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Abstract
The primary objectives of this study were to determine if erythropoietin (EPO) is neuroprotective to
the photoreceptors in the retinal degeneration slow (rds) mouse in the absence of an increase in
hematocrit and to determine if deglycosylated EPO (DEPO) is less neuroprotective. We performed
subretinal injections of 10U EPO, DEPO or hyperglycosylated EPO (HEPO) in postnatal day 7 rds
mice. Whole eye EPO levels were quantified by ELISA at specified time points post-injection.
TUNEL analysis, hematocrit, and immunohistochemistry were performed at postnatal day 20. Half
of the amount of EPO measured immediately after injection was detected less than one hour later.
Twenty four hours later, EPO levels were 1000 times lower than the amount originally detected.
Uninjected rds mice contained 36±2 TUNEL-positive cells/mm retina and PBS injected mice
contained 17±3 TUNEL-positive cells/mm retina. EPO, DEPO, and HEPO treated rds retinas
contained 5±2, 9±2, and 3±1 TUNEL-positive cells/mm retina, respectively. The hematocrit was
43% in control and 41% in treated rds mice Previous studies have shown neuroprotection of the
retina by treatment with as little as 24–39mU EPO/mg total protein in the eye. In this study, we
detected 40mU/mg EPO in the eye 11 hours after injecti on of 10U EPO. Treatment with all forms
of EPO tested was neuroprotective to the photoreceptors without a concomitant increase in
hematocrit.
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1. Introduction
Retinitis pigmentosa is a group of inherited retinal degenerations caused by mutations in any
of over 190 genes (RetNet, 1996–2009). One of these causative genes is peripherin/rds, which
encodes a structural protein located at the rims of the photoreceptor outer segment discs
(Connell et al., 1991). The retinal degeneration slow (rds) mouse contains a 10kb insertion in
the middle of the peripherin/rds gene (van Nie et al., 1978; Travis et al., 1989). These mice
form shortened, abnormal outer segments, and they do not exhibit a recordable
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electroretinogram. The photoreceptors progressively die, with the peak of apoptotic cell death
at postnatal day 20 (PD20) (Sanyal et al., 1980; Chang et al., 1993).

Due to the complex genetics of retinitis pigmentosa, a general neuroprotective strategy is
attractive. Erythropoietin (EPO), a member of the type 1 cytokine superfamily, is produced
and secreted primarily by the adult kidney and its main function is to increase the hematocrit
under hypoxic conditions. EPO activates erythropoiesis by binding to the EPO receptor,
inducing EPO receptor homodimerization and activation of a signal transduction cascade. More
recently, EPO and its receptor were found in some non-hematopoietic tissues, including the
eye (Grimm et al., 2002). The EPO receptor was localized to the photoreceptor inner segments
and synaptic terminals and to the inner nuclear layer. Exogenous EPO blocks apoptosis in
multiple models of neuronal cell death (for review see (Gassmann et al., 2003)). Direct delivery
of EPO into the eye protects the retinal ganglion cells from death (Kretz et al., 2005; King et
al., 2007; Zhong et al., 2007), protects both retinal vascular and neuronal cells in a model of
diabetic retinopathy (Zhang et al., 2008), and protects photoreceptors from photo-oxidative
stress induced cell death (Grimm et al., 2002; Grimm et al., 2004).

Previously, we showed that treatment with a recombinant adeno-associated virus carrying Epo
(rAAV.Epo) prevents photoreceptor cell death in the rds mouse and the light-damaged rat
(Rex et al., 2004). However, rescue was only attained with systemic administration, which also
induced an increase in hematocrit. In this study, we treated the retina directly with EPO to
determine if neuroprotection by intramuscular delivery of rAAV.Epo was due to EPO itself,
or to the concomitant increase in hematocrit.

In our previous study, we transduced the retinal pigment epithelium and photoreceptors with
rAAV.Epo, and detected 1257mU/ml EPO in the vitreous (Rex et al., 2004). However, there
was no neuroprotection. Since the retina is a highly metabolically active tissue and EPO is a
heavily glycosylated protein, we hypothesized that the EPO over-produced in the retina was
under-glycosylated and therefore, was unable to block photoreceptor cell death. Mammary
gland transduced with adenovirus.Epo produces high levels of EPO that is underglycosylated
and unable to activate the EPO receptor homodimer to induce erythropoiesis (Toledo et al.,
2006). Further, others have deglycosylated EPO and shown decreased secretion and biological
activity as compared to equal amounts of EPO (Dordal et al., 1984; Dube et al., 1988; Delorme
et al., 1992). To test whether glycosylation of EPO affects its ability to protect the
photoreceptors, we treated rds mice with EPO, deglycosylated EPO (DEPO), and
hyperglycosylated EPO (HEPO).

Our results show that EPO protects the photoreceptors of the rds mouse without a change in
hematocrit. Therefore, EPO itself is neuroprotective in this model of retinal degeneration.
DEPO and HEPO also blocked photoreceptor cell death, indicating that the lack of
neuroprotection seen in our previous intraocular gene therapy study was not due to
underglycosylation of EPO.

2. Materials and methods
2.1 EPO preparation

EPO (a.k.a. Procrit; Ortho Biotech, Bridgewater, N.J.) and HEPO (a.k.a. Aranesp; Ortho
Biotech, Bridgewater, N.J.) were concentrated 10-fold separately using 30kD MWCO/NMWL
Microcon filters (Millipore Corp., Bedford, MA) to 10U/μL (based on a 1μg to 800U
conversion for HEPO). DEPO was generated by the removal of sugar residues from EPO using
the CarboRelease Kit (QA-Bio, Palm Desert, CA) according to manufacturer’s protocol.
Successful deglycosylation of EPO was confirmed by Western blot analysis. Equal amounts
of concentrated protein were loaded onto a 15% non-reducing Tris-glycine gel, transferred
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onto nitrocellulose, and probed with mouse anti-human EPO (1:1000; MAB2871, R&D
Systems, Minneapolis, MN). The bands were detected by labeling with goat anti-mouse
horseradish peroxidase (1:10,000; Invitrogen, Carlsbad, CA) and ECL Western blotting
substrate (Pierce, Rockford, IL). The bands were imaged on a Kodak 4000MM imaging station
(Carestream, New Haven, CT).

2.2 Injections
At PD7, rds mice were anesthetized by hypothermia. The eyelids were gently separated with
fine forceps; the globe was punctured with a 30 gauge needle just posterior to the ora serrata;
and a 10μl, 30 gauge Hamilton syringe was used to deliver 1μL (10U) of EPO, DEPO, or HEPO
into the subretinal space. This dose was chosen because successful neuroprotection of retinal
ganglion cells was demonstrated using a single administration of this dose (King et al.,
2007). Additional rds mice were left uninjected, or were injected with PBS as negative controls.
Dilute rAAV containing the transgene, enhanced green fluorescent protein, (rAAV.eGFP), was
included in all injections to confirm a successful subretinal injection. Subretinal, but not
intravitreal injections of rAAV.eGFP result in transduction of the retinal pigment epithelium
and production of EGFP in these cells. At PD20, the mice were euthanized and the eyes were
enucleated and processed for histological analysis. The hematocrit was determined by capillary
centrifugation, and standard deviation was calculated. All experimental procedures were
conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research and were approved by the Institutional Animal Care and Use Committee at
the University Tennessee Health Science Center.

2.3 EPO Enzyme-Linked Immuno-Sorbant Analysis (ELISA)
At 0, 15min, 30min, 1h, 3h, 6h, 15h, 24h, 30h, and 40h post-EPO injection, eyes were harvested,
homogenized and sonicated in 200μl of sample diluent. Since EPO is a secreted protein, the
entire eye was used for analysis to minimize loss of EPO during dissection. At PD 7 (age of
injection) the lens is not completely developed, so homogenization and isolation of the
supernatant is not a problem. The supernatants were assayed in duplicate using the Quantikine
human erythropoietin ELISA according to manufacturer’s protocol (R&D Systems,
Minneapolis, MN). The absorbance was detected on a BioTek plate reader (Winooski, VT). A
minimum of four eyes were analyzed at each time point. Total eye protein content was
determined using the BCA kit (Pierce; Rockford, IL).

2.4 Histological Analysis
Eyes were incubated overnight in 4% paraformaldehyde in 0.1 M sodium phosphate buffer,
pH 7.4, cryopreserved in 30% sucrose in phosphate buffered saline (PBS) overnight at 4°C,
and embedded in Tissue Freezing Medium (Triangle Biomedical Sciences, Durham, NC). Eyes
were serially sectioned on a LEICA CM1800 cryostat. Ten micron-thick sections were
collected such that each slide contained approximately 20 sections representative of the entire
eye.

2.5 Terminal transferase dUTP Nick-End Labeling (TUNEL)
The Apoptag in situ cell death detection kit (Millipore, Temecula, CA) was used according to
manufacture’s protocol on representative sections of treated and control retinas. Mounting
media containing 4′,6-diamidino-2-phenylindole (DAPI) was used on all slides in order to
image the nuclei. TUNEL- positive cells were imaged using a Nikon Eclipse 80i fluorescence
microscope and DXM1200C camera (Nikon, Japan). Only eyes in which the retinal pigment
epithelium fluoresced green due to the presence of EGFP were analyzed. This assured that we
only analyzed retinas that received a subretinal injection since all mice were co-injected with
rAAV.eGFP and it only transduces the retinal pigment epithelium when injected into the
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subretinal space. The TUNEL-positive nuclei in the outer nuclear layer of each retina section
analyzed were counted and divided by the length of the retina sections analyzed using NIS
Elements software (Nikon, Japan). The status of each sample was unknown until after
quantification was performed. The p value for each condition as compared to PBS-treated or
EPO-treated was determined using one-way ANOVA and the Newman-Keuls multiple
comparison test.

2.6 Immunohistochemistry
Sections were incubated in phosphate buffered saline (PBS), then blocked in 20% normal
donkey serum in PBS containing 0.1% Triton-X-100 and 0.5% BSA (PBT) and for a minimum
of two hours at room temperature. Polyclonal, anti-glial fibrillary acidic protein (GFAP, Dako,
Carpinteria, CA) was diluted 1:400 in PBT. Sections were incubated in primary antibody at 4°
C overnight in a humidified chamber, then rinsed with PBS and incubated in secondary
antibody (Alexa 564, 1:200, Invitrogen, Carlsbad, CA) for two hours at room temperature.
After a final rinse in PBS sections were mounted with Vectashield containing DAPI (Vector
Labs, Burlingame, CA) and viewed on a Nikon Eclipse 80i fluorescence microscope and a
DXM1200C camera (Nikon, Japan).

3. Results
3.1 Confirmation of EPO deglycosylation, accurate subretinal injections, and no alteration
in hematocrit levels

We confirmed successful removal of sugar groups from EPO by Western Blot analysis (Figure
1A). DEPO was detected at a lower molecular weight than EPO, and HEPO was detected at a
higher molecular weight than EPO. Either proteins or buffer was injected, separately, into the
subretinal space of rds mice. To confirm that the injections were subretinal and not intravitreal,
rAAV.eGFP was included in each injection. rAAV.eGFP only transduces the retinal pigment
epithelium when it is injected into the subretinal space, as seen by EGFP fluorescence (Figure
1B). Only eyes that exhibited EGFP fluorescence in the retinal pigment epithelium were used
for TUNEL analysis. There was no difference in the hematocrit of treated and untreated rds
mice. The hematocrit was 43% (± 7, n=12) in untreated rds mice, and 41% (± 2, n=4) in EPO
treated rds mice.

3.2 EPO is rapidly cleared from the eye
To determine the half-life of EPO in the eye, we measured EPO immediately after a single
intraocular injection of 10U EPO into PD7 rds mice, and at specified time points post-injection
(Figure 2A). At time zero, 5122±504mU EPO/mg total protein (n=4) was detected. EPO levels
were 3720±238mU/mg (n=4) at 15 min, 3260±205mU/mg (n=4) at 30min, 2172±62mU/mg
(n=4) at 1hr, and 1445±155 mU/mg (n=4) at 3hrs post–injection.

To determine when therapeutic levels of EPO were attained in the retina, we quantified EPO
at later time points post-injection (Figure 2B). We detected 99±20 mU/mg EPO 6hrs post-
injection (n=11 eyes), 18±3.0mU/mg EPO 14hrs post-injection (n=8), 6.0±2.8mU/mg EPO
24hrs post-injection (n=9), 3.3±0.5mU/mg EPO 30hrs post-injection (n=6), and 1.9±0.8mU/
mg EPO 36hrs post-injection (n=6). The rate of decrease tapered off after the 6hr time point
(Figure 2B). We did not measure EPO levels after 36hrs as we were nearing the detection limit
of the EPO ELISA. The lower detection limit of the EPO ELISA is 2.5mU/ml, and at 36hrs
we detected an average of 6mU/ml.
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3.3 Apoptotic cell death and neuroprotection by EPO, DEPO, and HEPO
TUNEL-positive cells were located in all regions of the retina in untreated rds mice (Figure
3A–C). In treated rds mice, fewer TUNEL positive cells were detected throughout the retina
(Figure 3D–F). There was no obvious difference in the number of TUNEL-positive cells in the
injected area (i.e. EGFP-positive RPE) and uninjected areas (Figure 3D–I).

No TUNEL-positive photoreceptors were detected in age-matched (PD20) wild-type retina
(Figure 4A). The number of TUNEL-positive cells in treated and untreated rds mice were
quantified per mm retina in representative sections throughout the eye (Figure 5). TUNEL was
performed on retina sections of rds mice at different ages to determine the peak of apoptotic
cell death and the endpoint for the rest of the study. The number of TUNEL-positive cells/mm
retina progressively increased until PD20 (Figure 5 inset). At PD23 only five cells per mm
retina were TUNEL-positive.

Untreated retinas of PD20 rds mice had 36±2 (n=10) TUNEL-positive cells/mm retina (Figure
4B, Figure 5) and PBS treated retinas from PD20 rds mice had 17±3 (n=6) TUNEL-positive
cells/mm retina (Figure 4C, Figure 5). In contrast, EPO treated retinas had 2±0.6 (n=8)
TUNEL-positive cells/mm retina (Figure 4D, Figure 5). HEPO treated retinas had 3±1 (n=5)
TUNEL-positive cells/mm retina (Figure 4E, Figure 5). DEPO treated retinas had 7±0.8 (n=9)
TUNEL-positive cells/mm retina (Figure 4F, Figure 5). When treatment groups were compared
to the PBS-injection control group, the p values were: p<0.001 for EPO, HEPO, and DEPO.
There was no statistically significant difference between the EPO treatment group and either
the HEPO or DEPO treatment groups (p> 0.05).

3.4 GFAP immunolabeling is diminished in EPO treated rds retinas
In the normal retina, GFAP immunolabeling was only detectable in the end feet of the Müller
cells (Figure 5A). In the rds mouse retina, GFAP immunolabeling was increased (Figure 5B)
as the Müller cells became reactive. GFAP labeling was detected in processes extending into
the outer nuclear layer. In retinas treated with EPO, the amount of GFAP immunolabeling was
decreased to near normal levels, most of the labeling being constrained to the endfeet of the
Müller cells (Figure 5C).

4. Discussion
In this study we have demonstrated histological rescue of photoreceptors in rds mice following
direct administration of EPO into the subretinal space. This rescue was detected in the absence
of an increase in the hematocrit. While we did not assess vascular alterations in the retina after
intraocular delivery of EPO, Zhang et al., 2008 reported that there was no effect on the retinal
vasculature after intraocular injection of EPO (Zhang et al., 2008). Therefore, the protection
of photoreceptors is likely due to a direct effect of EPO on the retina. And, the protection that
was detected in our previous study in the rds mouse and the light damaged rat by systemic
gene delivery of rAAV.Epo (Rex et al., 2004) was also most likely due to a direct
neuroprotective effect of EPO on the retina. This is further supported by studies that show: 1)
EPO crosses the blood brain barrier at a similar rate as albumin (Banks et al., 2004; Xenocostas
et al., 2005; Statler et al., 2007); 2) the blood brain barrier and the inner and outer blood retina
barriers are very similar in terms of their barrier characteristics (Steuer et al., 2005); and 3)
that the EPO receptor(Grimm et al., 2002) is located on the photoreceptor inner segments.
Some protection was also detected after PBS injection, this was likely due to the release of
endogenous factors including bFGF and CNTF (Cao et al., 1997). The protection by treatment
with EPO, DEPO and HEPO was statistically significantly higher than the protection by PBS
injection alone.
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Glycosylation of EPO is necessary for erythropoiesis in vivo, but is not necessary for
neuroprotection of the photoreceptors by subretinal injection. DEPO is less biologically active
(i.e. erythropoietic) than EPO in vivo, some deglycosylated forms of EPO have no biological
activity (Dordal et al., 1984; Dube et al., 1988; Delorme et al., 1992). However, DEPO has a
higher affinity for the EPO receptor than does EPO due to lack of steric hinderance from the
carboydrate groups (Elliott et al., 2004). The reasons for decreased in vivo biological activity
are a lack of secretion from the EPO producing cells and/or more rapid clearance of DEPO
from the body via the liver (Dordal et al., 1984; Dube et al., 1988; Delorme et al., 1992; Elliott
et al., 2004). In contrast, we found that DEPO and EPO were equally neuroprotective to the
photoreceptors after intraocular delivery. Since they were delivered exogenously, secretion
was not an issue. The difference, then, could lie in the EPO clearance mechanisms in the eye
versus the liver. It is possible that DEPO is not cleared from the eye more rapidly than EPO.
Despite a rapid loss of EPO from the eye after injection, EPO was neuroprotective. If DEPO
is not cleared much more rapidly than EPO, it should not be surprising that it was
neuroprotective since it is able to bind and activate the EPO receptor with a higher affinity than
EPO.

In our previous paper, intraocular delivery of rAAV.Epo in the rat produced up to 1257mU/
ml EPO in the vitreous (Rex et al., 2004). Mouse vitreous is too small to sample, so the value
in the transduced mouse eye is unknown. Since high levels of EPO were detected in the vitreous,
there was no significant problem with secretion, as has been reported to occur with certain
deglycosylated forms of EPO (Dordal et al., 1984; Dube et al., 1988; Delorme et al., 1992).
Based on the results of the current study, this secreted EPO should have been neuroprotective
whether or not it was underglycosylated. However, no neuroprotection was detected. This may
be due to production of EPO at levels above the neuroprotective dose range of EPO.
Neuroprotection by EPO has a bell-shaped dose-curve (Sakanaka et al., 1998; Weishaupt et
al., 2004; Buhrer et al., 2007; Zhang et al., 2008). We detected photoreceptor rescue with a
single injection of 10U of EPO thirteen days prior to analysis despite rapid clearance of the
protein – only half the amount of EPO detected at time zero could be detected one hour later.
Levels of EPO equivalent to previously published neuroprotective doses of 24–39mU/mg in
the retina (Grimm et al., 2004; Kilic et al., 2005; Ranchon Cole et al., 2007) were reached about
11 hours post-injection. It is possible that a continuous dose of up to 1257mU/ml EPO in the
eye was above the neuroprotective dose range of EPO.

In the same gene therapy study, systemic delivery of rAAV.Epo produced 24mU/mL EPO in
the serum (Rex et al., 2004). EPO was not detected in the eye after systemic delivery of
rAAV.Epo. However, the EPO ELISA is not sensitive to low levels of EPO that would still be
in the neuroprotective range. Based on a calculated rate by which EPO crosses the blood brain
barrier of 0.5–1% (Banks et al., 2004; Steuer et al., 2005; Xenocostas et al., 2005), this translates
into 0.24mU/ml EPO in the eye. Using published mouse eye dimensions (Remtulla and Hallet,
1985) and an average protein content of 0.6mg in whole mouse eye, this translates to
approximately 0.01mU/mg EPO in the mouse eye treated systemically with rAAV.Epo. The
fact that the photoreceptors were protected after systemic gene delivery implies that continuous
delivery of 0.01mU/mg EPO to the eye is within the therapeutic dose range for EPO. Future
studies will further examine the dose-relationship of EPO neuroprotection in the eye, and on
the development of non-erythropoietic, but neuroprotective forms of EPO that can be delivered
systemically.

The current study demonstrates that EPO is directly neuroprotective to the photoreceptors in
the rds mouse model of retinal degeneration. Further, the protection was not limited to the area
of injection, indicating that EPO is able to diffuse through and across the retina. This is not
surprising considering rAAV.Epo transduction of the RPE resulted in high levels of EPO in
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the vitreous (Rex et al., 2004). We were surprised to discover that DEPO is as effective in
protecting the photoreceptors from cell death as normally glycosylated EPO.

Treatment with EPO decreased GFAP reactivity in the Müller cells. This may be a secondary
effect as preservation of the photoreceptors may prevent Müller cell hypertrophy.
Alternatively, EPO could act directly on the Müller cells since they also appear to produce the
EPOR (Grimm et al., 2002). Future studies will need to be performed to determine whether or
not EPO can directly affect the Müller cells.
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Figure 1.
A. Western blot analysis confirms removal of EPO glycosylation to produce DEPO (lane 1)
and confirmation of high levels of glycosylation on HEPO (lane 3) as compared to EPO (lane
2). B. Epifluorescence micrograph of an rds retina co-injected with EPO and rAAV.eGFP. A
successful subretinal injection is demonstrated by visualization of EGFP fluorescence in the
RPE. EGFP (green); DAPI (blue); RPE=retinal pigment epithelium; ONL= outer nuclear layer.
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Figure 2.
EPO levels drop rapidly immediately after intraocular injection, the half-life of EPO is 1 hour
post-injection. The amount EPO detected reaches previously published neuroprotective levels
5–13hrs post-injection (Grimm et al., 2004; Kilic et al., 2005; Ranchon Cole et al., 2007). A.
Whole eye EPO levels at 0, 15, 30, 60, and 180 min post-injection. B. EPO levels 6, 14, 24,
30, and 36 hours post-injection. Error bars represent S.E.M.
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Figure 3.
Low magnification (10X) fluorescence micrographs of nasal (A, D, G), central (B, E, H), and
temporal (C, F, I) regions of untreated (A–C) and EPO-treated (D–I) rds mouse retinas. Arrows
indicate TUNEL-positive cells (A–F). Protection was not limited only to the area of injection
as determined by the presence of EGFP in the RPE (G–I).
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Figure 4.
A single administration of EPO at PD7 blocks most photoreceptor cell death in the rds mouse.
Fluorescence micrographs of PD20 retinas from normal (A) and rds (B–F) mice labeled with
TUNEL (red) and DAPI (blue). No TUNEL-positive cells were detected in the normal retina
(A). Many TUNEL-positive photoreceptor cells were detected in untreated (B) and PBS treated
(C) retinas from rds mice. A few TUNEL-positive photoreceptor cells were detected in EPO
(D), HEPO (E), and DEPO (F) treated retinas from rds mice. Arrows indicate TUNEL-positive
cells. The scale bar in (E) is applicable to all images. INL= inner nuclear layer; GCL= ganglion
cell layer
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Figure 5.
Quantification of TUNEL-positive photoreceptor cells in untreated and treated rds eyes. The
error bars represent the S.E.M.; p values compare treatment groups to the PBS-control group
or to the EPO-treatment group, as indicated. There was no statistically significant difference
between the treatment groups. Each of DEPO, EPO, and HEPO were more protective to the
photoreceptors than PBS injection alone. Inset: Confirmation of the peak of TUNEL-positive
cells in the rds mouse. Bar graph of TUNEL-positive cells per mm retina in PD 17, 18, 20, and
23 rds retinas. Error bars represent S.E.M.
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Figure 6.
Fluorescence micrographs of normal (A), untreated rds (B), and EPO treated rds (C) retinas
labeled with anti-GFAP (red) and DAPI (blue). GFAP labeling is present only in the Müller
endfeet in the normal and EPO-treated rds retinas. In contrast, GFAP labeling is present in the
Müller cell endfeet and in processes extending through the retina in the untreated rds retina.
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