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PURPOSE. Retinal ganglion cell (RGC) loss occurs in response to
increased intraocular pressure (IOP) and/or retinal ischemia in
glaucoma and leads to impairment of vision. This study was
undertaken to test the efficacy of erythropoietin (EPO) in
providing neuroprotection to RGCs in vivo.
METHODS. The neuroprotective effects of EPO were studied in
the DBA/2J mouse model of glaucoma. Mice were intraperitoneally injected with control substances or various doses of
EPO, starting at the age of 6 months and continuing for an
additional 2, 4, or 6 months. RGCs were labeled retrogradely
by a gold tracer. IOP was measured with a microelectricmechanical system, and EPO receptor (EPOR) expression was
detected by immunohistochemistry. Axonal death in the optic
nerve was quantified by para-phenylenediamine staining, and
a complete blood count system was used to measure the
number of erythrocytes.
RESULTS. In DBA/2J mice, the average number of viable RGCs
significantly decreased from 4 months to 10 months, with an
inverse correlation between the number of dead optic nerve
axons and viable RGCs. Treatment with EPO at doses of 3000,
6000, and 12,000 U/kg body weight per week all prevented
significant RGC loss, compared with untreated DBA/2J control
animals. EPO effects were similar to those of memantine, a
known neuroprotective agent. IOP, in contrast, was unchanged by both EPO and memantine. Finally, EPOR was
expressed in the RGC layer in both DBA/2J and C57BL/6J mice.
CONCLUSIONS. EPO promoted RGC survival in DBA/2J glaucomatous mice without affecting IOP. These results suggest that
EPO may be a potential therapeutic neuroprotectant in
glaucoma. (Invest Ophthalmol Vis Sci. 2007;48:1212–1218)
DOI:10.1167/iovs.06-0757

G

laucoma is a major cause of preventable blindness with
more than 2 million people in the United States currently
affected and more than 80,000 are legally blind from the
disease.1,2 Glaucoma is often associated with high intraocular
pressure (IOP), due to reduced drainage of aqueous humor;
optic nerve damage; visual field defects; and vision loss as a
result of retinal ganglion cell (RGC) death. Several studies have
also demonstrated that RGCs undergo apoptosis in animal
models of glaucoma.3–5
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Erythropoeitin (EPO), a glycoprotein hormone, is synthesized predominantly in the kidney, and is secreted by interstitial cells of the adrenal cortex in response to tissue hypoxia.
EPO was first characterized as a hematopoietic growth factor
that regulates red blood cell production by promoting survival,
proliferation, and differentiation of erythroid progenitors in
bone marrow.6 Recently, EPO has also been shown to exhibit
neuroprotective effects on neurons of the central nervous system.
Systemic administration of EPO is neuroprotective in animal models of stroke, mechanical trauma, excitotoxic injury, neuroinflammation and 1,2,3,6-tetrahydropyridine (MPTP)-induced Parkinson
syndrome.7–17 Furthermore, EPO has been demonstrated to have
a neuroprotective effect on RGCs. For example, EPO prevents the
death of primary cultures of RGCs that would normally result
from neurotrophic factor deprivation or toxic insult with glutamate and nitric oxide.18 –21 We therefore hypothesized that EPO
may also protect RGCs in glaucoma. To test this hypothesis, we
measured RGC survival over time in DBA/2J glaucomatous mice
treated with recombinant human (rHu)EPO. rHuEPO is indistinguishable from EPO isolated from patients with aplastic anemia,
having the same physiochemical, immunologic, and physiologic–
pharmacologic properties.22
The inbred DBA/2J mouse strain has been used for a wide
variety of studies involving cardiovascular biology, neurobiology, and sensorineural research. The DBA/2J mice spontaneously develop complex ocular abnormalities, including glaucomatous loss of RGCs. Aging DBA/2J mice develop progressive
eye abnormalities that closely mimic human hereditary glaucoma. Defects include iris pigment dispersion, iris atrophy,
anterior synechia (adhesion of the iris to the cornea), and
elevated IOP.23 The onset of disease symptoms begins between 3 and 4 months of age, with 56% of females and 15% of
males showing signs of iris pigment epithelium loss and transillumination of the peripheral iris. By 6 to 7 months of age, all
mice demonstrate significant widespread transillumination and
thickening of the iris border, with some mice exhibiting elevated IOP. By 9 months of age, both sexes exhibit elevated
IOP, with pressures higher in females than in males. Retinal
histopathology reveals a loss of RGCs.23 Retinal degeneration
in 3- to 11-month-old DBA/2J mice partially resembles human
pigment dispersion syndrome and pigmentary glaucoma, with
characteristic anterior segment changes and elevation of
IOP.24 –28 We used the DBA/2J mice as a model, to study the
effect of rHuEPO on RGC survival in glaucoma.
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METHODS
Animals and Drug Administration
Two age-matched mouse strains, DBA/2J and C57BL/6J (Jackson Laboratories, Bar Harbor, ME), were used at age 4 to 12 months for all
experiments. All mice were handled in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research.
From the age of 6 months, DBA/2J mice were treated intraperitoneally
three times per week for a further 2, 4, or 6 months with bovine serum
albumin (BSA, 0.1%; Sigma-Aldrich, St. Louis, MO), memantine (70
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mg/kg body weight/wk; Sigma-Aldrich), or rHuEPO-␣ (3000, 6000, and
12,000 U/kg body weight per week; RayBiotech Inc., Norcross, GA).
The doses were centered around 6000 U/kg body weight per week
because similar doses have been used for neuroprotection and treatment of anemia.29 –32

RGC Labeling
Retrograde labeling of RGCs was conducted as previously reported.33
Briefly, RGCs were retrogradely labeled with a neuronal tracer (FluoroGold; Fluorochrome LLC, Denver, CO) by injection of the superior
colliculi performed with a stereotaxic device (Stoelting Co., Wood
Dale, IL). Mice were anesthetized by intraperitoneal injection of ketamine (80 mg/kg body weight; Fort Dodge Animal Health, Fort Dodge,
IA) and xylazine (10 mg/kg body weight; LLOYD Laboratories, Shenandoah, IA). Under sterile conditions, a 2-cm incision was made along the
midline of the scalp over the cranium, to expose the skull. The point
of injection into the superior colliculi was designated and the bregma
identified and marked at a depth of 2 mm from the brain surface, 2.50
mm behind the bregma in the anteroposterior axis, and 0.5 mm lateral
to the midline. A hole was drilled in the skull above the designated
coordinates in the right and left hemispheres with a high-speed microdrill (Fine Science Tools, Foster City, CA). The superior colliculi were
injected with 2 L of 4% fluorogold solution in double distilled
(dd)H2O at an injection rate of 0.5 L/min with a Hamilton (Reno, NV)
modified microliter syringe (Fisher Scientific, Palatine, IL) positioned 2
mm below the surface of the brain. The skin was then sutured and the
mice monitored carefully until they had fully recovered from anesthesia.

Retinal Flatmount Preparation and Imaging
Retrograde labeling of RGCs was allowed to proceed for 3 days, and
then the mice were euthanatized with an overdose of carbon dioxide.
The eyes were immediately enucleated and fixed with 4% paraformaldehyde at 4°C for 4 hours, and the retinas were dissected from the ora
serrata. Retinal flatmounts were prepared by making four radial incisions and then carefully placing the retinas on silane-coated slides.
Images of fluorogold-labeled (viable) RGCs were acquired immediately
after flatmount preparation (two images per quadrant) using the 20⫻
objective of an epifluorescence microscope (DMIRB; Leica, Bannockburn, IL) equipped with a chroma A filter cube (530 – 600 nM). For
each quadrant, an image was acquired from each side of an imaginary
line between the optic nerve and the ora serrata, approximately twothirds the distance from the optic nerve (two images per quadrant).
Digital images were collected with a CCD camera (Retiga EXi; Qimaging, Burnaby, BC, Canada) and stored for future analysis.
To automatically quantify viable RGCs, images were processed
(ImageJ; available by ftp at zippy.nimh.nih.gov/ or at http://rsb.info.
nih.gov/nih-imagej developed by Wayne Rasband, National Institutes
of Health, Bethesda, MD; and Metamorph; Universal Imaging Corporation, Downingtown, PA). Twenty-four-bit RGB (red-green-blue) images
were background subtracted, converted to grayscale and binarized by
using a threshold value derived with the following equation: threshold ⫽ (average pixel intensity of image ⫹ one SD of the pixel intensities of image). Background noise and debris were removed with a
one-step erosion procedure, and then all remaining objects were
counted. The number of RGCs per image was expressed per square
millimeter.

Paraphenylenediamine Staining
Optic nerve cross-sections were prepared from DBA/2J mice at the
ages of 4 and 10 months, as previously described.23 Briefly, mice were
euthanatized with an overdose of carbon dioxide and immediately
decapitated. The skull was opened to expose the brain and optic
nerve. The optic nerve was separated from the orbit, and most of the
brain and optic nerve were removed from the skull and fixed in 4%
paraformaldehyde at 4°C overnight. The optic nerve was then carefully
dissected anterior to the optic chiasm, fixed in 0.8% paraformaldehyde
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and 1.2% glutaraldehyde at 4°C for 24 hours, and then transferred to
buffer at 4°C until embedding (Embed 812 Resin; Electron Microscopy
Sciences, Fort Washington, PA). Each optic nerve was divided equally
into three parts, with the middle part sectioned for histologic analysis.
Transverse sections were cut from this portion of the optic nerve at a
thickness of 250 nm and stained with paraphenylenediamine (PPD) .
Slides were viewed and imaged using a light microscope (DMRA2;
Leica) attached to a charge-coupled device (CCD) camera (Orca-2;
Hamamatsu, Hamamatsu City, Japan). Three to 10 images (20⫻) per
optic nerve were captured for quantification of dead optic nerve
axons; dead optic nerve axons were expressed as the number per
square millimeter of the optic nerve area.

IOP Measurement
Applanation tonometry was used to measure IOP, using a silicone
microelectric-mechanical systems (MEMS)-based fiber optic pressure
sensor (Fiso Technologies, Quebec, QC, Canada). The applanating
surface consists of a silicone diaphragm bonded to a photolithographically etched Pyrex glass substrate enclosing a vacuum space that was
attached to an optical fiber. The perpendicular distance of the vacuum
space between the silicone diaphragm and the glass substrate varied
inversely with the pressure. The two semireflective surfaces of the
silicone and the glass acted as a Fabry-Perot interferometer, allowing
the distance to be ascertained by analyzing their reflectance properties
from a multiple-frequency light source. Two IOP readings per second
were recorded by an optical signal conditioner (FTI-10; Fiso Technologies, Quebec, QC, Canada) and transferred to a computer, and the
average IOP data (means ⫾ SD) from a total of 120 readings/min per
eye were used for each analysis. The optical interferometer was calibrated by cannulating the mouse eye and manometrically measuring
the IOP between the pressure range 10 to 80 mm Hg. IOP was
measured noninvasively in both C57BL/6J and DBA/2J mice at the ages
of 6, 8, 10, and 12 months, both before and after administration of the
therapeutic agents.

EPO Receptor Immunochemistry
Eyes from 6-month-old DBA and C57/bl6 mice were enucleated and
snap frozen in OCT compound (Ted Pella, Inc., Redding, CA) and
stored at ⫺80°C. Using a cryostat, 10-m-thick sections were placed
onto 3-aminopropyl triethoxysilane-coated slides (CM3050S; Leica) and
stored at ⫺20°C until stained. Before immunostaining, retinal sections
were dried for 30 to 60 minutes at room temperature, washed with
phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde solution in PBS for 30 minutes at room temperature, and washed again
with PBS. The sections were blocked using 10% donkey serum in PBS
with 0.3% Triton X-100 for 1 hour at room temperature and washed
with PBS. Sections were stained with a combination of both anti-EPOR
(goat polyclonal; R&D systems, Minneapolis, MN) and anti-NeuN
(mAb; Chemicon, Temecula, CA) or anti-EPOR and anti-GFAP (rabbit
polyclonal; Abcam, Cambridge, MA) antibodies. The primary antibodies or normal goat serum (10 g/mL; negative control; R&D Systems)
were incubated on the sections overnight at 4°C followed by a PBS
wash. The NeuN antibody was used at a concentration of 1:250 and the
EPOR antibody at 1:100. The GFAP antibody was used at the prediluted
concentration provided by the manufacturer. All antibodies were diluted into blocking buffer containing 10% donkey serum and 2% BSA in
1⫻ PBS. All secondary antibodies were used at a dilution factor of
1:500 in blocking buffer. The EPOR antibody was detected with a
donkey anti-goat AlexaFluor 488 antibody (Invitrogen-Molecular
Probes, Carlsbad, CA). The NeuN antibody was detected with a donkey
anti-mouse Cy3 antibody (Jackson ImmunoResearch, West Grove, PA).
The GFAP antibody was detected with a donkey anti-rabbit Cy3 antibody (Jackson ImmunoResearch). The secondary antibodies were incubated for 45 minutes at room temperature. The sections were then
coverslipped with Antifade medium (Vectashield; Vector Laboratories,
Burlingame, CA) with 4⬘,6⬘-diamino-2-phenylindole (DAPI) and using a
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fluorescence microscope (DMRA2; Bannockburn, IL) equipped with a
CCD camera (Orca-2; Hamamatsu) to capture the images.

Erythrocyte Counting
Blood from the heart (⬃300 –500 L) was taken from 10-month-old
DBA/2J mice that had received 4 months of treatment with intraperitoneal injections of either 0.1% BSA or EPO at 6000 U/kg body weight
per week. The number of erythrocytes was counted by using a basic
complete blood count (CBC) system (IDEXX Laboratories, North
Grafton, MA).

Statistical Analysis
The mean number of RGCs per square millimeter in all treatment
groups at all time points (each group contained at least 11 mice) was
analyzed by one-way ANOVA. A pair-wise Bonferroni post hoc test was
then performed with significance set at P ⬍ 0.05 and P ⬍ 0.01
(Analyze-It Plug-In for Microsoft Excel; Analyze-It Software, Leeds, UK).
The same approach was also applied to all groups of mean IOPs (each
group contained at least 11 mice). A Student’s unpaired 2-way t-test
was used to compare the number of erythrocytes in mice treated with
either BSA or EPO. Correlations between automatically and manually
counted RGCs and between RGCs and dead axons were made using a
least-squares fit analysis (Excel; Microsoft, Redmond, WA).

RESULTS
RGC Loss and Optic Nerve Axon Death in
DBA/2J Mice
We analyzed RGC death in 385 C57BL/6J (n ⫽ 91) and DBA/2J
(n ⫽ 294) mice (male n ⫽ 194, female n ⫽ 191) by fluorogold
injections into the superior colliculi (SC) and retrograde transport. Viable RGCs were successfully labeled in 90.91% of mice,
with only 2.77% resulting in labeling failure and 6.49% resulting in death after surgery for injecting of SC with the tracer
(data not shown). Viable RGCs in DBA/2J mice at the ages of 4
months (n ⫽ 11, six males and five females) and 10 months (n
⫽ 12, five males and seven females) were determined. Three
days after injection, we found accumulation of gold in the cell
bodies of RGCs, as observed by fluorescence microscopy of
retinal flatmounts (Fig. 1A). To count the number of RGCS
reproducibly and objectively, we developed an automated image analysis routine (see Methods and Supplementary Fig. S1,
online at http://www.iovs.org/cgi/content/full/48/3/1212/DC1).
Quantification of RGCs in retinas of DBA/2J mice revealed a
significant reduction in RGCs from 4 to 10 months, compared
with retinas of control animals (Fig. 1B). Although not statistically significant, we found that female DBA/2J mice showed a
trend for greater RGC loss than did male mice (Fig. 1B).
Because our measure of RGC death was indirect, as we
measured a change in the number of viable RGCs as detected
by uptake of fluorogold, we validated our approach by an
alternative method. Using the dye PPD, which specifically
binds to membranes of dead cells, we quantified the number of
dead axons in optic nerves collected from the eyes used for
RGC quantification. We observed an inverse correlation between the number of gold dye–positive, viable RGCs and the
number of dead axons in the optic nerve (Fig. 1C). Therefore,
we believe that the death of RGCs prevents retrograde labeling
of these cells with the dye, and that a loss of gold dye–positive
RGCs is a valid measure of RGC death.

RGC Survival in EPO-Treated DBA/2J Mice
Having established a method for precisely quantifying viable
RGCs in large numbers in retinal flatmounts, we next tested the
hypothesis that systemic administration of EPO exerts a neuroprotective effect on RGCs. We first characterized the pro-
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gressive loss of RGCs in the retinas of DBA/2J mice at 6, 8, 10,
and 12 months. At 8, 10, and 12 months, the number of RGCs
was reduced by 15.84%, 33.87%, and 54.77%, respectively,
compared to the RGC number at 6 months (Fig. 2A). A comparison with the retinas of C57/Bl6 control mice at 6 and 12
months revealed that RGC number at 12 months in DBA/2J
mice was significantly lower than that in C57/Bl6 mice at 12
months (Fig. 2A).
To evaluate the potential neuroprotective effect of EPO,
DBA/2J mice were treated with various doses of EPO. BSA was
used as a vehicle control and memantine as a positive control.
Memantine is known to protect neurons by blocking pathologic activation of NMDA receptors and glutamate toxicity in
animal models34,35 as well as in the DBA/2J mouse glaucoma
model.36 Relative to untreated DBA/2J mice, the number of
viable RGCs increased by 23.90% and 41.15% after 4 and 6
months of EPO treatment, respectively, at a dose of 3000 U/kg
body weight per week (Fig. 2B). Similar results were observed
for EPO at 6,000 and 12,000 U/kg body weight per week (Fig.
2B). DBA/2J mice treated with the vehicle control showed a
similar profile of RGC loss as was observed for untreated
DBA/2J mice (Figs. 2A–B). These results with EPO were similar
to the results of memantine treatment in which the viable
RGCs increased by 21.19% and 40.93% after 4 and 6 months
(Figs. 2A–B). These data reveal that systemic administration of
EPO prevents the loss of RGCs in a mouse model of glaucoma.

IOP in EPO-Treated DBA/2J Mice
Because elevated IOP is a common risk factor in glaucoma and
has been previously observed in the DBA/2J model, we monitored IOP in all mice. We confirmed elevated IOP averaging
15.53 to 16.26 mm Hg in nontreated DBA/2J mice 6 to 12
months of age, whereas the age-matched control C57BL/6J
mice had normal IOP averaging 9.78 to 9.88 mm Hg; Fig. 2C).
Neither EPO (Fig. 2D) nor memantine (Fig. 2C) treatments
changed the IOP significantly in treated mice compared with
control animals. Therefore, we conclude that EPO has a neuroprotective effect on RGCs without affecting IOP.
To confirm the bioactivity of EPO, we assessed the effect of
intraperitoneally injected EPO on erythrocyte counts. We
found that 10-month-old DBA/2J mice treated with EPO at 6000
U/kg body weight per week for 4 months showed a statistically
significant increase in erythrocytes (n ⫽ 5; 16.10 million cells/
L) compared with 0.1% BSA treatment (n ⫽ 7; 9.87 million
cells/L; Fig. 2E).

Colocalization of EPOR with RGCs
To determine whether EPO might exert its neuroprotective
effect by directly stimulating RGCs, we immunostained for
EPOR in retinal cross sections from untreated 6-month-old
DBA/2J mice and C57/Bl6 mice. In both strains of mice, EPOR
was highly expressed in the RGC layer of the retina, appearing
as cell surface immunoreactivity surrounding the NeuN-positive nuclei of RGCs (Figs. 3, top). No staining was detected in
control experiments without the primary antibody (data not
shown). The retinal expression patterns for EPOR in the
DBA/2J and C57/Bl6 mice appeared to be similar, in that the
RGC layer, INL, and the photoreceptor layer were positive for
EPOR expression (compare Figs. 3A and 3B), in good agreement with previously published results.37,38 In addition to
RGCs, a few GFAP-positive astrocytes displayed EPOR immunoreactivity, although most of the EPOR-expressing cells were
located below the astrocytes in the ganglion cell layer of the
retina (Figs. 3, bottom). These results suggest that many of the
RGCs express EPOR and therefore may have the potential to
respond directly to EPO.

IOVS, March 2007, Vol. 48, No. 3

Neuroprotective Effect of EPO on RGCs

1215

FIGURE 1. DBA/2J mice showed an
age-dependent loss of RGCs. (A) Representative images of viable RGCs.
Retrograde labeling was conducted
for 3 days with fluorogold in the
DBA/2J mouse glaucoma model at 4
months and 10 months. Areas of the
retinal flatmounts approximately two
thirds the distance from the optic
nerve are shown; viable RGCs display green fluorescence. Scale bar,
100 m. (B) Quantification of viable
RGCs in male and female DBA/2J
mice at 4 and 10 months. Fluorescent
RGCs were counted with image-analysis software, and the mean number
of viable RGCs per square millimeter
in eight images per retina in both
retinas (a total of 16 images per animal) was calculated for each data
point (mean ⫾ SD). (C) Correlation
of viable RGCs with the number of
dead axons in the optic nerve of the
same eye. The number of viable
RGCs per area of retina was determined by gold labeling. The number
of dead axons per area of optic nerve
was determined by staining sections
of the optic nerve with para-phenylenediamine (PPD), using a minimum of 10 sections from two optic
nerves per animal. The correlation
was performed for female DBA/2J
mice at 4 and 10 months (mean ⫾
SD).

DISCUSSION
Neuroprotective Effects of EPO
In the present study, systemic EPO treatments nearly abolished
RGC loss in the DBA/2J glaucoma model, without lowering the
IOP of the animals. RGC loss is a critical component of the
neurodegeneration observed with glaucoma. In DBA/2J mice,
first the axons and dendrites of RGCs are compromised, then
retrograde transport is generically impaired, and finally the cell
bodies of RGCs shrink and are lost.39 In the mouse retina,
specific synaptic connections identified by silver staining techniques were used to identify several different types of RGCs.40
In previous studies of human glaucoma, large ganglion cells
were reported to be particularly vulnerable,3,41 though we did
not find the proportional loss of these cells to be obviously
different from the loss of the other types of RGCs in the DBA/2J
mice (data not shown).
EPO has been reported to protect neuronal cells in different
models of neurodegeneration by inhibiting neuronal apoptosis.
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EPO prevented death of neurotrophic-factor– deprived, immunopurified rat RGCs in vitro42– 44; rescued axotomized rat
RGCs in vivo37; inhibited axotomy-induced degeneration of
mouse RGCs in vivo45; and promoted neural outgrowth from
retinal explants in postnatal rats.21 In rats with myelin oligodendrocyte glycoprotein (MOG)–induced optic neuritis, systemic application of EPO significantly increased survival and
function of RGCs.42 Furthermore, a single intravitreal injection
of 200 ng of EPO resulted in significant neuroprotection of
RGCs in a rat model of glaucoma.46 In humans, EPO has
demonstrated neuroprotective effects in central nervous system injury,7 and clinical trials in which EPO is used to treat
ischemic stroke are ongoing.44 We have furthered these findings by showing that EPO has neuroprotective effects on RGCs
in the DBA/2J mouse model of glaucoma.

Neuroprotective Signal Transduction of EPO
Expression of EPOR has been detected in many different
cells and tissues, providing evidence for autocrine, para-
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FIGURE 2. EPO prevents age-dependent death of RGCs in DBA/2J mice
but does not affect intraocular pressure (IOP). Data are expressed as the
mean ⫾ SD in all panels. (A) DBA/2J
mice displayed a decreasing number of
RGCs over time. The number of viable
RGCs per square millimeter of retina
was determined by retrograde fluorogold labeling at various ages up to 12
months. By 12 months of age, the
number of viable RGCs in DBA/2J
mice was significantly lower than that
observed for control C57/Bl6 mice
(**P ⬍ 0.05). DBA/2J mice treated with
memantine (70 mg/kg body weight
per week) also displayed a significant
increase in RGC survival at 6 months
(*P ⬍ 0.05). (B) Compared with untreated control mice, which lost ⬎70%
of total RGCs, DBA/2J mice treated
with EPO (3000, 6000, and 12,000
U/kg body weight per week) show no
RGC loss up to 12 months of age (*P ⬍
0.05). Viable RGCs were counted after
retrograde labeling at 8, 10, and 12
months. (C) The 6-month-old DBA/2J
mice had a significantly higher IOP
than did the control C57/BL6 mice of
the same age, and this increase in IOP
was maintained up to 12 months of
age (**P ⬍ 0.01). Memantine treatment
did not affect the IOP in the DBA/2J
mice. (D) EPO and BSA treatments did
not affect the IOP in the DBA/2J mice.
IOP was measured noninvasively with
a fiber-optic pressure sensor attached
to an applanating surface at 2-month
intervals from 6 to 12 months. (E) EPO
at 6000 U/ kg/wk for 4 months, started
at 6 months of age, significantly increased the number of circulating
erythrocytes in the DBA/2J mice (*P ⬍
0.05). Erythrocytes were counted with
a complete blood count system.

crine, and endocrine functions of EPO.47 EPO may therefore
have a generalized role as an antiapoptotic agent for various
tissue and cell types, including RGCs. Because EPO has been
shown to have a direct effect on RGCs in culture,44 RGCs
may respond to EPO directly via EPOR on the cell surface. In
agreement with this hypothesis, high levels of EPOR expression were detected in the RGC layer in both the control
C57/BL6 mice and the DBA/2J glaucoma mice at 6 months of
age. Our results agree with those in other studies demonstrating that EPOR is localized to various layers in the mouse
retina,38 as well as to the RGC layer.37 Taken together, these
results support the possibility of direct EPO signal transduction in these cells, which is not surprising given that the
EPO signaling pathway controls cell survival, proliferation,
and differentiation.48,49

EPO and IOP
The aqueous production and aqueous humor turnover rate of
the mouse eye are similar to those observed in the human
eye.50 DBA/2J mice develop age-dependent progressive eye
abnormalities that closely resemble the pigment glaucoma disease in humans, including increase in IOP.23 We confirmed
that IOP of the DBA/2J mice was indeed elevated to a level
significantly greater than that of C57/Bl6 control mice. Of note,
we observed no significant change in IOP in mice that received
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EPO or memantine compared with vehicle control. Furthermore, EPO treatment did not rescue any of the structural
abnormalities in the anterior segment of the DBA/2J eyes (data
not shown); thus, it is unlikely that it improved the outflow of
aqueous humor dynamics in these mice. These results suggest
that the protective effects of EPO and memantine are independent of IOP in this model.

CONCLUSIONS
Systemic treatment with EPO reduces RGC loss in the DBA/2J
model of glaucoma. EPO treatments were as effective as memantine, an agent previously shown to protect neurons in the
DBA/2J glaucoma model.36 These results further support our
hypothesis that the neuroprotective effect of EPO is mediated
by inhibition of RGC apoptosis. Because EPO has been reported to be a retinal angiogenic factor in proliferative diabetic
retinopathy,51 this neuroprotective role of EPO also highlights
some potential problems in targeting EPO for antiangiogenesis
therapy in the retina. It should be noted that EPO was also
effective in increasing the number of circulating erythrocytes
and thus could also work by improving the oxygenation of the
retina in the treated DBA/2J mice. This effect may indirectly
improve the survival of the RGCs,52,53 as it does to central
nervous system (CNS) neurons,54 and we are currently inves-
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FIGURE 3. Localization EPOR expression in the retina. Cryosections
of retinas from 6-month-old C57BL6
and DBA/2J mice were immunostained with antibodies to EPOR;
NeuN, a marker for RGCs; and GFAP,
a marker for astrocytes. (A, top) In
the C57/BL6 mice, EPOR expression
(green) was observed in the RGC
layer and was colocalized with many
of the NeuN-positive (red, nuclear
staining) RGCs (yellow, arrows).
Bottom: only a few of the GFAP-positive (red) astrocytes expressed
EPOR (yellow, arrow). Most of the
EPOR-positive cells were GFAP-negative (arrowheads) and were located
below the astrocytes in the RGC
layer (A, compare top and bottom).
EPOR expression was also detected
in the inner nuclear layer (INL) and
the photoreceptor layer of the C57/
BL6 retina. (B, top) In the DBA/2J
mice, EPOR expression was colocalized with most of the NeuN-positive RGCs (yellow, arrows) in the RGC layer of the retina. Bottom: most of the EPOR-positive (green, arrowheads)
cells are located below the GFAP-positive (red) astrocytes in the GRC layer, and a few astrocytes have detectable EPOR expression (yellow, arrow).
EPOR expression can also be detected in the INL and the photoreceptor layer of the DBA/2J retina. ONL, outer nuclear layer. Scale bar, 100 m;
insets: 10 m.

tigating the effects of increased blood flow and erythrocyte
count on RGC survival in the DBA/2J model. Increased blood
provision to tissues, induced by another ischemia-induced protein, VEGF, has also been linked to neuroprotection in the
CNS55 and the retina (Y.-S. Ng, manuscript in preparation).
Whether the effect of EPO is direct or indirect, however, our
results suggest that systemic EPO treatment is sufficient for
preventing RGC loss and may represent a potential adjunct
therapy with IOP lowering medications for patients with glaucoma.
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