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Systemic AAV-Mediated Gene Therapy Using Epo-R76E to Protect Retinal
Ganglion Cells from Optic Nerve Injury and Disease
Abstract
Neuroprotection is a strategy to prevent or reduce neuronal cell death regardless of the underlying cause.
Erythropoietin (EPO) exhibits neuroprotective effects in a variety of in vitro and in vivo models of neuronal
cell death although its classical function is the regulation of red blood cell production. EPO crosses the
blood brain barrier and therefore can be delivered systemically. However, long term treatment with
exogenous EPO causes over stimulation of the erythropoietic pathway which can be lethal. The
erythropoietic and neuroprotective pathways are regulated by different receptors; further, it is possible to
modify EPO to primarily, if not solely, activate the receptor responsible for neuroprotection. An example of
this is a novel form of EPO that we developed by altering a single amino acid, arginine to glutamate, at
position 76 (EPO‑R76E). The present study uses recombinant adeno-associated virus (rAAV) gene
therapy and systemic delivery of EPO‑R76E to assess treatment potential for degenerating neurons in an
induced model of neurodegeneration and a spontaneous model of glaucoma.
Optic nerve crush is a model of retinal ganglion cell (RGC) death. Crushing the optic nerve causes the
axons to undergo Wallerian degeneration and apoptotic loss of retinal ganglion cells over time. This
pattern of cell death is very similar to that observed in glaucoma. The BALB/cByJ mouse strain is highly
susceptible to optic nerve crush and therefore was selected to examine the potential effects of EPO‑R76E
as a neuroprotectant. Mice received a single intramuscular injection of rAAV carrying either Epo or
EpoR76E. Upon reaching peak gene expression (30 days), mice were subjected to optic nerve crush.
Neuronal cell death was examined in both the ganglion cell layer and the optic nerve. Treatment with
either Epo vector resulted in a significantly greater amount of cells at the ganglion cell layer compared to
crushed controls but had no effect on axon number. The observed protection occurred in a dose
dependent manner. Furthermore, EPO‑R76E did not stimulate erythropoiesis to the same extent as wild
type EPO.
The neuroprotective effects of EPO‑R76E following optic nerve crush prompted its investigation as a
treatment for glaucoma. The DBA/2J mouse strain develops a naturally occurring pigmentary glaucoma
as a result of increased intraocular pressure (IOP). At 1 month of age DBA/2J mice received a single
intramuscular injection of rAAV carrying either Epo or EpoR76E. The mice were aged to 10 months and
IOP was used as a marker for glaucoma. Treatment with either Epo vector prevented death of the RGC
somata and their axons within the optic nerve. Furthermore this morphological rescue was accompanied
by preservation of visual function as demonstrated by flash visual evoked potentials. The protection
provided by EPO‑R76E was independent of IOP and did not cause a significant increase in hematocrit.
This is the first example of a neuroprotective agent for glaucoma that protects the RGC soma as well as
the axon while maintaining function.
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ABSTRACT
Neuroprotection is a strategy to prevent or reduce neuronal cell death regardless
of the underlying cause. Erythropoietin (EPO) exhibits neuroprotective effects in a
variety of in vitro and in vivo models of neuronal cell death although its classical function
is the regulation of red blood cell production. EPO crosses the blood brain barrier and
therefore can be delivered systemically. However, long term treatment with exogenous
EPO causes over stimulation of the erythropoietic pathway which can be lethal. The
erythropoietic and neuroprotective pathways are regulated by different receptors; further,
it is possible to modify EPO to primarily, if not solely, activate the receptor responsible
for neuroprotection. An example of this is a novel form of EPO that we developed by
altering a single amino acid, arginine to glutamate, at position 76 (EPO-R76E). The
present study uses recombinant adeno-associated virus (rAAV) gene therapy and
systemic delivery of EPO-R76E to assess treatment potential for degenerating neurons in
an induced model of neurodegeneration and a spontaneous model of glaucoma.
Optic nerve crush is a model of retinal ganglion cell (RGC) death. Crushing the
optic nerve causes the axons to undergo Wallerian degeneration and apoptotic loss of
retinal ganglion cells over time. This pattern of cell death is very similar to that observed
in glaucoma. The BALB/cByJ mouse strain is highly susceptible to optic nerve crush
and therefore was selected to examine the potential effects of EPO-R76E as a
neuroprotectant. Mice received a single intramuscular injection of rAAV carrying either
Epo or EpoR76E. Upon reaching peak gene expression (30 days), mice were subjected to
optic nerve crush. Neuronal cell death was examined in both the ganglion cell layer and
the optic nerve. Treatment with either Epo vector resulted in a significantly greater
amount of cells at the ganglion cell layer compared to crushed controls but had no effect
on axon number. The observed protection occurred in a dose dependent manner.
Furthermore, EPO-R76E did not stimulate erythropoiesis to the same extent as wild type
EPO.
The neuroprotective effects of EPO-R76E following optic nerve crush prompted
its investigation as a treatment for glaucoma. The DBA/2J mouse strain develops a
naturally occurring pigmentary glaucoma as a result of increased intraocular pressure
(IOP). At 1 month of age DBA/2J mice received a single intramuscular injection of
rAAV carrying either Epo or EpoR76E. The mice were aged to 10 months and IOP was
used as a marker for glaucoma. Treatment with either Epo vector prevented death of the
RGC somata and their axons within the optic nerve. Furthermore this morphological
rescue was accompanied by preservation of visual function as demonstrated by flash
visual evoked potentials. The protection provided by EPO-R76E was independent of IOP
and did not cause a significant increase in hematocrit. This is the first example of a
neuroprotective agent for glaucoma that protects the RGC soma as well as the axon while
maintaining function.
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CHAPTER 1.

INTRODUCTION

Clinical Relevance
For humans sight is arguably the most important of the five senses. Over half of
our neocortex is devoted to processing visual information. Our ability to have normal
visual function can be affected by a number of devastating diseases. Over 11 million
Americans currently experience some type of vision loss and that number is expected to
double by 2030 [1]. Glaucoma alone accounts for 4 million of these cases [2].
Therefore, there is an urgent need to develop novel treatments and treatment strategies for
ocular diseases.
Glaucoma
Glaucoma refers to a group of progressive neuropathies. It is characterized by
degeneration of retinal ganglion cells (RGCs) and their axons, resulting in visual field
deficits [3-4]. The vision lost during the disease process cannot be regained. The
mechanism of its pathology has not yet been elucidated; however there are several
common risk factors including age, race, hypertension, thin cornea, myopia, steroid
exposure, and diabetes [5-6]. The most predominant risk factor along with age is
increased intraocular pressure (IOP) [7], though not all individuals with increased IOP
develop glaucoma [8-9]. Genetic predisposition can also plays a role in glaucoma [1011] and a number of susceptibility genes have been identified [12,11]. However, despite
this progress the genetic etiology remains a mystery.
In order to maintain a healthy IOP, the aqueous humor must be drained at the
same rate it is produced. Increased IOP occurs when drainage of the aqueous humor
becomes obstructed or when production occurs at a faster rate than drainage [13].
Aqueous humor is a clear fluid that is produced by the ciliary body. It migrates through a
narrow cleft between the lens and the iris into the anterior chamber where it is eventually
drained from the eye [14]. Drainage occurs as it passes through the trabecular meshwork
and into the canal of Schlemm. Small changes in aqueous humor lead to significant
differences in IOP [15]. The manner in which IOP becomes elevated can be used to
classify the type of glaucoma.
Glaucomas are usually considered either primary or secondary depending on their
etiology and aqueous humor dynamics [16]. Primary glaucomas are either open-angle or
closed angle. Open-angle glaucoma occurs when IOP increases slowly over time despite
the open appearance of the drainage structures. Closed-angle glaucoma occurs when the
drainage structures become obstructed resulting in a sharp increase in IOP. Secondary
glaucomas result from a predisposing disease such as uveitis, trauma, or diabetes, that
affect aqueous humor dynamics. These include pseudoexfoliation glaucoma and
pigmentary glaucoma (PG) [16]. Some patients develop glaucoma without increased IOP
[17-18], this is referred to as normal tension glaucoma.
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Combined, glaucoma affects more than 70 million people world-wide [2].
According to the World Health Organization it is the second leading cause of blindness.
Since there is no cure, the available treatment options act to prevent further damage from
occurring. Currently, there are only two main treatment strategies and both focus on
lowering IOP; drugs that are applied via eye drops, and surgery. The eye drops function
by either slowing down the production of aqueous humor (beta blockers or carbonic
anhydrase inhibitors) or increasing its drainage (cholinergic or prostaglandin analogs) or
both (alpha agonist). Surgeries can include implantation of drainage devices or use of
lasers to create scars in the trabecular meshwork that increase drainage. These types of
surgeries can be risky and have side effects such as, spike in IOP, inflammation, cornea
damage, and blurry vision. Given the limited treatment strategies, side effects, nonresponding patients, and number of cases with normal tension glaucoma, novel
treatments are needed that act independently of IOP.
Mouse Models for RGC Death and Glaucoma
Optic nerve crush
Optic nerve crush is a well known model for acute neurodegeneration in vivo.
The procedure is routinely performed in rats and mice. Induction of an optic nerve crush
causes rapid, stereotypical RGC death and the reproducibility of this model makes it ideal
for testing therapies. The crush injury is carried out using an intra-orbital approach to
damage the optic nerve [19]. Post-crush, RGC death starts within one week and only
about half the cells remain by the second week [20-21]. Out of 15 strains tested the
BALB/cByJ mouse was the least resistant to the crush [21] and therefore selected for use
in this study.
DBA/2J mouse model for glaucoma
Inbred DBA/2Jmice develop an iris disease caused by recessive mutations in two
genes, glycosylated protein nmb (Gpnmb; NCBI GeneID 93695) and tyrosinase related
protein 1 (Tyrp1; NCBI GeneID 22178) [22-23]. Inheritance of both genes causes severe
deterioration of the iris pigment epithelium and iris stromal atrophy, resulting in ocular
abnormalities that are similar to those in human PG patients [22-23,11]. The iris
pathology causes pigment to accumulate in the anterior segment of the eye clogging the
trabecular meshwork, leading to a reduction in outflow of aqueous humor and therefore
increased IOP. However, the disease process is not uniform and IOP can vary between
the two eyes as well as mice of the same age [22,24].IOP begins to rise around 6 months
of age and continues to increase until about 12 months. The increase in IOP causes
severe damage to the optic nerve and eventually apoptotic death of the RGCs[11,25-26].
There is a clear age dependent increase in the severity of optic nerve damage following
increased IOP [27-28,25]. Similar to IOP the degree of damage is not uniform between
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eyes or mice. The slow progressive rate in which these mice develop glaucoma mimics
that in humans and makes them an attractive model for testing EPO-R76E.
Mice are an appropriate and useful animal model for the study of glaucoma
despite some major differences between the visual system of a mouse and a human. Mice
are nocturnal, and therefore are rod dominated, [29-30] with poor visual acuity [31].
Certain structural differences also exist within the retina and the optic nerve. The human
retina contains a fovea that allows for increased acuity, mice lack this region altogether
[32]. Further, unlike humans, the lamina region of the optic nerve in mice does not
contain compressed lamellar sheets of collagen [33-34]. Despite these differences much
of the basic anatomy and physiology is similar, and the mechanisms and pathologies of
degenerations are often similar, allowing many human diseases to be studied in mice.
The Eye
The role the mammalian eye plays in vision can be divided into two phases. The
first phase consists of capturing a clear image and projecting it onto the retina. In this
regard the eye is often compared to a camera. The pupil controls the amount of light that
strikes the retina. The light is passed through a lens, which focuses the image onto the
retina. The second phase involves the conversion of this image into an electrical signal.
Photoreceptors within the retina convert the light into electrical signals. These signals are
modified as the information passes though the retina to reach the optic nerve. The optic
nerve conducts the signal to the brain for further processing. Each of the components
involved must act with great precision in order to maintain clear vision.
Much like the human eye, the mouse eye (Figure 1-1) can be divided into three
main layers. An external layer that provides structural support and protection, a central
layer that provides blood flow and nutrients and an inner layer that contains the retina.
The external layer or corneoscleral coat is made up of the cornea and sclera. The cornea
is transparent, allowing light to enter and acting as a window for the eye. Like other
nocturnal mammals, mice have a very large cornea and lens that enables a greater amount
of light to enter the eye [35]. The sclera is made up of a dense fibrous tissue, which gives
the eye its shape. The central layer is made up of the ciliary body, iris, and choroid
which house most of the vasculature. The size of the pupil is controlled by the iris, while
the ciliary body interacts with the lens allowing light from different distances to be
focused on the retina.
The Retina
The neural retina is a unique specialized sensory organ where visual perception
begins. Unlike all other sensory structures that are located in the peripheral nervous
system, the retina is part of the central nervous system. Like other mammalian retinas the
mouse retina contains 5 classes of neurons (photoreceptor, horizontal, bipolar, amacrine,
and RGCs), which are layered in a specific anatomical arrangement (Figure 1-2). These
3

Figure 1-1.

Schematic of the mouse eye.

Figure 1-2.
retina.

Hematoxylin and esosin stained cross section of a BALB/cByJ mouse
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neurons communicate via an intricate network of connections. The photoreceptors are
responsible for phototransduction; converting light into an electrical signal. There are two
types of photoreceptors, the rods and the cones. The rods are highly sensitive to light and
are specialized for night vision. The cones on the other hand, have lower light sensitivity
and function optimally during the day. In the mouse, the majority of the photoreceptor
population (97%) is made up of rods, and there are only two classes of cone
photoreceptor- short-wavelength (UV) cones, and medium wavelength cones [30].
Horizontal, bipolar, and amacrine cells modify and conduct the signal to its final
destination within the retina, the RGC. The cascade of information begins at the
photoreceptor cells and terminates within the visual cortex.
Retinal Ganglion Cells
RGCs are the final output neurons within the retina. To date there are over 22
types that have been discovered in humans [36] and 14 in mice [30,37]. On average
RGCs are the largest neurons in the retina. The morphology of the RGC consists of
branching dendrites that synapse in the inner plexiform layer, a cell body or “soma”, and
a single axon that is many centimeters in length (Figure 1-3). A significant amount of
processing occurs at the RGC itself. Different RGC types encode various features such
as size, speed, and motion and they relay this information though the optic nerve to visual
centers in the brain for further processing and visual perception.
Optic Nerve
The optic nerve is a key part in the visual pathway. In mice approximately 45,000
axons bundle together forming the optic nerve, compared to 1.5 million in humans [3839]. The optic nerve itself can be divided into 4 main regions. 1) The optic nerve head:
where axons collect in the center of the retina to form the optic nerve. 2) The lamina
region: where the nerve fibers exit the eye passing through the choroid and sclera. 3) The
unmyelinated region: a short extraocular portion of the nerve fiber that is unmyelinated.
4) The myelinated region: located posterior to the orbit, nearly all of the nerve fibers are
myelinated in this region [40]. In addition to housing the axons of RGCs the optic nerve
also contains a variety of glial cells. Their diversity and population vary based upon the
region of the optic nerve [41-42]. Glial cells play a major role in maintaining axonal
health. Through close interactions with axons they provide support and nutrition [43].
They also play a key role in maintaining a homeostatic environment for axons by
controlling the levels of ions and metabolites [44].
In mice and other mammals, the optic nerve from each eye meets at the optic
chiasm. Here the majority of axons cross over and project to the contralateral side of the
brain while the remaining axons project to the ipsilateral side. Mice, unlike humans,
have a small binocular field and therefore only about 2-3% of the axons project
ipsilaterally [45]. Upon exiting the optic chiasm, their axons project to one of three
major subcortical targets: the pretectum, the superior colliculus (SC), or the lateral
5

Figure 1-3.

Schematic illustrating the basic morphology of a RGC.
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geniculate nucleus (LGN) [46-47]. In mice the main image forming pathway is through
the SC [48], while RGCs that project to the pretectum control pupillary light reflexes.
Both the SC and the LGN have cells that project to the visual cortex, the endpoint of the
visual pathway.
Neuroprotection
Neuroprotection, i.e. the prevention, slowing, or reversal of neuronal cell death
from the primary neuronal lesion [49] appears to be a good strategy for the treatment of
glaucomas. It focuses on preventing neuronal cell death regardless of the disease process
by which the death occurs. This type of treatment strategy is ideal for glaucoma for a
number of reasons. First, neuronal loss is the primary pathology for all types of
glaucoma, of which the mechanism is unknown. Neuroprotection would allow treatment
of these neurons without the need to elucidate the mechanism that causes their death.
Second, the large number of genes involved, many of which are still unidentified, makes
many strategies like gene silencing or knockdown impossible. A neuroprotective strategy
would be effective even though there are a large amount of factors contributing to the
pathology. Over 500 agents have been investigated for neuroprotective properties in
various disease states including apoptosis inhibitors, free radical scavengers, ion channel
modulators, neurotrophic factors and metal ion chelators [49]. Among those that have
been examined, erythropoietin (EPO) has shown to be effective in reducing cell death in
glaucoma models [50].
Erythropoietin
EPO is a 165-amino acid (~ 35 kDa) glycoprotein that belongs to the cytokine
type I superfamily [51]. The classical role of EPO is to regulate erythropoiesis (red blood
cell production). Under hypoxic conditions, hypoxia-inducible factor-1 alpha activates
gene expression of Epo in the kidney [52,51]. Within the bone marrow, EPO binds to a
homodimeric EPO receptor (EPOR)2 located on the cell membrane of erythroid cells.
The cytoplasmic portion of EPO receptor is physically engaged with Janus tyrosine
kinase-2 (JAK), and binding of EPO results in its phosphorylation [53]. This initiates a
signaling cascade that utilizes a number of downstream pathways that ultimately inhibit
apoptosis of erythrocyte progenitor cells [54,53].
Neuroprotective EPO
Discovery of EPO in many other tissues that do not involve erythropoiesis,
including the retina, the brain, the reproductive tract, the lung, the spleen, and the heart
lead to investigations about other possible functions [55-58]. Early reports demonstrated
that EPO exhibited trophic effects on cultured embryonic central cholinergic neurons,
including the promotion of cell survival after serum deprivation [59] as well as the
existence of a functional EPO receptor on neural-like clonal cell lines (PC12 and SN6)
7

[60]. Since these early discoveries EPO has firmly established its role as a
neuroprotective agent both in vivo and in vitro[59,61-64]. Some evidence, based on
coimmunoprecipitation and binding assays, suggest that the neuroprotective pathway is
activated through an alternative receptor that is composed of EPOR and the interleukin β
common receptor [65].
A broad range of neuroprotective effects are elicited by EPO, including antiapoptotic, anti-inflammatory, and anti-oxidative [66-67]. These effects are triggered via
different signaling cascades that vary depending on the specificity of the cell type and the
nature of the injury. Similar to erythropoiesis, most are initiated by phosphorylation of
Jak-2 or Jak-1 [68-71]. This can lead to subsequent phosphorylation of proteins
including Signal Transducers and Activator of Transcription protein, phosphatidylinositol
3 kinase, protein kinase B, and mitogen-activated protein kinase [69,72,71,73]. Given
EPO’s broad neuroprotectant effects, it comes as no surprise that it’s being tested in a
variety of clinical trials including amyotrophic lateral sclerosis (ALS), spinal cord injury,
traumatic brain injury, cerebral palsy, Parkinson disease, and stroke [74].
Of the many neuroprotective effects of EPO, the molecular pathway by which it
prevents apoptosis is probably the best described. Although the pathways somewhat
differ depending on the disease or cell type, many of the same players are often involved.
In many neurodegenerative diseases including diabetic retinopathy and Alzheimer’s,
accumulation of advanced glycation end products (AGEs) can be major pathogenic
factors [75-76]. EPO has demonstrated protection of retinal neurons from AGE-induced
injury in a dose dependent manner [77-78]. EPO enhanced BAD phosphorylation
therefore reducing its effect as an apoptotic molecule. EPO also lead to the upregulation
of Bcl-xL an anti-apoptotic protein and downregulated the pro-apoptotic protein Bax.
EPO was shown to regulate these apoptotic related proteins via phosphorylation of ERK
and Akt [78].
EPO appears to function in a similar fashion to protect neurons in the CA1 region
of the rat hippocampus following global cerebral ischemia [79]. Both pretreatment and
post-treatment EPO prevented neuronal damage. The molecular mechanism appears
again to be via phosphorylation of Akt. The protective effects of EPO were also
abolished through the use of phosphoinositide 3 kinase inhibitors. In addition to
stimulating these anti-apoptotic pathways, EPO was also able to increase brain derived
neurotrophic factor which is known to increase neuronal survival [80,79].
It is clear that following transection of the optic nerve RGC cell bodies undergo
apoptosis as evidenced by condensed nuclei [81], activation of caspase-3 and -9 [82-83],
and downregulation PI-3K/Akt kinases [84]. EPO is able to protect RGCs in retinas
where it is over-expressed. Through the use of selective inhibitors it was demonstrated
that this protection functions through phosphorylation of the ERK-1-2 pathway but not
the Akt pathway [85]. However, other groups report that Akt phosphorylation is
involved in protection following optic nerve transection in rats [86]. Additionally, in this
same study, EPO was not neuroprotective if PI-3-kinase was inhibited [86].
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Treatment of Ocular Diseases with EPO
EPO is an excellent candidate for the treatment of ocular diseases. A single
intraocular injection of EPO (200 ng or 10 U) increased retinal thickness and reduced
photoreceptor cell death in an inducible rat model of diabetes [77] and an inherited mouse
model of retinal degeneration [87]. In addition, gene delivery of Epo to the skeletal
muscle of Lewis rats and Balb/c mice was able to protect the retina in both a light
damage model as well as a genetic model of retinal degeneration [88]. One week after
optic nerve transection in rats, intraperitoneal (IP) injections of EPO significantly
enhanced survival of RGCs [89], demonstrating that despite severe optic nerve injury
RGCs could be rescued. In a rat model, where IOP was artificially raised to induce
glaucomatous pathology, intravitreal injection of EPO was able to rescue RGCs [90].
Using a spontaneous mouse model of glaucoma , repeated IP injectionof EPO promoted
survival of RGCs [50]. These experiments highlight EPOs ability to protect RGCs in a
glaucomatous environment, however long term treatment with EPO can be dangerous.
Non-Erythropoietic EPO
The amount of circulating EPO required to provide tissue protection is much
higher than that needed for erythropoiesis [66]. Long term use of exogenous EPO causes
overstimulation of the erythropoietic pathway. The effects can be deep vein, coronary,
and cerebral thromboses leading to increased mortality [91-92]. Forms of nonerythropoietic EPO have been developed in an attempt to exploit its neuroprotective
effects without increasing hematocrit [93]. These forms include chemical modifications,
mutations, and small peptide derivatives [94-95,93,96-97]. Our lab has also developed a
novel mutant that contains a single amino acid change (R76E) [98].
Creation of EpoR76E
EPO undergoes post-translational modifications that include cleavage of the first
27 amino acids in the amino terminus that result in the active-form. The Epo-R76E
mutation created in our lab was generated by mutating a single amino acid from an
arginine to a glutamate at the 76th position in the active-form (the 103rd position in the
pro-form) (Figure 1-4). Originally this mutation was made in an attempt to generate a
previously discovered form of EPO (EpoR103E in the active-form) that was not
erythropoietic [99], but was neuroprotective [93]. Due to confusion in the nomenclature
between the pro-from and the active-form, we instead generated EPO-R76E. This mutant
was first tested in our lab using a mouse model of photoreceptor cell death where it
demonstrated both neuroprotective effects and attenuated erythropoietic activity [98].
The R76E mutation was introduced into the cDNA of the rhesus Epo gene. There
is a high degree of homology in the sequence of EPO from different mammals (human,
monkey, and mouse) [100] and therefore can be used interchangeably to stimulate
erythropoiesis in other mammals [101-102]. After sequencing the EpoR76E mutant, it
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Figure 1-4.

Sequence alignment for rhesus EPO and the amino acid translation.

Alignment of the NCBI (lower case) published sequence for rhesus EPO and the
sequencing results obtained in our laboratory from EPO-R76E (upper case), and the
amino acid translation. The first 27 amino acids (highlighted in blue) are cleaved during
normal post-translational processing of EPO. The numbers to the left of the amino acid
sequence indicate the numbering of the pro-protein (prior to loss of the first 27 amino
acids). The numbers to the right of the amino acid sequence indicate the numbering of
the active protein which is used in published literature when studying the
structure/function of EPO. The amino acid change that we introduced (R, in pink
highlight) is at position 76 in the active form of the protein. There are 5 additional
nucleotide differences between our sequence and the NCBI published sequence (in
yellow highlight). Three of these are in the cleaved portion of the protein and have no
effect on the active form. The remaining 2 mutations in our sequence are also found in
other species and considered natural variations that would not be expected to affect
protein function.
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was compared to the NCBI published sequence for rhesus Epo. In addition to
successfully mutating the arginine 76 to a glutamate, six other nucleotide changes were
also noticed. Three of these were in the cleaved portion of the protein and result in the
conversion of a leucine to a valine. In all species other than monkey, there is a leucine at
this location [100]. It also has no effect on the active form of the protein since it is
cleaved off during normal processing. At amino acid 6 we have an isoleucine rather than
a valine, however every species other than rhesus monkey also has an isoleucine at this
position, so this is considered natural variation, not a mutation, and would not be
expected to affect protein function [100]. At amino acid 54 (mature form), we have a
methionine instead of an isoleucine. However, the human sequence also has a
methionine at this position and therefore this is considered natural variation and would
not be expected to affect protein function [103].
Delivery of EPO-R76E
There are a variety of delivery methods to select from when using EPO-R76E as a
neuroprotectant for ocular diseases. Local delivery of EPO to the eye via subretinal
injection or intravitreal injection have proven successful [90,77,87,104]. These methods
are appealing because of the low dose required; in addition local delivery fails to
stimulate the erythropoietic pathway. EPO is able to cross the blood brain barrier
allowing physical access to both the retina and the optic nerve after systemic injection
[105-106]. Therefore EPO is particularly attractive for systemic treatment of glaucoma.
Systemic delivery is advantageous because it prevents any further injury to the eye
caused by repeated intraocular injections. Protein therapy delivered by IP injection or
intravenous injection as well as viral mediated gene therapy are all viable methods to
achieve protection within the eye [88,87,104,107]. Gene therapy using EPO-R76E offers
several advantages over other more traditional methods of delivery. First, using this
approach provides more consistent levels of circulating EPO that remain within the
neuroprotective range at all times, unlike the spikes or dips observed when EPO is used
as a protein therapy [108,87]. Second, only a single intramuscular (IM) injection is
required to provide long term expression [109]. This eliminates the need for repeated
injections that can be costly and add increased risk of error.
Adeno-Associated Virus
Adeno-Associated virus (AAV) is a small (25-nm) nonenveloped virus that
belongs to the Parvoviridae family. This nonpathogenic virus belongs to the genus
Dependovirus because it requires a helper virus such as adenovirus or herpes virus for a
productive infection. AAV integrates into chromosome 19, making it the only known
mammalian DNA virus that has site-specific integration [110]. The genome consists of a
linear, single-stranded DNA approximately 4.7 kB in length. AAV virions package both
the sense and antisense stands with equal frequency [111]. The genome carries two viral
genes Rep and Cap. Through the use of multiple promoters, alternative splicing, and
internal ribosome entry sites an array of proteins are produced from these two genes. The
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structural proteins are derived from the Cap gene while the enzymatic proteins for
replication are derived from the Rep gene. The genome is flanked on both ends by
inverted terminal repeats that contain the virus and important cis-active sequences. The
inverted terminal repeat is the origin of replication and serves as a primer for second
strand synthesis [112]. In addition it plays a key role in replication, site specific
integration, and negative regulation under nonpermissive conditions [113-115].
Recombinant AAV
Recombinant AAV (rAAV) gene therapy vectors are produced by the removal of
the two viral genes and insertion of a gene of interest between the inverted terminal
repeats. Since there are no viral genes present in the rAAV prep the toxicity is
minimal.rAAV vectors are a desirable tool for delivering a wide range of transgenes
applicable to many disease models. In addition to being nonpathogenic they can infect
and transduce a broad range of tissues including brain, retina, muscle, liver, and lungs
[117-119]. Unlike many retroviral vectors, rAAV can transduce quiescent cells [120] and
is produced at very high titers. Furthermore, since rAAV does not contain the Rep gene,
which permits it to integrate, there is no risk of insertional mutagenesis[121].
To date there are twelve known human serotypes (AAV-1 to AAV-12) with
AAV-2 being the best characterized. The serology is defined as the inability of an
antibody that is reactive to the viral capsid of one serotype in neutralizing those of
another serotype[115]. Pseudotyping rAAV genomes with capsids from different AAV
serotypes creates novel combinations that can expand the tropism and increase expression
and spread of viral transgenes [121-123]. In a recent study serotypes 2/1, 2/5, and 2/8
were all able to transduce skeletal muscle at much higher levels than 2/2 [124], thus
making them ideal vectors for IM injections.
Types of Neuronal Cell Death
There are three main types of neuronal death; apoptosis, necrosis, and Wallerian
degeneration. Apoptosis is a programmed cell death that occurs during development of
the nervous system and is also involved in pathological neuronal death following nerve
injury or disease [125-126]. It is characterized by loss of cell membrane asymmetry and
attachment, cell shrinkage, nuclear fragmentation, chromatin condensation, and
chromosomal DNA fragmentation. Extensive membrane blebbing of apoptotic cell
bodies occurs. These bodies are subsequently phagocytosed by macrophages, and
degraded within phagolysosomes. This entire process allows neurons to be eliminated
without releasing their cellular constituents into the surrounding tissue. Furthermore,
there is essentially no inflammatory response associated with this process [127].
Apoptosis can be triggered by either intrinsic or extrinsic signals. The extrinsic
pathway is activated when “death receptors” at the plasma membrane are triggered [128].
This causes caspase-8 activation eventually leading to apoptosis. The intrinsic pathway
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involves a non-receptor-mediated stimuli that produce intracellular signals that act
directly on targets within the cell and are mitochondrial-initiated events. The control and
regulation of these apoptotic mitochondrial events occurs through members of the Bcl-2
family of proteins [129]. It is thought that the main mechanism of action of the Bcl-2
family of proteins is the regulation of cytochrome c release from the mitochondria via
alteration of mitochondrial membrane permeability. Some of the anti-apoptotic proteins
include Bcl-2, Bcl-x, and Bcl-XL. Some of the pro-apoptotic proteins include Bcl-10,
Bax, Bid, and Bad. These proteins have can determine if the cell commits to apoptosis or
aborts the process. Activation of either the intrinsic or extrinsic pathway results in
cleavage of caspase-3 and therefore it is often used as a marker for apoptosis.
The alternative to apoptotic cell death is necrosis, which is considered to be a
toxic process by which the cell degrades. Necrotic cell injury can occur via two main
mechanisms; interference with the energy supply of the cell and direct damage to cell
membranes. Some of the major morphological changes that occur with necrosis include
cell swelling, formation of cytoplasmic vacuoles, swollen or ruptured mitochondria,
disaggregation and detachment of ribosomes, disrupted organelle membranes and swollen
and ruptured lysosomes [130]. The loss of cell membrane integrity causes the release of
cytoplasmic contents into the surrounding tissue. This results in eventual recruitment of
inflammatory cells and a powerful immune response that can cause a large amount of
damage to the area.
Wallerian degeneration is defined by axonal degeneration distal to the injury site
[131]. The mechanism that triggers it is still unknown. After injury, the axonal
cytoskeleton and the axonal membrane dismantle. Neurofilament breakdown, which
depends on Ca2+ and the Ca2+ activated protease calpain, is a prominent feature of this
degenerative phase and is often used as a marker for it [132]. The process is completely
independent of apoptosis [133].
RGC Death Following Optic Nerve Injury and Disease
Optic nerve crush
Optic nerve crush causes death of both the RGC soma and its axon by
independent events. After severe optic nerve injury the RGC somata no longer receive
neurotrophic factors via retrograde transport and undergo apoptosis [134]. RGC death
via apoptosis has been demonstrated in a variety of ways. Ultrastructural observations at
the GCL show chromatin aggregation [135]. Caspase inhibitors are able to block RGC
death after optic nerve transection. In addition, transgenic mice have been very
instrumental in demonstrating the role apoptosis after optic nerve injury. Mice that overexpress Bcl-2 have 55% more RGCs than controls 3 months after transection [136]. In
addition, Bax -/- mice also have a significantly higher amount of RGC somata than wildtype controls following optic nerve crush [25].
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Since the RGC axon is no longer receiving nutrients and proteins from the soma it
undergoes Wallerian degeneration [131,133]. This is supported by the lack of caspase-3
activation after transection and the fact that caspase inhibitors are unable to prevent
axonal degeneration despite being able to keep the parent neurons alive [133]. Further
proof comes from transgenic mice that harbor the Wlds gene. The RGC axons of these
mice demonstrate a much slower rate of degeneration after optic nerve transection [137].
Glaucoma
In glaucoma the RGC somata die via apoptosis [138] although there are a limited
number of publications that also implicate necrosis as well [139]. As discussed
previously there are multiple types of glaucoma and RGC apoptosis occurs in both openangle glaucoma and normal tension glaucoma [140,139]. Reports also demonstrate that
RGC apoptosis occurs in the DBA/2J mouse model for pigmentary glaucoma [141]. This
is clearly demonstrated in DBA/2J Bax-/- mice that develop massive axonal degeneration
in response to increased IOP but still maintain a high number of RGC somata [25]. It is
likely that the RGC apoptosis which results from glaucoma occurs as a result of axonal
injury [142,34].
Glaucomatous damage causes the axons to degenerate by Wallerian degeneration.
This is demonstrated in transgenic DBA/2J mice that harbor the Wlds gene and have
delayed onset of axonal degeneration [34]. The degeneration results from increased IOP
that effects axonal transport and can cause mechanical damage to the axons within the
optic nerve [142].
Testing EPO-R76E
The next two chapters compare wild-type EPO to EPO-R76E in regards to its
erythropoietic activity and its neuroprotective effects. In addition, systemic gene delivery
of EPO-R76E is examined as a viable method to protect RGCs against direct optic nerve
injury and disease. Experiments were conducted using two different models for RGC
death; an optic nerve crush model (Chapter 2) and the DBA/2J mouse model for
glaucoma (Chapter 3).
The experiments in Chapter 2 address the hypothesis that systemic gene delivery
of EpoR76E would protect the RGC somata against direct axonal injury without causing
an increase in hematocrit. EPO-R76E was first examined using the injury model because
of the much shorter experimental timeline. Erythropoietic activity and neuroprotection
could be tested in this model within approximately 3 months; compared the 10 months it
takes for the DBA/2J mice to develop RGC death. Since the optic nerve crush is a very
severe injury, any neuroprotection that occurred gave a high likelihood that protection
would also be achieved in the glaucoma model.
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Chapter 3 addresses the hypothesis that systemic gene delivery of EpoR76E
would protect RGC somata in a mouse model of glaucoma without considerably
increasing hematocrit. This chapter also examines the effects of EPO-R76E on axonal
degeneration and RGC function in DBA/2J mice with an increased IOP. The value of
testing neuroprotection in this model is the direct link to clinical application of EPOR76E as a therapeutic for glaucoma.
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CHAPTER 2. SYSTEMIC AAV-MEDIATED GENE THERAPY PROTECTS
NeuN POSITIVE CELLS IN BALB/cByJ MICE AGAINST OPTIC NERVE
CRUSH
Introduction
Optic nerve crush is a common model to induce RGC death in vivo [143].
Crushing the optic nerve causes Wallerian degeneration of the axons and apoptotic loss
of RGC somata over time [81]. This pattern of cell death is very similar to that observed
in glaucoma where optic nerve injury causes secondary RGC death. Many of the same
apoptotic pathways are activated in both instances [144,82,145,25,146]. The mechanical
injury to the axons of the optic nerve due to an elevated pressure is one theory on the
mechanism of cell death in glaucoma [147-148]. Optic nerve crush can simulate this
mechanical injury and is a technique that that is used to study RGC injury in monkeys,
rats, and mice [149]. Among other advantages, the speed at which neuronal cell death
occurs after optic nerve is crush makes it an attractive technique for examining potential
neuroprotectants. Unlike some spontaneous models of neurodegeneration that can take 1
year to reach peak damage levels, the majority of RGC loss occurs within just 2 weeks
[20,149].
EPO is a broad range neuroprotectant, in addition to providing protection to
neurons in excitotoxic and ischemic settings, EPO also protects neurons in models of
mechanical trauma (retinal, cerebral, and spinal cord) in vivo[80,150-151]. Intravitreal
injection of EPO protects RGCs in rodent models of optic nerve crush or optic nerve
lesion that would otherwise be detrimental to RGCs [86,104]. The effects of EPO in
these optic nerve injury models appears to be two fold, prevention of cell death followed
by regeneration of axons [104]. However, these results require repeated injections of
EPO that have the potential to cause additional damage to the globe. Here we use rAAVmediated gene therapy to express either of two forms of EPO systemically, thereby
eliminating the need for intraocular injections and repeated dosing.
EPO’s use as a clinical neuroprotectant is hindered by its unwanted erythropoietic
activity. One way to sidestep this issue is through the use of non-erythropoietic forms of
EPO. In this study the neuroprotective effects of one such form (EPO-R76E) is
investigated. Thus far EPO-R76E has been shown to protect photoreceptors in the retinal
degeneration slow mouse model without causing a large increase in hematocrit levels
[98]. EPO-R76E’s ability to protect neurons in the retina and optic nerve against
mechanical damage is tested using the optic nerve crush technique. Due to its genetic
background, the BALB/cByJ mouse is the strain most susceptible to optic nerve crush
[21] and therefore serves as an ideal model to study EPO-R76E as a neuroprotectant.
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Methods
Injections
BALB/cByJ mice were obtained from Jackson Laboratories (Bar Harbor,
Maine).Either the University of Iowa or the University of Pennsylvania Vector Cores
produced the vectors. A Hamilton syringe was used to deliver 10 μl of 1X1010 genome
copies of rAAV2/5.CMV.eGFP, rAAV2/5.CMV.Epo, rAAV2/5.CMV.EpoR76E (stock
1) or 1X1011 genome copies of rAAV2/8.CMV.EpoR76E into the quadriceps of two
month old mice. The Epo transgene was derived from rhesus. 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.
Optic nerve crush
Thirty days after IM vector delivery mice were anesthetizedwith
ketamine/xylazine/urethane (25/10/1000 μg/g body weight). A small incision was made
in the lateral aspect of the conjunctiva. With a pair of small forceps the edge of the
conjunctiva next to the globe was retracted slightly and rotated laterally, allowing
visualization of the posterior aspect of the globe where the optic nerve could be observed.
Viewed under a binocular operating microscope, the surrounding connective tissue and
muscle was gently separated from the nerve. The exposed optic nerve was grasped for 10
sec with a pair of Dumont cross-clamp #7 forceps (Roboz, cat. #RS = 5027,
Gaithersburg, MD). This instrument was chosen because its spring action applied a
moderate yet constant and consistent force to the optic nerve. The forceps were then
removed and the eye was allowed to rotate back into place.
Immunohistochemistry
At 10 months of age mice were euthanized and eyes were enucleated and stored in
4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 at 4°C. Retinas were isolated
and incubated in phosphate buffered saline (PBS) and blocked in 20% normal donkey
serum in PBS containing 0.1% Triton-X-100 and 0.5% BSAfor a minimum of 2 h at 4°
C. Primary antibody, anti-Neuronal Nuclei [(NeuN) mAb; Chemicon, Temecula, CA]
was used at 1:500 and secondary antibody was used at 1:200 (Alexa 488, Invitrogen,
Carlsbad, CA). Retinas were placed RGC side up, mounted with Vectashield containing
DAPI (Vector Labs, Burlingame, CA) and viewed using a Nikon Eclipse TE2000 laser
scanning confocal microscope (Nikon, Japan).
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RGC imaging and counts
Retinas were first imaged at 4X magnification and a grid was placed over each
retina to randomly select 8 locations to be imaged at 40X magnification. The number of
NeuN positive cells in each region was counted manually using ImageJ software
(available by ftp at http://rsbweb.nih.gov/ij/ developed by Wayne Rasband, National
Institutes of Health, Bethesda, MD) and Metamorph (Universal Imaging Corporation,
Downingtown, PA).
EPO enzyme-linked immuno-sorbant analysis (ELISA) and hematocrit
Serum from blood samples was probed for EPO and EPO-R76E using the human
Quantikine IVD EPO ELISA Kit according to manufacturer’s protocol (R&D Systems,
Minneapolis, MN). It should be noted that the ELISA kit is calibrated against human
EPO and has been shown to be 4-fold less sensitive for rhesus versus human EPO [152],
and this was taken into account for calculations within the manuscript. The absorbance at
450 nm with 600 nm reference was detected on a BioTek - Quant plate reader
(Winooski, VT). In some mice the serum samples were pooled in order to obtain
sufficient material for the ELISA. Hematocrit was measured by capillary centrifugation.
Optic nerve damage
Optic nerves were isolated and placed in 4% paraformaldehyde in 0.1 M
phosphate buffer, pH 7.4 for one week at 4°C. Next, samples were post-fixed in 1%
osmium tetroxide in 0.1 M cacodylate buffer, dehydrated in graded ethanols, further
dehydrated in propylene oxide and embedded in Embed-812 resin(EMS, Hatfield PA),
cut into 1 μm sections (Reichert-Jung Ultracut E, Austria) and stained with 1%
paraphenylenediamine (PPD) in 50% methanol (Sigma-Aldrich, St Louis, MO). Sections
were viewed by light microscopy using an Olympus BX51 microscope (Olympus
Ameirca inc, PA). Prior to beginning axon counts, the optic nerve was traced at 20X
magnification and cross- sectional area automatically calculated using ImageJ software.
The entire length from top to bottom of same cross section was then imaged using a
120X oil immersion. Approximately the same region of 0.010 mm2 was selected from
each 120X image; both live and dead axons were manually counted using ImageJ
software. Measurements of the cross-sectional area of the optic nerve were used with
axon density to estimate the total number of axons.
Statistical analysis
A one-way ANOVA followed by a pair-wise Bonferroni post hoc comparison test
was used to determine statistical significance when comparing NeuN counts, axon
counts, and serum EPO levels. Statistical analysis was performed with Prism 4.0
software (GraphPad, San Diego, CA).
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Results
Systemic treatment of EPO or EPO-R76E provides a moderate level of protection to
NeuN positive cells at the ganglion cell layer against optic nerve crush
EPO and EPO-R76E were expressed systemically to investigate their
neuroprotective effects at the ganglion cell layer (GCL) after optic nerve crush.
BALB/cByJ mice were injected with rAAV vector carrying eGFP (control), Epo, or
EpoR76E. The mutant (EPO-R76E) was delivered at two different doses (low and high)
(Table 2-1). Retinal flatmounts were probed with anti-NeuN, a marker for RGCs and
some displaced amacrine cells [153-154,50,155] (Figure 2-1A). As expected, a drastic
loss of NeuN positive cells occurred at the GCL layer in control mice that received the
optic nerve crush. Of those that received the optic nerve crush, mice treated with
rAAV2/5.CMV.Epo or rAAV2/8.CMV.EpoR76E appeared to have less cell death
compared to controls and mice receiving rAAV2/5.CMV.EpoR76E (low dose). To
confirm these observations, NeuN positive cells at the GCL layer were manually counted
(Figure 2-1B). The average cell density of control mice after optic nerve crush was
175/mm2, a 57% reduction from a healthy uncrushed retina (410/mm2). There was no
difference in cell survival in mice that received rAAV2/5.CMV.EpoR76E (low dose).
However, treatment with rAAV2/5.CMV.Epo (208/mm2) or rAAV2/8.CMV.EpoR76E
(high dose) (253/mm2) was able to provide protection against optic nerve crush compared
to controls (P ≤ 0.001). The protection was dose dependent, as the high dose of the
mutant resulted in 44% more cell survival than crushed controls and 22% more than mice
treated with wild-type EPO (P ≤ 0.01).
EPO and EPO-R76E are unable to protect axons against optic nerve crush
To determine the effect that EPO had on axons subjected to optic nerve crush,
PPD stained cross sections of the nerves were examined (Figure 2-2A). Cross sections
from uncrushed nerves contained an average of 34,562 healthy myelinated axons with
few if any dead axons. Following optic nerve crush this number decreased dramatically
to 1,877 axons per nerve in controls mice. The majority of the cross sections contained
mainly dead axons and a significant amount of gliosis. Treatment with
rAAV2/5.CMV.Epo (1452 axons/nerve), rAAV2/5.CMV.EpoR76E (1808 axons/nerve)
or rAAV2/8.CMV.EpoR76E (1545 axons/nerve) had no effect on the preservation of
axons (Figure 2-2B). There was no significant difference between any of the treatment
groups after optic nerve crush (P ≥ 0.05).
Effects of systemically expressed EPO and EPO-R76E on hematocrit and serum
EPO levels in BALB/cByJ mice
The amount of circulating EPO produced by each vector and the effect it had on
hematocrit levels in BALB/cByJ mice was examined (Table 2-1). Control mice that
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Table 2-1.

Serum EPO and hematocrit of vector treated BALB/cByJ mice.

Vector Treatment
rAAV2/5.CMV.eGFP
rAAV2/5.CMV.Epo
rAAV2/5.CMV.EpoR76E
rAAV2/8.CMV.EpoR76E

Hematocrit
45.8% ± 1.7
83.8% ± 4.5
51.0% ± 4.0
66.3% ± 7.8
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EPO (mU/ml)
0 ±
84 ± 18.2
23 ± 4.3
236 ± 15.0

N
10
9
12
11

A.

B.

Figure 2-1. Treatment with rAAV2/5.CMV.Epo or rAAV2/8.CMV.EpoR76E
provides a level of protection to NeuN positive cells at the GCL layer against optic
nerve crush.
A) Confocal micrographs (40X magnification) of retinal flat mounts labeled with anti
NeuN. Images are at the retinal ganglion cell layer of the retina. B) Bar graph showing
the average density of NeuN positive cells. Data are means ± S.E.M., and statistical
analysis was done by one-way ANOVA with pair-wise Bonferroni post hoc test. There
was no statistically significant difference between the rAAV2/5.CMV.eGFP, and
rAAV2/5.CMV.EpoR76E (low dose) groups.
* P ≤ 0.01 vs. rAAV2/5.CMV.eGFP
** P ≤ 0.001 vs. rAAV2/5.CMV.eGFP
*** P ≤ 0.01 vs. rAAV2/5.CMV.Epo
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A.

B.

Figure 2-2. Treatment with rAAV2/5.CMV.Epo or rAAV2/8.CMV.EpoR76E does
not protect axons from optic nerve crush.
A) Light microscopy of optic nerve cross sections (120X magnification) stained with
PPD. Nerves from uncrushed controls have a high density of healthy axons (white
arrow). Nerves subjected to crush had profound neurodegeneration marked the loss of
healthy axons, increased sick/dying axons ( ), and gliosis ( ). B) Bar graph of
average number of axons per optic nerve. There was no statistically significant
difference between groups that received vector treatment. Data are means ± S.E.M., and
statistical analysis was performed by one-way ANOVA with pair-wise Bonferroni post
hoc test.
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received rAAV2/5.CMV.eGFP had an average hematocrit of 46%. The amount of
endogenous circulating EPO in these mice was undetectable with the methods used in
this study. Mice that received rAAV2/5.CMV.Epo had 84 mU/ml of EPO in their serum.
As expected, this caused an immense increase in the percent hematocrit (84%). Treatment
with rAAV2/5.CMV.EpoR76E resulted in a lower level of circulating EPO (23 mU/mL)
and only slightly increased the hematocrit level (51%). Delivering a higher dose of the
mutant form (rAAV2/8.CMV.EpoR76E) resulted in an extremely high level of
circulating EPO (263 mU/ml). Even though the level of circulating EPO was nearly 3
fold higher than wild-type (rAAV2/5.CMV.Epo) the hematocrit level was raised only
moderately (66%).
Discussion
Optic nerve injury caused by mechanical stress is an excellent method to study
neuroprotection within the central nervous system (CNS). Two independent pathways of
cell death [133,156-157], Wallerian degeneration of axons and apoptotic death of the
RGC somata[34,158], can be examined simultaneously.In addition, the axons and somata
are located in separate anatomical compartments. This study demonstrates that rAAVmediated gene therapy using Epo or EpoR76E protects cells at the GCL layer but not the
axons within the optic nerve thirty days after optic nerve crush. Furthermore,
neuroprotection by EPO-R76E is achieved without stimulating erythropoiesis to the same
extent as its wild type counterpart. The level of protection is dose dependent and shows a
statistically significant increase as the level of circulating EPO is increased.
The mouse GCL is composed of nearly 60% displaced amacrine cells and 40%
RGCs[30]. In addition to labeling RGCs, NeuN also labels a small population of
displaced amacrine cells (5-15%) at the GCL mice [155]. Therefore, it is possible that
the population of neurons being protected by EPO is composed of either RGCs, displaced
amacrine cells, or both. In rat, displaced amacrine cells are not affected one month after
optic nerve lesion [159], suggesting that EPO and EPO-R76E are protecting mainly
RGCs in the current study and very few if any displaced amacrine cells.
EPO is well known for its anti-apoptotic effects on neurons [160]. Following
transection of the optic nerve RGC cell bodies undergo apoptosis as evidenced by
condensed nuclei [81], activation of caspase-3 and -9 [82-83], and downregulation PI3K/Akt kinases [84]. Previous reports demonstrate that directly injecting EPO into the
vitreous prevents RGC apoptosis after optic nerve injury by preventing activation of
caspase-3 [86]. EPO and EPO-R76E are most likely acting in a similar fashion in the
current study to prevent apoptotic death of RGCs.
The signaling pathways that regulate axonal degeneration are different from those
that mediate most neuronal apoptosis. Injury to the optic nerve causes RGC death via
apoptosis [161-162], however the axons undergo Wallerian degeneration [163,34,158] a
process that is independent of the apoptotic pathway [156-157]. EPO protects RGCs in
rat models of optic nerve crush and optic nerve transection[86,104], in addition it also
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stimulates axonal regeneration in retinal explants [151]. Furthermore, recent studies
demonstrate that intraocular injection of EPO protects a significant number of axons from
degenerating after optic nerve crush [164,104]. However, in the current study we did not
detect any axonal preservation. Three explanations could address these conflicting
results. The first involves the region of the optic nerve being analyzed. King et al., 2007
imaged the optic nerve in longitudinal sections and reported axonal regrowth at two
regions of the optic nerve, both are proximal to the transection site. Here we only
examined a 5 µm cross section of the optic nerve and the spatial relationship to the injury
site was unknown. Therefore it is possible that neuroprotection may be provided in other
regions of the optic nerve. A more careful examination would need to be carried out to
completely rule out the absence of any neuroprotection within the optic nerve. A second
aspect that should be considered is the amount of EPO used to prevent Wallerian
degeneration. Wang et al., 2009 injected 250 mU to 50 U of EPO per eye to reduce the
amount of axonal degeneration. The highest amount detected in serum of treated mice in
this study was 263.2 mU/ml. EPO crosses the BBB at a rate of 0.5-1% [165-167]
therefore approximately 2.6 mU/ml likely reached the CNS. Using published mouse eye
dimensions [35] this translates to approximately 0.026 mU per mouse eye, over 1000 fold
lower than that observed by Wang et al., 2009. Therefore, the lack of axonal protection
may have been because an appropriate therapeutic dose was not achieved. Third, the
difference in axonal protection could be explained by time. Wang et al., 2009 examined
the optic nerve two weeks post crush while this study examined the damage four weeks
post crush. It is possible that treatment with EPO provides temporary protection that is
lost by four weeks post-crush.
Obtaining the optimal therapeutic dose is an important aspect in drug delivery.
To be used as a neuroprotectant, others have reported that EPO must be administered at
much higher levels than is necessary for erythropoiesis [66]. Despite a multitude of
research highlighting EPO as a broad range neuroprotectant, only a limited number of
investigations have attempted to identify an optimal dose [86,50]. In doing such, EPO’s
neuroprotective activity was shown to function in a bell shaped dose curve [86]. The
current study has begun to identify the lower limit of circulating EPO required for
neuroprotection of cells at the GCL layer. These results indicate that the peak levels of
protection observed thus far by EPO-R76E (44%), might be improved by increasing the
amount serum EPO levels. The neuroprotective properties EPO-R76E, combined with its
weakened ability to stimulate erythropoiesis, warrant its examination as a potential
treatment for neurodegenerative diseases.
When used at the high dose, rAAV2/5.CMV.EpoR76E moderately increased the
hematocrit (66%). The normal range for a laboratory mouse is between 40-60% [168].
Slight increases above the normal level appear to be beneficial. When hematocrit levels
between are between 58-68%, mice actually perform better on exhaustion tests due to
increased 02 uptake [169]. Mice appear to tolerate very high hematocrit levels much
better than humans. Rather unexpectedly, transgenic mice chronically expressing Epo
had no evidence of thrombembolic complications or embolization despite hematocrit
levels at 80%. In addition, the blood pressure, heart rate, and cardiac output were normal
as well [170]. However, when hematocrit levels are this high, mice perform poorly on
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exhaustion tests and the average survival time was reduced by 3 months [171]. In
humans the normal hematocrit for females and males is below 48% and 52%
respectively. Patients that exceed these levels would be considered to have polycythemia
[172]. In both Chapters 2 and 3, treatment with rAAV2/5.CMV.EpoR76E raised
hematocrit levels to above 55% in mice. If this same increase was observed in patients
they would need to undergo regular phlebotomy [173].
The optic nerve crush causes severe injury to the axons within the nerve. Given
the neuroprotection demonstrated by EPO in this model it was likely protection would
also occur in models of optic nerve disease. This theory is examined in Chapter 3 using
the DBA/2J mouse model for pigmentary glaucoma in which there is severe axonal
degeneration and apoptotic death of the RGC somata. Based on the experiments in
Chapter 2, we hypothesized that systemic gene delivery of EPOR76E would protect the
RGC somata in the DBA/2J mouse without considerably increasing the hematocrit.
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CHAPTER 3. SYSTEMIC AAV-MEDIATED GENE THERAPY PRESERVES
RETINAL GANGLION CELLS AND VISUAL FUNCTION IN DBA/2J
GLAUCOMATOUS MICE
Introduction
Many neurodegenerative diseases such as Alzheimer’s, amyotrophic lateral
sclerosis (ALS), multiple sclerosis (MS), Parkinson’s, and glaucoma are characterized by
the slow progressive loss of neurons. The neuronal death is caused by a variety of factors
that in most cases are disease specific. Autoimmunity plays a key role in MS causing
severe axonal damage, as well as in ALS where it leads to loss of motor neurons.
Alzheimer’s is often associated with plaques and tangles in the brain and in glaucoma it
appears that an increase in IOP causes axonal damage and RGC death. While many
laboratories are working to develop disease-specific interventions, we hope to develop
general neuroprotective treatments such as EPO that may ameliorate neurodegenerative
diseases regardless of their initiating factors. We have chosen to use glaucoma as a
model system to study the treatment for a progressive loss of neurons. This is an ideal
model system for examining progressive neuronal degeneration because neuronal cell
death and axonal degeneration occur in separate anatomical compartments. The RGC
somata are located in the most proximal layer of the retina, while the RGC axons are
bundled in the optic nerve. Further, tests of visual function exist (F-VEP) that require
communication from the RGC soma, through the axon, to the visual cortex.
We selected a well characterized murine model of pigmentary glaucoma, the
DBA/2J mouse [22]. The initial neuronal injury occurs at the optic nerve head [34,155].
Here, anterograde Wallerian degeneration is responsible for death of the ganglion cell
axons projecting to the brain. This results in a loss of vision. The axonal injury also leads
to programmed cell death of the RGC somata within the retina [34,158]. The pathology
of this pigmentary glaucoma can be predicted despite the asynchronous nature of the
disease from eye to eye.IOP increases between 6-12 months of age which is followed by
optic nerve damage beginning at 8 months of age [11]. Using this model we studied both
the morphological neuroprotection and function of RGCs and their axons by treatment
with rAAV carrying EpoR76E.
A number of different approaches are being taken to achieve neuroprotection
[174,87]. Previously, our laboratory focused on delivery of a mutated form of EPO to
rescue photoreceptor cells in a mouse model of retinal degeneration [175]. This mutant
form of EPO, was able to provide high levels of protection without significantly
increasing hematocrit. The success of EPO in protecting photoreceptors compelled us to
test this approach as a treatment for the slow progressive loss of neurons that occurs in
many neurodegenerative diseases. EPO has firmly established its role as a
neuroprotective agent both in vivo and in vitro proving capable of protecting multiple
neuronal cell types from various injuries [59,61-64]. EPO and EPO-R76E can cross the
blood brain barrier [105-106] allowing for direct access to vulnerable neurons. The
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present study used gene therapy and systemic delivery of EPO-R76E to rescue neurons in
the DBA/2J model of glaucoma.
Methods
Injections
DBA/2J mice were obtained from Jackson Laboratories (Bar Harbor, Maine).
Vectors were produced by the University of Iowa Vector Core. A Hamilton syringe was
used to deliver 10 μl of 1X1010 genome copies of rAAV2/5.CMV.eGFP,
rAAV2/5.CMV.Epo, or rAAV2/5.CMV.EpoR76E (stock 1) into the quadriceps of 1
month old mice. The Epo gene was derived from rhesus. 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.
Intraocular pressure
Mice were anesthetized with ketamine/xylazine/urethane (25/10/1000 μg/g body
weight). IOP was measured monthly from 5-8 months of age using a TonoLab tonometer
(Colonial Medical Supply Co; Franconia, NH). The TonoLab rebound tonometer was
used because it is noninvasive, accurate, and reproducible in the DBA/2Js as well as other
mouse strains [176-177]. Mice that developed an IOP of 13 mm Hg or greater were used
in the analysis.
Retinal flatmounts and NeuN counts
Retinal flatmounts were prepared as previously described in Chapter 2. NeuN
positive cells at the GCL layer were counted as previously described in Chapter 2.
Optic nerve cross sections and total axon counts
Optic nerve cross sections were prepared as previously described in Chapter 2.
Axon counts were performed as previously described in Chapter 2 with one exception.
Light microscopy images of the optic nerves were taken at 60X oil immersion.
EPO enzyme-linked immuno-sorbant analysis (ELISA) and hematocrit
Serum EPO levels and percent hematocrit was determined as previously described
in Chapter 2.
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F-VEP
After overnight dark adaptation, mice were anesthetized with an intraperitoneal
injection of ketamine/xylazine/urethane (25/10/1000 μg/g body weight). Body
temperature was maintained at 37°C with a heading pad. Pupils were dilated with 1%
Atropine. Platinum needle electrodes (Grass Technologies, West Warwick, RI) were
placed approximately 3 mm lateral to lambda over the left and right cortex. Flashes of
white light at an intensity of 1.0 cd.s/m2 were presented in a Ganzfeld dome (Diagnosys,
Lowell, MA). Flash frequency was 1 Hz with an inner sweep delay of 500 ms. Each
result was an average of 200 sweeps.
Statistical analysis
A one-way ANOVA followed by a pair-wise Bonferroni post hoc comparison test
with a P value ≤ 0.01 considered statistically significant was used to compare NeuN
counts, axon counts, N1 amplitude, P1 amplitude, and serum EPO levels. Statistical
analysis was performed with Prism 4.0 software (GraphPad, San Diego, CA). A Pearson
product-moment correlation coefficient was used to compare EPO’s effect on IOP.
Results
IOP as marker for glaucoma in DBA/2J mice
The DBA/2J mouse strain has a variable response in the elevation of IOP;
however, when IOP is high neuronal loss results. To define the animals with elevated
IOP and, therefore, the potential for developing glaucoma, we measured the IOP between
the ages of 3 to 8 months (Figure 3-1). The baseline IOP was measured at 3 months of
age (12.5 mm Hg) and was in agreement with previous reports [22,178]. Once the
baseline data were collected we aged a cohort of 47 mice. At 8 months of age 73 of the
94 eyes had an IOP that exceeded the baseline. All of the eyes with an elevated IOP of
greater than 13 mm Hg were included in the study to test the effects of EPO and EPOR76E.
Both rAAV2/5.CMV.Epo and rAAV2/5.CMV.EpoR76E protect RGC axons
The neuroprotective effects of EPO were tested in a model of glaucoma, the
DBA/2J mouse. We examined the optic nerves of four groups of mice: 3 month old mice
(before the onset of glaucoma),10 month old mice receiving either rAAV2/5.CMV.eGFP
(control vector), rAAV2/5.CMV.Epo (Epo vector), or rAAV2/5.CMV.EpoR76E (mutant
Epo vector). An obvious difference was observed when examining the cross sections of
the optic nerves (Figure 3-2A). As expected [11,155] there was little degeneration in the
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Figure 3-1.

IOP increases in DBA/2J mice over time.

The IOP was increased in 73/94 DBA/2J mouse eyes by 8 months of age.The scatter plot
shows IOP measured monthly by rebound tonometry from DBA/2J mice. Only mice that
exhibited an increased IOP above 13 mm Hg ( ) were considered glaucomatous and
entered into the study for further analysis. Mice that exhibited an IOP below 13 mm Hg
(Χ) were not likely to have appreciable RGC loss and were not included within this
study.
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Figure 3-2. Treatment with rAAV2/5.CMV.Epo or rAAV2/5.CMV.EpoR76E
protects the optic nerve of DBA/2J mice with exceedingly high IOP (≥ 25 mm Hg)
from glaucomatous neurodegeneration.
A) Brightfield micrographs of optic nerve cross sections (60X magnification) stained
with PPD. Nerves from preglaucomatous mice (3 months old) have a high density of
healthy axons (white arrow). At 10 months of age optic nerves from control mice
(rAAV2/5.CMV.eGFP) had profound axonal degeneration, marked the loss of healthy
axons, increased sick/dying axons ( ), and gliosis ( ). The majority of optic nerves
from mice that were treated with either EPO vector had little or no axonal degeneration.
B) Bar graph of the number of healthy axons per optic nerve. Data are means ± S.E.M.,
and statistical analysis was performed by one-way ANOVA with pair-wise Bonferroni
post hoc test. There was no statistically significant difference between the
preglaucomatous, rAAV2/5.CMV.Epo, and rAAV2/5.CMV.EpoR76E groups.
** P ≤ 0.001 vs. rAAV2/5.CMV.eGFP
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optic nerves from young untreated mice and a significant amount of degeneration in the
nerves from the older control mice that received vector at 1 month of age. The effects of
both the normal EPO and the mutant EPO were apparent even at low magnification. The
mice treated with either Epo vector had optic nerves that resembled the young mice and
not the aged matched control mice. To confirm these observations, axons in the optic
nerve were counted (Figure 3-2B). This quantification confirmed our initial observation
with 3 fold more surviving axons (P ≤ 0.001) in mice treated with the Epo vector (36,366
axons/nerve) and with the mutant Epo vector (33,841 axons/nerve), than in age-matched
control mice (10,648 axons/nerve). There was no significant difference in the number of
surviving axons in between the Epo treated optic nerves as compared to the young
controls.
Treatment with rAAV2/5.CMV.Epo or rAAV2/5.CMV.EpoR76E protects NeuN
positive cells
The preservation of the optic nerve naturally led us to examine the RGC soma,
and we found that the protective effect of both EPO vectors did extend to the RGC
bodies. Retinal flat mounts from all four groups were probed with anti-NeuN (Figure
3-3A), a marker for RGCs [153-154,50,155] and some displaced amacrine cells. Young
mice had a high NeuN positive cell density throughout the entire retina whereas older
control mice had some areas that were completely devoid of cells. The ganglion cell
layer (GCL) of mice treated with either Epo vector closely resembled that of younger
mice having a dense population of cells throughout. To directly assess the effects of our
treatment, the NeuN positive cells in the GCL were counted (Figure 3-3B). The average
cell density in young mice (406 cells per 0.1 mm2) was almost two fold greater than the
density in older control mice (243 NeuN + cells per 0.1 mm2). Treatment with the Epo
vector (384 cells per 0.1 mm2) or the mutant Epo vector (344 cells per 0.1 mm2) provided
a significant level of protection to the RGC soma (P ≤ 0.001). In addition, there was no
significant difference in the number of NeuN positive cells in the Epo treated groups as
compared to the young controls.
Functional preservation of the visual pathway in DBA/2J mice treated with
rAAV2/5.CMV.Epo and rAAV2/5.CMV.EpoR76E
Gene therapy using either Epo vector preserved visual function in DBA/2J mice.
The anatomical sparing of both the axon and soma should result in the maintenance of
visual function.DBA/2J mice from all 4 groups were subjected to flash-visually evoked
potentials (F-VEP). For a signal to reach the visual cortex both the RGC soma and axon
must be intact. The classical N1 and P1 peaks were observed in the averaged waveforms
of each treatment group (Figure 3-4A and B). Young DBA/2J mice produced a robust
and reproducible signal. By 10 months of age the signal had severely diminished,
particularly the N1 peak and a number of these mice had no detectable signal at all. Ten
month old mice that received treatment with either the Epo or the mutant Epo vector had
visually evoked responses that resembled their younger counterparts. The average
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Figure 3-3. Treatment with rAAV2/5.CMV.Epo or rAAV2/5.CMV.EpoR76E
protects NeuN positive cells at the GCL from glaucomatous cell death.
A) Confocal micrographs (40X magnification) of retinal flat mounts from DBA/2J mice
labeled with anti-NeuN. The first column contains representative images from
preglaucomatous mice 3 months of age. Columns 2-4 are images from 10 month old
DBA/2J mice treated with rAAV2/5.CMV.eGFP, rAAV2/5.CMV.Epo, or
rAAV2/5.CMV.EpoR76E respectively.All images come from independent eyes. B) Bar
graph showing average density of NeuN positive cells. Data are means ± S.E.M., and
statistical analysis was done by one-way ANOVA with pair-wise Bonferroni post hoc
test. There was no statistically significant difference between the
preglaucomatous,rAAV2/5.CMV.Epo, and rAAV2/5.CMV.EpoR76E groups.
** P ≤ 0.001 vs. rAAV2/5.CMV.eGFP
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Figure 3-4. rAAV2/5.CMV.Epo or rAAV2/5.CMV.EpoR76E provide functional
rescue to the visual pathway of glaucomatous DBA/2J mice.
A) Representative image of recording response from flash-visual evoked potential.
Arrows and dotted lines indicate how the peak amplitude and latency were determined
from each recording. The
represents when the flash of light was delivered. B)
Recordings from flash-visual evoked potential. The recordings from each treatment
group were averaged together and aligned vertically to allow for visual comparison.
Young control mice display large N1 and P1 peaks that result from a fully intact and
functional visual pathway. These peaks are nearly lost in 10 month old mice
glaucomatous mice treated with eGFP vector. Treatment with either the Epo or mutant
Epo vector rescues the peaks, restoring the visual pathway. µV = micro volts; ms =
milliseconds.
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amplitude and the latency of the N1 and P1 peaks were quantified (Figure 3-5). Young
mice had normal N1 (15.7 µV) and P1 (11.3 µV) peak amplitudes. There was a
considerable attenuation of the peaks in older mice (N1= 7.3 µV, P1= 4.2 µV). When
animals received either Epo vector there was a preservation of the evoked potential. Ten
month old mice that received the Epo vector had a N1 peak of 16 µV and a P1 peak of 14
µV. These evoked potentials were significantly better than that observed in age matched
controls (P ≤ 0.001). Similarly treatment with the mutant Epo vector also rescued both
peaks (N1= 14 µV, P1= 8 µV, P ≤ 0.001 and P ≤ 0.05 respectively). There was no
statistically significant difference in the peak latency of the N1 and P1 waves between
any of the treatment groups and young control mice.rAAV-mediated gene transfer effects
on hematocrit, serum EPO levels, and IOP in DBA/2J mice.
Gene therapy using the EpoR76E mutant produced similar amounts of circulating
EPO without causing a large increase in the hematocrit. Long term treatment with wild
type EPO leads to dangerously high hematocrit levels, therefore the amount of circulating
EPO and its effect on hematocrit levels was examined in all three treatment groups
(Table 3-1). In control DBA/2J mice the low levels of EPO within the serum are
undetectable by the method used and therefore the hematocrit levels remained at baseline
(46%). Treatment with either the Epo vector or the mutant Epo vector greatly increased
serum Epo levels, 92 mU/mL or 67 mU/mL respectively. Despite similar levels of
protein production (P ≥ 0.05) by both vectors the physiological response in animals was
quite different. Treatment with the Epo vector resulted in average hematocrit levels
above 90%and required regular phlebotomy while the same level of mutant EPO caused
only a slight increase in hematocrit (55% without phlebotomy), still within the healthy
range for a DBA/2J mouse. Treatment with either EPO vector had no statistically
significant affect on the IOP (PMCC -.026).
Discussion
Glaucoma is the second leading cause of blindness worldwide, affecting nearly 70
million people[2]. Currently, there are no neuroprotective agents clinically available for
preventing RGC death or reducing visual field loss in patients with primary open angle
glaucoma [119]. Here we show for the first time that systemic gene delivery of Epo or
EpoR76E is capable of protecting both the axons and the RGC somata from
glaucomatous damage in DBA/2J mice and that this morphological protection translates
into functional rescue of the visual pathway against glaucomatous damage. In addition,
the expression of the mutant EPO-R76E provided this protection while maintaining the
hematocrit within healthy limits.
With the experimental design it was important that the majority of eyes used for
this study developed glaucoma. Since IOP is major risk factor for the development of
glaucoma in these mice it was used as a positive marker for glaucoma. We used the
TonoLab rebound tonometer because it is noninvasive, accurate, and reproducible in the
DBA/2Js as well as other mouse strains [176-177]. Both the temporal increase in IOP
and the increase in the number of eyes with high IOP, correlates well with previously
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Figure 3-5. Quantitative analysis of rAAV2/5.CMV.Epo or
rAAV2/5.CMV.EpoR76E treatment on flash-visual evoked potential in
glaucomatous DBA/2J mice.
Treatment with wild type or mutant EPO significantly increased both the N1 and P1
amplitude while not affecting the latency of flash-visual evoked potential. A) N1 peak
amplitude and B) P1 peak treated with either Epo vector return to preglaucomatous
levels. There is no statistically significant difference of the C) N1 latency or the D) P1
latency between young preglaucomatous mice and 10 month old glaucomatous mice.
Treatment with any of the three vectors did not have a positive or negative effect on the
latency.Data are means ± S.E.M., and statistical analysis was done by one-way ANOVA
with pair-wise Bonferroni post hoc test.
* P ≤ 0.01; ** P ≤ 0.001 vs. rAAV2/5.CMV.eGFP
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Table 3-1.

Serum EPO and hematocrit of vector treated ten month old mice.

Vector Treatment

EPO (mU/ml)

rAAV2/5.CMV.eGFP

0

(n = 6)

rAAV2/5.CMV.Epo

92 ± 37

rAAV2/5.CMV.EpoR76E

67 ± 89.4 (n = 18)

1

(n = 8)

Hematocrit
46%

±

2.5 (n = 17)

1

81% ± 10.1 (n = 9)
55%

± 11.3 (n = 23)

Mice treated with rAAV2/5.CMV.Epo were phlebotomized routinely to keep hematocrit
levels from exceeding 90%; no other treatment groups required this. Data are means ±
STDEV.
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published data [22,11]. At the time the experiments were performed the accuracy of the
rebound tonometer had not been tested on older DBA/2J mice that often develop a robust
corneal calcification by 9-12 months of age [11]. Therefore we did not continue to
measure IOP into the 9th and 10th month of the experiment. Since this time however,
Pease et al., 2010 has tested the TonoLab tonometer in older glaucomatous DBA/2Js.
Their findings prove it to be accurate in this glaucoma model as well as in the bead
induced model [179]. Measuring IOP in the 9th and 10th month would not have changed
the outcome of the experiments performed but would have perhaps added more mice to
the study given the two extra months to develop an IOP above the baseline.
The VEP, which detects bioelectrical signals from the visual system, is an
appropriate electrophysiological test when studying optic nerve diseases [180]. The FVEP is used to detect the functional integrity of RGCs and the optic nerve. If either the
RGC soma or axon are compromised the signal cannot reach the visual cortex and
therefore won’t be detected by F-VEP [181-183]. The markers for functional assessment
when using the F-VEP are the latency and peak amplitude of the N1 and P1 wave. The
amplitude is associated with the number of cells present to relay the signal such that the
smaller the signal the greater the cell death. The latency of the N1 and P1 waves are
coupled with the synaptic connections and related to the health of existing cells. At 2
years of age nearly all untreated DBA/2J mice have advanced glaucoma very few RGCs
and almost no detectable cortical activity by F-VEP [181]. In the current study we found
that as early as 10 months of age the majority of control mice also had minimal cortical
response due to glaucomatous damage. Untreated glaucomatous mice had low, but
detectable N1 and P1 amplitudes and normal latencies indicating extensive cell death, but
normal synaptic connectivity in the remaining cells. Treatment with either
rAAV2/5.CMV.Epo or rAAV2/5.CMV.EpoR76E preserved the F-VEP waveform similar
to that observed in young mice. On average, mice receiving these vectors showed
complete rescue of the N1 and P1 amplitude demonstrating functional protection of the
RGC soma and axon.
Axonal degeneration usually precedes neuron cell body death in many
neurodegenerative diseases and is often causal of disease symptoms [184,156]. The same
is true in glaucoma where progressive axon degeneration is the key pathogenic event
causing vision loss and eventual death of the RGC soma [34,185,158]. In the DBA/2J
model the primary insult to the optic nerve occurs in the glial lamina as a result of
increased IOP [34]. Although the mechanism of the pathogenesis is unknown several
candidates exist including mechanical stress, glutamate excitotoxicity, neurotrophin
deprivation, oxidative stress, glial cell modulation, and inflammation [186-187]. Here we
report that EPO functions independently of IOP. Therefore, three hypotheses exist that
could explain the observed protection. 1) Direct interaction with the RGCs. EPO could
interact directly with the RGC somata or axons allowing them to maintain metabolic
activity and function despite increased pressure. This hypothesis is supported by the fact
that EPO and its receptor are expressed in the RGC layer of both human and mouse and
that EPO treatment of the retina activates the expected signal transduction cascades
[188,160,189]. Also, in vitro evidence suggests that EPO acts as a paracrine factor [190]
and protects neurons from excitotoxic conditions including exposure to N-methyl-D39

aspartic acid [191] or nitric oxide [192]. 2) Interactions with surrounding cells. EPO
may act on the surrounding tissue to provide indirect protection to the optic nerve.
Increased glial reactivity within astrocytes and Müller cells in the retina [193] as well as
astrocytes and microglia within the optic nerve head are associated with the
glaucomatous state in the DBA/2J model [194-195]. We have shown that treatment with
EPO can decrease Müller cell hypertrophy [87]. In astrocytes, glutamate activation of
aquaporin 4 increases water permeability and causes edema. EPO prevents this
aquaporin mediated swelling in astrocytes by blocking the activation of group 1
metabotropic glutamate receptors [196]. In addition, reactive astrocytes in the optic
nerve head produce nitric oxide synthase in response to increased IOP [197-198]. Nitric
oxide has been shown to be an “axonal injury factor” that stimulates production of
endogenous EPO as a protective factor to reduce axonal degeneration in an acrylamide
induced neuropathy model [199]. 3) Indirect effects on blood flow and cerebrospinal
fluid (CSF) pressure. Some patients suffer from normal-tensive glaucoma, in which IOP
is normal but visual field loss from optic nerve damage still occurs. In a retrospective
study of patients with normal-tensive glaucoma, many had lower cerebral spinal fluid
pressure, that resulted in a trans-pressure gradient across the optic nerve (the IOP was
comparatively higher than CSF pressure [200]). This trans-pressure difference may be
responsible for optic nerve damage in normal-tensive glaucoma patients [201-202]. EPO
may alter this trans-pressure by altering blood flow [203-204] and, in our model, it might
indirectly raise CSF pressure resulting in a restored balance of pressure on the optic nerve
and hence neuroprotection.
In summary, studies by our group and others have demonstrated that systemic
therapy with EPO provides protection in various neurodegenerative models including
photoreceptor degeneration [88,98], optic nerve crush [104], acrylamide induced
neuropathy [199], chronic constriction injury model [205] and sciatic nerve transection
[206]. Results of the current study have expanded these findings by establishing
intramuscular delivery of rAAV2/5.CMV.EpoR76E as an improved therapy without large
hemotopoietic side effects and with potential to treat glaucoma as well as a broad range
of neurodegenerative diseases both in the peripheral nervous system and central nervous
system. Since systemic EPO is already FDA approved and currently the choice protein
therapy for anemic patients [207], EPO-R76E is a promising candidate to move quickly
from bench to bedside.
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CHAPTER 4.

DISCUSSION

EPO-R76E Protects RGC Somata and Axons Independently
Systemic gene delivery of EpoR76E protects RGCs in a spontaneous mouse
model for glaucoma (Chapter 3) and an induced model of neurodegeneration (Chapter 2).
Together these results demonstrate that EPO-R76E protects the RGC soma and its axon
independently. In the DBA/2J mouse model of glaucoma, protection of the axon as well
as its parent neuron is observed. The preservation of the RGC somata most likely occurs
because severe axonal injury never takes place. Thus far, the initial site of injury in the
DBA/2J mouse appears to occur first within the optic nerve and not the RGC somata
[34]. Deterioration of the optic nerve deprives RGCs of nutrients and other factors
leading to eventual apoptotic death. Evidence to support this hypothesis comes from
experiments carried out in transgenic DBA/2J mouse that over-express the Wlds allele.
The Wlds protein product protects axons from Wallerian degeneration induced by axonal
trauma [208-209,137]. It is well established that the Wlds gene product selectively
protects the axons and not the RGC somata [210-214]. DBA/2J mice that harbored this
gene had average axon counts that matched young preglaucomatous mice. In cases
where the axons were spared the RGC somata were as well. Further proof demonstrating
that RGC somata death is secondary to axonal injury comes from DBA/2J: Bax-/- mice.
Bax or BCL2-associated X protein play a major role in neuronal apoptotic cell death
[215-216]. Despite preservation of the RGC somata in glaucomatous DBA/2J:Bax-/mice, severe axonal degeneration still occurs [25].
Potential Mechanism of Neuroprotection
Increased IOP is a major risk factor for glaucoma. However, the neuroprotective
effects of EPO demonstrated in this study are independent of IOP. Despite extremely
high IOP, RGCs are able to function normally. The mechanism of protection provided
by EPO is not completely understood, but it could affect any of the following proposed
underlying causes of RGC death in glaucoma: mechanical stress [217], glutamate
excitotoxicity [218], ischemia [219-220], glial cell modulation [43,221].
Mechanical injury
In humans the lamina region near the optic nerve head is composed of bundles of
axons that pass through pores in the lamina. Structural support is provided to the axon
bundles as they pass through the lamina by extra cellular matrix plates. Compared to the
surrounding tissue (sclera), this porous region of the optic nerve is much weaker. IOP
must be in relative equilibrium with extra ocular pressure for the nerve head to maintain
its position [148,222,202]. In glaucoma, when IOP is increased the optic nerve head
begins to bow out (cup). The result is compression of the structural plates that contain
the axon bundles. It is hypothesized that this compression causes physical damage to the
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axonal bundles resulting in RGC death [217]. This hypothesis is supported by the
sectoral pattern of RGC death observed in glaucoma [223]. In addition, the increased
IOP also causes mechanical damage to the axons by physically pressing them or pinching
them at the optic nerve head. This pinching obstructs retrograde transport and anterograde transport [224-226,142].
Recent evidence suggests that the mechanism of RGC death in mice may differ
somewhat from that in humans. DBA/2J mice lack the collagenous plates in the lamina,
yet still develop glaucoma [34]. Therefore the mechanical damage caused by the laminar
plates in humans does not appear to occur in mice. Similar to humans, axonal transport is
blocked in DBA/2J mice as a result of increased IOP [155,227]. Based on the results in
Chapter 3 and other studies described above [224-226,142,34,155,227], mechanical
pinching of the nerves at the optic nerve head is a likely mechanism for RGC death in
mice. The optic nerve crush technique attempts to mimic this mechanical injury to the
optic nerve that occurs in glaucoma. In Chapter 2, protection of the axons by EPO was
not observed following optic nerve crush. However, EPO protected the RGC somata and
axons from glaucomatous injury the DBA/2J mouse model (Chapter 3). It should be
noted that the amount of damage caused by the optic nerve crush procedure far greatly
exceeds that which occurs in glaucoma, and this could also explain the lack of axonal
protection in that model. However, there are also many additional theories on why
increased IOP could cause RGC cell death and they are discussed below.
Glutamate excitotoxicity
Glutamate is a neurotransmitter found normally in the retina and optic nerve.
Excitotoxicity is a process by that neuronal cells undergo cell death in response to higher
than normal glutamate levels [228]. Specifically, a low but chronic dose of glutamate is
able to cause RGC apoptosis [229]. Glutamate toxicity has been implicated in glaucoma
and was once a very prominent theory [230]. However much of this data was based on
work that has been difficult to replicate [231] and therefore this hypothesis has been
somewhat abandoned. In vitro experiments demonstrate that EPO can prevent RGC
death in the presence of excess glutamate [203]. However, the controversial results
surrounding the glutamate hypothesis and the failure of memantine [232], a glutamate
receptor analogue, to treat glaucoma in clinical trials, emphasis will be placed on other
theories.
Ischemia
In a healthy eye, constant blood flow is required to meet the high metabolic needs
of the retina and the optic nerve head. The choroid is responsible for 85% of the blood
flow to the eye while the central retinal artery makes up the remainder [219]. It has been
demonstrated in both animal models and clinical studies in humans that ischemia causes
RGC death and optic nerve head atrophy [233-234]. Patients with glaucoma have
reduced blood flow to the retina and optic nerve [219]. The reduction in flow can
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essentially starve the surrounding tissue from essential nutrients as well as create a high
level of oxidative stress. In glaucoma increased IOP causes compression on the
microvasculature of the retina therefore reducing the perfusion pressure [219-220].
The neuroprotection observed in this study could be a result of EPO’s ability to
affect blood flow. EPO has demonstrated tissue protective effects in stoke and cerebral
ischemia models [235-236]. In addition, these results are also achieved by using nonhematopoietic forms of EPO [237], which could explain why EPO-R76E is
neuroprotective in the current study. EPO could be improving blood flow by promoting
the growth of new vessels. It has demonstrated angiogenic effects in a variety of
different models [238-240].
There are a variety of techniques to measure blood flow in the eye. The
Heidelberg Retina Flowmeter technique combines laser Doppler flowmetry with
Confocal scanning laser tomography. This would allow visualization of the vasculature
in the retina and optic nerve head as well as provide a way to measure quantify perfusion.
If EPO is acting in an angiogenic fashion there could be a clear difference in the amount
and size of vessels present in EPO treated mice vs. controls, therefore increasing blood
flow.
Ischemic conditions can also lead to oxidative stress [220]. EPO may reduce
tissue damage by decreasing oxidative stress. EPO has been reported to activate
antioxidants such as glutathion peroxidase (GPx) [241]. Immunohistochemistry using an
antibody to GPx could be used to examine changes in GPx levels at the optic nerve head.
Additionally, changes in GPx activity could be measured in retinal and optic nerve lysate.
It is possible that EPO also affects expression of other oxidative stress proteins known to
be elevated during glaucoma. Oxidative stress leads to the upregulation of
metalloproteinases (MMPs) in the eye [242]. In patients with glaucoma both MMP-2 and
MMP-9 are upregulated in the optic nerve head. Immunohistochemistry could be used to
compare the levels of MMP-2 and MMP-9 at the optic nerve head of DBA/2J mice. If
EPO is acting as an antioxidant the level of these two proteins may be reduced in EPO
treated mice.
Oxidative stress causes damage to proteins. When proteins are damaged they are
marked by ubiquitn and sent to proteosomes for degradation. During oxidative stress the
activity of proteosomes is increased and can therefore act as a marker. In glaucoma the
20S proteosome alpha subunit is upregulated, adding further support to the hypothesis
that oxidative stress plays a role [243]. Western blot analysis could be used on retinal
lysates from glaucomatous DBA/2J mice to compare the levels of the 20S alpha subunit.
It would be expected if EPO were acting as an anti-oxidant, the level of 20S alpha
subunit could be indirectly decreased in treated mice.
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Glial cell response
Alteration in glial cell function is another hypothesis for the mechanism
underlying axonal degeneration and cell death in glaucoma. When an injury occurs in the
CNS, the neurons do not participate in the repair process, instead glial cells help limit the
damage [43]. In response to injury “glial activation” occurs, causing a change in their
cell morphology and protein expression. These changes can have both positive and
negative effects on the injury site [244]. Glial cells are found in the retina as well as the
optic nerve. Glaucoma likely affects the optic nerve first [217,34], therefore the
remainder of the discussion will focus on glia in the optic nerve. Of the glial cells in the
optic nerve three types are activated in glaucoma; astrocytes, microglia, and
oligodendrocytes [245,194,246] . Of these three, astrocytes appear to be the most likely
candidate for the following reasons: astrocyte reactivity occurs early in the disease
process in at least two animal models of glaucoma, the DBA/2J mouse and a rat ocular
hypertension model [194]; and oligodendrocytes and microglia are not affected until later
in the disease process [194].
Under normal conditions astrocytes maintain the homeostasis of extracellular
ions, glucose, water, pH, and neurotransmitters such as glutamate [43,244,44]. In
response to injury astrocytes proliferate and become reactive. Reactivity is characterized
by hypertrophy, hyperplasia, and increased glial fibrillary acidic protein (GFAP)
expression [196]. After the axons degenerate the debris is phagocytosed and replaced by
a GFAP-positive astrocytic scar [247] that does not support axonal regrowth [248]. This
process attempts to limit further damage. However, reactive astrocytes have also been
thought to contribute to the pathogenesis in of many neurodegenerative diseases
including glaucoma[249-250].
Increased IOP is a major risk factor in glaucoma and also causes astrocyte
proliferation. In cell culture, hydrostatic pressure causes a five-fold increase in the
number of astrocytes [43]. In vivo, artificially increasing the IOP in a mouse models,
including the DBA/2J mouse, causes astrocytes to increase at the optic nerve head
[251,221]. The proliferation and reactivity that occurs in response to increased IOP could
contribute to the pathogenesis of glaucoma in several different ways. First, nitric oxide
produced by astrocytes might be toxic to the axons. Increased IOP causes reactive
astrocytes in the optic nerve head to produce nitric oxide synthase [197-198]. This
enzyme produces large amounts of nitric oxide that can be toxic to the axons of RGCs
[198]. EPO has been shown to prevent neuronal cell death in vitro caused by nitric oxide
toxicity, therefore EPO could be acting in a similar fashion in vivo to limit RGC death
during glaucoma. Increased levels of nitric oxide have been reported in both human
glaucoma and rat models of glaucoma [198,252]. However, other studies in human
glaucoma have not been able to confirm these results and nitric oxide inhibitors have
been unable to provide neuroprotection [253-255]. Second, EPO may prevent astrocytes
within the optic nerve from becoming hypertrophic and therefore limiting or preventing
the glaucomatous damage that would normally ensue. Astrocytes express EPO receptor
and therefore could interact directly with EPO. EPO is capable of acting as an antiinflammatory and does so in the CNS by reducing pro-inflammatory cytokines such as
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TNF-α, IL-6, IL-1β, and IL-1Ra [256-257]. In addition EPO has also reduced
pathogenesis in other neurodegenerative disease by acting as an anti-inflammatory agent
[256].
Aquaporin 4 (AQP4) is a water channel expressed by astrocytes that helps
regulate water homeostasis [258]. During CNS injury astrocyte hypertrophy occurs via
AQP4 [259-260]. In the absence of AQP4 these effects are reduced [259]. Several lines
of evidence suggest that EPO could prevent astrocyte hypertrophy during glaucoma via
AQP4. First, AQP4 is highly expressed at the optic nerve head and elevated IOP in rats
causes increased expression of AQP4 [261]. Second, the neurotransmitter glutamate,
which is increased during glaucoma [262], activates permeability of AQP4 through
activation of group I metabotropic glutamate receptors (mGluRs) [260] and EPO is able
to prevent this activation [263]. Third, activation of protein kinase C (PKC) rapidly
decreases AQP4 permeability [264], eventually causing its internalization [265], and EPO
activates PKC in tissue protective scenarios [266]. Fourth, AQP4 is upregulated in other
edema related neurodegenerative diseases such as autoimmune encephalomyelitis(EAE)
[267] where EPO has also decreased disease pathogenesis [256].
To investigate AQP4’s role in glaucoma, experiments using AQP4 knockout mice
should be carried out [268]. IOP could be artificially induced by injecting polystyrene
beads into the anterior chamber of these mice [269]. IOP could be monitored noninvasively using rebound tonometry [270]. The level of damage between knockout mice
and wild type mice could be examined both in the retina and the optic nerve using the
same methods discussed in Chapter 3. Alternatively these experiments could also be
examined in the context of the DBA/2J mouse; however, the experimental time line
would be much longer.
In order to investigate the hypothesis that EPO protects RGCs by preventing
astrocyte swelling via AQP4 several experiments should be carried out. In two rat
models of induced IOP, AQP4 is upregulated at the optic nerve head [261]. Therefore,
immunohistochemistry (antiAQP4) should be used to probe both retinal flatmounts and
axonal cross sections of the optic nerves from 10 month old DBA/2J control mice and
rAAV2/5.CMV.Epo treated mice. If EPO is involved, one would expect a
downregulation of AQP4 in treated mice. This downregulation would most likely occur
though EPO’s activation of PKC which could be investigated by examining the
phosphorlyation states of remaining AQP4. PKC phosphorlyates the Ser180 in AQP4 to
decrease water permeability [265].
Improving Gene Transfer through rAAV Capsid Mutations
Gene therapy vectors are constantly evolving and rAAV vectors are no different.
There are several steps including viral trafficking and second strand synthesis that can
affect rAAV transduction efficiency [271-272]. Several technologies have improved
efficiency as well as increased genome size. The genome capacity was increased by
creating vectors that exploit trans-splicing [273] allowing therapeutic genes of up to 9 kb
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to be expressed [274]. Self-complementary vectors have been successful in bypassing
the rate limiting aspects of second-strand synthesis [275]. Self-complementary AAV
anneals to itself forming a transcriptionally competent double stranded DNA, however,
this reduces genome size by 50%.
The rAAV viral capsid is the main determinant of tropism and transduction
efficiency therefore many labs have exploited either naturally occurring [276] or
artificially modified [277] capsids. Epidermal growth factor receptor protein tyrosine
kinase signaling negatively affects AAV vector transduction by phosphorylating tyrosine
residues on the capsid therefore priming it for ubiquitination and proteasomal degradation
[278-279]. Mutating these surface-exposed tyrosines lead to the creation of rAAV
vectors that express over 8 fold higher in muscle tissue than controls [280-281]. Similar
mutations could be introduced to the rAAV2/5.CMV.EpoR76E vectors to improve
transduction efficiency. The benefits would be 2-fold. First, the amount of vector
needed to reach therapeutic levels would be decreased, therefore reducing the costs of
vector production. Second and more importantly, reducing the amount of vector
delivered would improve the safety profile.
Establish a Therapeutic Dose Curve
As a neuroprotectant, EPO functions in a bell shaped dose curve both in vitro
(neurotrophic factor deprivation) and in vivo (optic nerve lesion) [86]. The results from
Chapter 2 suggest that increasing the amount of systemic EpoR76E expression would
provide a greater level of neuroprotection. Future experiments should establish a
therapeutic dose curve that characterizes the minimal and maximal amount of EpoR76E
expression required for neuroprotection.
Ideally these experiments should be carried out in a mouse model of glaucoma to
increase the relevance. Using the DBA/2J spontaneous mouse model would be
appropriate since protection has already been demonstrated within this study. However,
alternative mouse models of glaucoma (both discussed below) would provide a much
shorter experimental time line. The caveat being that protection with EPO has not been
demonstrated in these models.
Can EPO-R76E Protect against Glaucomatous Damage Later in the Disease
Process?
Chapter 3 firmly establishes that rAAV mediated gene therapy using EpoR76E
preserves visual function in 10 month old DBA/2J mice. These mice begin to develop
optic nerve damage beginning around 9 months which leads to apoptotic death of the
RGC soma [22,28]. Glaucoma is a slow progressive neurodegenerative disease and
continues to destroy RGCs, further impairing vision as the mice age. Treatment using
rAAV2/5.CMV.EpoR76E should be tested at later time points (12-14 months) further in
the disease process. This would examine EPO-R76E’s ability to sustain long term
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neuroprotection. Based on the results in Chapter 3, mice should be treated with the same
dose of vector since complete rescue of visual function with minimal hematocrit increase
was observed. Testing visual functional in these mice could be done using the F-VEP
methods discussed in Chapter 3. Alternatively, pattern electroretinogram could also be
used to test visual function. This technique has been used as a tool for detection and
monitoring the onset and progression of RGC dysfunction in DBA/2J mice [34,185,282283]. Demonstrating long term neuroprotection throughout the entire disease process, in
a slow progressive disease like glaucoma, with EPO-R76E would be a great step towards
its clinical relevance.
Further Reduction of EPO-R76E’s Hematopoietic Properties
Based on the results in this study the R76E mutation reduces the amount of
hematopoietic activity but maintains a similar level of neuroprotective capability. The
neuroprotective activity of EPO functions in a dose curve manner [86]. As indicated in
the optic nerve crush portion of this study, the amount of EPO expressed in mice treated
with the EpoR76E vector may be below the level needed for maximum protection.
However, when rAAV2/5.CMV.EpoR76E is delivered at high doses it increases the
hematocrit to unsafe levels. There are a variety of other EPO mutations, truncations, and
analogs that achieve similar results [94-95,93,96-97]. The R76E mutation could also be
combined with other known mutations to further decrease the remaining hematopoietic
activity without decreasing the level of neuroprotection [93,284]. Potentially this mutant
could be used at higher protein concentrations to investigate the maximal level of
neuroprotection in the ONC model.
Alternative Glaucoma Models
B10-Sh3pxd2bneehereditary mouse model of glaucoma
Although the DBA2/J mouse is an excellent model for studying glaucomatous
neurodegeneration, and the best characterized and most utilized model [22,28,34], a
recently discovered strain, the B10-Sh3pxd2bneemouse, offers some unique advantages
[285]. First, the onset of disease is a great deal faster in the B10-Sh3pxd2bneemouse,
occurring at 3-4 months vs. 10-12 months in the DBA/2J mouse. Therefore experimental
time frames, equipment and reagent costs, and animal housing costs can all be reduced.
Second, the large variability in penetrance and asymmetry of the disease progression in
the DBA/2J mouse are not observed in the B10-Sh3pxd2bnee mouse. This large amount
of variability in the DBA/2J mouse model can lead to experimental challenges and often
requires a larger amount of animals be tested [28]. Testing the neuroprotective effect of
rAAV2/5.CMV.EpoR76E in this model would eliminate certain challenges, expedite
histological and functional assessment times, and demonstrate protection in an additional
mouse model of glaucoma.
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This model is not without its flaws as well. B10-Sh3pxd2bnee mice also develop
corneal opacity and cataracts, making non-invasive IOP measurements impossible and in
vivo imaging difficult [285]. In addition, unlike the slow increase in IOP observed in the
DBA/2J mouse, which more closely reflects that observed in patients, the B10Sh3pxd2bnee mouse develops a much higher IOP over a shorter period of time. This
causes an aggressive glaucoma and testing the neuroprotective effects of EPO-R76E in
this model would be very intriguing. If a significant amount of protection could be
demonstrated in this type of environment, EPO-R76E would prove to be an extremely
powerful neuroprotectant for the treatment of glaucoma.
Induced glaucoma models
A variety of methods exist to induce glaucoma in rodents. IOP can be artificially
increased using traditional techniques such as photocoagulation of the trabecular
meshwork [286], hyperosmotic saline microinjection into the episcleral veins (increases
outflow resistance) [287-288], and cauterization of the episcleral veins [289-290]. These
methods induce glaucoma but lack reproducible damage profiles and cause harm other
cell types. Recently several groups have injected polystyrene beads into the anterior
chamber mimicking pigment dispersion [269,291]. This technique yields a fairly
consistent increase in IOP, does not cause harm to other retinal neurons, and lacks
detrimental effects to the cornea and sclera [269]. However, in vivo imaging of the retina
can be hindered due to the presence of the beads. By testing EPO-R76E in this induced
model results from a variety of strains could be obtained within a few months.
Alternative Methods to Detect RGCs
A variety of useful techniques including, immunohistochemistry [155], retrograde
labeling [292], reporter genes [293], and in situ hybridization [294] are available to label
RGCs. Retrograde labeling is a well-established method and has been the gold standard
in the field for quite some time. However, because this method labels RGCs via their
axons it cannot be used when the optic nerve is compromised as in optic nerve crush, for
example. The current study utilizes immunohistochemistry, using the antibody NeuN.
NeuN is a monoclonal antibody that reacts with an uncharacterized neuron-specific
nuclear protein. Despite reacting with a broad range of neurons, NeuN can be used to
examine RGCs by imaging at the RGC layer within the retina. Imaging at this layer
encompasses only displaced amacrine cells and RGCs. NeuN also labels a small amount
the displaced amacrine cells (10-15%) [155]. The small percentage of amacrine cells
labeled, combined with the RGC specific death observed in glaucoma, makes NeuN an
appropriate marker to use. However, there are alternative techniques that are reported to
be more specific than NeuN and their use should be considered in future experiments
[294].
In situ hybridization using Sncg (also known as Persyn) mRNA was shown to
label the majority if not all of the RGCs in adult mice [294]. The mRNA is expressed
48

highly and specifically in the RGCs of adult mice. It is found only in the ganglion cell
layer (GCL) and a very small number of cells in the inner nuclear layer, consistent with
the known small number of displaced RGCs in the mouse retina [295]. Experiments
using probes for Sncg and the GABA synthetic enzyme glutamic acid decarboxylase (a
gene expressed in a fraction of amacrine cells found in the GCL [296]), demonstrated that
none of the GABA positive amacrine cells were Sncg positive. Furthermore the fraction
of GCL cells expressing Sncg (45%) also matches previous estimates of the number of
RGCs found within the mouse GCL (41–44%) [30].
EPO’s Role in Other Neurodegenerative Diseases
In addition to glaucoma, EPO is therapeutic in models of other neurodegenerative
diseases, and as in glaucoma, the exact mechanism of EPOs protective effects are
unknown, but are most likely a combination of anti-inflammatory and anti-apoptotic
processes. In a rat model of experimental autoimmune encephalomyelitis (EAE), EPO
has a protective effect that is marked by a reduction in glial cell activation/proliferation
and a decrease in inflammatory cytokines such as TNF and IL-6 [256]. EPO improves
locomotor activities in a mouse model of Parkinson’s disease by increasing nitric oxide
levels and glutathione peroxidase activity in both the substantianigra and striatum
[297,241]. Lastly, it delays symptom onset, prolong lifespan, and preserves motor
neurons by attenuating inflammatory signals (COX-2, CD11b and PGE2) and enhancing
survival signals (PI3-K and pAkt)in a mouse model of ALS [298]. Elucidation of EPO’s
mechanism or mechanisms of action in one disease will likely apply to other
neurodegenerative diseases.
Treatment of Alzheimer’s with EPO-R76E
EPO-R76E should be tested on other neurodegenerative diseases such as
Alzheimer’s. Neurodegenerative diseases including Alzheimer’s, glaucoma, Parkinson’s,
and ALS often have many commonalities [299,138,300]. Neurodegenerative diseases
often activate the same chemical pathways and share similar mechanisms of apoptotic
cell death [300]. The results from this study and others [297,256,241,298] demonstrate
EPO’s neuroprotective ability in glaucoma, Parkinson’s, ALS, and autoimmune
encephalomyelitis. Despite the therapeutic effects EPO has in many other
neurodegenerative diseases, very little work has been done to examine EPO’s function in
Alzheimer’s disease.
Like glaucoma, Alzheimer’s disease is a slow progressive neurodegenerative
disease characterized by neurofibrillary tangles and abnormal accumulation of amyloid
beta peptide in the hippocampus [301-302]. The hyperphosphorylation of tau disrupts its
normal function in regulating axonal transport and leads to the accumulation of
neurofibrillary tangles[303]. Recent data demonstrates EPO prevents tau
hyperphosphorylation in SH-SY5Y cells exposed to the β-amyloid peptide[304]. In
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addition, pretreatment with EPO protected PC12 cells against amyloid-beta induced cell
death [305].
rAAV.2/5.CMV.EpoR76E treatment should be examined in mouse models of
Alzheimer’s disease such as the B6;129-Psen1tm1Mpm Tg(APPSwe,tauP301L)1Lfa/J
strain [306]. These mice express both amyloid beta precursor protein and microtubuleassociated protein. They exhibit plaque and tangle pathology associated with synaptic
dysfunction, similar to that observed in Alzheimer’s disease patients. These mice should
be treated with the vector around 1 month of age as amyloid beta peptide deposits are
detected as early as three months[307]. A variety of different approaches could be used
to examine EPO-R76Es therapeutic potential within this model such as
immunohistochemistry examining hippocampal sections for amyloid beta deposits or
western blot analysis to examine the level of tau phosphorylation in hippocampus lysate.
Furthermore, tests such as the Barnes maze could be used to examine EPO-R76E’s effect
on memory in these mice [308].
Summary
Glaucoma is a complex disease that currently has no cure. The vision lost during
the disease process cannot be recovered. All available treatment options function by
lowering IOP. This study identifies EPO-R76E as a potential therapeutic candidate that
acts independently of IOP. This novel mutant maintains the neuroprotective effects of
EPO without stimulating erythropoiesis to the same extent. Using gene therapy to
express EPO-R76E systemically bypasses the need for local delivery or repeated
treatments, and provides long term protection. To the best of my knowledge this is the
first example of a neuroprotective agent that preserves the full morphology and function
of RGCs in glaucoma. In addition, EPO’s broad neuroprotective effects suggest that
these results could apply to other neurodegenerative diseases.
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APPENDIX. TESTING AAV EPO PRODUCTION IN VITRO
Introduction
Previous animal experiments performed in the Rex lab were carried out using
rAAV serotype 2/5 that contained either wt Epo or the mutant Epo (R76E). Eventually
the stock of the 2/5 mutant (stock 1) was depleted and replaced with a different serotype
(2/8). Serotype 2/8 has a higher level of transduction in muscle tissue than the 2/5 vector
[121], thus theoretically increasing the Epo and Epo-R76E expression in mice receiving
IM injections.
Viral titer is a quantitative method to access a virus. This can consist of either a
physical titer or an infectious titer. The physical titer of a virus determines how many
viral particles or viral genomes are present. However, the physical titer does not always
accurately reflect how many of the viral particles are functional and are capable of
infecting the target cell. The physical titer of both rAAV serotypes (2/5 and 2/8) was
determined by measuring the genome copies per ml, however the infectious titer was
unknown. The appropriate amount of viral vector for neuroprotection within the retina of
mice for serotype 2/5 had already been worked out [88,87,175]. To estimate the amount
of 2/8 viral vector that should be used in animal work, the vectors was first tested in cell
culture. The advantage to this approach is the short experimental time line. rAAV
mediated EPO production can be determined in a matter of weeks in cell cultures, as
opposed to months in animals.
Materials and Methods
Cell culture
Human embryonic kidney (HEK) 293cells (ATCC, Manassas, VA) were
maintained in DMEM containing 10% fetal bovine serum and 1%
penicillin/streptomycin.
Vector transduction
HEK 293 cells were seeded at approximately 65% confluence in 35-mm dishes.
Cell number was determined by using a hemocytometer. Cells were infected at various
multiplicities of infections (MOI) with each of the viral vectors in a total of 1.0 ml of
media containing. After 24 and 48 hrs the medium was replaced with 1.5ml of fresh
medium. 48 hrs after the final medium change the supernatant was collected and frozen
at -20 °C.
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EPO enzyme-linked immuno-sorbant analysis (ELISA)
200 µl of the cellular supernatant was probed for EPO and EPO-R76E using the
human Quantikine IVD EPO ELISA Kit according to manufacturer’s protocol (R&D
Systems, Minneapolis, MN). The absorbance at 450 nm with 600 nm reference was
detected on a BioTek-Quant plate reader (Winooski, VT).
Results
Transduction with the rAAV2/8 serotype produced only a fraction of the EPO that
serotype 2/5 produced at similar MOIs (Table A-1). At a MOI of 100
rAAV2/8.CMV.EpoR76E was unable to produce any detectable levels of EPO-R76E.
However, at the same MOI, rAAV2/5.CMV.Epo and rAAV2/5.CMV.EpoR76E produced
336 mU/ml and 23 mU/ml respectively. When increased to a MOI of 1000,
rAAV2/8.CMV.EpoR76E produces 8 mU/ml of EPO-R76E, far less than the 1100
mU/ml and 236 mU/ml produced by rAAV2/5.CMV.Epo and rAAV2/5.CMV.Epo.R76E
respectively.
Conclusion
Testing rAAV vectors in cell culture is a good method to determine their relative
EPO expression in HEK 293 cells. Based on the results in Table A-1 it appeared the 2/8
vector was over 1000 fold less infectious than the 2/5 vectors. However, upon further
investigation of the literature it appears that these two serotypes cannot be directly
compared when using HEK 293 cells. Serotype 2/5 and 2/8 have different capsids which
are only 67% homologous [309] and therefore it is expected that their infection both in
vitro as well as in vivo could vary greatly. This variation in the viral capsid can alter
infection in many ways including immune response, attachment, entry, and uncoating
[310-312]. The receptor used by serotype 2/5 is sialic acid [309,313] and plateletderived growth factor [314], while the receptor for serotype 2/8 appears to be laminin
[312]. Expression of the laminin receptor on HEK 293 has not been detected when using
western blot analysis [315] thus explaining the drastic reduction in infection observed
when using the 2/8 vector. These results also support the hypothesis that laminin
receptor expression in 293 cells is minimal. In conclusion, because of the different
receptor usage between serotype 2/5 and 2/8 the tissue culture experiment cannot be used
to determine what the relative level of infectivity is.
Since a direct comparison of the gene expression from the 2/5 and 2/8 vectors
could not be accessed in tissue culture it was unknown how much of the 2/8 vector
needed to be used for the animal work carried out in Chapter 2. The information about
the different receptors for each serotype was not obtained before the animal work was
carried out. Therefore based on the results in Table A-1 a large amount of vector was
used for the animal experiments in Chapter 2 in order to match the gene expression of the
2/5 vectors. The large amount of vector (1X1012 gc) is referred to in the text of Chapter 2
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Table A-1.

EPO and EPO-R76 levels in transduced HEK 293 cells.

Vector Treatment

MOI

EPO (mU/ml)

rAAV2/5.CMV.Epo

50
100
1000

124
336
1100

rAAV2/5.CMV.EpoR76E (stock 2)

100
1000

92
236

rAAV2/8.CMV.EpoR76E

50
100
1000
10000

0
0

76

8
32

as rAAV2/8.CMV.EpoR76E (high dose). Additionally, for further clarification the prep
of rAAV2/5.CMV.EpoR76E vector used in Chapter 2 and Chapter 3 is from stock 1
which is now depleted. The rAAV2/5.CMV.EpoR76E vector used in Table A-1 is from
stock 2.
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