining results from the whole mounts agreed well
with those from the retinal sections. The PNA staining density of the MNU group was smaller than the normal controls. On the other hand, the PNA staining density
of the EPO treated group was significantly larger than the MNU group (#p < .01, for differences compared between animal groups; all the values were presented as

mean + SD).

than the MNU group (p <.01; n=10). On closer inspection,
the M-opsin and S-opsin staining were both detected
throughout the retinal section of the EPO treated group,
although with a decayed intensity than the normal controls
(Figure 5(A)). Conversely, no M-opsin or S-opsin staining was
found in the retinal section of the MNU group. The immu-
nostaining study based on retinal whole mounts also sug-
gested a significant proportion of M-opsin and S-opsin
staining was retained in the EPO treated mice.

The mechanisms underlying the EPO-induced protection

The retinal MDA concentration of the MNU group was signifi-
cantly higher than the normal controls (p <.01; n=10; Figure
5(B)), suggesting the MNU toxicity-induced excessive lipid
oxidation in retinas. However, the retinal MDA concentration
of the EPO treated group was significantly lower than the
MNU group (p<.01; n=10), suggesting that the MNU-
induced oxygen stress was alleviated by EPO treatment.
Additionally, the retinal MDA concentration of Normal + EPO
group was not significantly different from normal controls
(p > .05; n=10). Subsequently, we examined the SOD level in
the retinas of experimental animals. The retinal SOD level of
the MNU group was significantly lower than the normal con-
trols (p <.01; n=10). Meanwhile, the retinal SOD level of
EPO treated group was significantly higher than the MNU
group (p<.01; n=10), indicating that EPO bolstered the
endogenous anti-oxidation system of mouse retinas.
Furthermore, the retinal mRNA levels of several classic apop-
totic factors were examined by gRT-PCR tests (Figure 6). The
retinal mRNA levels of Bax, Caspase-3, Bcl-2, and Calpian-2 in
the MNU group were significantly higher than the normal
controls (p <.01; n=10), suggesting that the apoptotic cas-
cades were activated by MNU administration. On the other
hand, the mRNA levels of Bax, Caspase-3, and Calpian-2 in
the EPO treated group were significant lower than the MNU
group (Bax: p<.05; Calpian-2: p <.05; Caspase-3: p<.01;
n=10). Additionally, the mRNA level of Bcl-2 and Foxo3 in
the EPO treated group was significantly higher than the MNU
group (Bcl-2: p <.05; Foxo3: p<.01; n=10), suggesting the
anti-apoptotic mechanisms correlated with the EPO mediated
protection.

Discussion

In the past decades, more than 180 primary gene mutations
have been identified to initiate photoreceptor degeneration
in RP. In view of the enormous genetic heterogeneity, a gen-
erally applicable treatment would be desirable to halt the
progressive photoreceptor loss in a mutation-independent
manner (Rivas & Vecino, 2009; Kruk et al., 2015; Geneva ll,
2016). EPO is a hematopoietic cytokine that stimulates the
proliferation, differentiation, and survival of erythroid pro-
genitor cells. Beyond its well-established hormonal role in
modulating erythropoiesis, EPO also functions as an exogen-
ous neuroprotectant against ischemic, toxic, and traumatic
insults (Maiese et al., 2004; Juul et al., 2015; Luo et al., 2015).
Herein, the subretinal delivery of EPO alleviates photorecep-
tor degeneration in the MNU administered mouse.
Mouse exposed to MNU toxicity has been used as a model
to evaluate the beneficial effects of various therapeutic
candidates (Tsubura et al., 2010). The MNU administration
induces massive photoreceptor degeneration with rapid
degenerative dynamics. However, both these morphological
devastations and visual functional impairments are amelio-
rated by EPO treatment. Mechanism studies suggest that
these beneficial effects should be ascribed to the anti-apop-
tosis and anti-oxidative prosperities of EPO. Taken together,
our findings highlight the opportunity to develop the EPO
into a mutation-independent therapy against RP.

Generally, the systemic administration of EPO would result
in the unwanted hematocrit elevation which further exacer-
bates angiogenesis and thrombosis (Ehrenreich et al., 2009).
Moreover, chronic systemic administration of EPO leads to
the generation of anti-EPO antibodies and the decreased
level of EPO receptors on cellular surface (Maiese et al,
2004). Therefore, we choose the subretinal injection as the
delivery pathway of EPO to minimize the unwanted side
effects. The subretinal cavity, which located between the RPE
cells and the outer segments of photoreceptors, can be effi-
ciently targeted by therapeutic molecular (Pang et al., 2011).
The subretinal injection is as a stable, practical, and effective
route to delivery reagents in ophthalmologic practice
(Timmers et al., 2001; Nour et al., 2003). Herein, we show the
subretinal injection of EPO would not give rise to serious
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Figure 5. (A) Both the M-opsin and S-opsin staining were detected throughout the retinal section of the EPO treated group, although with a decayed intensity
compared with normal control group. Conversely, no M-opsin or S-opsin staining was detected in the retinal section of the MNU group. The immunostaining work
based on retinal whole mounts showed a proportion of M-opsin and S-opsin staining was retained in the EPO treated mice. (B) The retinal MDA concentration of
the MNU group was significantly higher than the normal controls. The retinal MDA concentration of the EPO treated group was significantly lower than the MNU
group. The retinal MDA concentration of Normal + EPO group was not different significantly from normal controls. Meanwhile, the retinal SOD level of EPO treated
group was significantly higher than the MNU group (#p < .01, for differences compared between animal groups; all the values were presented as mean + SD).

detrimental effects on photoreceptor viability. Typically, EPO
has a pharmacokinetic profile with faster clearance, which is
favorable for episodic intraocular injection (Zhang et al.,
2008). A single intravitreal EPO injection in patients with DR
is proven to be innocuous. Although future clinical investiga-
tions are necessary to analyze potential risks of exogenous
EPO in RP patients, our initial evidences suggest the subreti-
nal delivery of EPO could act as a feasible therapeutic strat-
egy. As an invasive delivery method, the subretinal injection
would cause transient retinal detachment that yields ERG
impairments in subjects. However, the neuroretina layer and
RPE layer could reattach within several days post-injection
(Nour et al,, 2003; Qi et al, 2015). In this study, the b-wave
amplitudes of the EPO treated group were still significantly
smaller than the normal control group one week after injec-
tion. These results suggest that the EPO is not potent
enough to eliminate completely the MNU related visual func-
tional impairments and induce a full protection. Moreover,
the injection related damages might be the secondary reason
for the decreased b-wave amplitudes of the EPO treated
group than the normal controls.

Immunostaining experiments allow us to dissect the EPO-
induced protective effects on the cone photoreceptors.
Generally, the cone photoreceptors are innocent in the RP
etiology since all the primary causative mutations occur in
the rod-related genes (Shintani et al, 2009). Why the rod-
related mutations lose their specificity and lead to the sec-
ondary cone death have not been determined yet. A pioneer-
ing study shows that the RP animals which are treated with
insulin have prolonged cone survival, whereas depletion of
endogenous insulin has the opposite effect. These data sug-
gest that the non-autonomous cone death in RP should, at
least in part, be a result of the starvation of cones (Punzo
et al,, 2009). Inasmuch as the cones are primarily responsible
for photopic and color vision in human, rescuing cone photo-
receptor is recognized as a pivotal component of any suc-
cessful therapy for RP. As long as the cone photoreceptors
are saved by neuroprotectant, RP patients might function
well under bright circumstance and carry on relatively normal
lives despite the primary rods loss (Mowat et al.,, 2017). We
report for the first time that both the M-cone and S-cone
populations in the EPO treated mice are efficiently preserved.



DRUG DELIVERY 1281

Bax BCI'Z
* *
8 r 1 #
& ' £ ) 7 6 s * *
E # * * g‘ r 1T 1T 1
i1 T . {
] -
5. t
: 1
g .
3 2 g
A= Al |
=
¥ I P €S & S
&S & & &
&
Caspase-3 Calpian-2 Foxo3
# “ #
——
s e ' # ul
e Sy i S P S — B
8 = r 1T 1T 1 < r 17 1T 1
£ g4 = £ 44
: 1 T : i
g 2 g
4 T &=
% %4_ %
: 1
= 5 < =
< < s I__LI
Al W | m oz mm :l I FAl
¢ & &£ & ® S &£ & & S &L L
& ¥ & & & ®

Figure 6. The retinal mRNA levels of Bax, Caspase-3, Bcl-2, and Calpian-2 in the MNU group were significantly higher than the normal controls. On the other hand,
the mRNA levels of Bax, Caspase-3, and Calpian-2 in the EPO treated group were significant lower than the MNU group. Additionally, the mRNA level of Bcl-2 and
Foxo3 in the EPO treated group was significantly higher than the MNU group, suggesting the anti-apoptotic mechanism contributed to the EPO mediated protec-
tion (*p < .01, *p < .05, for differences compared between animal groups; all the values were presented as mean + SD).

Typically, there are two types of cone photoreceptors in mice
retinas, with M-cones having a green-sensitive pigment, and
S-cones having an ultraviolet (UV)-sensitive pigment. Unlike
human retina, in which the cones are exclusively segregated
in the central macula (fovea), the cone populations in mice
retinas have distinctive regional distribution patterns: S-cones
are mainly distributed in the inferior hemisphere, particular
the nasal-inferior quadrant; M-cones are mainly distributed in
superior hemisphere (Szél et al., 1992; Applebury et al., 2000).
Advantageously, the immunostaining experiments based on
retinal whole mounts could afford a comprehensive assess-
ment of the of cones viability in different locations. The
results harvested from retinal whole mounts are consistent
with that form the retinal sections.

Admittedly, the etiology of the MNU-induced photorecep-
tor degeneration is different from what occurs in RP patients,
although the pathologies are somewhat similar. The MNU-
induced photoreceptor degeneration is rapidly progressing.
However, the RP is a relatively chronic retinopathy in human
patients. Therefore, the progression rate should be consid-
ered as an instinctive disadvantage of the MNU-induced
models, because it deviates somewhat from the natural his-
tory of RP. Moreover, the observation that cones are also
killed by MNU toxicity does not correspond to cone degener-
ation in RP patients, since the demise of this population
occurs in a secondary wave after rod death. A higher

susceptibility of the rod photoreceptors to MNU has been
reported in arvicanthis and zebrafish which are both cone-
dominant species (Boudard et al, 2010; Tappeiner et al.,
2013; Maurer et al., 2014). Therefore, it is highly possible that
the cone photoreceptors might be rather protected from the
MNU effects than saved by the EPO. Accordingly, a cone-
dominant animal model (e.g. Nrl-/- mouse) would be more
suitable to study the EPO mediated effects on cone photore-
ceptors. These discrepancies and limitations of the MNU-
induced animal models are crucial to study the EPO medi-
ated effects on cone photoreceptors.

Several lines of evidences suggest the oxidative stress
plays a critical role in photoreceptor degeneration (Nowak,
2013; Kruk et al., 2015). As indicated by the elevated MDA
concentration, the MNU toxicity results in excessive polyun-
saturated lipid peroxidation which would be detrimental to
retinal homeostasis. However, the EPO treatment mitigates
the MDA concentration while enhances the retinal SOD activ-
ity in MNU administered mouse. These findings suggest the
EPO ameliorates the retinal oxidative stress in MNU adminis-
tered mouse (Shen et al., 2014). Typically, Muller cells are the
dominating macroglial cells of the vertebrate retina. Muller
cells of MNU-treated mice are reactive and respond with a
form of gliosis which is characterized by cellular hypertrophy
(Reisenhofer et al., 2016). Given the glia cells are the main
cellular source of retinal endogenous antioxidants, such as
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SOD, the activated Miiller cell might respond to the MNU
impact by increasing their SOD even without the EPO treat-
ment. Therefore, future works should aim at investigating the
Muller cell responses and possibly link these activities with
the protective effects against retinal degenerations.

Bcl-2 family proteins play important roles in governing the
classic apoptotic signal pathway (Levy & Claxton, 2017). They
would respond to detrimental stimuli and modulate the
release of apoptotic factors. In this context, the retinal neu-
rons might respond to the MNU challenges via an intrinsic
adaptive mechanism. It has been shown that the MNU
administration increases the expressions of Bcl-2 family pro-
teins (Bcl-xL) in the rat retina (Gao et al., 2010). These results
agree well with our findings: the expression level of Bcl-2
increases significantly in the retinas of MNU administered
mice. Furthermore, several lines of evidences suggest the
over-expression of Bcl-2 causes a long-term inhibition of
photoreceptor apoptosis in RP animal models (Eversole-Cire
et al,, 2000; Nir et al.,, 2000). In this study, the EPO treatment
up-regulates the Bcl-2 expressions in the MNU administered
mice, thereby promoting the photoreceptor survival. In the
Sprague-Dawley rats, EPO enhanced the expressions of Bcl-xL
in retinal neurons through the extracellular signal regulated
Kinase (ERK) and Akt pathways (Shen et al., 2010). Whether
these mechanisms hold true in the MNU administered mouse
remained to be explored by further study. Given the key role
of Bcl-2 in maintaining the apoptotic equilibrium, it is highly
possible that the expression levels of other apoptotic factors
might be also affected by EPO treatment. This notion if fur-
ther reinforced by the fact that the expression levels of Bax
and Caspase-3, two critical pro-apoptotic factors, are both
down-regulated after EPO treatment. Collectively, these find-
ings suggest the EPO can rectify the abnormalities in apop-
totic cascades. Excessive activation of apoptotic cascades is
considered as a forward feeding loop in the photoreceptor
degeneration. In this context, a single therapeutic agent with
impressive anti-apoptotic attributes has advantageous poten-
tials to combat with heterogeneous RP phenotypes.
Particularly, the EPO therapy could reduce the expression
level of Calpain-2, a calcium dependent cysteine protease
which plays a significant role in photoreceptor degeneration
(Paquet-Durand et al., 2007). Calpain activation would sup-
press the basal autophagy which functions as an essential
survival mechanism by producing energy from the break-
down of deleterious products and organelle (Zhou et al,
2015). In contrast, Calpain inhibition could promote
photoreceptor survival by restoring basal autophagy (Paquet-
Durand et al., 2006; Kuro et al., 2011). Therefore, the EPO-
induced may restore Basal autophagy in the mouse retina via
inhibiting the Calpain-2 expression. Foxo transcription factor
plays a role in cell proliferation and survival by regulating
multiple cellular activities including cell cycle arrest, DNA
repair, and apoptosis (Myatt & Lam, 2007). Moreover, Foxo is
a known regulator of anti-oxidant response and is crucial for
maintaining cellular homeostasis. The activation of Foxo tran-
scription factor would alleviate oxidative stress by the induc-
tion of antioxidant enzymes, such as catalase and manganese
SOD (Ponugoti et al., 2012). A pioneering study suggests the
Foxo3 is required for RPE survival at baseline and is also

indispensable for the antioxidant-mediated protection (Hanus
et al,, 2015). Additionally Foxo3 activation can maintain auto-
phagic activities which are essential for photoreceptor sur-
vival (Zhou et al., 2015; Shin et al,, 2016). Herein, we found
the expression level of Foxo is closely associated with the
EPO-induced protection, verifying its beneficial role in photo-
receptor rescue. Taken together, these findings suggest sev-
eral mechanisms work concomitantly in the EPO-induced
protection.In summary, we show that the subretinal injection
could act as an efficient delivery pathway for EPO. This thera-
peutic strategy could alleviate the MNU-induced photorecep-
tor degeneration without obvious detrimental effects. The
anti-oxidative and anti-apoptotic mechanisms work concomi-
tantly to mediate the EPO-induced protection. These findings
would enrich our pharmacological knowledge about EPO and
shed light on the development of an effective therapy
against RP.
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