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Cellular and Molecular Mechanisms of Axonal Degeneration

in Experimental Glaucoma

by
Christine Ting Fu

ABSTRACT

Glaucoma is a major cause of blindness worldwide, and is characterized by the
progressive loss of retinal ganglion cells (RGCs). Although elevated intraocular pressure
(IOP) has been identified as a principal risk factor, IOP-reducing treatment does not
always lead to favorable clinical outcomes. Delineating the cellular and molecular
mechanisms of glaucoma pathogenesis is therefore instrumental in designing IOP-
independent neuroprotective interventions. This dissertation uses an experimental model
of mouse glaucoma to explore the mechanisms of axonal degeneration, with a focus on

the optic nerve head (ONH) generally accepted as an important site of initial axon injury.

I first established and characterized Laser-Induced Ocular Hypertension (LIOH)
in albino mice as an experimental glaucoma model. IOP elevation is triggered by
photocoagulation of the aqueous humor outflow pathway, resulting in pathologies that
recapitulate characteristics of glaucoma. This study offers the research community a
temporally-controlled new tool amenable to both pharmacological and genetic

manipulations.

vii



I next investigated the role of EphB/ephrin-B signaling in this experimental model.
EphB and ephrin-B mRNAs are upregulated in ONH axons and glia early in glaucoma,
and reverse ephrin-B signaling is preferentially activated in morphologically normal
compared to aberrant axons. Genetic ablation of EphB2 or EphB3 results in more severe
axonal degeneration, while C-terminal truncation partially reduces the effect of EphB2,
suggesting that the EphB/ephrin-B system protects axons against glaucomatous injury via

bidirectional signaling.

In the third project, I present evidence of localized excitotoxicity that plays a role
in RGC axonal degeneration. Ectopic accumulation of synaptic vesicle-like structures can
undergo exocytosis and release glutamate at the glaucomatous ONH. Pharmacological
antagonism of glutamate signaling preserves RGC axon integrity in vitro and in vivo.
Cre/loxP-mediated deletion of the vesicular glutamate transporter VGLUT2 or the
obligatory NMDA receptor subunit NR1 in RGCs confers protection against axonal

degeneration, supporting the in vivo significance of this pathway.

Together, these findings provide insight into the complex pathways activated by
IOP elevation in glaucoma, involving both pro-survival and pro-degeneration signals.
Improved understanding of these mechanisms may contribute to combinatorial
therapeutic strategies that tip the balance toward intrinsic neuroprotective programs while

mitigating the effect of pathogenic pathways.
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Chapter 1

General Introduction



Glaucoma Overview

Glaucoma is a progressive neurodegenerative disease characterized by visual
impairment as a result of optic nerve degeneration and retinal ganglion cell (RGC) loss. It
is the second leading cause of blindness worldwide, estimated to affect 79.6 million
people by the year 2020°°. Clinical representation of the disease is associated with
changes in optic disc morphology described as “excavation,” as well as characteristic
patterns of visual field defects’’. The prevalence of glaucoma rises sharply with
advancing age, leading to the prediction that it will become an even more serious health
care issue as the proportion of people over forty increases. In addition, glaucoma is a
complex disease with multiple associated risk factors. While ethnicity, family history,
myopia and a number of systemic diseases have all been implicated, elevated intraocular
pressure (IOP) remains the most well-established risk factor’>. The current clinical
treatment of glaucoma centers on reduction of IOP by surgical or pharmacological
methods. However, it is also clear that IOP is not the sole determinant in the
pathophysiology of glaucoma. Not all people with elevated IOP develop glaucoma; not
all glaucoma patients exhibit ocular hypertension; and IOP lowering interventions are not
always beneficial in preventing vision loss’'*>. In order to devise effective and IOP-
independent therapeutic strategies, it is essential to understand the cellular and molecular

mechanisms underlying RGC degeneration in glaucoma.

RGC Somas Die by Apoptosis in Glaucoma




A substantial body of literature has established that RGC soma death in glaucoma

3438 Both intrinsic and extrinsic apoptotic pathways

occurs by the process of apoptosis
play a role in glaucoma®. Signals in the intrinsic pathway converge onto the
mitochondria, resulting in the release of cytochrome c, activation of caspase-9 and its
downstream caspase cascade, and degradation of cellular contents®. Activated caspase-9

142 Mice deficient in the pro-

has been detected in rat models of experimental glaucoma
apoptotic factor Bax are completely resistant to RGC soma death in a spontaneous model
of glaucoma®, providing compelling evidence that the intrinsic apoptotic pathway is
required. Furthermore, the extrinsic apoptotic pathway, which is triggered when Fas
ligand (FasL) or tumor necrosis factor (TNF) bind to death receptors44, may also be
involved in glaucoma. Examination of chronically hypertensive rat retinas reveals
upregulation of FasL and its downstream effector Fas Associated Death Domain
(FADD)", as well as activated caspase-8***°. Our growing knowledge of the apoptotic

machinery in glaucoma lays the groundwork for therapeutic approaches that may confer

protection to RGC somas in glaucoma.

RGC Axonal Degeneration Involves Mechanisms Distinct from Soma Apoptosis

Glaucoma is a degenerative optic neuropathy associated with the progressive loss
of RGC axons as well as cell bodies. The emerging concept of “compartmentalized self-
destruction” suggests that molecularly distinct degenerative pathways may underlie the
death of RGC somas and axons®’. Inactivation of the pro-apoptotic gene Bax in the
DBA/2J mouse, an inherited model of glaucoma, leads to dramatic rescue of the RCC

somas, while allowing axonal degeneration to proceed”. Conversely, the Wallerian
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degeneration slow (WId') allele, which is known to protect axons against degeneration in
case of neuronal injury, strongly promotes axon survival in the DBA/2J background™.
Although the number of cells in retinal flat-mounts also seems to be preserved, shrinkage
of cell size has been observed in comparison to non-glaucomatous controls. In a rat
experimental glaucoma model, Wid' is also found to delay axon degeneration in the optic
nerve, although it fails to protect the RGC somas®’. These finding suggest that axonal
degeneration in glaucoma may involve Wallerian-like mechanisms, which are, at least in

part, independent of soma apoptotic programs.

The autonomous and spatially localized self-destruction pathways may not be
restricted to the axonal compartment of RGCs. A study by Weber et al. in 1998
documented the earliest pathological changes in primate glaucoma, most notably
including a significant reduction in dendritic field size®’. The observation has since been
replicated in cat’’ and rat’> models of experimental glaucoma. A follow-up
electrophysiological study demonstrated that RGCs in glaucomatous primate retinas are
less responsive to visual stimuli, possibly a consequence of reduced dendritic
complexity®®. In addition to dendritic degeneration, occurrence of compartmentalized
synaptic degeneration has recently been demonstrated in DBA/2J glaucoma. In retinas
with no or early stages of damage, synaptic loss in the inner plexiform layer (IPL) is
observed to precede significant soma death. This reduction in synaptic density occurs
concurrently with increased punctate immunoreactivity of Clq, a component of the
complement cascade found to tag synapses for elimination in the developing CNS>.
Taken together, these data argue that the compartmentalized nature of RGC degeneration

necessitates a combinatorial approach to neuroprotection in glaucoma. How these



compartmentalized pathways act independently and in concert with each other remains to

be determined.

The principal goal of my dissertation is to explore the cellular and molecular
mechanisms pertaining to the axonal degeneration pathway in glaucoma. Implications in
the somatic and other pathways are equally fascinating and will be discussed, but are not

the primary focus of my experiments.

Optic Nerve Head as the Initial Site of Injury

The location where glaucomatous injury first occurs has an important bearing on
the design of neuroprotective therapeutic strategies. While the traditional view holds that
increasing IOP directly kills RGCs within the eye, substantial evidence indicates that the
initial site of injury occurs at the optic nerve head (ONH), where RGC axons exit the
globe and enter the optic nerve. RGCs are the only cell type within the retina that sends
long projection toward central targets. Glaucomatous cell loss is primarily limited to
RGCs, while the survival of other retinal cell types is minimally affected’”™’. This
implies that either specific cell populations are differentially susceptible, or detrimental
insults occur outside of the retina. In addition, RGC death is not uniformly distributed
across the retina®*>’. However, IOP is uniform within the globe and thus affects all RGCs
similarly. Therefore, direct IOP impact does not seem to be a major player. Furthermore,
in vitro examination of cellular response to pressure insult reveals that RGCs cultured
alone are relatively invulnerable to elevated hydrostatic pressure’. Studies of RGC

morphology and retrograde transport in both inherited and experimental rodent models



demonstrate that axon dysfunction and degeneration precede cell body loss®*°'.

Ultrastructural analyses indicate that significant structural remodeling occurs early in the
development of glaucoma at the ONH, where axons appear swollen with cellular
organelles and axoplasmic transport becomes obstructed’”**®. Examination of Bax-
deficient DBA/2J mice reveals that the intra-retinal axons are largely preserved until they

. . 48
reach the ONH, where massive degeneration ensues™ .

These findings cannot exclude the existence of parallel pathways within the retina
that could impact RGC somas, dendrites or synapses. However, they strongly support the
role of ONH as the initial location of axon injury. In this dissertation research, I focused
on studying early changes that occur at the ONH in response to glaucomatous insults, to

shed some light on mechanisms influencing the progression of axonal degeneration.

Potential Pathogenic Mechanisms

Although it is generally accepted that RGCs ultimately die by apoptosis in
glaucoma, the exact insults that trigger axonal destruction and neuronal demise remain to
be elucidated. A number of pathogenic mechanisms have been proposed, some of which

will be discussed briefly in the following section.

Mechanical damage

The human and monkey ONH has a highly specialized structure called lamina

cribrosa, consisting of collagen-rich perforated connective tissue plates through which



RGC axons and blood vessels pass. It has been proposed that the deformation of lamina

. . 17,66
cribrosa secondary to elevated IOP causes compressive damage to RGC axons'"®, or

67-68

restricts the delivery of nutrients through capillaries Extensive structural

13161819 and remodeling of ONH extracellular matrix (ECM)™® 7 have been

alterations
documented in both human patients and animal models of glaucoma. However, the
development of glaucomatous RGC axon damage in mice which lack a collagenous
lamina cribrosa®® argues that additional factors other than mechanical compression are
likely involved. Glial cells including astrocytes, microglia and lamina cribrosa cells also
reside at the ONH. It has been proposed that these cell types may mediate glaucomatous

.. . 3.
injuries secondary to mechanical pressure’”".

Neurotrophin Deprivation

Neurotrophin supply for the retina is thought to be derived from central visual
targets. Upon engaging their Trk receptors, neurotrophins are internalized and
retrogradely transported in RGC axons to reach cell bodies in the retina®. Demonstration
of obstructed transport of BDNF and TrkB receptors at the ONH in glaucoma®?’ is
consistent with the hypothesis that neurotrophin deprivation plays a role in RGC soma
apoptosis. Exogenous supply of neurotrophins has been attempted via different delivery
routes, including intravitreal injection, viral delivery, and topical application’®*?.
However they are delivered, significant protection observed for RGCs makes these

molecules promising therapeutic agents. However, prolonging the protective effects of

neurotrophin delivery presents a challenge that still needs to be overcome.



Glial activation

Substantial glial activation has been observed in human glaucoma patients as well
as experimental models”™"". In vitro evidence suggests that glial cells secrete TNF-alpha
under elevated hydrostatic pressure; this results in reduced survival of co-cultured RGCs’.
In an in vivo rat model, astrocytes were shown to upregulate nitric oxide synthase (NOS)
at the glaucomatous ONH, and pharmacologically inhibiting NOS-2 was

3

neuroprotective”®. Microglia in glaucomatous DBA/2J retina appeared to increase

secretion of interleukin-6°, and attenuating microglial activation with minocycline

improved optic nerve integrity®. These as well as other studies’***

suggest that glia are
significant players in the pathogenesis of glaucoma, and may be involved in mediating
tissues responses to injury. It is also important to point out that some glial actions in

glaucoma could be detrimental and some protective’’. Elucidating the dual roles of glia

would thus provide valuable information to tip the balance toward pro-survival signals.

Excitotoxicity

Glutamate excitotoxicity has been linked to many forms of CNS pathologies, both
in the context of acute injuries and chronic neurodegenerative diseases® . Prolonged and
excessive glutamate receptor stimulation could lead to build-up of intracellular calcium,
ultimately setting downstream destructive pathways in motion. Activation of calcium-
dependent proteases, nitric oxide synthase (NOS), and mitochondrial dysfunction have all

been implicated in mediating excitotoxicity-induced neuronal death®™. It is generally
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accepted that the N-methyl-D-aspartate (NMDA) receptors plays a major role in calcium
permeation and excitotoxicity, although AMPA and kainate receptors have also been

shown to be involved®>¥"%8,

Excitotoxicity in glaucoma has been an attractive hypothesis; many studies have
demonstrated RGCs are vulnerable to excessive glutamate or NMDA in vitro and in

89-95

vivo™? although these findings have been recently called into question’®. Elevation of

vitreal glutamate concentration was reported in human glaucoma patients and a primate

122

glaucoma model®’, as well as glaucomatous dogs®’. However, this finding was not

replicated in later studies’'*

, rendering the excitotoxicity hypothesis somewhat
controversial. More recent data suggest that the lack of vitreal alteration in glutamate

concentration does not exclude the possibility of glutamate participation in a more

localized fashion. This will be discussed in more detail in Chapter 4.

Vascular Insufficiency and Oxidative Stress

Vascular insufficiency causes compromised oxygen supply, nutrient deprivation
and reduced waste removal. Glaucoma patients have been shown to have impaired blood
flow in vaculatures of both the retina and ONH'™. The vascular theory of glaucoma
pathogenesis hypothesizes that ischemic insult to the ONH and/or retina results in
disruption of RGC energy metabolism and oxidative stress”. The accumulation of
oxidative free radicals in glaucoma could overwhelm the endogenous antioxidant system,
leading to RGC death'"''®. Expression of oxidative stress markers were found to

increase in glaucoma'®'%. Both excessive generation of reactive oxygen species (ROS)"*"



' and nitric oxide™'® have been implicated in RGC injuries. Oxidative stress may be a

common mechanism onto which many pathogenic pathways converge'"".

These proposed mechanisms of glaucoma pathogenesis likely do not act in
isolation, but are instead involved in a complex interplay (summarized in Figure 1-1).
Understanding how these pathways interact should lead to improved understanding of the

disease and offer new treatment possibilities at the clinical level.
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Figure 1-1. Proposed theories of glaucoma pathogenesis
Potential pathophysiological mechanisms implicated in glaucoma are summarized with
corresponding references. The complex interactions between these pathways are still
being elucidated.
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Main Findings of the Dissertation

The first goal of my dissertation research is to establish an experimental mouse
model of glaucoma, which is amenable to transgenic manipulations to interrogate specific
gene function. Chapter 2 describes the protocols that I developed for a laser-induced
ocular hypertension (LIOH) model in albino CD-1 mice. I characterized the progression
of RGC soma loss and axon degeneration in this model, which recapitulates key features

of glaucoma.

Chapter 3 contributes a small piece to the fascinating puzzle of how cellular
interactions at the ONH may modulate the progression of axon degeneration in glaucoma.
The Ephs and ephrins are traditionally known as axon guidance molecules playing
essential roles in the developing nervous system. Here I show that the EphB/ephrin-B
system is upregulated at the ONH early after experimental glaucoma both at the mRNA
and activated protein levels. Using mouse mutants deficient in EphBs, I present evidence
that bidirectional signaling is protective in glaucoma. The findings in this project
highlight the idea that the fate of axons following glaucomatous insult depends on a

balance between pro-survival and pro-degeneration signals.

In Chapter 4, I present a twist in the glutamate excitotoxicity theory of glaucoma.
Contrary to the previously proposed vitreal elevation of glutamate concentration, I
demonstrate localized glutamate accumulation at the glaucomatous ONH, and propose
that this is a consequence of potential release from ectopic synaptic vesicles-like
organelles. Prevention of glutamate transport into vesicles, or conditional deletion of the

NMDA receptor subunit NR1 specifically in RGCs strongly promote axon survival in

12



LIOH. I have come to believe that understanding highly compartmentalized pathological
mechanisms is key to conquering glaucoma. This project tells a story that expounds on

that theme.
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Chapter 2

Laser-Induced Ocular Hypertension in Albino CD-1

Mice
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Abstract

In the first part of my dissertation research, I established a laser-induced model of
ocular hypertension (LIOH) in albino CD-1 mice, and characterized the sequence of
pathological events triggered by intraocular pressure (IOP) elevation. LIOH results in
IOP doubling within 4 hours after laser treatment, which returns to normal level by 7
days. Axon degenerative changes, reactive plasticity, and aberrant re-growth are detected
at the optic nerve head (ONH) as early as 4 days after treatment. By 7 days, axon number
is significantly reduced in the myelinated optic nerve, with concurrent signs of myelin
degradation. At 14 days, the density of cells expressing the RGC-specific transcription
factor Brn-3b is reduced in the retina; neuronal loss is confined to the RGC layer with no
apparent effects on other retinal layers. In conclusion, laser photocoagulation of limbal
and episcleral veins induces transient ocular hypertension in albino CD-1 mice. The
ensuing retinal and optic nerve pathologies recapitulate key features of glaucoma, and
place ONH RGC axon responses as an early manifestation of damage. LIOH in albino
mice may be useful as a mouse model examining mechanisms of RGC and axon

degeneration in glaucomatous injury.
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Introduction

Animal models of glaucoma are important tools for elucidating pathogenic

104-108
. A number of model

mechanisms and testing potential therapeutic modalities
systems (summarized in Table 2-1) have been developed in several species, each has
unique strengths and limitations. Non-human primate eyes are anatomically most similar
to human, yet experimentation with monkeys is limited by the high cost of purchase and
maintenance of the animals. Among those rodent models that are commonly used in
glaucoma research, mouse models offer the distinct advantage of genetic manipulation.

While DBA/2J is currently the best-characterized mouse model of glaucoma'®

, the
genetic penetrance of the glaucoma phenotype is incomplete, and the onset of disease in
individual animals cannot be precisely predicted. Furthermore, the analysis of gene
function requires extensive breeding of mutant alleles into the inbred DBA/2J
background. In this study, we sought to develop and characterize a laser-induced
experimental model in CD-1 mice based on the following rationales: (1) CD-1 is an
albino outbred stock whose genetic heterogeneity more closely mimics the variability of
human population compared to inbred strains''’. (2) Due to superior breeding
performance, it is widely utilized by investigators to maintain mutant mouse strains. The
addition of a CD-1 model to the repertoire of available glaucoma models would therefore
enable analysis of mutant allele combinations not available in other genetic backgrounds.
(3) While laser photocoagulation has previously been described in pigmented mice'''"'"*,
no such work has been reported in strains with albino homozygocity. Since the absence

of melanin dramatically alters the absorption of laser energy by ocular tissues, a distinct

set of operative parameters needs to be established for the successful induction of
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glaucoma. (4) Lastly, the lack of pigmentation in CD-1 mice facilitates visualization of

ocular vasculature, thus enabling better targeting of laser power.

Here we describe our studies of the induction of ocular hypertension in CD-1
mice using laser photocoagulation of limbal and episcleral veins. The major pathological
responses in this model consisted of RGC axon damage, and the loss of RGC molecular
markers in cell somas, similar to findings in DBA/2J glaucomatous mice. Using the
precise onset of ocular hypertension in this laser model, we placed these key pathological
events in an approximate temporal sequence. The earliest detectable morphological sign
of damaged occurred in RGC axons at the ONH, and included both degenerative changes
as well as a previously undocumented phenomenon of axon reactive plasticity and

aberrant growth.
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Table 2-1. Summary of experimental glaucoma models

Model Mechanism Animal Reference
Laser photocoagulation Occlusion of Monkey Ho-e
of trabecular meshwork | aqueous humor Rat H7
and/or episcleral veins | drainage pathway Mouse Ht
. . Sclerosis of
Episcleral vein injection 62
of hypertonic saline trabecular Rat
meshwork
. . Occlusion of Rat 26120
Episcleral vein
.. aqueous humor 121
cauterization . Mouse
drainage pathway
Occlusion of
Episcleral vein ligation | aqueous humor Rat 122
drainage pathway
Chemical
Intracameral injections occlusion of 123
o Rat
of hyaluronic acid aqueous humor
drainage pathway
Physical Monkey 124
Intracameral injection occlusion of Rat 123-126
of microspheres trabecular
P Mouse 12
meshwork
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Materials and Methods

Animals

CD-1 mice were purchased from Charles River Laboratories (Wilmington, MA)
and housed in animal facilities at the University of California, San Francisco (UCSF).
Mice 3-6 months of age were used for the measurement of IOP profile (Fig. 2-1). No
significant difference was noted between 3-month and 6-month old mice within this
group. Subsequent experiments (Fig. 2-7) were conducted in animals 3-4 months of age.
All experiments were performed in under protocols approved by the UCSF Institutional
Animal Care and Use Committee, and were in accordance with the ARVO Statement for

the Use of Animals in Ophthalmic and Vision Research.

Laser-Induced Ocular Hypertension (LIOH)

Adult albino CD-1 mice were anesthetized with intraperitoneal injection of 90
mg/kg ketamine HCl and 6 mg/kg xylazine. After loss of toe pinch reflex, mice were
placed on the platform of a slit lamp biomicroscope equipped with a diode laser (532 nm;
Lumenis, Santa Clara, CA). Photocoagulation of limbal and 3 episcleral veins was
induced unilaterally (150 mW laser power, 0.2 second duration, 100 pm diameter spot
size) to obstruct aqueous outflow. The translimbal laser treatment was performed over
270-300°, sparing the nasal aspect as well as the long posterior ciliary arteries. In our

experience, avoiding the long posterior ciliary arteries greatly reduced ocular
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inflammation following laser surgery; the lack of pigmentation in CD-1 was
advantageous in facilitating their identification. Laser spots were applied around these
vessels which supply the iris from both the nasal and temporal poles, resulting in one
major laser-free zone nasally and one minor laser-free zone temporally. Both eyes were
kept moist with saline at all times. After surgery, bacitracin antibiotic ointment was
administered to the operative eye. Each animal received only one round of laser

photocoagulation treatment. The contralateral eye was untreated and served as control.

IOP Measurement

Mice anesthetized with 90 mg/kg ketamine HCl and 6 mg/kg xylazine were
placed on an adjustable height platform, and IOP in both eyes was measured with the
Tonolab rebound tonometer (Colonial Medical Supply, Franconia, NH) mounted on a
ring stand. The probe was triggered with a custom-fitted foot pedal to minimize
movement of the instrument body. To control for the diurnal variation in IOP, all
measurements were taken between 10 am and noon, and as soon as loss of righting reflex

was observed, to avoid the IOP-depressing effect of anesthesia'*’,

Following laser treatment, only eyes with IOP elevation above 21 mm Hg were
used in subsequent analysis. Although there is no accepted threshold value of IOP in
mice beyond which is indicative of glaucoma, we used the value of 21 mm Hg to gauge
the success of inducing ocular hypertension following the defined laser experimental
protocol. Mice with overt signs of ocular inflammation were euthanized and excluded

from the study.
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Retinal Histology and Morphometry

Mice were anesthetized with an overdose of pentobarbital and perfused
transcardially with 2% paraformaldehyde (PFA) and 2.5% glutaraldehyde in 0.1 M
phosphate buffered saline (PBS, pH 7.4). Eyes were enucleated along with a segment of
retrobulbar optic nerve attached. After removal of the anterior segment, lens and vitreous,
eye cups consisting of retina and optic nerve were immersion-fixed in the same fixative at
4°C overnight. Samples were embedded in JB-4 plastic (Electron Microscopy Sciences,
Hatfield, PA), sectioned at 2 um, and stained with hematoxylin-eosin. Only sagittal
sections through the central ONH were selected to ensure analysis of comparable retinal
planes in each sample. Images were collected using a Nikon Eclipse E800 upright
microscope equipped with SPOT CCD camera. Measurements of retinal layer thickness
were taken from central (250 pm from the ONH), middle (750-1000 um from the ONH)
as well as peripheral (100 um from the ora serrata) retina. Nuclei in the ganglion cell
layer (GCL) were counted in 500 um segments across the central, middle, and peripheral
retinal locations defined above, and expressed as cells/mm to obtain the cell density in
the linear dimension along the GCL. One tissue section was analyzed from each of the 10
pairs of control and laser-treated retinas. All measurements were made from both sides of

the ONH and averaged.

Paraphenylenediamine (PPD) Staining and Axon Counting
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Mice were perfused with 2% PFA and 2.5% glutaraldehyde fixative.
Paraphenylenediamine (PPD) was used to stain the myelin sheath of axons as previously
described'?®. Briefly, optic nerves were dissected from 1mm behind the globe, and post-
fixed in 2% PFA and 2.5% glutaraldehyde at 4°C. Treatment with 1% OsOy in PBS for 2
hours at room temperature was followed by three 10-minute washes with 0.1 M sodium
acetate buffer. The tissues were then stained with 2% uranyl acetate in sodium acetate
buffer for 1 hour at room temperature, washed in buffer, dehydrated in a graded ethanol
series (40%—-100%), and infiltrated with propylene oxide-812 resin (1005 Embed 812;
EMS, Fort Washington, PA). The samples were embedded with fresh 100% 812 resin in
molds and polymerized in a 60°C oven for 36 hours. Sections of 1 um in thickness were
cut and stained with 1% PPD in 1:1 methanol/isopropanol for 30 minutes, washed in
fresh isopropanol twice, and coverslipped. The axon counting protocol was based on a
published method with modifications®. Sections were first imaged under the 20x
objective lens on a Nikon TE300 microscope, and the optic nerve cross-sectional areas
were traced and calculated. Non-overlapping fields spanning the entire section were then
captured with the 100x lens. The images were collected into a layered Photoshop file, and
a 20x15 pm box was randomly placed on the topmost image. The software then cropped
out the same region in all stacked layers including those invisible to the operator, so as to
remove any possibility of inadvertent bias. Manually counted axon numbers in these
rectangular boxes were used to calculate myelinated axon densities, which were then
averaged and multiplied by the cross-sectional area to obtain the total count of
myelinated axons. Unmyelinated axons are not stained by PPD, but these represent only

~10% of the total population of axons in the adult mouse optic nerve'”. Despite its
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limitations, the PPD analysis is less labor-intensive compared to electron microscopy and

allows a greater number of nerves and larger areas in each sample to be quantified.

Cryostat Section Preparation

Animals were perfused transcardially with 4% PFA in 0.1 M PBS (pH 7.4). Eyes
were dissected as described above, postfixed in 4% paraformaldehyde at 4°C overnight,
and cryoprotected with 30% sucrose. Eye cups were then embedded in Tissue-Tek
optimal cutting temperature (OCT) compound (Sakura Finetek, Torrance, CA), and 10
um cryosections were cut along the longitudinal axis through the ONH. Sections were
mounted on Super Frost Plus slides (Fisher Scientific, Springfield, NJ) and subjected to

immunostaining.

Immunohistochemistry

Cryosections were air-dried at room temperature for 1 hour and washed with 0.1
M PBS, which also served as diluent for all subsequent reagents. Non-specific binding
was blocked with 10% normal donkey serum (NDS) for 30 minutes at room temperature.
For most experiments, tissue permeabilization was achieved by inclusion of 0.1% Triton
X-100 in the blocking solution. Primary antibodies were diluted in 1% normal donkey
serum and incubated with the slides overnight at 4°C. After three PBS washes of 10
minutes each, secondary antibodies were applied for 1 hour at room temperature. Slides

were then washed in PBS, counterstained with 4°,6-diamidino-2-phenylindole (DAPI) to
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label nuclei when appropriate, and mounted in 97% 2,2’-thiodiethanol (TDE; Sigma, St.

Louis, MO).

The following primary antibodies were used: rabbit anti-tubulin B-III (1:500;
Sigma, St. Louis, MO), mouse anti-neurofilament (SMI312; 1:500; Covance Research
Products, Denver, PA), goat anti-Brn-3b (1:50; Santa Cruz Biotechnology, Santa Cruz,
CA), mouse anti-2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNPase; 1:500; Sigma, St.
Louis, MO), and rabbit anti-degraded myelin basic protein (dIMBP; 1:1000; Chemicon,
Temecula, CA). Multi-color labeling was accomplished with secondary antibodies
conjugated to tetramethyl rhodamine (TMR; 1:200; Invitrogen, Carlsbad, CA) or cy3, cy2,

and cy5 (1:200; Jackson ImmunoResearch, West Grove, PA).

Confocal Microscopy

Fluorescence imaging was performed on an inverted confocal laser microscope
(LSMS5 Pascal; Carl Zeiss Meditec, Inc., Thornwood, NY), using 20x air, 63x oil or 100x
oil objectives. For triple labeling experiments, images were scanned with the 488 nm, 543
nm, and 633 nm lasers to excite cy2, TMR/cy3, and cy5, respectively. Except when goat
primary antibodies were used, TMR was chosen in lieu of cy3 because of its lower
excitation by the 488 nm laser, thus minimizing potential bleed-through into the green
channel. Scans of different fluorescent channels were collected sequentially, and laser
power as well as detector gain were adjusted to eliminate bleed-through between

channels.
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Retinal Whole-Mount

The retinal whole-mount protocol was modified from a published study'*’. Mice
were perfused transcardially and eyes harvested as described above. The anterior segment,
lens and optic nerve were dissected away, and the retinas were gently freed from the
sclera. Care was taken to make sure a short stump of optic nerve (~100 um) remained
attached. Vitreous was removed using a pair of fine forceps. Four radial cuts were made
on the retina, which was then flattened onto a small piece of Millipore filter paper. After
post-fixation in 4% PFA for 30 minutes - 1 hour, the retinas were rinsed in PBS, and
permeabilized with 0.3% Triton X-100 in PBS for 30 minutes. Nonspecific binding was
blocked with 10% NDS in PBS containing 0.1% Tween-20 (PBST) for 30 minutes at
room temperature. Primary antibody incubation was performed in PBST with 3% NDS at
4 °C overnight. Retinas were washed in PBST three times for 15 minutes each, and
incubated with secondary antibodies for 1 hour at room temperature. After gradual
equilibration with successively higher concentration of TDE to minimize tissue distortion,
samples were mounted in 97% TDE and coverslipped. This mounting medium has the
advantage of matching the refractive index of immersion oil, which minimizes spherical

aberration when imaging deep into the specimen with confocal microscopy.

To analyze the morphology of pre-lamina ONH, retinal whole-mounts were
scanned starting from the nerve fiber layer with the Zeiss LSMS5 Pascal confocal
microscope, and consecutive optical sections were taken at an interval of 0.5 pm,
extending 10-20 pm deep into the ONH. Images were reconstructed as compressed z-
stacks. To estimate the density of Brn-3b" RGCs, three random fields of 0.2 mm” were

imaged at central, middle and peripheral locations in each retina. Confocal z-stacks were
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taken and compressed to account for potential irregularities in the specimen. Labeled
RGC nuclei in all 12 fields were counted with the image analysis software ImageJ and

then averaged.

Experimental Controls

At least three pairs of eyes or optic nerve heads were examined for every antibody
marker (summarized as n number in figure legends). From each sample, at least three
tissue sections were analyzed. In experiments comparing signal intensity between
different treatment groups, all samples were processed in parallel and imaged under
identical microscope settings. Experiments in which the primary antibody was omitted

served as negative controls.

Statistical Analysis

IOP measurements and retinal morphometry data were analyzed by two-way
analysis of variance (ANOVA). Where a significant main effect was found, post hoc
Bonferroni multiple comparison test was conducted. The RGC cell count and axon count
data were subjected to one-way ANOVA followed by Tukey’s multiple comparison test.
Statistical tests were performed using the GraphPad Prism (version 5) software, with a

significance level set at p < 0.05. Values were reported as mean + SEM.
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Results

IOP Elevation in CD-1 Mice After Laser Treatment

In this study, we sought to develop an experimental model of laser-induced ocular
hypertension in CD-1 mice. After laser photocoagulation of limbal and episcleral veins of
the aqueous humor outflow pathway in CD-1 mice, IOP was measured at various time
points in the operative eye as well as the contralateral eye, which did not receive laser
treatment and served as control. To rule out transient IOP spikes immediately following
laser treatment, which could cause global retinal ischemia, we measured short-term IOP
changes within the first 12 hours post-operatively (Fig. 2-1A). In a separate group of
mice, we characterized the profile of IOP elevation longitudinally by measuring IOP
values at 1 day, 2 days, 1 week, and 2 weeks after treatment (Fig. 2-1B). Beginning as
soon as 4 hours after laser treatment, the IOPs measured in operative eyes (27.6 + 2.6 mm
Hg, n = 7) were significantly elevated above those measured in control eyes (12.3 + 1.0
mm Hg, n = 7) and remained elevated at the second post-operative day (operative 27.1 £
1.8 mm Hg vs. control 13.4 + 0.3 mm Hg, n = 38). The IOPs measured in laser-treated
eyes declined to baseline and were similar to IOPs in control eyes by 1 week (operative
15.4 + 1.3 mm Hg vs. 12.4 + 0.6 mm Hg, n = 30). The peak IOP measured immediately
(29.2 £ 1.4 mm Hg, n = 38) and during the first week post-operatively was sufficiently

below the mean blood pressure (MBP) of 102 + 4 mm Hg reported for CD-1 mice'".

Based on the formula that ocular perfusion pressure equals MBP minus IOP'*?, an eye

with a 30 mm Hg IOP maintains approximately 70 mm Hg of perfusion pressure, which
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is unlikely to result in global retinal ischemia. Histological analysis of retinal sections
from laser-treated eyes (see Fig. 2-2 below) also revealed well-preserved tissue
cytoarchitecture except in the ganglion cell and nerve fiber layers, consistent with the

maintenance of normal retinal perfusion following laser-treatment.

In addition to the cohort of mice used specifically for the longitudinal analysis of
IOP profile documented above, the present study consisted of 380 mice that were laser-
treated and whose IOP were recorded 12-24 hours post-operation. Of these, 308 (81%)
had IOP> 21 mm Hg and were used in subsequent analysis; 59 (16%) did not meet the
21 mm Hg criterion. A small number (3%) exhibited signs of surgical complication
including hyphema or corneal edema, and were excluded from the study. In our
experience with the CD-1 mice LIOH, we never observed cataract or phthisis reported for

pigmented mice''%.
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Figure 2-1. Laser treatment induced IOP elevation in CD-1 mice
(A, B) IOP measurements within 12 hours (A) and over 2 weeks (B) after treatment. IOP
significantly increased in laser-treated eyes between 4 hours and 2 days compared to
contralateral control eyes. **p < 0.01; ***p < 0.001.
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Induced Cell Loss Specific to the Retinal Ganglion Cell Layer

The hallmark of glaucomatous damage is the loss of retinal ganglion cells with
relative sparing of other retinal layers. Retinal histology 4 weeks after laser treatment
demonstrated prominent cell loss in the ganglion cell layer (GCL) as well as diminution
of the nerve fiber layer (NFL) (compare Fig. 2-2A and B). The other retinal layers were
not significantly changed in thickness. To quantify the pattern of damage at different
retinal eccentricities, we performed morphometric analysis at central, middle and
peripheral locations on H&E stained plastic sections (n = 10 for both control and laser-
treated retinas). The protocol for defining these regions is illustrated in Fig. 2-2C. Linear
density of cells in the ganglion cell layer (GCL) was reduced in the central (by 31%),
middle (by 33%) and peripheral (by 34%) regions (Fig. 2-2D). In contrast, the thickness
measurements of the inner nuclear layer (INL) and outer nuclear layer (ONL) were not
significantly altered at any retinal eccentricity (Fig. 2-2E). It is worth noting that we
observed visible thinning of the IPL in some laser-treated samples, consistent with the
loss of RGC dendritic arbors. Although the mean IPL thickness values in experimental
animals was reduced by 10%, 10%, and 14% for central, middle and peripheral retina,
respectively, this was not a consistent finding and did not reach statistical significance.
Overall, the pattern of retinal damage in CD-1 LIOH was consistent with the selective

degeneration of RGCs, similar to that which occurs in glaucoma.
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Figure 2-2. Retinal histology and morphometric analysis

(A, B) Representative images of plastic-embedded, H&E-stained retinal sagittal sections
4 weeks after laser treatment, captured 250 um from the optic nerve head (ONH). The
GCL in laser-treated eye (B) was greatly reduced in cell number compared to control (A).
Apparent thinning also occurred in NFL containing RGC axons. The other retinal layers
appeared relatively intact. (C) Definition of central (250 pm from the ONH), middle
(750-1000 um from the ONH) and peripheral (100 um from the ora serrata edge) retinal
locations. Note that only mid-sagittal sections through the ONH (arrow) were selected for
analysis. (D) Linear density of GCL cells expressed as cells/'mm was significantly
reduced at all retinal locations after laser treatment. (E) The thickness of IPL, INL and
ONL were not significantly impacted. NFL = nerve fiber layer. GCL = ganglion cell
layer. IPL = inner plexiform layer. INL = inner nuclear layer. OPL = outer plexiform
layer. ONL = outer nuclear layer. Scale bar = 100 um. n = 10 retinas for both control and
laser groups. *p < 0.05; **p <0.01.
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In addition to histological analysis, immunolabeling was used to enable direct
quantification of RGC density. Approximately 40-60% of cells in the mouse GCL are
estimated to be displaced amacrine cells’"*'**'%. Although we did not directly quantify
the survival of amacrine cells, no reduction was found in the thickness of INL, which
comprises 40% amacrine cells'**. This observation would argue that amacrine cells are
not vulnerable in LIOH, consistent with previous reports in other rodent models of
glaucoma®'*°. Considering the existence of displaced amacrine cells, the total number of
nuclei in GCL does not provide an accurate measure of RGC survival following laser
treatment. To overcome this limitation, Brn-3b antibody was utilized to specifically label
RGCs in retinal whole-mounts (Fig. 2-3). Brn-3b is a transcription factor expressed in a
subset of RGCs"*"" distributed uniformly across the retina, allowing for direct
visualization and convenient RGC counting in immunostained retinal whole-mounts.
Since previous studies demonstrated that no specific class of RGCs is selectively
impacted in mouse glaucoma™, we used the density of Brn-3b" nuclei as a surrogate
measure of the overall density of surviving RGC somas. The results showed that Brn-3b"
RGC density at 1 week after laser treatment was not significantly different from control
(Fig. 2-3F). However, by two weeks after laser treatment there was a substantial loss of
Brn-3b" RGC number by 42% compared to control. By 4 weeks, the average density of
Brn-3b" RGCs in laser-treated eyes was reduced by 91% of controls. Thus degeneration
of RGC somas as assayed by the loss of Brn-3b expression appeared to commence on
average between 1 to 2 weeks after laser treatment. While it is possible that the loss of

Brn-3b protein by itself may not mark the death of RGCs, histological evidences of
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reduced cell number in the GCL and diminution of the NFL (Fig. 2-2B) indicate that
death does occur in at least a proportion of RGCs (see Discussion). In addition, DAPI
staining of experimental retinal whole-mounts revealed substantial reduction of cell
number (unpublished observation), suggesting that changes in Brn-3b immunolabeling
mirrored the overall pattern of RGC degeneration. Furthermore, the loss of Brn-3b"
RGCs was non-uniform across the retina and often appeared sectorial in nature (Fig. 2-
3E). This pattern of RGC damage in laser-treated CD-1 mice is similar to what has been
observed in DBA/2J animals using RGC-specific ROSA3 BGeo reporter or retrograde

58,60,138

labeling , and is consistent with an insult to discrete axon bundles at the ONH.
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Figure 2-3. Laser treatment resulted in decreased number of Brn-3b" RGCs

(A, B) Low magnification views of whole-mounted retinas immunolabeled with the Brn-
3b antibody. (C, D) Representative images used for quantification of Brn-3b" RGC
number. (E) Higher magnification, thresholded image of boxed region in (B),
highlighting the fan-shaped pattern of RGC degeneration. Solid traces mark the edges of
the retinal whole-mount and the ONH. Dashed line denotes an imaginary boundary
dividing a sector of relative preservation (above) from a sector of severe loss (below) of
Brn-3b" cells. Arrowheads point to occasional tearing of the tissue preparation. (F) The
mean density of Brn-3b" RGCs in experimental retinas at 2 weeks was reduced by 42%
of that in contralateral control eyes, and at 4 weeks by 91% of control eyes. Scale bar =
200 pm. For each group, 8 retinas were analyzed. *p < 0.05; ***p < 0.001.

Axon Degeneration in the Myelinated Optic Nerve

Recent evidence demonstrated that the degeneration of RGC somas and axons in
glaucoma may involve distinct processes™. In order to obtain an independent measure of
RGC axon survival, we used paraphenylenediamine (PPD) to visualize axons in the
myelinated optic nerve. PPD is a dye that uniformly labels myelin sheaths, but
differentially stains the axoplasm of degenerating axons darkly®”. Fig. 2-4A-D shows
examples of PPD-stained optic nerve cross sections harvested at different time points
after laser treatment. In addition to axon degeneration indicated by darkly stained
axoplasm or myelin debris (arrowheads), axon swelling (arrows) and gliosis (double
arrows) were also apparent in experimental nerves. Axon counting revealed that the total
axon number was reduced by 47% at 1 week, 68% at 2 weeks and 78% at 4 weeks. These
data agreed with our previous findings focused on RGC somas, and confirmed that both

RGC axons as well somas were damaged following LIOH.
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Figure 2-4. Axon degeneration in the myelinated optic nerve

(A-D) Representative images of PPD-stained optic nerve cross sections. Samples were
collected from control (A) as well as experimental animals 7 days (B), 14 days (C) and
28 days (D) after laser treatment. Healthy axons had robust and uniform myelin
ensheathment surrounding a clear axoplasm (A). Degenerating axons were marked by
darkly stained axoplasm or myelin debris (arrowheads). Axon swelling (arrows) and
gliosis (double arrows) were also frequently observed in experimental samples. (E)
Quantification of total axon count on PPD-labeled sections. The mean axon number was
reduced 7 days after laser treatment, and continued to decline at least until 28 days. Scale
bar = 10 pm. ***p <0.001.

Axon Integrity in the Lamina and Pre-Lamina ONH

One major limitation of inbred mice with spontaneous glaucoma is the undefined
onset of disease hindering the study of early disease pathology. Using experimental

LIOH, we took advantage of the investigator controlled onset of IOP elevation to
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examine changes occurring early in the disease process. As RGC axon damage
particularly around the ONH region has been proposed to be a contributing factor for
RGC death in glaucoma, we investigated how RGC axon integrity in this unmyelinated
region may be influenced by laser treatment, especially at early time points. RGC axons
were visualized using antibodies against the B-III subunit of tubulin and neurofilament
(NF), two key structural components of the axon cytoskeleton. While the axon labeling
pattern using the two antibodies were very similar, neurofilament labeling using SMI312
antibody resulted in visualization of the finer axonal processes with greater detail and

was used to obtain higher magnification images.

The mouse ONH can be subdivided into the pre-lamina (at the level of retina) and
lamina (at the level of sclera) regions®. We employed different methodologies to best
visualize the morphologies and trajectories of axons within these two regions.
Longitudinal cryostat sections subjected to antibody staining (Fig. 2-5) were used to
identify axonal changes within the lamina region (dotted bracket in Fig. 2-5A), while
retinal whole-mounts (Fig. 2-6) were used to obtain the best visualization of the
morphology and trajectories of RGC axons in the pre-lamina region (outlined as white
circle in Fig. 2-6A). The morphological changes detected in the lamina and the pre-
lamina regions, while initially similar in the first several days after laser treatment,

ultimately became qualitatively different over the next 1-2 weeks as described below.
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tubulin

Figure 2-5. Early occurrence of axonal damage in the lamina ONH after laser
treatment

Longitudinal cryosections through the ONH were immunostained for tubulin (A-D, red)
and neurofilament (E-L, green). The retina is oriented towards the top of each image, and
optic nerve towards the bottom. Dotted bracket (A) denotes the location of lamina ONH.
Panels I-L correspond to boxed regions in E-H. The uniform staining pattern and parallel
organization of axons seen in controls (A, E, I) were disrupted in laser-treated eyes (B-D,
F-H, J-L). Pathological changes were observed as early as 4 days (B, F, J) following
treatment and became more prevalent after 1 week (C, G, K). Axonal damage was
initially manifested as localized enlargement (J, K, arrowheads) and undulating axon
trajectory, examples of which are shown in the insets (J, K). The 2-week time point was
marked by a loss of cytoskeletal immunoreactivity (D, H, L). Once-continuous axonal
profiles were replaced with punctate degenerative debris (L, arrowheads) and regions
devoid of axonal staining. Scale bar = 50 um. For tubulin staining between 3 and 8
animals were examined at each time point; for NF staining between 3 and 11 animals
were examined.
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Axon Degeneration in the Lamina ONH Occurs Early After Laser Treatment

In the control optic nerve lamina region, anti-tubulin and anti-NF immunostaining
were uniform along the RGC axons (Fig. 2-5A, E, I). In contrast, in laser-treated eyes as
early as 4 days after treatment, we observed a small number of axons at the lamina ONH
region with localized enlargements (Fig. 2-5J, arrowheads and inset). Over the next few
days, the overall staining pattern displayed more heterogeneity, with some axon segments
showing intense immunoreactivity interrupted by patchy diminution of signal, consistent
with a structural alteration in RGC axons (Fig. 2-5K). The axonal bundles normally
aligned in parallel in this region also became distorted and undulating. By 2 weeks, the
loss of cytoskeletal immunostaining was more widespread (Fig. 2-5D, H, L), reflecting a
loss of intact axons. Concurrently, many small immunoreactive puncta were seen

surrounding RGC axons, likely reflecting degenerated debris (Fig. 2-5L, arrowheads).
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Figure 2-6. Aberrant axon trajectories at the pre-lamina ONH after laser treatment
Low magnification images (A-D) of retinal whole-mounts immunolabeled with Brn-3b,
tubulin and NF are presented to aid orientation and to correlate density of Brn-3b+ RGCs
with axon pathology. Dotted white circle in (A) denotes the location of pre-lamina ONH.
Defasciculation and localized enlargements (arrows) were observed on axons as early as
4 days after laser treatment (F, J), and continued to become more pronounced at 1 week
(G, K). The meandering trajectories of aberrant axons (most apparent in J, K) appeared in
stark contrast to the radial organization of RGC axons in control retina (E, I). At 2 weeks,
numerous axons were observed to be disconnected and terminated in retraction bulbs (H,
double arrows). The aberrant trajectories were heterogeneous and complex, and included
twists, turns, and 180-degree loops (H, L, arrowheads). Ectopic axons were found at the
center (asterisk) of the pre-lamina ONH (H), which was devoid of axonal staining in
controls (E). A gallery exemplifying aberrant axon trajectories in additional retinal
samples is shown in M-T. Scale bar = 50 um. n = 5 retinas for D4; n > 20 retinas for
other time points.
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Aberrant Axon Trajectories at the Pre-Lamina ONH

In control retinal whole-mounts, tightly packed axon bundles converged onto the
ONH in an orderly radial fashion (Fig. 2-6E, I). Four days after laser treatment, focal
enlargements appeared on axons in the pre-lamina ONH region (Fig. 2-6F, J, arrows),
similar to those observed in the lamina ONH (Fig. 2-5). Of note, axonal changes in the
pre-laminar region, unlike that found in the lamina also included defasciculation of axon
bundles (Fig. 2-6J), with individual axons exhibiting aberrant turning trajectories, giving
them the appearance of frayed ends of ropes. At 1 week, more axons exhibited
enlargements (Fig. 2-6G, K, arrows), defasciculation, and meandering trajectories (Fig. 2-
6K). The normal radially directed axon trajectories seen converging at the optic disc were
instead replaced by a more randomly directed pattern. By 2-weeks, RGC axons that
appeared to be disconnected from their distal portions and terminating in bulbous endings
were frequently observed (Fig. 2-6H, double arrows). In addition, numerous axons
exhibited tortuous terminal segment trajectories, including axon twisting, turning and
even 180° axon loops (Fig. 2-6H, L, arrowheads). More examples of axons with aberrant
trajectories are presented in Fig. 2-6M-T. While in control eyes, axons were not found in
the central portion of the pre-lamina ONH (asterisk, Fig. 2-6A, E), aberrantly projecting
axons were readily observed in the same region in laser-treated eyes (asterisk, Fig. 2-6H).
These morphological changes and abnormal trajectories of RGC axons were similar to
those encountered in glaucomatous eyes of DBA/2J mice (C.F., D.S., unpublished

observation).

This analysis using antibody staining of axon cytoskeletal elements and confocal

microscopy revealed that the earliest detectable signs of alterations in RGC axonal
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integrity and trajectory occurred approximately 4 days after treatment. While the lamina
and pre-lamina regions demonstrated no significant difference at this early time point, by
2 weeks the morphology of axons within these two regions appeared remarkably distinct.
The lamina region was marked by axonal degeneration and buildup of debris. On the
other hand, the pre-lamina region was characterized by aberrant axon trajectories,
exemplified by twisting and looping. Such complex trajectories observed here were
reminiscent of the sprouting and reactive plasticity of adult axons proximal to localized
traumatic injury in the mouse optic nerve'” as well as elsewhere in the CNS'**'*. Our
findings were thus consistent with a model in which an early insult to RGC axons occurs
at the lamina ONH causing axon structural breakdown, followed by an initiation of a
reactive plasticity-like response in the remaining axon proximal segment in the pre-
lamina region. It is worth noting that the early signs of axonal pathology (day 4-7)
occurred when RGC somas within the retina were still relatively preserved as shown by
Brn-3b labeling (Fig. 2-6B, C), and preceded the decrease in Brn-3b" RGC density that

begins approximately 1 to 2 weeks after laser-treatment (Fig. 2-3).

Degeneration of Optic Nerve Myelin

Although axonal demyelination often results secondarily from CNS axon injury'*,
demyelinating diseases such as multiple sclerosis can also be the cause of axonal
degeneration'*. A recent study of laser-induced ocular hypertension in pigmented mice
suggested that oligodendrocyte loss might precede significant RGC death'''. Here we

examined myelin damage in the optic nerve following LIOH in CD-1 mice, and the
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chronology of this event in relation to axonal injury. To detect early signs of myelin
degeneration, we took advantage of the fact that the degradation of myelin basic protein
unmasks an epitope (dIMBP) that can be detected by a specific antibody, thus allowing
identification of injured white matter'**'*’. In control optic nerves, the presence of
myelin was clearly demarcated following immunolabeling of mature oligodendrocytes by
CNPase (2°,3’-Cyclic Nucleotide 3’-Phosphodiesterase) antibody (Fig. 2-7A). As
expected there was no detectable signal following immunolabeling of dMBP (Fig. 2-7B).
Likewise, in optic nerves from laser-treated eyes, dIMBP was also not detectable in the
first few days following treatment (Fig. 2-7E). However, beginning at 7 days after laser-
treatment, dMBP could be readily identified and occurred primarily along the border of
myelinated region with the unmyelinated ONH (Fig. 2-7H). At 2 weeks after laser-
treatment, dMBP was detected further distal into the optic nerve (Fig. 2-7K). Higher
magnification images (Fig. 2-7I, L, insets) demonstrated that the majority of dMBP
immunoreactivity co-localized with cytoplasmic CNPase staining, confirming these
degraded proteins were indeed of oligodendrocyte origin. Conversely, some dMBP
immunoreactive structures were not found to overlap with CNPase, possibly reflecting
oligodendrocyte processes in later stages of degeneration that have lost CNPase
expression. Based on the earliest time of detection, alterations in RGC axon cytoskeletal
structure at the ONH appeared to precede MBP degradation in the adjacent myelinated

optic nerve.
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Figure 2-7. Detection of degraded myelin basic protein (IMBP) in the optic nerve
Oligodendrocytes were labeled with the CNPase marker (A, D, G, J), and dMBP served
as an indicator of myelin damage (B, E, H, K). In the control optic nerves (B) and those
harvested 4 days (E) after laser treatment, no specific immunoreactivity of dMBP was
detected. At day 7, dMBP appeared primarily along the border of myelinated optic nerve
with the unmyelinated ONH (H). After 2 weeks, the presence of dMBP could be
identified further distal into the optic nerve (K). Merged images of CNPase and dMBP
labeling are shown in C, F, I, L, with the insets highlighting examples of both earlier
stages of myelin degeneration characterized by co-localization of dMBP (red) and
CNPase (green) in oligodendrocytes, and later stages of myelin degeneration often
characterized by the presence of dMBP alone. Scale bar = 50 uym. n = 3 sets of
experiments.
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Discussion

We demonstrated that IOP elevation can be induced in albino CD-1 mice by laser
photocoagulation. Specific damage to RGC somas as well as to RGC axons was observed,
while other retinal layers were not significantly affected, consistent with the characteristic
pathology of glaucoma. By taking advantage of the defined induction of IOP elevation,
we have placed a number of important pathological changes in CD-1 LIOH in a rough
temporal sequence. Our results demonstrated that the earliest detected morphological
changes in RGC axons occurred at the ONH by day 4 and consisted of localized axonal
enlargements and undulating axon trajectories, followed progressively over the next 2
weeks by the accumulation of axonal debris in the lamina region, and aberrant axon
trajectories in the pre-lamina region. These early signs of ONH axonal damage
substantially preceded evidence of myelin injury (beginning at 7 days) and RGC
degeneration (at about 2 weeks), as manifested by the down-regulation of Brn-3b and/or

death of Brn-3b" cells within the retina.

Selective RGC Damage After LIOH in CD-1 Mice

The hallmark of glaucomatous disease is the selective damage to and loss of
RGCs with relative sparing of other retinal cell types. Several lines of evidence from the
present study support the notion that LIOH in CD-1 mice triggers a similar pattern of
RGC loss. Brn-3b staining of whole-mounted retina indicated loss of immunoreactive
cells over 4 weeks, suggesting progressive degeneration of RGCs. Histological

examination of sagittal retinal sections revealed a 33% reduction of cell density in the
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GCL, where RGC cell bodies reside. In addition, morphometric analysis showed that the
thicknesses of other retinal layers were not affected, arguing against global ischemia.
Axon degeneration characteristic of glaucomatous injuries also occurred, as demonstrated

by axon counting in PPD-stained optic nerve.

Comparison to Other Animal Models of Glaucoma

While monkeys''®'** and rats®*''"'?*!*> have been successfully induced to
develop glaucoma, mouse models afford the additional advantages of cost-effectiveness
and amenability for genetic manipulation. To date, a number of experimental glaucoma

models have been reported in mice, including laser photocoagulation''"'"*

and episcleral
vein cauterization'*'. Compared to these models, LIOH in albino CD-1 offers potential
advantages in terms of the accelerated time course and pronounced RGC damage. One
study in C57BL/6 mice reported 28% RGC loss at 2 weeks''', while another in NIH

8 1n contrast, CD-1 mice

Black Swiss mice demonstrated 63% axon loss at 12 weeks
exhibited 42% reduction of Brn-3b" RGCs at 2 weeks, and 78% reduction of myelinated

axons at 4 weeks after LIOH.

It should be noted that since Brn-3b is downregulated in glaucomatous retinas®®’,

the loss of Brn-3b immunoreactivity alone cannot be concluded as RGC loss. Instead,

recent studies®®®!

interpret the reduction of RGC gene expression as a sign of
degeneration, which is expected to mark a disease state preceding cell death itself. In the

present study, significant axon degeneration (47%) in the myelinated optic nerve had

already occurred 1 week after laser treatment, when loss of Brn-3b" RGC somas was not
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yet prevalent. This observation agrees with previous reports that axon injury preceded
RGC soma death*®®6138 At 2 weeks, both RGC axon and soma count were
significantly diminished (68% and 42%, respectively). By 4 weeks, axon number was
reduced by 78%, whereas linear cell density in the GCL only suffered a 33% reduction.
This may appear inconsistent at first glance; however, a substantial proportion of
surviving cells in the GCL is expected to be displaced amacrine cells. Assuming

91,133-135’ and that they

amacrine cells accounted for 40-60% of the GCL cell population
were not damaged by experimental glaucoma, the reduction of linear RGC density is
estimated to be between 55% and 80% at 4 weeks. On the other hand, a 91% decrease of
Brn-3b" cells was observed, possibly reflecting downregulation of this protein in some
surviving RGCs. In summary, by any of the three measures employed in this study, the

level of RGC injury induced by LIOH is clearly more severe in CD-1 mice compared to

pigmented mice.

Characteristics of IOP Elevation in CD-1 LIOH

While the accelerated time course of RGC damage in CD-1 LIOH is
advantageous in speeding up experimental analysis, it is necessary to bear in mind that
this model is more acute compared to DBA/2J and human glaucoma, and could
potentially involve different underlying mechanisms. While the disease present in
DBA/2J mice models pigmentary glaucoma, LIOH in CD-1 resulting from an acute
blockage of fluid outflow may resemble angle-closure glaucoma more closely. Another

major difference from existing published models is the transitory nature of IOP elevation
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in CD1 LIOH. IOP rose briefly from a baseline of 12-13 mm Hg to 27-29 mm Hg, and
returned to normal between 2 and 7 days after treatment. In our initial attempts at model
development, we performed photocoagulation for a full 360° circumferentially around the
eye, without avoiding the long posterior ciliary arteries. This treatment protocol typically
resulted in acute IOP spikes of > 70 mm Hg within 12 hours of laser treatment that could
lead to ischemic changes, and was thus abandoned. Translimbal laser treatment of 270-
300° instead of 360° with the avoidance of long posterior ciliary arteries helped to
eliminate acute pressure spikes post-operatively. Repeated laser treatments to extend the
period of IOP elevation were not consistently effective, and frequently led to substantial
additional ocular inflammation. The resulting corneal edema and scarring may then lead
to false readings of elevated IOP. Although our laser treatment paradigm only resulted in
a transient doubling of IOP for several days, this change in IOP in CD-1 mice was
nevertheless sufficient to trigger highly reproducible morphological changes in RGCs and
their axons that mimic findings in glaucoma. Although IOP declined to baseline by 1
week, glaucomatous disease clearly progressed beyond that time point. This model
therefore offers an opportunity to delineate pathophysiological mechanisms that can
operate independently of sustained pressure elevation, which may have relevance to
human cases with progressive worsening of glaucomatous disease despite IOP-lowering

. . 149
Intervention .

Axon Reactive Plasticity in the Pre-Lamina ONH

47



The aberrant looping trajectories of RGC axons in the pre-lamina ONH are
strikingly reminiscent of the sprouting and reactive plasticity of adult RGC axons injured

by optic nerve crush'*. While axonal sprouting has been described following other CNS

140,142-143 150-151

lesions as well as in Alzheimer’s disease , aberrant growth of RGC axons in
glaucomatous animals has not been previously appreciated. This RGC axon re-growth
phenomenon may not be limited to mice, as recent work in a rat laser-induced model of
glaucoma has identified a similar phenomenon (N. Marsh-Armstrong, personal
communication). Axonal reactive plasticity in the pre-lamina region is most consistent
with damage occurring more distally along the axons within the lamina region, and

agrees with previous reports in DBA/2J mice**%

identifying the lamina ONH as an initial
site of glaucomatous injury. The ultimate fate of RGC axons that exhibit these aberrant
trajectories is unknown, although their presence clearly demonstrates the ability of adult
axons to maintain a limited growth/remodeling program. In the setting of glaucoma, it
would be of interest to examine whether such axons exhibiting reactive plasticity are also

present in human glaucomatous eyes and to identify the mechanisms underlying this form

of plasticity.

Axonal Damage as an Early Manifestation of Disease

As the onset of IOP elevation in LIOH is controlled by the investigator, this
mouse model offers an opportunity to delineate the timing of some pathological events
that ultimately result in RGC loss. A finding from this study is the early onset of ONH

axon degenerative changes and reactive plasticity after LIOH. Morphological alterations
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of axons in the ONH preceded significant degeneration of myelin and RGC somas. These
findings indicated that studies of the molecular nature of insults to RGC axons at the
ONH and the intra-axonal response mechanisms may provide useful insight into disease.
It is important to bear in mind a careful analysis of changes that may occur in the retina
was not performed in the present study, and our results do not address the question
whether there may also be early events that impact the dendritic and somatic
compartments of RGCs that are either independent or related to RGC axonal changes
occurring at the ONH. Nevertheless, the evidence of specific early RGC axon responses
at the ONH indicates that the study of these events may be fruitful avenues for better
understanding glaucoma pathophysiology. In addition, axonal responses to glaucomatous

injury could serve as an early readout of the effectiveness of new therapeutic strategies.
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Chapter 3

The Role of EphB/ephrin-B Signaling in Experimental

Glaucoma
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Abstract

Interaction between Eph receptors and ephrin ligands has been well-established to
play important roles in wiring the developing nervous system. Growing evidence in
recent years suggests that these signaling proteins traditionally known as “axon guidance”
molecules are also involved in modulating axonal response to injuries in adulthood.
Using the LIOH model in CD-1 mice described in Chapter 2, I demonstrate that
upregulation of EphB/ephrin-B expression occurs early within a day of IOP elevation. A
transient increase of phosphorylation-dependent ephrin-B (pEB) reverse signaling is
observed in ONH axons, microglia, and some astrocytes. Morphologically unaffected
RGC axons differ from axons with reactive aberrant trajectories by exhibiting increased
pEB activation, while pEB levels in morphologically affected axons are comparable to
controls. Genetic deficiency of EphB2 or EphB3 causes more severe axonal degeneration
in mutant mice treated with LIOH compared to wild-type, while the C-terminal
truncation of EphB2 has an intermediate effect. These results indicate that an Eph-ephrin
signaling network is activated at the ONH after LIOH in CD-1 mice, either prior to or
coincident with the initial morphological signs of RGC axon damage reported previously.
Forward as well as reverse signaling confers protection to RGC axons against

glaucomatous injury.
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Introduction

Potential of Contact-dependent Signaling in Glaucoma

The role of glial activation has been investigated extensively in the context of
glaucoma’™*. Many studies demonstrated secretion of diffusible factors by astrocytes or
microglia of the glaucomatous ONH, which may play either supportive'>* or detrimental

9,69,111,153
roles™ >

with respect to RGC axons. However, direct cell-cell interaction mediated
by membrane-anchored signaling complexes has not been explored in detail. In mouse
ONHs, the lack of myelination allows for tight apposition of RGC axons with
neighboring glia. Analysis of the morphology and spatial arrangement of ONH astrocytes
reveals that these cells form closely-packed “glial tubes” that ensheath axon bundles***®,

It would be of interest to examine how direct cellular interactions modulate the process of

axonal degeneration in glaucoma.

Previous work in our lab has linked specific upregulation of Eph and ephrin
signaling molecules in ONH glia to the presence of RGC axon damage in DBA/2J
glaucomatous mice'”®. In light of recent evidence implicating the Ephs and ephrins in
CNS injury, these contact-dependent signaling proteins emerge as attractive candidates
that could mediate axon-glia and axon-axon communication in response to glaucomatous

insults.

The Eph and ephrin Protein Families
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Eph proteins constitute a large family of receptor tyrosine kinases that bind to

ligands called ephrins'>*'*

. The Eph and ephrin protein families are each divided into A
and B subclasses based on sequence homology, membrane anchorage, and binding
preference for each family member. There are 10 EphA and 6 EphB receptors known at
present, while 6 ephrin-A and 3 ephrin-B proteins have been identified. Ephrin-A
proteins are attached to the cell membrane by a glycophosphatidylinositol (GPI) anchor,
while ephrin-B proteins have a transmembrane region and a short, highly conserved
cytoplasmic tail with a PDZ (postsynaptic density-95/Discs large/zona occludens-1)-

T . 157-159
binding domain""">’,

Eph receptors consist of a highly conserved N-terminal
extracellular ligand binding domain, followed by a cysteine-rich domain, two fibronectin

IIT repeats, a juxtamembrane region, and an intracellular kinase domain with a PDZ

binding motif">"'.

Diverse Eph/ephrin Functions in Development and Adulthood

In the nervous system, Ephs and ephrins have been most extensively studied for
their developmental roles in axon guidance, cell adhesion, neuronal migration, and
pattern formation'®'"'*, One of the most well-established examples is topographical
mapping of RGC axons within the optic tectum (in chicken and frog) or superior
colliculus (SC; in mammals). EphA proteins are expressed along the nasal-temporal axis
in the retina in a gradient complimentary to ephrin-A expression along the anterior-
posterior (A-P) axis of tectum/SC. Temporal axons express the highest levels of EphA,

which makes them most sensitive to the inhibitory properties of ephrin-A in the
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tectum/SC. Since the ephrin-A gradient is organized with the highest level in the

163

posterior pole ”, RGC axons from temporal retina project to the anterior part of the target,

while RGC axons originating from nasal retina project posteriorly. The reliance of
retinotectal mapping on the expression of EphA and ephrin-A proteins in complimentary
gradients has been verified in studies where levels of EphA/ephrin-A protein expression
were experimentally perturbed'®'®. In addition, complimentary gradients of EphB and
ephrin-B have been demonstrated to mediate retinotectal mapping along the dorsal-

ventral (D-V) axis'®'®®. Another visual target, the lateral geniculate nucleus (LGN), also

169-170

depends on Eph/ephrin gradient for topographic mapping . The general strategy of

Eph/ephrin proteins as graded position cues appears to hold true for the connection

between thalamic nuclei and cortical areas for specific sensory modalities, including

1

mapping from LGN to visual cortex'’', as well as thalamocortical/corticothalamic

172-174

projections between ventrobasal complex and somatosensory cortex . Furthermore,

. . . . C g 175
analogous mechanisms have been implicated in establishing vomeronasal ™,

1176-177 178-180

hippocamposepta and auditory circuits

However, Ephs and ephrins are not merely developmental molecules. They also
have significant functions in the adult nervous system. Compelling evidence has ascribed
to Eph/ephrin signaling many essential roles in regulating synaptic structure and
plasticity. The widespread patterns of Eph and ephrin expression in the developing
nervous system are down-regulated in the adult except in regions of the CNS that
continue to undergo extensive renewal and remodeling such as the hippocampus,

181

olfactory system and subventricular zone (SVZ) ~'. Evidence points to a role for Eph and

ephrins in modulating synaptic function via the regulation of dendritic spine formation'**

54



184 185-186

, NMDA receptor clustering and potentiation of calcium influx . Eph and ephrin

function has also been implicated in long term potentiation (LTP) in both Schaffer

187-190 " as well as in the modulation of

collateral-CA1 and mossy fiber-CA3 synapses
synaptic efficacy between nociceptive afferents and spinal cord dorsal horn neurons,
leading to NMDA receptor-dependent hyperalgesia'®'. Another intriguing function that
has emerged in recent years is the involvement of both A and B Eph/ephrin proteins in
the proliferation and survival of adult neural progenitor cells in neurogenic regions.
Besides regulating brain size by controlling apoptosis of embryonic cortical
progenitors' >, Eph/ephrin signaling also modulates neurogenesis in the adult SVZ, where
new neurons continue to be born. The mechanism is complex, as both positive'”* and

194-196

negative effects on SVZ progenitor proliferation and apoptosis have been reported,

involving either forward or reverse signaling. A promotion of neuronal fate has also been

. . 193,197
documented in vitro )

In addition, Eph and ephrin families are used by cells outside of the nervous

system in both health and disease. ephrin-B2 on arterial and EphB4 on venous endothelial

cells mediate embryonic vascular assembly and arteriovenous differentiation'”*'. In

adulthood, ephrin-B2 and EphA2 have also been linked to neovascularization and tumor

200204 Many Eph/ephrin family members are found in tumors including

angiogenesis
those of the breast, lung, colon, prostate, and in glioblastoma as well as melanoma”,
where their levels of expression to some degree correlate with malignancy. It is thought
that Eph/ephrin promotes tumor metastasis by negatively regulating cell adhesion and

enhancing neovascularization®**>"’.
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Features of Eph/ephrin Signaling

One of the most intriguing aspects of Eph/ephrin biology is the existence of
bidirectional signaling upon protein binding?®. Ephrin binding to Eph causes
autophosphorylation of the Eph tyrosine kinase domain and triggers signaling cascades

that may involve Ras and Rho?®2!!

. By convention, this activation of Eph proteins is
known as forward signaling. However, EphB proteins binding to ephrin-B proteins can
also trigger the phosphorylation of tyrosine residues in the ephrin-B cytoplasmic
domain®'*?". By convention, this type of signaling resulting from Eph proteins acting as
“ligands” and ephrins serving as “receptors” is called reverse signaling. Even though
ephrin-A proteins do not have an intracellular domain, they can also participate in reverse

175,214-215

signaling . The bidirectional nature of Eph/ephrin signaling represents a highly

efficient mechanism for cell-to-cell communication.

Ephrin-A proteins preferentially bind to the EphA subclass, while ephrin-B
proteins bind to the EphB subclass*'®. Interactions between Eph and ephrin proteins of
the same A or B subclass are promiscuous in that ephrin-A ligands can bind to any EphA
receptor, and ephrin-B ligands can bind to any EphB receptor, albeit with varying degrees
of affinity”'’. Binding between subclasses is also observed in the form of EphA4 binding

to ephrin-B proteins*'®, and ephrin-A5 binding to EphB2*"’.

Co-expression of ligands and receptors in cis is another unusual feature of the
Eph/ephrin system. Analysis of the developing visual system demonstrated that cis
interactions do occur within the same axon between Ephs and ephrins, and that this

interaction appeared to be of functional significance. Over-expression of ephrin-As on
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RGC axons, to maximize the opportunity for cis interactions between EphA and ephrin-A,
resulted in desensitization of the normal axonal avoidance response to ephrin-A**. On
the other hand, reciprocal silencing of co-expressed EphA and ephrin-A molecules did
not occur in spinal motor axons, possibly because the proteins were segregated to distinct

membrane micro-domains®2'.

Eph/ephrin in CNS Injury

In recent years, a sizable body of evidence has documented the expression of Eph

222-223 d224-228

and ephrins after CNS damage in the brain , optic nerve'’, and spinal cor
Following spinal cord transection, hemisection, or contusion, EphB2, EphB3, Eph A4,
ephrin-B2 have been identified at the lesion site by in situ hybridization, and to a more

224-226,228

limited extent by immunolabeling . Similarly, optic nerve crush injury results in

the local expression of EphB3 at the site of injury'*. The expression of Ephs and ephrins
occurs as early as 2-3 days after injury'> and may continue for up to 14-18 days'*****,

The temporal pattern of Eph and ephrin expression is consistent with these molecules

playing a role in a multitude of pathological processes.

Two key studies used transgenic mice to demonstrate the important functions of
Eph/ephrin signaling in modulating axonal and/or glial responses in CNS injury. After
spinal cord hemisection, damaged corticospinal tract axons express EphA4 and are
surrounded by astrocytes expressing ephrin-B2. Experiments using EphA4 knockout

229

mice™™ showed that EphA4-deficient axons crossed the lesion site in greater numbers

than in wild-type controls, and the animals exhibited a higher degree of functional
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recovery. In addition, reactive astrocytic response was dampened by EphA4 deletion, and
the glial scar was reduced in size. Therefore, EphA4 could impede spinal cord axonal
regeneration either by sensing repulsive cues, or by mediating the formation of glial scar.
In optic nerve crush injury, EphB3 was found to be upregulated by macrophages at the
lesion site. Injured RGC axons in EphB3 null mice exhibited a reduced sprouting
response, suggesting that EphB3 promotes RGC axonal plasticity and initial axon

attempts at re-growth after injury'>”.

Investigating Eph/ephrin Signaling in Mouse Glaucoma

We previously demonstrated that EphB2 and ephrin-B2 upregulation was tightly
associated with RGC axon pathology in DBA/2J mice, and was not detected in age-
matched non-glaucomatous animals. However, the functional consequence of this mRNA
upregulation has not been addressed. It also remained unclear whether Eph and ephrin
upregulation is a fundamental feature of glaucoma across animal models, and how the
spatial and temporal characteristics of Eph/ephrin signaling relate to pathologies of RGCs

and their axons.

To better understand the potential role of Eph/ephrin signaling in glaucoma, we
have undertaken a detailed analysis of Eph/ephrin expression, signaling activation,
cellular origin, and functions, using the laser-induced ocular hypertension (LIOH) mouse
model described in Chapter 2. In this model, the onset of IOP elevation is under
investigator control, thus allowing examination of the early pathological events that

impact RGCs and their axons. In mice subjected to LIOH, similar to DBA/2J mice, an
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early morphological sign of glaucomatous damage is observed in RGC axons at the ONH.
After laser treatment, axon response/damage at the ONH is present by 4 days, and by 7
days, two morphologically distinct populations of RGC axons can be observed. One
population has yet to exhibit overt morphological responses to glaucomatous damage and
appears as structurally intact, straight axons through the ONH. The second population
consists of axons that have already lost a distal segment and exhibit reactive plasticity
characterized by abnormal looping and meandering trajectories of the proximal segment.
While all RGC axons at the ONH are potentially exposed to glaucomatous damage, the
presence of these two clearly recognizable axon populations offers an opportunity to
identify events specifically occurring within RGC axons early in the injury process prior

to overt morphological responses.

In the present study, we describe EphB/ephrin-B mRNA upregulation and the
presence of an ephrin-B reverse signaling network involving axons, microglia, and
astrocytes at the ONH during early stages of disease. We further demonstrate that ephrin-
B signaling was preferentially associated with RGC axons that have yet to exhibit
morphological evidence of damage, but is down-regulated in RGC axons at later stages of
injury that have responded with reactive plasticity changes including aberrant trajectories
in the pre-lamina ONH region. Using mouse mutants deficient in EphB2 or EphB3, we
provide functional evidence that EphB/ephrin-B signaling promotes axon survival in

experimental glaucoma.
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Materials and Methods

Animals

CD-1 mice used in the first part of the study were purchased from Charles River
Laboratories (Wilmington, MA). The generation of EphB2’>°, EphB2"#"<?3% and
EphB3”*! mice has been described previously. Mutant mice were generous gifts from Dr.
Mark Henkemeyer from University of Texas, and were maintained on a CD-1

background.

Laser-Induced Ocular Hypertension (LIOH)

LIOH on CD-1 mice was performed using the procedures outlined in Chapter 2.

Cryostat Section Preparation

Mice were anesthetized with an overdose of pentobarbital and perfused
transcardially with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffered saline (PBS,
pH 7.4). Eyes were enucleated along with a segment of retrobulbar optic nerve attached.
The anterior segment, lens and vitreous were dissected away from the eye cup, consisting
of the retina and optic nerve. The eye cups were then immersion-fixed in the same
fixative at 4°C overnight, cryoprotected with 30% sucrose, and embedded in Tissue-Tek

optimal cutting temperature (OCT) compound (Sakura Finetek, Torrance, CA).
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Cryosections 10 um in thickness were cut along the longitudinal axis through the ONH,
mounted on Super Frost Plus slides (Fisher Scientific, Springfield, NJ), and subjected to
either immunostaining or in situ hybridization. For in situ hybridization, DEPC-treated
PBS was used for all steps during sample processing to maximize preservation of RNA

integrity.

Immunohistochemistry

Immunohistochemical studies were performed as previously described.”* Briefly,
cryosections were washed with 0.1 M PBS and blocked with 10% normal donkey serum
(NDS) for 30 minutes at room temperature. For most experiments, tissue
permeabilization was achieved by inclusion of 0.1% Triton X-100 in the blocking
solution. For detection of phospho-ephrin-B, however, Triton X-100 was omitted because
detergent treatment had the tendency to extract this antigen from the membrane or cause
its lateral dispersion, resulting in a diminution of punctate staining. Tissue sections were
instead permeabilized by incubation with methanol containing 20% DMSO for 30
minutes at room temperature. After primary antibodies were incubated overnight at 4°C
followed by PBS washes, secondary antibodies were applied for 1 hour at room
temperature. Slides were counterstained with 4°,6-diamidino-2-phenylindole (DAPI) to
label nuclei when appropriate, and mounted in 97% 2,2’-thiodiethanol (TDE; Sigma, St.

Louis, MO).

The following primary antibodies were used: rabbit anti-tubulin B-III (1:500;

Sigma, St. Louis, MO), mouse anti-neurofilament (SMI312; 1:500; Covance Research
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Products, Denver, PA), rat anti-glial fibrillary acidic protein (GFAP; 1:200; Zymed,
South San Francisco, CA), rabbit anti-S100 (1:200; Sigma, St. Louis, MO), rabbit anti-
Iba-1 (1:50; Wako Chemicals USA, Richmond, VA), rabbit anti-NG2 (1:400; Chemicon,
Temecula, CA), rabbit anti-phospho-ephrin-B (1:100; Cell Signaling Technology,
Beverly, MA), rat anti-CD11b (1:50; Serotec, Indianapolis, IN). Multi-color labeling was
accomplished with secondary antibodies conjugated to tetramethyl rhodamine (TMR;
1:200; Invitrogen, Carlsbad, CA) or cy3, cy2, and cy5 (1:200; Jackson ImmunoResearch,
West Grove, PA). Confocal microscopy was performed on an LSMS5 Pascal microscope

(Carl Zeiss Meditec, Inc., Thornwood, NY) as previously described”.

In situ Hybridization

Digoxigenin-labeled RNA probes specific for EphB2, EphB3, ephrin-B1, ephrin-
B2 and ephrin-B3 were prepared as previously described™. Probe hybridization was
carried out at 60 °C overnight, and detected with fluorescence microscopy following
application of the TSA-plus fluorescein system (PerkinElmer Life Sciences, Wellesley,
MA). Since EphB2, EphB3, and ephrin-B3 demonstrated the most robust and
reproducible upregulation, we focused our analysis using these probes. To identify the
cellular origin of mRNAs, fluorescence in situ hybridization was followed by

immunohistochemistry with cell type-specific antibody markers.

Real-time Polymerase Chain Reaction
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The ONH region was dissected from laser-treated and contralateral control eyes.
Total RNA was isolated using Qiagen RNeasy Micro Kit (Valencia, CA). The amount of
RNA was measured using ND-1000 UV-Vis Spectrophotometer (NanoDrop
Technologies, Wilmington, DE). At least 50 ng RNA was reverse-transcribed into cDNA
using BioRad iScript Select cDNA Synthesis Kit. Sequence-specific primers for
extracellular domains of mouse EphB2, EphB3 and ephrin-B3 were designed by Primer3
(www.primer3.com) and synthesized by Integrated DNA Technology (Coralville, TA).
The following primer sequences were used to amplify EphB2, EphB3, and ephrin-B3,
respectively: forward 5-GAT GGT ACA TCC CCC ATC AG-3', reverse 5'-ACG CAC
CGA GAA CTT CAT CT-3'; forward 5-GCT GGT GAG TTT GGG GAA GTG-3',
reverse 5'-GTG ACC CCA ATC CTT AGC AG-3"; and forward 5-GAC GGC GGG
CCA AGC CTT CGG AGA G-3', reverse 5'-ATA GCC AGG AGG AGC CAA AGA G-
3'. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a reference gene
to normalize the level of mRNA expression of EphB2, EphB3 and ephrinB-3. Sequence-
specific primers for mouse GAPDH were: forward: 5'-GCA CAG TCA AGG CCG AGA
AT-3', reverse: 5-GCC TTC TCC ATG GTG GTG AA-3'. Real-time PCR was
performed with iCycler system MyiQ following the manufacturer's protocol (Bio-Rad).
Briefly, cDNA and 1mM MgCl, were mixed with iQ SYBR Green Supermix in a total
volume of 20 pl. The thermo cycle was 95°C for 3 minutes followed by 40 cycles at 95°C
for 10 seconds and 60°C for one minute. Real-time PCR was performed in triplicates.
Melting-curves were created to verify the specificity of the product. The melting curve
was established at 95°C for 1 minute followed by 55°C for 1 minute with 0.5°C

increments for 80 cycles. Serial dilutions were run for GAPDH to generate standard
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curves for each sample. PCR products were confirmed on 2% agarose gel. Data was
obtained with MyiQ Optical System software (BioRad Hercules, CA). Since the
expression of EphB/ephrin-B mRNAs was most concentrated in the ONH region based
on in situ hybridization findings, a correction was performed to exclude the dilution
effect on mRNA signals from the myelinated optic nerve segment carried over during
dissection. Briefly, a dilution factor (DF) was calculated by dividing the total RNA of
each sample by the amount of RNA used for quantitative PCR. A corrected Ct value was
obtained by applying formula Ct (corrected) = Ct (read) - Log (DF)/log E, where E was
the amplification efficiency. The corrected Ct was further normalized to GAPDH from
the same sample. The relative expression levels of EphB2, EphB3 and ephrin-B3 in
experimental eyes were compared to contralateral untreated eyes by using the Pfaffl

method®*.

Quantification of Phosphorylated ephrin-B (pEB) Expression

On whole-mounted retinas, one image from each quadrant adjacent to the optic
disc was acquired using the 63x oil immersion lens on a confocal microscope.
Fluorescent labelings of neurofilament (NF) and pEB were assigned to the green and red
channel, respectively. Quantification was carried out using Photoshop CS2 (Adobe). First
with the red channel masked, the green channel (NF) was used to visualize axon profiles
and guide selection of regions of interest (ROIs). In each LIOH retina, three aberrant
axon segments that deviated from the normal radial course were outlined and defined as

ROIs. Within these “aberrant” ROIs, the mean fluorescent intensity in the red channel

64



representing pEB was then quantified. Morphological normal axons were tightly bundled,
making it difficult to outline individual axons. The same ROI shapes used for aberrant
axons in the same retina were therefore loaded, and overlaid on healthy axon bundles to
quantify their mean pEB intensity. Similarly, pEB levels in the contralateral control retina
were determined with the same set of ROIs as its partner experimental eye. This protocol
ensured that comparable sizes were analyzed for each condition (Control, Laser Normal,
and Laser Aberrant) in a pair of retina from the same animal. Fluorescence intensities in
each retinal pair were then averaged and normalized by the value of Control. Six pairs of
retinas were analyzed at 7 days after laser photocoagulation, because this represented the

earliest time point at which reactive plasticity was consistently and robustly present.

Statistical Analysis

The RT-PCR results were analyzed by two-way analysis of variance (ANOVA),
followed by post hoc Bonferroni multiple comparison test. The pEB quantification data
were subjected to one-way ANOVA followed by Tukey’s multiple comparison test.
Statistical tests were performed using the GraphPad Prism (version 5) software, with a

significance level set at p < 0.05. Values were reported as mean + SEM.
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Results

Upregulation of Eph and ephrin mRNAs at the Laser-Treated ONH

In a previous study in the DBA/2J inbred strain of glaucomatous mice'**, we
identified a number of EphB and ephrin-B genes at the ONH whose specific upregulation
appeared to be highly correlated with the presence of RGC axon loss. In the present study,
we used fluorescent in situ hybridization (FISH) to determine whether EphB and ephrin-
B genes were likewise upregulated after laser-induced experimental ocular hypertension
in CD-1 mice. The results showed that EphB2, EphB3, and ephrin-B3 mRNAs were
consistently upregulated at the ONH following laser treatment, compared to a modest
level of baseline expression in controls (Fig. 3-1). A few other family members including
ephrin-B1 and ephrin-B2 also demonstrated moderate but variable increases in expression
(data not shown). The upregulation of EphB2, EphB3, and ephrin-B3 was observed as
early as 1-2 days post-laser treatment (Fig. 3-1B, F, J), and was initially most notable in
the perivascular region of the pre-lamina ONH (Fig. 3-1B, F, J, arrows). At the later time
points examined, EphB2, EphB3, and ephrin-B3 cells were found throughout the lamina
region of the ONH. Their upregulation peaked around day 4, and persisted for at least 1
week. Although we did not systematically examine the expression profile at later time
points, the upregulation was maintained for as long as 3 weeks in some LIOH samples

(data not shown).
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Control Laser D1-2 ; aser D4 Laser D7

Figure 3-1. Upregulation of Eph and ephrin mRNAs at the laser-treated ONH
Fluorescent in situ hybridization (FISH) demonstrated that the mRNA levels of EphB?2,
EphB3 and ephrin-B3 were increased above baseline (A, E, I) at 1-2 days (B, F, J), 4
days (C, G, K) and 7 days (D, H, L) after treatment. The initial upregulation tended to
occur around the ONH perivascular region (B, F, J, arrows). Scale bar = 50 um. For each
Eph and ephrin probe, FISH was repeated three times at each time point. An additional 3
or more FISH studies were performed with LIOH D4 samples. Subsequent FISH and
antibody co-labeling experiments to determine cellular identities all utilized D4 samples
unless otherwise stated.

To examine the upregulation of EphB2, EphB3, and ephrin-B3 mRNAs more
quantitatively, we performed real-time polymerase chain reaction (RT-PCR) on ONH
tissues harvested 4 days after laser treatment and calculated their relative expression level
compared to contralateral control samples (Fig. 3-2). EphB2, EphB3, and ephrin-B3

mRNA exhibited 11.9-fold, 7.4-fold and 7.4-fold increase in experimental samples over
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control levels, respectively. Two-way ANOVA analysis found no significant difference
between the three mRNAs, suggesting that EphB2, EphB3, and ephrin-B3 were
upregulated to comparable extents in the laser-treated ONH. In summary, quantitative
RT-PCR findings were consistent with in situ hybridization results in supporting the

upregulation of EphB/ephrin-B mRNAs following LIOH in CD-1 mice.
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Figure 3-2. RT-PCR analysis of EphB2, EphB3 and ephrin-B3 mRNA expression
The mRNA level of laser-treated ONH samples was normalized to the contralateral
control eye from the same animal. Nineteen pairs of eyes were used for the analysis of all

three genes. One sample was lost in the ephrin-B3 experiment, resulting in a sample size
of 18.

ONH Expression of Ephs and ephrins in a Subset of Astrocytes

Eph/ephrin signaling has been shown to produce different outcomes depending on
the cellular context™>>*®, Therefore, identification of the cell types that express these
molecules is a necessary step in delineating their function. In the optic nerve, axons of

RGCs are surrounded by astrocytes and microglia, which normally provide structural and
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homeostatic support to axons and are known to respond to traumatic injuries to the

23
nerve 7.

To determine the cellular origin of Eph/ephrin expression at the ONH following
laser treatment, we performed immunohistochemistry using cell-specific antibodies
following in situ hybridization to detect Eph and ephrin mRNAs. GFAP is a widely
accepted intermediate filament marker for astrocytes, also used elsewhere in this study.
However, since antibodies against GFAP labeled astrocytic processes most intensely but
cell bodies only weakly, it does not co-localize well with the predominantly somatic in
situ hybridization signal, even if the two shared a common cellular origin. To circumvent
this problem, we resorted to double-labeling with S100, another well-established
astrocyte antigen, which stains the soma of astrocytes more robustly than GFAP**%.
The results showed that a subset of EphB2, EphB3, and ephrin-B3 expressing cells at the
ONH were also positive for S100 (Fig. 3-3C, F, I, insets and arrows). Not all Eph/ephrin”
cells (green) co-localized with S100 (arrowheads), and not all S100" cells (red) expressed
Eph/ephrin mRNA. In summary, EphB2, EphB3 and ephrin-B3 were present in ONH
astrocytes following laser treatment, although they did not account for all the cells that

express these mRNAs. In turn, EphB2, EphB3 and ephrin-B3 expressing astrocytes

represented only a subset of the astrocytes present at the ONH following laser treatment.
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Figure 3-3. Eph/ephrin mRNAs were expressed in a subset of ONH astrocytes
In situ hybridization of EphB2, EphB3 and ephrin-B3 mRNAs (A, D, G) was followed
with immunohistochemistry using S100 (B, E, H) as a marker for astrocytes. In merged
images (C, F, I), the co-localization of in situ hybridization signal with S100 was
indicated by yellow pixels (arrows and insets). Some cells expressing Eph/ephrin mRNAs
were not immunoreactive for S100 (arrowheads). Scale bar = 50 pum. n =4 LIOH animals.



ONH Expression of Ephs and ephrins in Microglia

In a previous study, we found that ephrin-B2 expression in DBA/2J glaucomatous
mice was co-localized with ONH microglia. We thus sought to address whether microglia
activation also occurred at the ONH after IOP elevation induced by laser treatment, and
whether these cells contributed to the upregulation of Eph/ephrin. Our results
demonstrated that the number of ONH cells labeled with the microglial marker Iba-1**°
increased dramatically after laser photocoagulation (Fig. 3-4A-D). These cells did not
appear to bear ramified processes as in controls (Fig. 3-4A inset) but were instead
amoeboid in shape (Fig. 3-4B inset), suggesting that they have undergone activation. We
also corroborated these findings with two other commonly used microglial markers,
CD11b and isolectin GSA-IB4 (data not shown). Double-labeling with EphB or ephrin-B
in situ hybridization and Iba-1 immunohistochemistry (Fig. 3-4E-P) revealed that a subset
of cells that expressed EphB2, EphB3 and ephrin-B3 mRNAs were of the microglial

lineage (Fig. 3-4H, L, P). Conversely, most of the Iba-1" microglial cells present at the

ONH after laser treatment appeared to express EphB2, EphB3 and/or ephrin-B3.
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Figure 3-4. Microglia accumulation at the ONH after LIOH and expression of
Eph/ephrin mRNAs
In the control optic nerve, microglia labeled with the Iba-1 antibody were present
sparsely and appeared ramified (A, inset). After LIOH, an accumulation of microglia was
observed (B-D), and these cells became more amoeboid in morphology (B, H, L, P,
insets). Double-labeling of in situ hybridization (F, J, N) and Iba-1 immunostaining (G, K,
O) demonstrated that many Iba-1+ microglia expressed EphB2 (E, H), EphB3 (I, L) or
ephrin-B3 (M, P) mRNAs. Panels E, I, M are low magnification overviews in which

higher magnification images were taken from the boxed regions. Scale bar = 50 pm. n =
4 LIOH animals.
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ONH Expression of Ephs and ephrins in Ectopic NG2" Cells

A well recognized feature of the ONH is its lack of myelination and the specific
exclusion of oligodendrocytes and NG2" putative oligodendrocyte precursor cells (OPCs)
7 1In the course of studies examining the cellular origin of EphB and ephrin-B mRNA
expression, we found that this cellular exclusion was compromised in laser-treated CD-1
mice, which manifested as the presence of ectopic NG2" cells in the ONH region. The
proteoglycan NG2 is normally expressed by a population of stellate-shaped cells (Fig. 3-
5A-D, arrowheads) in the myelinated portion of the optic nerve, but is not found in the
unmyelinated ONH region except for occasional staining of the vasculature (Fig. 3-5A,
arrow). In ocular hypertensive eyes, cells expressing NG2 were ectopically located within
the ONH (Fig. 3-5B, double arrow) beginning around 4 days after laser treatment. This
phenomenon was also observed in DBA/2J mice exhibiting signs of optic disc cupping
(Fig. 3-5D, double arrow) but not in age-matched histologically normal controls (Fig. 3-
5C), consistent with a link between the appearance of NG2" cells and glaucomatous
damage. NG2" cells found at the ONH tended to be more amoeboid-shaped (see top inset
of Fig. 3-5B and insets in Fig. 3-5G, J, M), unlike the NG2" cells with ramified processes
observed in the myelinated regions of the optic nerve (bottom insets of Fig. 3-5A, B). In
situ hybridization and anti-NG2 double-labeling studies (Fig. 3-5E-M) showed that

ectopic NG2 cells contributed in part to the expression of EphB2, EphB3 and ephrin-B3

mRNAs at the ONH (Fig. 3-5G, J, M).

We focused our co-localization studies 4 days after LIOH, because the early onset
was an important characteristic of Eph/ephrin upregulation, consistent with potential

roles in disease development. Similar patterns were also observed at later time points. We
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further examined additional cell-specific immunohistochemical markers, including
PECAM-1 for endothelial cells?*!, CD4 for T cells’*, and CD69 for activated

¥ No CD4 or CD69 immunoreactivity was detected in laser-treated

lymphocytes
samples indicating that T cell infiltration was not a feature of the ONH glaucomatous
changes induced by laser treatment. PECAM-1 exhibited the typical staining of

microvasculature, which was similar between treatment and control and did not overlap

with the pattern of Eph/ephrin mRNA expression (data not shown).
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Figure 3-5. Ectopic NG2" cells at the ONH expressed Eph/ephrin mRNAs

The NG2 marker labeled cells in the myelinated portion of optic nerve in all samples (A-
D, arrowheads). In control CD-1 (A) and non-glaucomatous DBA/2J eyes without ONH
cupping (C, DBA/2J No Cupping), no substantial NG2 immunoreactivity was detected at
the unmyelinated ONH (demarcated by the dotted square bracket), except for minor
vascular staining (A, arrow). In laser-treated CD-1 (B) and DBA/2J exhibiting signs of
glaucomatous ONH cupping (D, DBA/2J Cupping), cells expressing NG2 were
ectopically located within the ONH (double arrow). NG2" cells normally found in the
myelinated optic nerve were stellate in morphology bearing ramified processes (A and B,
bottom insets), whereas those ectopically present at the ONH tended to be more
amoeboid-shaped (top inset in B, insets in G, J, M). In situ hybridization of EphB2,
EphB3 and ephrin-B3 mRNAs (E, H, K) was combined with anti-NG2 immunolabeling
(F, I, L). Merged images (G, J, M) showed that ectopic NG2 signal at the ONH
overlapped with a portion of EphB2, EphB3 and ephrin-B3 expressing cells. Scale bar =
50 um. n =4 LIOH animals.

Together, these results indicate that there is broad-based cellular expression of
EphB2, EphB3, and ephrin-B3 in multiple cell types including astrocytes, microglia, and
NG2" cells at the ONH following experimental glaucoma induced by laser
photocoagulation in CD-1 mice. This gene upregulation compared to untreated control is
in part due to an increase in the number of Iba-1" microglia and ectopically located NG2"
cells, possibly reflecting a disruption of the local cytoarchitecture. While the majority of
Iba-1" microglia and NG2" cells express EphB2, EphB3, and ephrin-B3, only a subset of

astrocytes upregulated these mRNAs following laser-induced ocular hypertension.

Upregulation of ephrin-B Reverse Signaling After Laser Treatment

The Eph and ephrin system can engage in bidirectional signaling, sending
information in both the forward direction into Eph receptor expressing cells, or in the

244

reverse direction into ephrin ligand expressing cells”". In both cases, binding of Eph

molecules with ephrins on an opposing cell leads to the clustering and subsequent
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tyrosine phosphorylation of Ephs and ephrins. Therefore, detection of phosphotyrosine
residues on Eph/ephrin proteins serves as an indication of receptor activation and
signaling. To determine whether the upregulation of Eph and ephrin mRNA observed in
laser treated eyes resulted in increased Eph and ephrin signaling, we examined ephrin-B
activation using an antibody that specifically recognizes ephrin-B1, B2 and B3 proteins
that are phosphorylated at tyrosine 324/329, but does not bind to the non-phosphorylated
forms of these proteins. Phospho-ephrin-B (pEB) was constitutively expressed at low
levels at the control ONH (Fig. 3-6A). The pEB immunoreactivity was substantially
enhanced between 4 to 7 days (Fig. 3-6E, 1) after laser treatment and subsided after 2
weeks (Fig. 3-6M). Of note, pEB immunoreactivity was localized to discrete patches
within the ONH. The relationship between pEB immunoreactivity and astrocytes
(visualized using GFAP) as well as axons (visualized using tubulin) is presented at low
magnification in Fig. 3-6. High magnification images taken from the lamina ONH (Fig.
3-7) revealed that the cellular identity of patches containing increased pEB
immunoreactivity was heterogeneous. In some areas, pEB was co-localized mainly within
RGC axons (Fig. 3-7E-H, arrowheads and arrows) or within microglia (Fig. 3-71-K). In
others, pEB co-localized substantially with astrocytes (Fig. 3-7A-D, arrowheads). Upon
inspection at higher magnification, immunostaining of pEB appeared as puncta of 0.1-1
pm in size (Fig. 3-7D, H, arrowheads), consistent with the known clustering of
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Eph/ephrin receptor after activation’”. In addition, there were also larger pEB

immunoreactive units that spanned the entire axon width and stretched over several
microns in length (Fig. 3-7H, arrows), possibly reflecting aggregation of EphB/ephrin-B
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signaling complexes into higher order clusters ~°. The expression of ephrin-B protein by
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normal adult RGC axons has been previously demonstrated with in vivo EphB-Fc binding
assays' 2. Taken together, these results demonstrated the upregulation of Eph and ephrin-
B mRNA expression that occurred as early as 1-2 days after laser treatment led to
increased Eph-ephrin signaling, and this signaling appeared to involve multiple cellular

elements including astrocytes, microglia, and RGC axons.
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Figure 3-6. Upregulation of phosphorylated ephrin-B (pEB) protein
A constitutive baseline expression of pEB was observed at the ONH of control samples
(A). The intensity of immunoreactive signal was substantially increased at 4 days (E) and
7 days (I) following laser treatment, and declined by 2 weeks (M). Co-labeling of
astrocytes with GFAP (B, F, J, N), axons with tubulin (C, G, K, O), and merged images
(D, H, L, P) were presented at low magnification to provide a survey view of the spatial
relationship between these markers. Scale bar = 50 um. n = 3 sets of experiments.
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Figure 3-7. Expression of phospho-ephrin-B in astrocytes, axons and microglia at
the lamina ONH

Phospho-ephrin-B (A, E, I) was co-labeled with GFAP for astrocytes (B, F), tubulin for
axons (C, G), or CD11b for microglia (J). The expression of pEB was found to co-
localize predominantly with astrocytes in some patches (D, arrowheads), and axons in
others (H, arrowheads for small puncta and arrows for large puncta possibly reflecting
high order clusters). Microglia also expressed pEB (K). Scale bar = 10 um.
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ephrin-B Reverse Signaling Differentiates Axons with Radial versus Aberrant

Trajectories

To better understand the potential basis of the heterogeneity of pEB signaling
particularly in RGC axons, we examined the relationship between pEB expression and
axonal morphology. A feature of axon responses to IOP elevation in the pre-lamina ONH
in CD-1 mice is the display of axonal reactive plasticity characterized by defasciculation,
axonal enlargement, and aberrant meandering axon trajectories™-. However at the
population level, axons are heterogeneous as some exhibit morphological characteristics
of reactive plasticity while others have yet to be affected and maintain their normal
appearance. For example, at 7 days after laser treatment, a number of axons exhibited
defasciculation and aberrant meandering trajectories (Fig. 3-8D, G, top insets), in contrast
to the tightly bundled axons in control retinal whole-mounts (Fig. 3-8A). Concurrently,
other axons have yet to display overt signs of damage and retained their radially directed
course to the ONH (Fig. 3-8D, G, bottom insets). Immunohistochemical detection
demonstrated marked enhancement of pEB expression in retinal whole-mounts harvested
7 days after laser treatment (Fig. 3-8E, H) compared to the control group (Fig. 3-8B),
consistent with findings at the lamina ONH (Fig. 3-6). Of note however, the overall
increase of pEB expression was mainly observed in axons that appeared morphologically
normal, tightly bundled and radially oriented (Fig. 3-8D-F and G-I, bottom insets). In
contrast, the majority of RGC axons with aberrant meandering or undulating trajectories
that deviated from the normal radial course had no significant pEB expression above
background (Fig. 3-8D-F and G-I, top insets). This apparent lack of pEB

immunoreactivity may reflect either a reduction in total protein expression or decreased
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ephrin-B reverse signaling. The level of pEB fluorescence was quantified in six pairs of
retinas (Fig. 3-8J). In LIOH samples, the intensity of pEB on normal axon bundles was
higher than both the contralateral control and aberrant axon segments. In contrast, pEB
expression by aberrant axons was not significantly different from axons present in control
retinas. In summary, following LIOH induction, ephrin-B reverse signaling appeared to
be transiently increased in the population of RGC axons that have yet to exhibit overt
morphological signs of altered physiology such as defasciculation, and meandering or

undulating trajectories.
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Figure 3-8. Heterogeneity of phospho-ephrin-B expression in the LIOH retina
Retinal whole-mounts were processed for immunolabeling of pEB (B, E, H) and NF (A,
D, G) to identify axons. Shown here are examples from one control retina (A-C) and two
D7 LIOH retinas (D-F and G-I) processed in parallel. Significant upregulation of pEB
was observed after laser treatment (E, H) compared to controls (B). In LIOH samples,
axons that remained in tight radial bundles expressed high levels of pEB (D-F and G-I,
bottom insets), while pEB was markedly lower in axons with aberrant trajectories (D-F
and G-I, top insets). Scale bar = 50 um. (J) Quantification of pEB expression. The pEB
fluorescence intensities of morphologically normal and aberrant axons in laser-treated
retinas were determined and normalized to the contralateral control eye (see Materials
and Methods). Morphologically normal LIOH axons expressed pEB at higher levels than
axons in untreated control retinas (normalized fluorescence value was significantly
greater than 1). Morphologically aberrant axons in the same samples did not significantly
differ from control. **p < 0.01; ***p <(0.001. n = 6 LIOH animals.

EphB Deficiency Aggravates Glaucomatous Axonal Degeneration

To investigate the functional significance of EphB/ephrin-B signaling, we
performed LIOH in several mutant lines of mice: EphB2”*°, EphB2"“““"“*3* and EphB3
™31 The EphB2" and EphB3™ are protein null alleles, whereas EphB2"““"“* encodes a
fusion protein in which the tyrosine kinase and C-terminal domains of EphB2 are
replaced by B-galactosidase (B-gal). This EphB2-B-gal fusion receptor is deficient in
forward signaling due to the lack of catalytic tyrosine kinase domain and PDZ-binding

motif. All these lines have been maintained in the CD-1 background.

The mutant mice were subjected to LIOH together with wild-type littermates.
Axonal count in PPD-stained optic nerve cross sections were obtained one week after
treatment. Control mice across genotypes contained comparable numbers of RGC axons
(Fig. 3-9F). In wild-type, LIOH (Fig. 3-9B) reduced axon count to 62% of untreated
controls (Fig. 3-9A) of the same genotype. EphBZ'/ " (Fig. 3-9C) and EphB3’/ " mice (Fig.

3-9E) exhibited significantly more severe axonal degeneration compared to wild-type
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littermates (quantified in Fig. 3-9F). In these mice, the number of surviving axons was
reduced to 21% and 28% of genotype-matched controls, respectively. These data indicate
that EphBs normally protect axons against glaucomatous injury. In addition, the C-
terminally truncated EphB2"““"* mice (Fig. 3-9D) were also significantly more
susceptible to LIOH than wild-type, although not as much as the protein null mutant
EphB2”". The 40% axon reduction observed in EphB2"“““"** was intermediate between
wild-type and EphB2”", suggesting that the intracellular C-terminus and extracellular N-
terminus each accounts for part of the protective effect of EphB2. Taken together, these
data are consistent with a role of bidirectional EphB/ephrin-B signaling in promoting

axon survival in experimental glaucoma.
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Figure 3-9. EphB mutants exhibit more severe axonal degeneration in experimental
glaucoma

(A-E) Representative PPD-stained optic nerve cross sections used for analysis. (A) Since
axon counts are not statistically different across genotypes, a control nerve from a wild-
type mouse is shown here. (B) Wild-type, one week post-LIOH. (C) EphB2”", LIOH. (D)
EphB2"“#1acZ | IOH. (E) EphB3”", LIOH. (F) Quantitative analysis of axon count in
control and LIOH samples of different genotypes. LIOH treatment results in significant
axon loss compared to genotype-matched control mice. Both EphB2’/' and EphB3'/'
mutants show more aggravated axonal degeneration compared to wild-type. The
EphB2"#14¢Z Yine is also significantly more affected than wild-type, although its
phenotype is not as severe as EphB2”. Scale bar: 10 ym. The n number of each
experimental group is indicated above the bar graph. *p < 0.05; ***p < 0.001.
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Discussion

Shared Eph and ephrin Upregulation in Human Glaucoma and Animal Models

The present data in CD-1 LIOH agree with previous findings of EphB/ephrin-B

128 as well as primate and human glaucomatous tissues®*®,

upregulation in DBA/2J
indicating that it may be a basic characteristic of disease. Intriguingly, distinct sets of
Eph/ephrin molecules are expressed in CD-1 LIOH compared to previous reports, and the
distribution of Eph/ephrin expressing cells are relatively more dispersed compared to the
focal pattern observed in DBA/2J. These distinctions might be due to differences in
species, strain background, stage of disease, or could be a consequence of the different
forms of glaucoma mimicked by the various models. The chronic progressive nature of
DBA/2J glaucoma versus the more compressed time course of CD-1 LIOH could also
underlie differences in the expression of particular family members. Nevertheless, the
upregulation of Ephs and ephrins at the ONH in human glaucoma as well as three animal

models of disease is consistent with a potential role of these molecules in modulating the

development and/or progression of glaucoma.

Early Response of Eph/ephrin System after IOP Elevation

We have previously demonstrated that pathological changes in RGC axons at the

232

ONH occurred by day 4 after IOP elevation in CD-1 mice™". Here we report that the

upregulation of EphB2, EphB3 and ephrin-B3 mRNA was observed 1-2 days following
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LIOH, and thus its occurrence was coincident with or possibly prior to overt signs of
axon damage, suggesting potential involvement early in axon response to IOP elevation.
The increase of EphB/ephrin-B mRNA expression was reflected in a transient increase of
phosphorylation-dependent ephrin-B reverse signaling between 4-7 days, involving
astrocytes, microglia and RGC axons. Drawing on data from this study and our previous

characterization of the LIOH model**

, a summary figure (Fig. 3-10) illustrates how the
temporal EphB/ephrin-B upregulation and signaling may fit into the approximate

sequence of pathological events after LIOH.

Post-LIOH Days
0 7 14 21

2

ephrin mMRNA upregulation

Axon degeneration

Axon reactivity plasticity

- Eph/ephrin signaling upregulation

Myelin degeneration

RGC degeneration

Figure 3-10. Approximate timeline of pathological events after LIOH
Eph/ephrin mRNA upregulation occurred around 1-2 days following laser treatment,
coinciding with or preceding the earliest manifestation of axonal injury. By day 4,
evidence of axon damage, degeneration and reactive plasticity at the ONH were apparent.
Phosphorylation-dependent ephrin-B signaling was transiently upregulated around this
time, and declined to baseline during the second week. Signs of myelin degradation were
first detected after 1 week, and significant reduction of Brn-3b" RGC density occurred
after 2 weeks.



A Broad-Based Axonal/Glial Network of Eph/ephrin Signaling

A notable finding in the present study is the expression of EphB2, EphB3 and
ephrin-B3 in multiple ONH cell types including microglia, astrocytes, and ectopic NG2"
cells. This shared upregulation suggests a common mechanism governing the response of

multiple glial cell types to elevation in IOP and perhaps to other local ONH changes.

The upregulation of EphB/ephrin-B genes resulted in increased phosphorylated
ephrin-B proteins in RGC axons, microglia, and astrocytes, indicating the enhancement
of active ephrin-B mediated reverse signaling. Although we did not directly examine
EphB proteins due to the lack of specific antibodies, their presence is evidenced by the
activation of ephrin-B. Adult RGC axons express both EphBs and ephrin-Bs'*®, rendering

them competent to respond to the complementary receptor/ligand on neighboring cells.

Astrocytes®’ and microglia®*® have long been implicated in CNS injuries and
neurodegenerative diseases. A number of studies reported increased proliferation or

8,111,249-251 o
i , and inhibition of

altered gene expression profile of microglia in glaucoma
microglia activation could be neuroprotective in DBA/2J°. However, most of these
studies focused on the characterization of glaucomatous retina, while microglial response
at the ONH has not been investigated prior to the present work. NG2" cells have been

252-253
, and have

shown to contribute to inhibitory scar formation after spinal cord lesion
been demonstrated to possess stem cell potential in the adult CNS***. Although one
study examining NG2" pericytes did not detect significant alteration in glaucoma-

susceptible DBA/2J retina®', our observation of ectopic NG2" cells warrants exploration

of their involvement at the glaucomatous ONH. The mouse ONH is unmyelinated, where
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axons are intimately associated with a dense meshwork of astrocytes48. In this unique
environment, glial cells have the potential to engage in reciprocal contact-dependent
signaling, as well as to exert direct effects on axons. Therefore, the activation of ephrin-B
reverse signaling in multiple ONH cell types may reflect communication along the glia-

glia, glia-axon or axon-axon axes.

Transient ephrin-B Reverse Signaling in RGC Axons

The transient increase of axonal ephrin-B reverse signaling in CD-1 LIOH is of
note for several reasons. First, activation of ephrin-B reverse signaling is present in axons
within both the lamina and the pre-lamina regions of the ONH, corresponding to the sites
of the earliest detectable morphological change in both the LIOH model and in DBA/2J
glaucomatous mice*®**?. Second, ephrin-B reverse signaling is active during the first
week after IOP elevation, coinciding with the initial appearance of apparent
morphological signs of axon damage and axon reactive plasticity. Third, ephrin-B reverse
signaling appears to be active preferentially in RGC axons that are early in their response
to glaucomatous injury rather than in axons that appear to be further along in the
pathological cascade as evidenced by their morphological reactive plasticity. To our
knowledge, this is the first report to link the activated form of a signaling molecule with
specific RGC axon response states in glaucomatous disease. It is unclear whether the
aberrant axons with apparently low pEB expression were prevented from ephrin-B
reverse signaling, or whether they had previously undergone transient ephrin-B signaling

and subsequently downregulated pEB expression. In either case, the observation that
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dimimution of ephrin-B signaling is associated with axonal pathology would be

consistent with the aggravated glaucomatous degeneration in EphB mutants.

Bidirectional Eph/ephrin Signaling in Axonal Protection

Using EphB mutants, we have demonstrated that deletion of EphB2 or EphB3
results in more severe axonal degeneration after induction of ocular hypertension. These
findings provide evidence for a neuroprotective role of EphB receptors in glaucoma. The
observation that either EphB2 or EphB3 deficiency produces a detectable change argues
that the effect of EphB proteins is dose-dependent. Although redundancy of different Eph
and ephrin family members in development has been reported by many studies '**'#2%,
a pathological situation in adulthood might behave differently. In this context, EphB and
ephrinB expression at the normal adult ONH is low, and only becomes upregulated after
induction of ocular hypertension. The relatively short-term exposure to glaucomatous
injury in this experimental model may not allow for significant compensatory action
between EphB family members. Furthermore, mice carrying the C-terminally truncated
EphB2 exhibits a phenotype intermediate between wild-type and EphB2”". This suggests
that on one hand, deletion of the EphB2 C-terminal domains renders the animals more
susceptible to glaucomatous insults, possibly due to the loss of forward signaling. On the

other hand, the remaining ectodomain is able to mediate part of the protective function of

EphB2, likely via reverse-signaling through ephrin-Bs.

EphB forward signaling principally depends on the catalytic kinase domain,

which can act through autophosphorylation as well as phosphorylation of other proteins.
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A plethora of effector molecules can be recruited to the receptor to mediate downstream
signaling cascades, including Src family kinases and guanine nucleotide exchange factors
(GEFs), which in turn activate the Ras/Rho-family GTPases*****’. The C-terminal region
can also signal via kinase-independent mechanisms, including protein association with its
PDZ-binding motif. For example, the ability of EphB2 to cluster the alpha-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors appears to depend on its
PDZ-domain-binding but not kinase catalytic activities”®. The ephrin-B reverse signaling
pathway also involves tyrosine phosphorylation of the C-terminus by Src family kinases,
or protein association with the PDZ-binding domain. EphB ectodomain can activate
reverse signaling without the participation of its intracellular portion, which may account
for the partial effect of EphB2-p-gal in EphB2“““"““ mice. Alternatively, EphB
ectodomain may also interact with other molecules in cis®****°. The facilitation of N-
methyl-D-aspartate (NMDA) receptor clustering at synapses is kinase-independent and

mediated by the extracellular N-terminus of EphB2'®

. In addition, extensive interplay
between Eph/ephrin family members and components of other signaling pathways has
been described'*. The possibility remains that the observed function of EphB proteins
could be mediated by either cis or frans interaction with other pathways. In conclusion,
the data presented in this study are consistent with a model in which the EphB/ephrin-B
system promotes axonal survival via bidirectional signaling, or crosstalk with additional

signaling pathways. Precisely what downstream mechanisms are involved in this effect

awaits future investigation.
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Chapter 4

The Role of Vesicular Glutamate Release and

Glutamate Signaling in Experimental Glaucoma
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Abstract

Substantial evidence suggests that the optic nerve head (ONH) is an important site
of initial damage to retinal ganglion cell (RGC) axons in glaucoma, and axonal
degeneration involves pathways distinct from soma apoptosis. The localized pathogenic
mechanisms that selectively insult RGC axons at the ONH are still being delineated. Here
we demonstrate that glutamatergic synaptic vesicle-like structures accumulate within
RGC axons at the ONH in a mouse experimental model of glaucoma. These ectopic
vesicles are fusion-competent and can release glutamate. Glutamate receptor activation is
increased at the glaucomatous ONH, and blocking glutamate signaling pharmacologically
correlates with a redution in apparent axon damage in vitro and in vivo. Using the Cre-
loxP recombination system, we show that restricted deletion of the vesicular glutamate
transporter VGLUT2 or the obligatory N-methyl-D-aspartate (NMDA) receptor subunit
NRI in RGCs promotes axon survival in experimental glaucoma in vivo. These findings
present a novel mechanism of localized excitotoxicity likely causing focal axonal injuries,
which is consistent with the sectorial pattern of RGC loss observed in glaucoma. The
demonstration that ectopic release of excitatory neurotransmitter could mediate neuronal
injury without clearly defined post-synaptic specializations may also bear on questions of
the pathophysiology seen in other neurodegenerative disorders such as Alzheimer’s

disease.
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Introduction

There are some remarkable parallels between the axon damage seen following
glaucoma and other neurodegenerative disorders, particularly Alzheimer’s disease
(AD)***' | High occurrence rate of glaucoma has been reported among patients with
AD**?% Evidence is accumulating that amyloid-B (Ap) deposition, a hallmark of AD*®,
also occurs in glaucoma. In vitreous samples from human glaucoma patients, a decrease
in the AP level was documented, similar to the characteristically reduced AP in the
cerebrospinal fluid of AD patients”®. Ap was shown to accumulate and co-localize with

apoptotic RGCs in experimental glaucoma*®*%’

, and targeting components of the AP
formation and aggregation pathway in vivo reduced RGC apoptosis®’. In the DBA/2J
model, Af immunoreactivity was also found at higher intensity in the retina as well as

optic nerve of older compared to younger animals®®®. These observations suggest that

glaucoma and AD may share common pathophysiological pathways.

While characterizing axonal morphology in the LIOH model, I became intrigued
with the striking reactive plasticity axons exhibit at the glaucomatous ONH, which is
reminiscent of the sprouting phenomenon described in AD. Axonal sprouting has been
observed in many forms of nerve damage, including entorhinal lesion, optic nerve crush,
and sciatic nerve transection'*”**?"!. Compared to these acute injuries, the pathology of
AD may be more relevant to glaucoma as a chronic neurodegenerative disease. Studies in
the 1990’s have documented extensive sprouting of GAP-43-positive neurites in the

hippocampus as well as neocortex of AD patients'>**"*27*

. Many of these appeared to be
abnormal dystrophic processes, and were found abundantly associated with Ap-

containing senile plaque. Although the synaptic pathology in AD is characterized by an

95



overall loss of synapses, many of the aberrant sprouting neurites are positive for several
: . . . 151,274-276 -

pre-synaptic markers including Synaptophysin . Aberrant neurites were not only

localized to axon termination zones, but were also found at ectopic locations including

white matter tracts'’'. The functional significance of these findings has not been followed

up in recent years, but they raise the question whether similar synaptic pathologies can

also be observed in aberrant axons in glaucoma.

I started investigating this question by immunohistochemical localization of pre-
synaptic markers in the LIOH model. Dramatic accumulation of several synaptic vesicle
(SV) markers is found at the glaucomatous ONH, a non-synaptic region in normal
animals. Ultrastructural analysis by immuno-electron microscopy demonstrates that
Synaptophysin-positive translucent vesicles are present in ONH axons after LIOH. The
ectopic vesicles contain glutamate, co-localize with components of the SNARE complex
and active zone cytomatrix protein Bassoon, and undergo exocytosis in vitro and in vivo.
Acute preparations of glaucomatous ONH can release glutamate ex vivo.
Immunohistochemical and functional studies indicate that glutamate receptors are
expressed on ONH axons and glia, and are more active in LIOH compared with controls.
Pharmacological antagonism of glutamate receptors is protective to RGC axons in vitro
and in vivo. Selective disruption of the vesicular glutamate transporter VGLUT2 or
obligatory NMDA receptor subunit NR1 in RGCs promotes RGC axon survival in
experimental glaucoma in vivo. Taken together, these data provide evidence for a
previously unappreciated mechanism of excitotoxicity via excessive vesicular release of
glutamate in glaucoma. Although I did not identify evidence of highly specialized

assembly of ectopic synapses, the data suggest RGC axons can respond to excessive
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extracellular glutamate without post-synaptic density-like specializations. Therefore,
neurotransmission-related pathology may involve not only the loss of synapses but also
ectopic activity of unpaired neurotransmitter release apparatus. This idea may bear wide-
ranging implications for other neurodegenerative diseases, and warrants further

exploration.

Materials and Methods

Mouse Lines

Mice carrying floxed NMDARI (NR1; Grinl) gene were described previously®’’.

The loxP sequences flank a region of the NR/ gene that encodes the transmembrane
domains and the entire C-terminal sequence of its protein product. The mice (referred to
in this study as NR1-f) were originally maintained in a C57BL/6 background, and were

generously donated by Dr. Richard Palmiter at University of Washington.

A conditional allele of the mouse Sic/7a6 gene encoding VGLUT2 was generated
by engineering two loxP sites surrounding exon 2°’®. The mice (referred to in this study
as VGLUT2-f) were generated by Dr. Tomas Hnasko while in Dr. Richard Palmiter’s lab
at University of Washington. The breeding pair in C57BL/6 background used to establish

our colony was a gift from Dr. Robert Edwards at UCSF.
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The B6-albino mice, B6(Cg)-Tyr“*/J, were purchased from the Jackson
Laboratory (Bar Harbor, ME; stock number 000058). They are identical to C57BL/6J
except for a mutation in the tyrosinase gene (7y7“). These mice were bred to the black
NR1-f and VGLUT2-f mice for two generations to obtain albino floxed transgenics. F2

c-2J/c-2J

animals homozygous for both the albinism and floxed loci (Slc17a6" """, Tyr and

NR ["0FoxP. 27627y ere identified based on coat color and genotyping results.

CD-1 mice were purchased from Charles River Laboratories (Wilmington, MA).
All experiments were performed in under protocols approved by the UCSF Institutional
Animal Care and Use Committee, and were in accordance with the ARVO Statement for

the Use of Animals in Ophthalmic and Vision Research.

Laser-Induced Ocular Hypertension (LIOH)

LIOH was performed in CD-1 mice as described in Chapter 2. For B6-albino mice,
50 um instead of 100 pm spot size was used to photocoagulate the episcleral veins, while
all other aspect of the protocol remained identical. In most studies, one eye is treated and
the contralateral eye served as control. In the in vivo glutamate antagonist experiments
and AAV experiments, LIOH was performed in both eyes in order to compare the effect
of different reagent applications. [OP was measured with the Tonolab rebound tonometer

(Colonial Medical Supply, Franconia, NH).

Immunohistochemistry
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Samples were processed as described in the preceding chapters, unless otherwise
stated. The primary antibodies used in this study are listed with manufacturers as follows.
From Synaptic Systems (Goettingen, German) I obtained rabbit anti-VGLUT2 (1:400),
rabbit anti-Synaptotagmin-1, lumenal and cytoplasmic domains (1:100). From
Developmental Studies Hybridoma Bank (University of lowa) I obtained mouse anti-SV2
(1:200). From Millipore (Bedford, MA) I obtained rabbit anti-Synaptophysin (1:300),
rabbit anti-glutamate (1:50), rabbit anti-GluR1 (1:500), mouse anti-GluR2 (1:500), rabbit
anti-NR1 (AB1516, 07-362-MN, 1:100), rabbit anti-AGB (1:300), mouse anti-NeuN
(1:500). From Sigma (St. Louis, MO) I obtained mouse anti-GFAP (1:400). From
Molecular Probes (Eugene, OR) I obtained rabbit anti-green fluorescent protein (GFP)
(Alexa Fluor 488-conjugated, 1:100). From Covance Research Products (Denver, PA) I
obtained mouse anti-neurofilament (SMI312, 1:500), mouse anti-tubulin B-III (Tuj,
1:500), mouse anti-SNAP-25 (1:500). From Abcam (Cambridge, MA) I obtained rabbit

anti-VAMP?2 (1:500).

Quantification of Fluorescence in Confocal Images

Confocal images were acquired as described in Chapter 2. In experiments
comparing signal intensity between different treatment groups, all samples were
processed in parallel and imaged under identical microscope settings. The mean pixel
intensity over randomly selected ROIs was measured using ImageJ (NIH) and averaged

across at least three sections for each sample.
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Immuno-Electron Microscopy

Mice were anesthetized and perfused with 4% paraformaldehyde and 2%
glutaraldehyde in 0.1 M phosphate buffer (PB; pH7.4). ONH tissues were dissected,
postfixed in 2% osmium tetroxide for 1h followed by 2% uranyl acetate, dehydrated in an
ascending series of alcohol washes, and embedded in epoxy resin. Ultrathin sections (80
nm) were collected on nickel grids covered with a Butvar support film, and stained with
Synaptophysin antibodies (1:300; Millipore, Bedford, MA). Bound primary antibodies
were detected with goat anti-rabbit IgG conjugated to 10 nm gold particles (Aurion,
Wageningen, The Netherlands). Sample embedding, sectioning and processing for
immunogold labeling were performed at the UCSF Electron Microscopy Lab by Larry
Ackerman. Sections were examined and photographed with a JEOL 100CX-II

microscope (JEOL Ltd., Tokyo, Japan) at 80 kV accelerating voltage.

Synaptotagmin Labeling Assay

Mice were euthanized with pentobarbital overdose, and the eyeballs with optic
nerve attached were removed and placed into ice cold HEPES-buffered
artificial cerebrospinal fluid (aCSF) containing (in mM): 140 NaCl, 3 KCI, 1 MgCl,, 1
CaCl,, 10 HEPES, 10 glucose, pH 7.4. The relatively long segment of optic nerve was
dissected intact to minimize antibody reaching ONH via diffusion through the axonal cut
end. The meninges encasing the nerve was carefully dissected away to enable reagent
penetration. The cornea and iris were removed, while the lens was left in place to

maintain the shape of eye cup until after fixation. Dissected tissues were transferred into
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pre-equilibrated bicarbonate-buffered aCSF containing (in mM): 126 NaCl, 3 KCI, 2
CaCl,, 2 MgS0s4, 1.25 NaH,PO4, 26 NaHCOs, 10 glucose, pH 7.4. The samples were
incubated in a standard 37°C cell culture incubator for 1 h. In the no stimulation
experiment, normal aCSF was used. In the high K™ condition, NaCl was replaced with 40
mM KCl. K*/0-Ca®" solution was made from this buffer by omitting CaCl, and adding 1
mM EGTA. In the hypertonic sucrose condition, 800 mM sucrose was added. After
incubation, the samples were washed in HEPES-aCSF, and incubated with lumenal
domain or cytoplasmic domain Synaptotagmin antibodies (SYT-lum or SYT-cyto; 1:100;
Synaptic Systems, Germany) in HEPES-aCSF on ice for 8 h. This temperature was
chosen to minimize uptake of antibodies into the axons by endocytotic means. Following
washing, labeled tissues were fixed in 4% PFA at room temperature for 30 min, and
processed for cryosectioning as previously described. The eye cups were cut into 12 pm
longitudinal sections, and every third one was collected onto the same slide. Only
sections through the optic nerve head were kept, yielding 5 per slide to be analyzed. Non-
specific binding was blocked by 10% NDS for 1 h at room temperature, without
detergent permeabilization. Detection of bound Synaptotagmin antibodies was carried out
by incubation with cy3-conjugated secondary antibodies (Jackson ImmunoResearch,
West Grove, PA). As negative controls, tissues were incubated with secondary antibodies
or dextran (3000 MW) conjugated tetramethylrhodamine (TMR) to rule out non-specific

uptake of reagents into the axoplasm. No staining was found in negative controls.

Fluorescence images were acquired by confocal microscopy and analyzed with
ImageJ (NIH). Some non-specific staining of blood vessels at the ONH was observed,

which was clearly distinguishable from axonal labeling. Four 50x50 pm regions of
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interest (ROIs) were placed over each image, avoiding inclusion of blood vessels in the
analysis. Mean pixel intensity was measured and averaged across the ROIs. In most cases,
5 sections were analyzed and averaged for each eye sample. To allow for direct
comparison of different experiments, data in each experiment were normalized against
the SYT-cyto control (no LIOH) sample for Fig. 4-6E and F. For Fig. 4-6G, only LIOH
samples were studied using SYT-lum, and data were normalized against the no

stimulation condition.

Pilot experiments were performed with secondary antibody detection in whole-
mounted ONH following primary antibody incubation and PFA fixation. Confocal
reconstruction of the ONH tissue in z-stacks (n = 7) demonstrated Synaptotagmin
labeling only with the SYT-lum antibody, similar to results obtained from cryosections.
These pilot data were not included in the quantification due to relatively poor signal-to-

noise ratio.

Glutamate Detection with NADH Assay

ONH tissues were quickly dissected in HEPES-buffered aCSF, and cut into halves
along the longitudinal axis. One half of the tissue was immobilized with a slice anchor in
the imaging chamber, and bathed in an enzymatic assay solution composed of (in mM)
120 NaCl, 2.6 KCI, 1 MgCl,, 2.5 CaCl,, 1 D-aspartic acid, 10 HEPES, 10 glucose, and
supplemented with NAD (4 mM) and GDH (60 mM, Roche Applied Science;
Indianapolis, IN), pH 7.4. Imaging experiments were performed at room temperature on

an inverted microscope (TE300; Nikon, Tokyo, Japan) equipped for epifluorescence
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microscopy. Excitation from a xenon arc lamp was filtered through an ultraviolet filter set
(UV-2E/C; Nikon). Fluorescence images were captured at 1 min intervals using a CCD
camera (Retiga EXi; QImaging, Surrey, BC, Canada) controlled by SimplePCI software
(Hamamatsu, Sewickley, PA). After equilibration of tissue in the enzymatic solution for
~3 min, baseline fluorescence images were collected for 5-6 min, followed by bath
stimulation with an assay solution containing high K (substituting NaCl in the previous
buffer with 100 mM KCl) or hypertonic sucrose (addition of 800 mM sucrose). Image
acquisition continued for another 10 min after stimulation. Data were processed using the
NIH ImageJ software. In pilot studies, considerable photobleaching of fluorescence
signal was observed. Raw images were thus corrected for bleaching using the “bleach
correction” plugin for Imagel. The exponential decay constant was calculated from
control experiments in which tissues were imaged without stimulation. Following
background subtraction, five regions of interest (ROIs) were randomly selected over the
ONH in each image. The mean pixel intensity in these ROIs was measured and averaged.
In order for experiments conducted on different days to be compared, the change in
fluorescence was expressed as AF/F, in which Fy was the baseline fluorescence and AF
was the change in fluorescence intensity at each time point after stimulation®””. Statistical

analysis was performed using two-way ANOVA followed by Bonferroni posttests.

Agmatine (AGB) Activation Assay

Anesthetized mice received bilateral 20 ul injection of 25 mM AGB (Agmatine;

Sigma, St. Louis, MO) into the subconjunctival space. This method delivered AGB to the
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ONH to examine ionotropic glutamate receptor activation in vivo. After 2 h of survival
time, eye cups were quickly dissected, washed briefly in HEPES-buffered aCSF, and
fixed in 4% PFA with 0.01% glutaraldehyde in 0.1 M phosphate buffer (PB; pH 7.4) for
30 min at 4°C. After washing for 15 min in PB at room temperature with shaking, the eye
cups were processed for immunohistochemistry. Cryosections were blocked in 6% NDS
with 0.5% Triton X-100 for 1 h at room temperature, followed by primary antibody (anti-
Agmatine; 1:300; Millipore, Bedford, MA) incubation in 3% NDS and 0.5% Triton X-

100 at 4°C overnight.

Fluorescence confocal images were analyzed with ImageJ (NIH). Identical
parameters were used to set the threshold of fluorescence for the control and treatment
groups. Area of the AGB signal in each ONH section was then measured and averaged.
Data from the LIOH-treated ONHs were normalized against the contralateral control
sample from the same animal. For the AAV experiments, only AGB signal in axons were
quantified. To do this, sections were co-immunostained for AGB and tubulin. The image
channel containing tubulin immunoreactivity was binarized and used to create a mask,
within which AGB-positive area was measured. The data were then calculated as area of
AGB immunoreactivity divided by tubulin immunoreactivity, to obtain a measure of the
extent of AGB activation within axons. Results from each pairs of AAV-injected eyes

were normalized against the AAV-GFP condition.

Organotypic Culture of Optic Nerve Explants
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Optic nerve explants were cultured with retinas attached, so that RGC axons were
not severed from their cell bodies, prolonging survival in vitro. In addition, the cellular
architecture and potential interactions within the optic nerve were preserved by this
approach, providing a more physiologically-relevant environment. The mouse eyeball
with its connected optic nerve was quickly removed, and the anterior segment, sclera, and
meninges were dissected away in cold HEPES-buffered aCSF. Complete removal of
meninges around ONH required great care so as not to damage the nerve. The explant
was rinsed briefly with pre-equilibrated growth media containing Neurobasal-A
supplemented with B-27 and Penicillin-Streptomycin (Invitrogen, Carlsbad, CA), and
transferred onto a Millicell organotypic culture insert (Millipore, Bedford, MA). One
primary cut was made from the retinal periphery to the ONH, and the retina (GCL facing
up) was spread out flat on the Millicell insert with a custom-made ball-headed instrument.
To ensure sufficient gas exchange, this tissue was arranged so that the optic nerve is not
covered by the retina, while being kept moist during the entire procedure. After removal
of excessive growth media, the insert was placed into a 6-well plate filled with growth
media. Culture was inspected everyday to make sure a thin film of media remained over

the explant, and media change occurred every two days.

Control optic nerves were used for the in vitro glutamate application experiment.
Growth media were supplemented with different concentrations of glutamate or vehicle.
After 3 days in vitro, the explants were fixed in 4% PFA, cryosectioned, and stained with

anti-neurofilament (SMI312; 1:500; Covance Research Products, Denver, PA).

In the glutamate antagonist treatment experiment, optic nerves were explanted 2

days after LIOH, along with the contralateral controls. A cocktail of NBQX (50 uM;
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(Tocris Bioscience, Ellisville, MO) and MK-801 (50 uM; Tocris) or Tetrodotoxin (TTX;
30 uM; Tocris) was added to the growth media. Samples were harvested after 5 days in

vitro and processed for immunohistochemistry.

Fluorescence images were analyzed with Imagel, and the thresholded area of

neurofilament immunoreactivity was determined as a measure of axon survival.

In vivo Glutamate Antagonist Treatment

Mice were anesthetized one day after LIOH treatment. The conjunctiva was
surgically opened, and the optic nerve was exposed by retracting intraocular muscles with
blunt forceps. A small piece of gelfoam soaked in 3 ul of reagents was locally delivered
to the ONH, and held in place underneath intraocular muscle fibers. One eye was treated
with a drug cocktail containing NBQX (500 uM; Tocris), MK-801 (500 uM; Tocris) and
Tetrodotoxin (TTX; 300 uM; Tocris), whereas vehicle was delivered to the fellow eye.
Bacitracin antibiotic ointment was administered after surgery. Eyes with postoperative
infection were excluded from the study. Optic nerves were harvested 6 days post-surgery,

and analyzed by counting axons in PPD-stained cross sections.

Recombinant AAV Vectors

The Cre- or GFP-expressing recombinant adeno-associated virus (rAAV) vectors
were generous gifts from Dr. Zhigang He at Harvard Medical School. They were

constructed by inserting Cre recombinase or GFP cDNA into the pAAV-MCS plasmid
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containing AAV?2 inserted terminal repeats (Stratagene), as described previously 2.
Viral particles were produced, purified, and titered by the University of North Carolina

Vector Core Facility.

Intravitreal Injection

Albino floxed mice were anaesthetized with ketamine and xylazine. One eye was
injected intravitreally with 1 ul of AAV-Cre (2x10"12 particles per ml), and the fellow
eye was injected with AAV-GFP (1.5x10"12 particles per ml) control. The eye was first
punctured lightly with a 30 gauge hypodermic needle just behind the ora serrata. A
custom-made 32 gauge needle (1’ long, pt4) attached to a 10 ul syringe (Hamilton, Reno,
NV) was then inserted into the vitreous cavity, and angled carefully to avoid damage to
the lens. Viral particles were dispensed slowly over one minute, after which the needle
was left in place for an additional minute to allow for diffusion of the virus. Three weeks

following viral injection, LIOH was performed on both eyes of the injected mice.

Statistical Analysis

The Synaptotagmin assay, and in vitro glutamate application data were evaluated
with one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison
test. Data from the NADH assay, in vitro glutamate antagonist treatment, and axon
counting in AAV experiment were analyzed with two-way ANOVA followed by post hoc
Bonferroni multiple comparison test. Results from the AGB assay, in vivo glutamate

antagonist treatment, and VGLUT2/glutamate level in AAV experiment were evaluated
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with t-test. Statistical analysis was performed using the GraphPad Prism (version 5)

software, with a significance level set at p < 0.05. Values were reported as mean = SEM.
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Results

Ectopic Accumulation of Synaptic Vesicle Proteins at the Glaucomatous ONH

The ONH is a normally a non-synaptic region; however, after the induction of
experimental glaucoma, several well-established synaptic vesicle makers were found to
exhibit a striking accumulation at the ONH. As shown in Fig. 4-1A and D, SV2 and
Synaptophysin were strongly expressed in the control retinal IPL and OPL layers as
expected”®! ™, while showing only faint and diffuse staining in the normal optic nerve.
In contrast, dramatic increase of immunoreactivity was observed at the ONH after LIOH
in CD-1 mice (Fig. 4-1B and 1E). Comparable levels of staining in the retinas of control
and LIOH samples confirm that matching parameters were used to acquire the images.
RGCs are glutamatergic neurons, which require vesicular glutamate transporters
(VGLUTS) to fill their synaptic vesicles with glutamate®®’. Previous studies have shown

281,284-289

that VGLUT?2 is the major isoform expressed by RGC somas in the retina , and is

present on RGC axon terminals in the lateral geniculate nucleus (LGN)*****°! In
control CD-1 mouse retina, VGLUT2 immunohistochemistry faintly labeled the IPL and
OPL, consistent with previous reports of weak expression in Muller glia and cone
photoreceptors™**>2¥*#! " Qimilar to SV2 and  Synaptophysin, VGLUT2
immunostaining was largely absent from the normal ONH (Fig. 4-1G), but became

strongly upregulated after LIOH (Fig. 4-1H). To determine whether these observations

hold true in an alternative glaucoma model, I also examined 10-month old DBA/2J mice
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that exhibited optic nerve degeneration (“‘cupping”). Similar patterns of ectopic

expression by all synaptic vesicle markers were also documented (Fig. 4-1C, F, and I).

These experiments had been repeated extensively in LIOH, and the ectopic
accumulation of synaptic vesicle proteins could be consistently observed as early as 2
days after treatment, and persisted beyond 2 weeks. The immunostaining was remarkably
concentrated at the ONH region, although in the most extreme cases it could extend
somewhat into the myelinated optic nerve. The intensity of labeling tended to diminish
after 1 week, as axonal degeneration progressed. Most experiments in this study were

performed on samples harvested between 2 and 4 days after LIOH.

Control

SV2

Synaptophysin

VGLUT2
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Figure 4-1. Ectopic accumulation of synaptic vesicle markers at the ONH after
LIOH

Frozen sections of control and LIOH eye cups were immunostained with antibodies
against synaptic vesicle proteins, including SV2 (A-C), Synaptophysin (D-F), and
VGLUT2 (G-I). All three markers show only faint and diffuse staining in the optic nerve
of controls (A, D, G), but exhibit dramatic accumulation at the ONH of LIOH samples (B,
E, H; shown here at 4 days post-treatment). Comparable levels of labeling in the retina
confirm that the control and LIOH samples were processed identically. DBA/2J eye cups
that demonstrate signs of degenerative “cupping” are also found to display similar
accumulation of all three markers at the ONH (C, F, I). Scale bar: 50 um. Experiments
were repeated > 60 times for SV2, > 20 times for Synaptophysin and > 30 times for
VGLUT2.

Ectopic Synaptic Vesicle Proteins Are Localized to RGC Axons But Not Astrocytes

To determine the cellular origin of ectopic synaptic vesicle proteins at the
glaucomatous ONH, triple labeling experiments were performed for VGLUT2 (Fig. 4-
2A), GFAP (Fig. 4-2B, astrocytic marker), and tubulin B-III (Fig. 4-2C, axonal marker).
VGLUT2 immunoreactivity co-localized with tubulin (Fig. 4-2D, arrowheads) but not
GFAP (Fig. 4-2D, arrows), suggesting that ectopic VGLUT2 accumulation after LIOH
was present in RGC axons rather than astrocytes. Ectopic SV2 and Synaptophysin were

found to have the same patterns of cellular localization (Supplemental Fig. 4-15).
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VGLUT2 Tubulin

Figure 4-2. Ectopic VGLUT?2 is present in axons but not astrocytes at the
glaucomatous ONH
Eye cup sections collected 4 days after LIOH were immunostained for VGLUT2 (A),
GFAP (B), and tubulin B-III (C). Regions within the ONH were imaged. VGLUT2 co-
localizes with the axonal marker tubulin (D, arrowheads) but not the astrocytic marker
GFAP (D, arrows). Scale bar: 50 um. n = 6 experiments.

Ultrastructural Detection of Synaptophysin-positive Vesicles in Axons at the

Glaucomatous ONH

Post-embedding immuno-electron microscopy (immuno-EM) was performed to
examine the ultrastructural localization of ectopic synaptic vesicle proteins observed at
the light microscopy level. Synaptophysin was chosen as a representative marker based
on the robustness of our available antibody reagent. Contrary to the orderly array of
tightly packed RGC axons in the control ONH (Fig. 4-3A), LIOH resulted in
disorganization of axon fibers and appearance of large swellings with massive
accumulation of membrane-bound organelles. The contents of these enlargements were
heterogeneous and variable. In Fig. 4-3B, mitochondria (M), multilamellar bodies (MLB),
translucent vesicles (V), and dense core vesicles (DCV) could be observed. Fig. 4-3C
shows another swollen axonal segment, which mainly contained densely packed

translucent (V) and dense core (DCV) vesicles in close apposition to the axolemma. The
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translucent vesicles were strongly labeled with immunogold particles, suggesting that
they contain Synaptophysin (Fig. 4-3E, F, H). Only sparse gold particles were observed
on control sections (Fig. 4-3D). Translucent vesicles were occasionally found in the
control axons, in association with immunogold labeling (Fig. 4-3G, arrow); however,
these instances occurred at much lower frequency compared to the LIOH samples. Some
Synaptophysin-positive translucent vesicles are shown in higher magnification in Fig. 4-
3H. The cluster of vesicles clearly abutted the axolemma (arrows). There appeared to be
patches of electron-dense materials along the plasma membrane, reminiscent of the
cytomatrix of active zones (Fig. 4-3H, arrowheads; also in Fig. 4-3F). The extracellular
space between the swollen axon and its neighboring cell was narrow, but the membranes
were often not precisely aligned. Underlying the juxtaposed membrane, we did not find
clear indication of specializations analogous to a post-synaptic density area. Intense
immunogold labeling was also observed along the axolemma of some axons (Fig. 4-31,
arrows), consistent with fusion of Synaptophysin-positive vesicles with the plasma

membrane.

In summary, immuno-EM confirmed the presence of SV protein-expressing
vesicles at the ONH following LIOH, in accordance with the previous immuno-
fluorescence studies. The morphology of these organelles appears different from the
small vesicles found at classical synapses. Synaptic vesicles mature in the axonal
terminals, and they are often spherical and uniformly-sized. In contrast, the ectopic
vesicles are more variable in size and shape, measuring 64.0£15.9 nm in length and
50.2+£13.0 nm in width. These may represent SV protein-containing precursors during

axonal transport (see Discussion).
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Figure 4-3. Ultrastructural analysis reveals the presence of Synaptophysin-positive
vesicles at the ONH after LIOH
ONH tissues harvested 2 days after LIOH were processed for electron microscopy along
with the control. Antibodies directed against Synaptophysin were used in post-embedding
immunogold labeling. (A) Control ONH. Unmyelinated RGC axon fibers (asterisks) are
highly organized and in close association with astrocyte processes (As). (B, C) LIOH
ONH. Axon fibers become disorganized, and often display swollen regions densely
packed with membrane-bound organelles, including mitochondria (M), multilamellar
bodies (MLB), translucent vesicles (V), and dense core vesicles (DCV). The translucent
vesicles are sometimes scattered among other organelles (B) and sometimes aggregated
in close apposition to the axolemma (C). Asterisks indicate neighboring axons that
appear similar to the normal fibers in control. (D-I) Higher magnification electron
micrographs to visualize immunogold labeling. (D) Only sparse gold particle labeling is
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seen in the control. (E, F) Intense labeling over translucent vesicle clusters (arrows) in
LIOH. Arrowheads in F point to electron dense areas in association with the vesicles. (G)
Vesicles are occasionally observed in control axons (arrow). (H) Another example of
Synaptophysin-positive vesicles (arrows), demonstrating electron dense regions
(arrowheads) along the abutting axolemma. (I) Heavy immunogold staining along the
axolemma of one axon (arrows). M, mitochondria; MLB, multilamellar bodies; V,
translucent vesicles; DCV, dense core vesicles. Scale bars: A-C, 300 nm; D-F, 200 nm;
G-1, 100 nm.

Glutamate Is contained in Ectopic Vesicles and Upregulated at the Glaucomatous

ONH

Glutamate is the major excitatory neurotransmitter in the retina, mediating
transmission in the vertical pathway from photoreceptors, bipolar cells, and RGCs*2. The
accumulation of ectopic SV protein-expressing vesicles in glaucomatous RGC axons
raises the question whether they contain glutamate like their normal counterparts. An
immuno-detection study was performed on frozen eye cup sections using polyclonal
antibodies raised against glutamate. Control optic nerves exhibited only weak and diffuse
staining (Fig. 4-4A). After LIOH, glutamate immunoreactivity was markedly upregulated
at the ONH (Fig. 4-4D). Double-staining with SV2 as a marker for ectopic vesicles
demonstrated that glutamate and SV2 extensively co-distribute (Fig. 4-4F). Higher
magnification of an ONH region (Fig. 4-4F inset) revealed that similar to SV2, glutamate
was not evenly distributed within RGC axons, but was instead concentrated in discrete
“hotspots” intensely immunolabeled. While a few SV2-positive (SV2") “hotspots” were
devoid of glutamate (Fig. 4-4F inset, arrow), most were indeed found to co-localized.
Interestingly, glutamate-positive (glutamate”) “hotspots” were often slightly larger than

the corresponding SV2' hotspots (arrowheads). There were also glutamate
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immunoreactive regions that were not stained with SV2 (open arrowhead). These
observations would be consistent with a scenario in which glutamate could be released

from the ectopic vesicles, and enter the extracellular space.

Glutamate Sv2 Merge

Control

LIOH

Figure 4-4. Immuno-detection of glutamate at the ONH

In control samples, glutamate (A) and SV2 (B) immunoreactivities are similarly weak
and diffuse. LIOH treatment results in dramatic ONH accumulation of both glutamate (D)
and SV2 (E), which are co-localized extensively (F). High magnification inset taken from
the boxed region demonstrates that glutamate and SV2 are found in “hotspots” along the
RGC axons. Although a few of these “hotspots” are only labeled with SV2 (arrow) or
glutamate (open arrowhead), in most instances the two markers overlap, with the
glutamate “hotspots” being slightly larger (arrowheads). Scale bar: 50 pm. n > 13 pairs of
CD-1 eyes. A LIOH day 4 sample is shown here.

Ectopic Vesicles Partially Co-localize with SNAP-25 and Bassoon
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Exocytosis of synaptic vesicles requires the presence of membrane fusion
machineries, including the soluble N-ethylmaleimide-sensitive factor attachment protein
(SNAP) receptor (SNARE) complex293. Formation of the SNARE complex involves three
core components: V-SNARE protein synaptobrevin (vesicle-associated membrane protein;
VAMP) located on the synaptic vesicles and t-SNARE proteins associated with the target
membrane including syntaxin-1 and SNAP-25. I examined the expression of SNAP-25 in
RGC axons at the ONH where ectopic vesicles are accumulated, to address the question
whether they might be competent for exocytosis. In addition to strong labeling in both
synaptic layers in the retina, SNAP-25 was also robustly and uniformly expressed in
RGC axons within the control optic nerve (Fig. 4-5A). After LIOH, the optic nerve
expression of SNAP-25 was largely preserved, although the immunolabeling pattern
became somewhat patchy, reflecting the disorganization of glaucomatous axons (Fig. 4-
5B). Co-labeling of VGLUT2 with SNAP-25 in LIOH ONH samples showed that the
majority of ectopic VGLUT2 immunoreactivity overlapped with SNAP-25 (Fig. 4-5G,
arrowheads). SNAP-25 appeared to be more widely distributed, consistent with its
uniform expression in control RGC axons (arrows in Fig. 4-5G pointing to regions
expressing SNAP-25 but not VGLUT2). Occasional spots of VGLUT2 immunoreactivity
were not co-labeled with SNAP-25 (Fig. 4-5G, open arrowheads), perhaps corresponding

to severely degenerating axonal segments.

At a mature synapse, the presynaptic terminal is organized into a highly
specialized active zone to facilitate neurotransmitter release. A large scaffolding protein
called Bassoon has been identified as a key component of the cytomatrix at the active

zone (CAZ)™. It associates with the cytoskeleton and participates in anchoring proteins
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to the active zone and regulating neurotransmitter release in some synapses™ > .

Immuno-staining of Bassoon labeled the retinal IPL and OPL as shown previously”’**%*,
but only gave rise to weak signal in the control optic nerve (Fig. 4-5C). LIOH treatment
led to an accumulation of Bassoon immunoreactivity at the ONH (Fig. 4-5D). The
labeling pattern was heterogeneous like the ectopic SV proteins, with immunoreactive
patches ranging in size from intensely stained large axon bundles (Fig. 4-5D, rectangular
dashed box), to smaller “hotspots” interspersed along the axons like “beads on a string”
(Fig. 4-5D, oval dashed box). The majority of Bassoon and VGLUT2 labeling co-
localized (Fig. 4-5J, see arrowheads in inset); however, “hotspots” predominantly

immunoreactive for VGLUT?2 (Fig. 4-5] inset, arrow) or Bassoon (Fig. 4-5J inset, open

arrowhead) were also found.

I also examined the distribution of VAMP?2, a neuronal isoform of v-SNARE. The
immuno-staining pattern of VAMP2 was indistinguishable from SV2 and Synaptophysin
in both control and LIOH ONHs. Extensive co-localization of VAMP2 with SNAP-25

was also observed (Supplemental Fig. 4-16).

These data suggest that at least a portion of the VAMP2-expressing ectopic
vesicles co-localize with SNAP-25 and Bassoon, and thus may have access to SNARE

and CAZ machineries that could facilitate their fusion with the axolemma.
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SNAP-25 Bassoon

Control Control

VGLUT2

VGLUT2

Figure 4-5. SNAP-25 and Bassoon are present at the LIOH ONH and partially
overlap with VGLUT2
(A, B) SNAP-25 immunohistochemistry. SNAP-25 is expressed in both control (A) and
LIOH (B) optic nerve. (C, D) Bassoon immunohistochemistry. Bassoon labeling is weak
in the control optic nerve (C), but becomes strongly upregulated after LIOH (D).
Rectangular and oval dashed boxes denote large immunoreactive axon bundles and
smaller “hotspots,” respectively. (E-G) Co-labeling of SNAP-25 (E) and VGLUT2 (F).
The two markers are extensively co-localized (G, arrowheads), although some areas are
only labeled for SNAP-25 (arrows) or VGLUT2 (open arrowheads). (H-J) Co-labeling of
Bassoon (H) and VGLUT?2 (J) imaged from an ONH region similar to the oval dashed
box in (D). A large proportion of Bassoon and VGLUT2 immunoreactive “hotspots”
overlap (J). Inset in (J) is a high magnification image taken from the boxed region,
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showing examples of co-localization (arrowheads), as well as “hotspots” predominantly
labeled for VGLUT?2 (arrow) or Bassoon (open arrowhead). Scale bar: 50 pum. n = 12 for
SNAP-25 and n = 6 for Bassoon.

Ectopic Vesicles Can Undergo Exocytosis

To demonstrate that exocytosis of ectopic vesicles actually occurs, 1 took
advantage of a pair of antibody reagents directed against the SV protein synaptotagmin-1,
which serves as a Ca’" sensor for exocytosis. Synaptotagmin-1 is composed of a N-
terminal lumenal domain, a transmembrane region, and two cytoplasmic C2 domains®"’.
Polyclonal antibodies (commercially available) were raised against the lumenal (SYT-
lum) or cytoplasmic (SYT-cyto) domains of synaptotagmin-1. Following SV exocytosis
in live neurons, the lumenal epitope is exposed to the extracellular environment, and
consequently becomes accessible to the SYT-lum antibodies. On the contrary, the
cytoplasmic epitope remains inaccessible to the SYT-cyto antibodies without
permeabilization. This approach has been described in previous studies to investigate SV
recycling in cultured neurons, using the extent of antibody labeling as a measure of

300301 "1 adapted the protocol for acute preparations of whole eye cup

exocytotic events
tissue, in order to study the potential exocytosis of ectopic vesicles at the ONH following
LIOH. Both the SYT-lum and SYT-cyto antibodies exhibited similar patterns of ectopic
accumulation at the glaucomatous ONH in detergent-permeabilized frozen sections,
which mirrored the other SV protein markers tested (data not shown). In the live labeling
assay, freshly dissected eye cups (including the retina and a stretch of optic nerve) were

incubated at 37°C in either normal aCSF, high K~ aCSF, high K'/0-Ca>" aCSF, or

hypertonic sucrose aCSF. The tissues were then labeled with either SYT-lum or SYT-
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cyto antibodies on ice, and processed for cryosectioning. The bound synaptotagmin
antibodies were detected with cy3-conjugated secondary antibodies without detergent
permeabilization of the cryosections. A representative experiment performed with high
K" aCSF is shown in Fig. 4-6A-D. SYT-cyto antibodies exhibited minimal staining at
either the control (Fig. 4-6C) or LIOH (Fig. 4-6D) ONH, except for occasional non-
specific blood vessel labeling (open arrowhead). These control conditions confirmed the
specificity of SYT-cyto antibodies to the cytoplasmic domain, integrity of the live tissues,
and absence of antibody diffusion into the cut-end of optic nerves. SYT-lum labeling at
the control ONH was similarly minimal (Fig. 4-6A), whereas a dramatic increase of
staining was observed at the LIOH ONH (Fig. 4-6B), suggesting that the synaptotagmin
lumenal epitope was exposed on the plasma membrane by vesicular fusion. These
experiments were repeated and quantified (Fig. 4-6E-G). In Fig. 4-6E and F, The
measured fluorescence intensity in each condition was normalized against the SYT-cyto
sample in the same experiment, so that results across different days could be compared.
The K™ stimulation experiments (Fig. 4-6E) demonstrated that a significant level of
exocytosis took place at the LIOH ONH in response to depolarization, which was not
present in controls. Interestingly, the unstimulated LIOH ONH (Fig. 4-6F) also exhibited
significant SYT-lum labeling above the control level, indicating that at least some
exocytotic events had occurred in vivo. Fig. 4-6G shows a separate group of experiments
conducted to compare the effect of K™ and sucrose stimulation, and the Ca**-dependence
of ectopic vesicle fusion. Only SYT-lum labeling in LIOH samples were investigated,
and results were normalized against the unstimulated condition. K~ depolarizes the

neuronal membranes, and hypertonic sucrose has been shown to induce fusion of the
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- + i i
302303 Both K" and sucrose stimulation

readily-releasable pool of synaptic vesicles
resulted in higher SYT-lum staining than normal aCSF. It suggests that in addition to
exocytosis already occurring at the glaucomatous ONH in vivo, more vesicles are
competent for fusion in response to stimulation. The ability of hypertonic sucrose to
trigger exocytosis is consistent with the idea that at least some ectopic vesicles interact
with the axolemma in a way similar to the “docked” configuration of classical synaptic
vesicles. Eliminating Ca®" from the high K™ aCSF reduced SYT-lum labeling down to the
unstimulated level, indicating that depolarization-evoked exocytosis was dependent on
extracellular Ca*". The Ca®"-dependence of ectopic vesicle fusion in vivo is not addressed
by this experimental design, because presumably many fusion events had already taken
place by the time the ONH tissue was harvested. To explore the relationship between
exocytosed SYT-lum and SV2, co-labeling was performed following unstimulated
experiments (Fig. 4-6H-J). Since the SV2 antibodies were directed against a cytoplasmic
epitope, permeabilization was carried out on cryosections to enable immuno-detection.
As a result, the SV2 staining presumably accounts for both un-fused and fused vesicles.
Some of these un-fused vesicles were represented by SV2 immunoreactive regions
devoid of SYT-lum staining (Fig. 4-6J, arrowhead). Most of the SYT-lum labeling
overlapped with SV2 (Fig. 4-6], arrows), indicating the exocytosed portion of vesicles. A
few SYT-lum" areas were SV2° (Fig. 4-6], open arrowhead), which either suggests not all

SV proteins co-exist on the same ectopic vesicles, or reflects the differential sensitivity of

antibody reagents.

Over all, these results indicate that at least a portion of ectopic vesicles can be

exocytosed in vivo, as well as undergoing evoked fusion ex vivo.
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Figure 4-6. Living labeling with synaptotagmin lumenal domain antibodies
demonstrates exocytosis of ectopic vesicles
Freshly dissected eye cups were incubated with antibodies against either the lumenal
domain of synaptotagmin (SYT-lum), or the cytoplasmic domain (SYT-cyto) as a
negative control. (A-D) A representative experiment in which tissues were stimulated
with high K" prior to labeling. SYT-cyto (C, D) produces no appreciable signal other than
non-specific blood vessel staining (open arrowheads). SYT-lum labeling is very weak in
the control condition (A), but increases markedly after LIOH (B), which appears clearly
distinguishable from the non-specific staining (open arrowheads). Quantification of K'-
stimulated (E) and unstimulated (F) experiments demonstrates significant upregulation of
SYT-lum labeling at the LIOH ONHs compared to untreated controls. The analysis in (G)
compares different SYT-lum labeling conditions for LIOH samples. Either high K" or
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hypertonic sucrose stimulation leads to more substantial SYT-lum staining than normal
aCSF alone. Eliminating Ca®" from the high K solution abolishes the difference between
stimulated and unstimulated conditions. (H-J) Co-labeling of SYT-lum (H) and SV2 (I)
within a region of the ONH. The LIOH sample from an unstimulated experiment is
shown here. Arrows in (J) point to co-localized immunoreactivities of SYT-lum and SV2.
Solid and open arrowheads denote SYT-lum  SV2' and SYT-lum™ SV2  regions,
respectively. Scale bar: 50 um. n = 3 experiments for (E), 4 experiments for (F), and 3
experiments for (G). *p < 0.05; **p < 0.01. Prior to the experiments used for
quantification, pilot studies with high K™ aCSF were conducted 6 times with similar
results.

Glutamate Can Be Released from the Glaucomatous ONH

Having established that ectopic vesicles contain glutamate and can undergo
exocytosis in vivo and ex vivo, I next investigated whether glutamate can be released
from the LIOH ONH. As shown in Fig. 4-3, immunoreactive “hotspots” of glutamate
often appear to extend into the surrounding areas of SV protein labeling. However, using
indirect immuno-detection at the light microscopy level, it is difficult to ascertain
whether glutamate has been released from the vesicles into the extracellular space. To
detect and quantify glutamate release, I used an enzymatic assay in which endogenous
glutamate released from living tissues is visualized with fluorescence imaging. L-
glutamic dehydrogenase (GDH) supplied in the assay solution converts glutamate to o-
ketoglutarate, concomitantly reducing p-nicotinamide adenine dinucleotide (NAD") to

279,304-306

NADH, which fluoresces under UV excitation . This reaction is described by the

following equation:
Glutamate” + NAD' + H20 « o-ketoglutarate® + NADH + NH4" + H"

Freshly dissected control or LIOH ONH tissue was incubated with an enzymatic
assay solution containing GDH and NAD". Stimulation was introduced by either high K"

124



or hypertonic sucrose, and the release of glutamate was monitored by detecting NADH
accumulation with time-lapse fluorescence imaging. Fig. 4-7A-B shows a pseudo-colored
representative experiment with sucrose. In the control ONH (Fig. 4-7A), application of
sucrose produced no detectable change in NADH fluorescence over time. In contrast,
sucrose stimulation of the LIOH ONH led to marked enhancement of NADH
fluorescence (Fig. 4-7B), which served as an indirect measurement of glutamate release.
Quantitative studies were conducted for both K™ (Fig. 4-7C) and sucrose (Fig. 4-7D)
stimulation, and demonstrated significant rise of NADH fluorescence following

stimulation in LIOH but not control ONH.
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ONH tissues

In the presence of glutamate, NAD" is converted into NADH, which is fluorescent when
excited by UV light. (A, B) A representative time-lapse experiment in which hypertonic
sucrose was introduced to provide stimulation. No change in fluorescence level was
detected in the control ONH (A). In the LIOH ONH (B), a robust rise in NADH
fluorescence resulted from sucrose stimulation, as visualized by the pseudo-colored
montage. Images captured at one minute intervals are shown. Quantification of
fluorescence intensity shows that both high K' (C) and hypertonic sucrose (D)
stimulation result in significant accumulation of NADH in the LIOH ONH, suggesting
that glutamate has been released from the tissue. n = 6 for both control and LIOH in (C).
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Figure 4-7. NADH assay detects release of glutamate from acutely prepared LIOH

5

Time (min)

In (D), n =9 for control and 19 for LIOH. *p < 0.05; **p < 0.01.
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Glutamate Receptor Expression on RGC Axons and Glia at the ONH

So far in my dissertation, I have demonstrated that ectopic glutamate-containing
vesicles accumulate at the glaucomatous ONH, and they can undergo exocytosis to
release glutamate. However, these findings would lack functional consequences if
glutamate receptors are not present at the ONH. I performed immuno-localization studies
using glutamate receptor subunit-specific antibodies on cryosections. The results indicate
that the alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor
subunit GluR1 and GIluR2, and the N-methyl-D-aspartate (NMDA) receptor subunit NR1
are expressed in both control (data not shown) and LIOH (Fig. 4-8). GluR1 was found to
co-localize with tubulin (Fig. 4-8C), GFAP (Fig. 4-8F), and CD11b (Fig. 4-8I),
suggesting its widespread expression on RGC axons, astrocytes and microglia. The
GluR2 subunit exhibited an analogous expression pattern (data not shown). Similarly,
punctate NR1 immunoreactivity was also localized to tubulin’ axons (Fig. 4-8L) and

GFAP" astrocytes (Fig. 4-80).
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Figure 4-8. Localization of glutamate receptor subunits on RGC axons and glia at
the ONH

Images acquired from LIOH day 4 samples are shown. (A-I) GIluR1
immunohistochemistry. Co-labeling studies of GluR1 (A, D, G) with tubulin (B), GFAP
(E), and CD11b (H) demonstrate that GluR1 is expressed on axons (C), astrocytes (F),
and microglia (I). (J-O) NR1 immunohistochemistry. NR1 (J, M) was co-immunostained
with tubulin (K) or GFAP (N). Punctate labeling is found on both axons (L) and
astrocytes (0O). Scale bar: 50 pm.

Functional Demonstration of Glutamate Receptor Activity Upregulation at the

Glaucomatous ONH

Although subunit localization studies suggest that ionotropic glutamate receptors
are expressed on RGC axons and glia of the ONH, their functionality cannot be directly
demonstrated by immunolabeling. I next used Agmatine (l-amino-4-guanidobutane;
AGB) as a reporter for channel permeation to provide functional evidence of ionotropic
glutamate receptor activation in LIOH. The guanidinium analogue AGB is a channel-
permeant organic cation. It has been established as a useful tool to functionally map
ionotropic glutamate receptors in developing and adult retinas of several mammalian

:.o307-320
SpecCies

. Pioneering studies by Robert Marc’s group demonstrate that activating
ionotropic glutamate receptors in the presence of AGB results in AGB permeation into
retinal neurons, and the intracellular AGB can be trapped by glutaraldehyde fixation and

detected with specific antibodies®'*>"

. Most of the retinal mapping studies employing
AGB have been performed in vitro with exogenously supplied glutamate or agonists. I
modified these protocols to develop a method of studying endogenous glutamate receptor

activation at the ONH in vivo. AGB was injected into the subconjunctival space of

anesthetized control or LIOH mice, in order for the reagent to gain access into the ONH.
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The tissues were subsequently fixed and processed for immunohistochemistry with AGB-

. . . . 318-320
specific antibodies. Previous reports

and our pilot study (data not shown) confirmed
that there was no endogenous AGB signal without exposure to the reagent. Control mice
injected with AGB exhibited low levels of punctate labeling at the ONH (Fig. 4-9A, G).
AGB signal was notably upregulated in LIOH samples (Fig. 4-9D, J). Quantification of
immunoreactivity confirmed that accumulation of AGB at the LIOH ONH was
significantly higher than control (Fig. 4-9M), indicating increased level of ionotropic
glutamate receptor activity. AGB co-labeled with both tubulin (B, E) and GFAP (H, K),
suggesting that the receptors were activated on both RGC axons and astrocytes. These
findings are consistent with the expression of glutamate receptor subunits demonstrated

previously. The potentiation of receptor activity in LIOH likely reflects the ectopic

accumulation and vesicular release of glutamate at the ONH.
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Figure 4-9. Probing ionotropic glutamate receptor activation with the channel-
permeant organic cation AGB

After exposure to AGB in vivo through subconjunctival injection, control (A, G) and
LIOH (D, J) tissues were labeled with antibodies directed against AGB. Co-labeling with
tubulin (B, E) or GFAP (H, K) was also performed. AGB immunostaining can be found
overlapping with both tubulin (C, F) and GFAP (I, L) at the ONH. (M) Quantitative
studies show that AGB immunoreactivity is significantly higher in LIOH compared to
control ONHs. Scale bar: 50 um. n =4 experiments. *p < 0.05.

Pharmacological Blockage of Glutamate Signaling Attenuates Glaucomatous Axon

Degeneration in vitro and in vivo

The finding of increased glutamate signaling at glaucomatous ONHs makes the
effects it exerts on RGC axons of great interest. I developed an organotypic optic nerve
explant system to investigate the action of glutamate and other pharmacological agents in
vitro. Optic nerve explants with retinas attached were cultured at the interface of fluid
and air on Millipore inserts. This approach preserves the organization of optic nerve
axons and their interaction with surrounding glia, and offers the advantage of a more
physiologically relevant environment than isolated neuronal culture. First, I examined the
effect of exogenous glutamate application on control optic nerves in vitro. Glutamate
accelerated axonal degeneration in optic nerve explants in a dose-dependent manner (Fig.
4-10A-D, K). I next explanted LIOH-treated optic nerves, and investigated whether
glutamate signaling antagonists influence their degeneration in vitro. A cocktail of
NBQX and MK-801 was used to block ionotropic AMPA/kainate and NMDA glutamate
receptors, respectively. The voltage-gated sodium channel blocker tetrodotoxin (TTX)
was also applied to dampen the excitability of axons, which would presumably result in

lower glutamate release. Optic nerves cultured 2 days after LIOH (Fig. 4-10H) exhibited
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more severe axonal degeneration than untreated control (Fig. 4-10A) in vitro (quantified
in Fig. 4-10L). NBQX/MK-801 cocktail (Fig. 4-10F, I) and TTX treatment (Fig. 4-10G, J)
both significantly attenuated axonal degeneration in LIOH optic nerve explants (Fig. 4-
10L). These in vitro experiments were performed on multiple days, each with the
complete set of treatment groups. Each data point was normalized against the control
sample processed at the same time, so that experiments conducted on different days could
be compared. To examine the effect of glutamate signaling antagonists in vivo, 1
surgically implanted gelfoam plugs soaked with a NBQX/MK-801/TTX cocktail next to
the ONH 1 day after LIOH treatment. Optic nerves were harvested 6 days later, and the
axon numbers quantified in cross section. While IOP elevation induced by LIOH was
comparable in both treatment conditions (Fig. 4-10M), the surviving axon count was
significantly higher in the antagonist cocktail-treated group compared to vehicle-treated
animals (Fig. 4-10N). Taken together, these data suggest that glutamate plays a role in
optic nerve axon degeneration, and pharmacologically blocking glutamate signaling is

protective in experimental glaucoma.
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Figure 4-10. Effects of glutamate and glutamate signaling antagonists on optic nerve
axonal degeneration in vitro and in vivo

(A-D) Organotypic optic nerve explant cultures treated with increasing concentrations of
glutamate were cryosectioned and analyzed with neurofilament immunohistochemistry.
(E-J) Control or LIOH optic nerve explants treated with vehicle, NBQX/MK-801, or
TTX. (K) Quantification of the in vitro glutamate treatment experiment exemplified in
(A-D). Significant axonal degeneration above the vehicle control level is observed for the
I mM and 10 mM glutamate treatment groups. (L) Quantification of the in vitro
glutamate antagonists experiment exemplified in (E-J). Exposure to LIOH for 2 days
prior to culturing results in more prominent axonal degeneration compared to control
explants. Treatment with NBQX/MK-801 or TTX significantly protects against
degeneration in LIOH samples. (M, N) Glutamate signaling antagonist cocktail or vehicle
was locally delivered to the ONH of animals treated with LIOH. (M) confirms that IOP
elevation in both groups was comparable. (N) The antagonist-treated group has
significantly higher number of survival axons in the optic nerve compared to vehicle
control. Scale bar: 50 um. n = 5 experiments for (K), 6 experiments for (L), and 11
animals for the study analyzed in (M) and (N). *p < 0.05; **p <0.01; ***p < 0.001.

134



Generation of Albino Mice Carrying Floxed Alleles of VGLUT2 and NR1

The data so far support a model in which ectopic accumulation of SV protein-
containing vesicles at the glaucomatous ONH leads to an excess of exocytotic glutamate
release, contributing to the degeneration of RGC axons. Although the pharmacological
antagonism experiments provide an important line of evidence demonstrating the
involvement of glutamate, diffusible drug application is limited in spatial specificity, and
the approach does not address which cell type is the primary target of glutamate action.
Glutamate could directly bind to its receptors on RGC axons, or indirectly participate in
axonal degeneration through glial activation. To provide further spatial and cell-type
specificity, I studied the LIOH model with transgenic mice in which key components of
the proposed pathophysiological pathway were selectively deleted in RGCs. In a
Cre/loxP recombination system, the gene of interest is flanked by two loxP sites (floxed),
and the introduction of Cre recombinase results in conditional excision of the floxed gene
in a spatially and temporally controlled manner’>'. Two transgenic lines were used in this
particular experiment: one that carries floxed Slc7a6 gene which encodes VGLUT2*"
and one that carries floxed NMDA receptor 1 (NRI) gene®’’. Cre recombinase was
delivered by intravitreal injection of recombinant adeno-associated virus (rAAV) that

transduces RGC with high efficiency and specificity.

The floxed Sic17a6 (henceforth referred to as VGLUT2-f) and floxed NMDARI1
(referred to as NR1-f) mice were maintained in the C57BL/6 background. To date, we

have not obtained consistent and reproducible results with conducting the LIOH model in
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C57BL/6 mice. IOP elevation and optic nerve degeneration were observed in some
experimental animals, but results were often confounded by considerable anterior
segment abnormality and ocular inflammation (data not shown). One major advantage of
using albino mice in LIOH is the ease of visualizing ocular vasculature, allowing better
laser targeting and minimal secondary damage. To circumvent the problem of
pigmentation in LIOH operation, I made the floxed mouse lines albino by crossing them
to a coisogenic strain that differs from C57BL/6 at one single locus. The B6(Cg)-Tyr>'/J
(B6-albino) mice, available from the Jackson Laboratory, are albino C57BL/6J mice

2J

homozygous for a Ty’ mutation in the tyrosinase gene. Crossing the pigmented floxed

6[ oxP/loxP,

9

mice to B6-albino mice for two generations produced albino VGLUT2-f (Slcl7a
Tyr*e*"y and NR-f (NR1"F"F: Ty*27<?)y mice, which were then used in subsequent

LIOH studies.

Intravitreal Injection of Recombinant AAV Vectors

Recombinant AAV-2 vectors delivered via intravitreal injection have been shown
to transduce RGCs with high efficiency and specificity®******3%% T used an AAV vector
carrying the Cre recombinase (AAV-Cre) to conditionally delete floxed genes encoding
VGLUT2 or NR1, and one that carries GFP (AAV-GFP) as control. The vectors were
generously provided by Dr. Zhigang He, and have been described previously*®’. The
reporter line Rosa26-EYFP Ai3**’ that produces EYFP in cells which co-express Cre was
used to confirm Cre recombination of loxP-flanked sequences. An example of flat-

mounted Rosa26-EYFP retina three weeks after intravitreal injection of AAV-Cre is
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shown in Supplemental Fig. 4-17A-C, using NeuN as a marker for RGCs®. The
percentage of NeuN" cells that co-localize with EYFP fluorescence was about ~90% of
the total RGCs that were transduced with AAV-Cre. This finding agrees with Park et al.
who reported more than 90% transduction efficiency two weeks following intravitreal
injection®™. In retinal cross sections, robust EYFP signal in the GCL, NFL, and IPL was
observed (Fig. 4-17D). Although a few bipolar and amacrine cells appeared to be labeled,
RGCs remained the primary cell type tranduced in the retina (Fig. 4-17F). In the optic
nerve, EYFP labeling was robust and highly specific (Fig. 4-17G). RGC axons were the

only cell type transduced (Fig. 4-171).

VGLUT?2 Deletion in RGCs Diminishes Glutamate Accumulation at the

Glaucomatous ONH

Albino VGLUT2-f mice were intravitreally injected with AAV-Cre in one eye
and AAV-GFP in the fellow eye. LIOH was performed three weeks after injection.
Similar to the CD-1 mice, AAV-GFP-injected B6-albino mice also exhibited dramatic
accumulation of VGLUT2 immunoreactivity at the LIOH ONH (Fig. 4-11A), which co-
localized with the axon marker tubulin (Fig. 4-11C). AAV-Cre injection resulted in
dramatic knockdown of VGLUT2 accumulation. In some cases, VGLUT2

immunoreactivity at the ONH was nearly abrogated (Fig. 4-11D).

Accumulation of glutamate immunoreactivity was observed in AAV-GFP-
injected VGLUT2-f mouse ONH after LIOH, consistent with the findings in CD-1 mice

(Fig. 4-11G). The glutamate labeling overlapped that of SV2 extensively (Fig. 4-111I).
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Higher magnification (Fig. 4-111, inset) revealed that glutamate immunoreactivity was
heterogeneous and appeared in intensely labeled patches, which were closely associated
with corresponding SV2 “hotspots.” In AAV-Cre-injected ONH, glutamate labeling after
LIOH was markedly diminished (Fig. 11J). While SV2 accumulation remained (Fig. 4-
11K), glutamate staining was weak and diffuse, and did not correlate with SV2 “hotspots”
(Fig. 4-11L, inset). These observations confirm that the conditional gene deletion was
indeed specific for VGLUT?2. Ectopic vesicles were still present at the ONH, although
most of them became devoid of VGLUT?2 after AAV-Cre transduction, and consequently

lost the ability to accumulate glutamate.
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Figure 4-11. Effective VGLUT?2 knockdown and reduction of ONH glutamate by
AAV-Cre in VGLUT2-f mice

The accumulation of VGLUT?2 after LIOH is observed in AAV-GFP-injected VGLUT2-f
mouse ONH (A), but becomes nearly abolished in the AAV-Cre-injected eye (D). In this
case, although some small puncta of VGLUT2 immunoreactivity could be discerned by
visual inspection under epifluorescence, with image acquisition parameters matching
those of the AAV-GFP condition, the remaining label is below the level of detection.
Tubulin staining (B-C, E-F) confirms the presence of RGC axons. SV2 labeling after
LIOH is not altered in AAV-Cre (K) compared to AAV-GFP (H), but glutamate
immunoreactivity becomes much reduced in the AAV-Cre condition (compare J with G).
Glutamate and SV2 "hotspot" often co-distribute in the AAV-GFP control (G-I, insets
taken from the boxed region in I). In AAV-Cre, glutamate labeling is more diffuse and no
longer mirrors SV2 "hotspots" (J-L, insets taken from the boxed region in L). Samples
were analyzed 3 days after LIOH. The reduction in VGLUT2 (M) and glutamate (N) was
quantified and found to be significant. VGLUT2 and tubulin were in fact labeled with
cy3- and cy5- conjugated secondary antibodies, so GFP fluorescence in the AAV-GFP
control condition did not contribute to the VGLUT2 signal. The images were colorized in
green and red for consistency of presentation and ease of visualizing co-localization.
Scale bar: 50 pm. n = 4 for VGLUT2 and 5 for glutamate. *p < 0.05; ***p < 0.001.

VGLUT?2 Deletion in RGCs Attenuates Glutamate Receptor Activity at the

Glaucomatous ONH

Ionotropic glutamate receptor activation was probed using AGB as demonstrated
in Fig. 4-9. In the AAV-GFP condition, LIOH-treated B6-albino VGLUT2-f mice
displayed strong labeling at the ONH (Fig. 4-12A), which was present in both axons and
glia (Fig. 4-12C). After AAV-Cre injection, the overall level of receptor activation was
attenuated (Fig. 4-12D), likely a consequence of the diminution of glutamate
accumulation due to VGLUT2 knockdown. AGB immunoreactivity over RGC axons was

quantified and found to be significantly reduced by 70% in AAV-Cre (Fig. 4-12M).
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Figure 4-12. AGB assay demonstrates reduced glutamate receptor activity by AAV-

Cre injection in both VGLUT-f and NR1-f mice
AGB was injected subconjunctivally 3 days after LIOH, as described earlier. In both
floxed mouse lines, LIOH results in strong AGB labeling (A, G) at the ONH. Tubulin
staining (B, H) shows that part of the AGB signal is localized to axons (C, I), while
additional glial labeling is also present. In VGLUT2-f mice, AAV-Cre injection markedly
reduces the overall level of AGB staining (D-F). In NR1-f mice, AGB staining (J) is
diminished in tubulin’ axons, while the intensity of glial signal remains comparable to the
AAV-GFP control (L). AGB immunoreactivity over RGC axons in VGLUT2-f (M) and
NRI-f (N) mice was quantified. Significant reduction by AAV-Cre compared to AAV-
GFP is found in both experiments. Scale bar: 50 um. n = 3 for VGLUT2-f and 4 for
NR1-f. *p < 0.05.

NR1 Deletion in RGCs Reduces Glutamate Signaling in Axons at the Glaucomatous

ONH

The conditional deletion of NR1 by AAV-Cre in floxed mice was not analyzed by
immunohistochemistry for NRI, because at the time of this experiment, the NRI
antibodies used previously were discontinued from the manufacturer. By the time this
dissertation was prepared, I had analyzed several alternative antibodies but did not
identify one that was satisfactorily specific for NR1. Instead, I used the functional AGB
activation assay as an indirect measure of NR1 knockdown. Since NR1 is an essential
subunit of the NMDA receptor’>>**, disruption of NR1 in RGC axons would reduce
AGB permeation and accumulation in axons. This prediction was indeed confirmed. In
B6-albino NR1-f eyes injected with AAV-GFP, AGB permeation after LIOH resulted in
robust labeling of ONH axons and glia (Fig. 4-12G-I). AAV-Cre injection led to a
reduction of AGB signal in tubulin” axons by 60% (Fig. 4-12L, N). On the other hand,
AGB staining in the neighboring glial cells remained strong. These findings are

consistent with the restricted deletion of NR1 in only RGCs. Since the AMPA receptor
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subunits GluR1 and GluR2 are also found to be expressed on RGC axons, the remaining

AGB signal could be accounted for by AMPA receptors.

Deletion of VGLUT?2 or NR1 in RGCs Promotes Axon Survival in Experimental

Glaucoma

Axonal survival in AAV-injected VGLUT2-f or NR1-f mice after LIOH was
investigated by analyzing PPD-stained optic nerve cross sections. A set of representative
images from an experiment in NR1-f mice are shown in Fig. 13A-D. In both mouse lines,
IOP elevation was not affected by AAV-GFP versus AAV-Cre treatment (Fig. 4-13E, G).
Optic nerve axon counts were comparable in control animals injected with either AAV
vector. LIOH in B6-albino mice reduced RGC axon count to ~55-60% of control level in
the AAV-GFP injection group after two weeks. AAV-Cre-mediated deletion of either
VGLUT2 or NR1 resulted in significant protection of RGC axons (Fig. 13F, H). The total
axon count was restored to ~80% of control level. These data indicate that interfering
with either vesicular glutamate release or NMDA glutamate receptor activation promotes

axonal survival in experimental glaucoma.
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Figure 4-13. AAV-Cre-mediated deletion of VGLUT or NRI1 is protective for RGC
axons after LIOH

(A-D) Representative PPD-stained optic nerve cross sections from one NR1-f experiment.
The control sections are indistinguishable from the AAV-GFP (A) and AAV-Cre (B)
conditions. Significant axon drop-out can be observed in the AAV-GFP condition two
weeks after LIOH (C). AAV-Cre injection remarkably protects RGC axons against
degeneration (D). (E-F) Data from both the VGLUT2-f and NR1-f experiments were
quantified. There is no difference of IOP elevation induced by LIOH in AAV-Cre and
AAV-GFP (E, G). AAV-Cre injection significantly increases the number of surviving
axons two weeks after LIOH in both VGLUT2-f (F) and NR1-f (H) mice. Scale bar: 10
pm. n = 10 animals for VGLUT-2 and 20 animals for NR1-f. **p <0.01; ***p <0.001.
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Discussion

Ectopic vesicles accumulate in axons at the ONH after induction of experimental
glaucoma. These vesicles can undergo exocytosis and lead to local accumulation of
glutamate. Glaucomatous ONH exhibits higher activity of glutamate receptors, and
disrupting components of this glutamate signaling pathway either pharmacologically or
genetically confers significant protection to RGCs against glaucomatous degeneration.

Figure 4-14 illustrates a model that I propose based on these findings.
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RGC soma Retina

Optic Nerve

“

RGC axon

Figure 4-14. Proposed model of localized glutamate excitotoxicity at the
glaucomatous ONH

IOP elevation results in ectopic accumlation of SV protein-expressing vesicles that
contain glutamate at the ONH (A). These vesicles have the ability to undergo exocytosis
(B), potentially leading to local glutamate “hotspots” (C). Glutamate receptors appear to
be expressed on RGC axons (D), although the subtype specificity remains to be
established. Over-stimulation of glutamate receptors may contribute to excitotoxic
damage to neighboring axons (E).
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Morphology and Organization of Ectopic Vesicles at the Glaucomatous ONH

Ultrastructural examination of the LIOH-treated ONH reveals dramatic axon
swellings and massive accumulation of membrane-bound organelles. This observation

28,62
7 and bears remarkable

agrees with previous findings in rat experimental glaucoma
resemblance to those documented in plaque-associated dystrophic neurites in AD'*%1-74,
Among the accumulated organelles are translucent vesicles immunoreactive for the
synaptic vesicle marker Synaptophysin. The pleiomorphic nature of these vesicles is
worth discussing, because they differ from classical synaptic vesicles which are typically
uniform in size (~50 nm) and shape (spherical). Studies of presynaptic assembly in
neuronal culture have established that components of the active zone are derived from the
trans-Golgi network and transported along developing axons as discrete precursor
vesicles to nascent synapses™ >~ These precursors include Piccolo-bassoon Transport
Vesicles (PTVs), which carry active zone proteins Piccolo and Bassoon, and Synaptic
Vesicle Precursors (SVPs) which contain synaptic vesicle proteins®>. Pleiomorphic
vesicles have indeed been demonstrated in axons at the EM levelm’m, which are
interpreted to be intermediates in the formation of mature synaptic vesicles. Importantly,
they are capable of undergoing exo-endocytosis without the presence of synaptic
contactg’?0301-334-336 Furthermore, in our LIOH samples, some dense-core vesicles are
observed to aggregate with translucent vesicles within axon swellings, which may
correspond to PTVs known to be small dense-core vesicle ~80 nm in diameter®****'. This

1s consistent with our immunohistochemical demonstration that Bassoon co-localizes

with ectopic synaptic vesicle markers.
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Although some of the putative synaptic vesicle precursors appear scattered among
other organelles in our LIOH micrographs, many are densely aggregated and closely
apposed to the axolemma. This finding is consistent with our data suggesting that
hypertonic sucrose is able to stimulate ectopic vesicle exocytosis and glutamate release.
The mechanism by which hypertonic sucrose triggers vesicle fusion remains obscure, but
has been proposed to involved mechanical forces imposed by osmotic pressure gradient,
causing deformation of the active zone’**>"¥73% Given that the ectopic vesicles are
densely packed in large numbers, it is conceivable that mechanical deformation might
surmount the energy barrier to membrane fusion. Neurotransmitter release could also be
due to reversal of the uptake transporters under depolarizing conditions™. Therefore, our
high K™ experiment cannot unequivocally demonstrate that glutamate release from the
LIOH ONH is via a vesicular mechanism. The hypertonic sucrose experiments, albeit

non-physiological, provide additional evidence in support of this conclusion.

Ectopic Release in Normal Physiology

The release of neurotransmitter-containing vesicles from a non-synaptic region
shown in this study may seem surprising at first glance, as it violates the dictum of
synaptic vesicle release from highly specialized presynaptic active zones onto
postsynaptic densities. However, accumulating evidence suggests that exocytosis can
occur at ectopic locations distant from conventional synapses, and many of these release

sites are poorly defined at the ultrastructural level’*. Ectopic release has been

341-342 343-344
2

demonstrated at the neuromuscular junction , retinal bipolar cell terminals
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saccular hair cells’®, ciliary ganglion®*®, and in the cerebellum between climbing fibers

34734 1n addition to nerve terminals, exocytosis of neurotransmitter

and Bergmann glia
can occur in white matter tracts. Axons in the corpus callosum and optic nerve release
glutamate via vesicular fusion, which is detected by AMPA receptors on NG2"

30331 In the olfactory bulb, activity-dependent

oligodendrocyte precursor cells (OPCs)
release of glutamate by olfactory receptor axons evokes Ca’" transients in olfactory
ensheathing cells, which is thought to mediate neurovascular coupling®. In many of
these examples, clusters of vesicles have been described at the EM level. Although
electron dense materials are reported at the axon-OPC junction®”, in most cases no
distinct presynaptic or postsynaptic specializations similar to the conventional synapses
are found. These studies suggest that ectopic release plays a role in normal physiology by
mediating synaptic transmission and axon-glia communication, and they pave the way for
understanding similar mechanism in pathological situations. Our ultrastructural analysis
of the LIOH ONH indicates that although some ectopic vesicles appear to associate with
electron dense material along the membrane, the junctions between these accumulation
sites and the neighboring cells are not consistently defined. The aforementioned studies
strongly argue that morphologically distinct specialization is not a prerequisite for
exocytosis, supporting our hypothesis of vesicular glutamate release. Additional evidence
includes immunohistochemical demonstration that SNAP-25 is present throughout the

RGCs axons, consistent with previous findings for both t-SNARE components, SNAP-25

. 1353-354
and syntaxin-1 )

Axonal Glutamate Receptors
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One major caveat of this study involves the potential lack of specificity of
glutamate receptor antibodies. The excitotoxic injury of RGC axons that I propose here
depends on the expression of axonal glutamate receptors. Immunohistochemistry
suggests that the AMPA receptor subunits GluR1 and GluR2 as well as the essential
NMDA receptor subunit NR1 are expressed on RGC axons at the unmyelinated ONH.
However, the specificity of these antibodies has not been rigorously demonstrated. The
two NRI antibodies used in this study had subsequently become unavailable. Although

316,355-358 .
’ , I did not have an

one of these antibodies has been widely cited in the literature
opportunity to directly demonstrate their specificity. Alternative antibodies from other
vendors all produced staining on brain sections of NRI”" mouse embryos, raising the

concern that antibodies used to generate data in this study may have similar problems

with specificity.

Despite the potential concern with specificity in immuno-localization, additional
experiments in this study support the presence of axonal glutamate receptors. In my AGB
activation experiments, robust glutamate receptor activity is observed in ONH axons,
while the subconjunctival delivery method does not produce detectable labeling in the
retina. This argues that axonal glutamate receptors can be activated independent of the
cell body. However, the data presented here do not differentiate between different routes
of AGB entry into the axons. AGB influx could potentially occur via AMPA, kainate or
NMDA receptors. Furthermore, in vitro pharmacological experiments demonstrate that a
cocktail of NBQX and MK-801 attenuates axonal degeneration in optic nerves injured by
laser glaucoma. NBQX is a competitive antagonist of both AMPA and kainate

receptors” >, and MK-801 blocks NMDA receptors’®. These results suggest that
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glutamate receptors are present on RGC axons and contribute to glaucomatous
degeneration; however, the relative contribution of AMPA, kainate and NMDA receptors

remains inconclusive.

Previous findings have demonstrated that white matter axons can response to
AMPA or kainate receptor agonists, and excessive stimulation of these receptors can lead
to axonal damage®’*®'. Calcium imaging in spinal cord dorsal column reveals that axons
respond to the application of AMPA or kainate receptor agonists with a rise in intra-

365 or infusion of

axonal Ca®" concentration’®>*. Injection of AMPA intracerebrally
kainate into the optic nerve®®® causes degeneration of axons within white matter tracks.
Antagonizing these receptors confers axonal protection in several white matter injury

364367370 and in vivo®"' . Using calcium imaging, pharmacological

models both in vitro
manipulation, and immunohistochemistry, recent studies suggest that spinal cord dorsal
column axons express functional GluR4-containing AMPA receptors and GluR5/GluR6-
containing kainate receptors. Activation of these receptors using subunit-specific agonists
causes increased intra-axonal Ca’" concentration, which is partially dependent on
activation of L-type voltage-gated calcium channels and release from intracellular Ca*"
stores. In my dissertation, blocking glutamate receptor activation or preventing glutamate
uptake/accumulation at the ONH protects against glaucomatous axonal degeneration. It is

possible that the excitotoxic action of glutamate demonstrated in this study is mediated, at

least in part, by AMPA/kainate receptors.

The expression of NMDA receptor subunits in rodent RGC somas has been well
established by mRNA detection®’*"8, immunohistochemistry3 16355358~ and

electrophysiology’””. On the other hand, axonal localization of NMDA receptors has not
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been clearly demonstrated. One study reports immuno-detection of NRI1 in rat optic
nerve’™. However, the authors did not confirm the cellular origin of the
immunoreactivity in their myelinated optic nerve sample, which is known to contain
NR1-positivie oligodendrocytes®°. Although NMDA receptors are commonly segregated
into the somatodendritic compartment instead of axonal compartment in polarized

381

. 382-383
neurons” , NR1 expression

384-385
on axons has been documented. The

and function
presence of NRI1 specifically in unmyelinated RGC axons needs to be further
corroborated by future studies. In my dissertation, AAV-Cre-mediated deletion of NR1
from RGCs reduces AGB signal in ONH axons, indicating that NMDA receptors account
for at least part of the ionotropic glutamate receptor activity. The significant axonal
protection conferred by NR1 deletion from RGCs supports a role of NMDA receptors in
glaucomatous axon degeneration. However, this particular experiment does not rule out
the involvement of RGC somas. An alternative interpretation of the data is that NMDA
receptors on RGC somas may be over-stimulated by glutamate released from dying
RGCs in the retina, leading to excitotoxic soma injury and subsequent axon damage. It
was the objective of my dissertation research to focus on the compartmentalized axonal
degeneration mechanisms, while soma injury is not investigated in detail. An important

future direction would be thorough time course studies to compare the survival of axons,

somas, and dendrites after disrupting glutamate signaling in experimental glaucoma.

Excitotoxic Hotspots
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The concept of compartmentalized degeneration of RGC axons versus somas,
dendrites and synapses is discussed in Chapter 1. This study presents a mechanism by
which localized insult could specifically cause injury to RGC axons. The accumulation of
ectopic vesicles induced by LIOH is most prominent at the ONH, and to a much lesser
extent in the adjoining retina and myelinated optic nerve regions. The protective effect of
VGLUT2 deletion selectively from RGCs provides strong evidence that localized
vesicular glutamate release participates in axonal degeneration. Furthermore, a key take-
home message emerged from this study is the heterogeneity of pathological responses in
glaucoma. Not only is the ectopic vesicle accumulation localized at the ONH with respect
to the rest of the eye, it appears heterogeneous within the axon population, and within
different segments of the same axon. Consequently, glutamate accumulation and receptor
activity also exhibit a distribution in discrete “hotspots.” Since glutamate is traditionally
considered a diffusible factor, one criticism of the excitotoxicity theory of glaucoma is
that increased vitreal glutamate concentration cannot explain the patchiness of RGC loss
in the retina. The pattern of excitotoxic hotspots observed here could lead to focal
damage of selective axon bundles at the ONH, thus addressing the sectorial pattern of

. 48,58,138,386
RGC degeneration™ ">,

The excitotoxic mechanism proposed here differs considerably from the
traditional idea discussed in Chapter 1. Previous efforts were focused on investigating
vitreal glutamate, which is thought to be released by dying RGCs and cause secondary
degeneration of neighboring cells. Although the initial finding of raised vitreal glutamate
concentration was not replicated, it does not rule out glutamate involvement in a more

localized fashion. The neuroprotective effect of NMDA receptor blockers in animal
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models support the relevance this idea*'*****’. We demonstrate in the present study that
glutamate is released via a vesicular mechanism from ONH axons as opposed to the
retina, and the accumulation of glutamate is heterogeneous instead of uniform. This
phenomenon occurs relatively early in the disease process (~2 days after LIOH), before
significant soma loss sets in (between week 1 and 2 as shown in Chapter 2). Therefore,
blocking glutamate release and/or signaling at this point could still rescue a considerable

proportion of RGCs, as demonstrated by our AAV experiments.

It is also possible that glutamate plays a role within the retina in parallel to the
axonal degeneration program, even if its vitreal concentration doesn’t reach detectable
level. Some recent studies provide evidence that intra-retinal glutamate is elevated®’ in
rodent glaucoma. In addition, glutamate clearance mechanism may be compromised in
glaucomatous retina, contributing to extracellular accumulation of the excitotoxin®*®.
How intra-retinal glutamate affects the survival and function of different RGC

compartments awaits further elucidation.

Cause of Ectopic Vesicle Accumulation

The nature of the factors that cause ectopic vesicle accumulation remains unclear.
One scenario is that mechanical forces secondary to IOP elevation directly obstruct
axonal transport. The second scenario may involve glial activation, which then signals the
stalling of transport vesicles in the axon via molecular messengers. Anterograde transport
of vesicular cargos on the axonal microtubule is mediated by the kinesin family of motor

proteins®. Nitric oxide derived from microglia, inflammatory cytokine tumor necrosis
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factor-a, and pathogenic polyglutamine-expanded androgen receptor have all been shown
to stimulate phosphorylation of c-Jun N-terminal kinase (JNK), causing dissociation of

389-391 1ro -
. Kinesin-1

kinesin from microtubules, and unloading of synaptic vesicle precursors
defect in transgenic mice is sufficient to induce axonal pathologies similar to many
neurodegenerative diseases””. Interestingly, my preliminary data indicate that
phosphorylated JNK is upregulated at the ONH after LIOH, and co-localizes with ectopic

vesicles. Whether this observation has a causal relationship to the vesicular accumulation

deserves to be followed up in future studies.
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Supplemental Figures
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Figure 4-15. Ectopic synaptic vesicle proteins SV2 and Synaptophysin are present in
axons but not astrocytes

Samples collected 4 days after LIOH were immunostained for SV2 (A, G) and

Synaptophysin (D, J), with co-labeling of tubulin B-III (B, E) or GFAP (H, K). Both SV2

(C, I) and Synaptophysin (F, L) co-localize with the axonal marker tubulin but not the

astrocytic marker GFAP. Scale bar: 50 pm.
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Tubulin

Control

LIOH

LIOH

Figure 4-16. VAMP2 accumulation at the LIOH ONH and co-localization with
SNAP-25
VAMP?2 is absent in the control optic nerve (A), but becomes dramatically accumulated
at the ONH 4 days after LIOH (D), similar to other synaptic vesicle proteins. Tubulin (B,
E) staining demonstrates that ectopic VAMP2 accumulation is within RGC axons (F).
Co-labeling of VAMP2 (G) and SNAP-25 (H) in LIOH samples reveals extensive
overlap of immunoreactivity (I). Scale bar: 50 pm.
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Tubulin

Tubulin

Figure 4-17. Efficiency and specificity of AAV-Cre transduction of RGCs
AAV-Cre vector was injected intravitreally into Rosa26-EYFP mice. Retinal whole-
mounts (A-C), retinal cross sections (D-F) and optic nerve cross sections were examined
after 3 weeks. The EYFP signal (A, D, G) was amplified with Alexa Fluor 488-
conjugated antibodies directed against GFP, which also recognize EYFP. NeuN (B) was
used as a marker for RGC somas, while RGC dendrites and axons were labeled with
tubulin (E, H). Efficient transduction of RGCs is shown by robust immunoreactivity of
the EYFP reporter, co-localizing with NeuN signals (C). In retinal cross section, tubulin”
RGC somas, axons and dendrites display AAV-Cre-mediated expression of EYFP in the
GCL, NFL, and IPL (F). Some cells in the INL are also labeled, likely bipolar and
amacrine cells. In the optic nerve, strong EYFP signaling is only observed on RGC axons
(I). No other optic nerve cell types are labeled. Scale bar: 50 pm.
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Chapter 5

Conclusions
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Summary of Findings

Glaucoma is a complex disease in which many cellular and molecular players
have been implicated. While pharmacological modulation has yielded valuable
information on pathophysiological mechanisms, genetic approaches offer additional
specificity in targeting the molecules of interest, both spatially and temporally. In order to
harness the power of mouse genetics, [ began my dissertation research by trying to induce
glaucoma experimentally via translimbal laser photocoagulation. My results, along with
several other laboratories’ (personal communications), indicate that the laser glaucoma
model in C57BL/6 mice is less than satisfactory. Therefore, the first part of my
dissertation is devoted to developing an alternative experimental model that would allow
me and other investigators to study glaucoma in mice both pharmacologically and
genetically. 1 demonstrate that using albino mice in this experimental protocol is
advantageous in the ease of visualizing ocular vasculature. IOP elevation can be
successfully induced and results in RGC soma and axon loss characteristic of glaucoma.
My data also demonstrate that axon pathology precedes soma death, and is associated

with remarkable disorganization and reactive plasticity.

Secondly, I used this new experimental model to investigate the role of
Eph/ephrin signaling implicated in adult CNS injuries including glaucoma. Upregulation
of several members of the EphB and ephrin-B families occur relatively early after [OP
elevation. Concomitant increase of phosphorylated ephrin-B suggests activation of
reverse signaling. Notably, genetic deletion of either EphB2 or EphB3 increases
susceptibility to axonal degeneration induced by experimental mouse glaucoma. The

involvement of Ephs and ephrins in glaucoma has been surmised for a while, based on
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128246 and microarray data (Gareth Howell, personal communications,

expression studies
2008) in other animal models. This is the first demonstration that EphB receptors play a
neuroprotective role in glaucoma at the functional level. In addition, C-terminally
truncated EphB2 is only partially effective in mediating the function of axonal protection,
indicating that signaling in both the forward and reverse directions is required. Although
endogenous Eph/ephrin activation is transient and not sufficient to overcome the
mechanisms that ultimately lead to axonal degeneration, understanding this pathway may

lead to interventions that prolong or enhance its action and tip the balance toward

neuroprotection.

Thirdly, I propose a mechanism of localized excitotoxicity that may offer new
insight into glutamate’s role in glaucoma. Corroborating immunohistochemical and
ultrastructural analyses of the glaucomatous ONH reveal a localized accumulation of SV
protein-expressing vesicles. These heterogeneously distributed ectopic vesicles can
release glutamate via exocytosis, potentially leading to glutamate accumulation in focal
hotspots. Immuno-localization studies suggest glutamate receptors are expressed on ONH
axons, although the specificity of these antibodies need to be further established by
additional control experiments. Functional assays demostrate that ionotropic glutamate
receptors are more active in experimental glaucoma, and pharmacological blockage of
glutamate signaling preserves RGC axons in vitro and in vivo. Restricted deletion of
VGLUT?2 or NR1 in RGCs disrupts glutamate release or NMDA receptor activation, and
significantly promotes axon survival in vivo. These data are consistent with a model in
which vesicular glutamate release from ONH axons causes local excitotoxic damage to

neighboring axons. This mechanism differs from the traditionally held theory of
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excitotoxicity in that it occurs relatively early, and involves actively regulated
components. The reliance of this pathway on vesicular fusion may present novel entry
points that could be targeted to interfere with excitotoxic degeneration. A number of
important questions remain to be answered. The present study does not adequately
address the expression of NMDA, AMPA and kainate glutamate receptors on ONH axons,
and their relative contribution to excitotoxicity. In addition, the relative importance of
axonal versus somatic excitotoxic pathways and their spatial/temporal interactions need

to be further elucidated.

Connecting Eph/ephrin Signaling and Glutamate Excitotoxicity

Is there a direct connection between the latter two parts of my dissertation? Do the
EphB/ephrin-B signaling mechanisms interact with the glutamate excitotoxicity pathway?
There is now an impressive body of literature on the role of Eph/ephrin signaling in
modulating synaptic functions. For example, EphB2 promotes NMDA receptor clustering
and calcium influx in a kinase-independent fashion'® ' At the mossy fiber-CA3
synapse, EphB2 activates AMPA receptor function, as well as enhancing the probability
of presynaptic glutamate release via reverse signaling’”’. In the Xenopus retinotectal
system, ephrin-B1 facilitates presynaptic transmitter release, and increase postsynaptic
responsiveness” . The ability of Eph/ephrin to enhance excitatory transmission in some
systems appears at odds with the results presented here. How can Eph/ephrin signaling be
neuroprotective if it could potentiate the effect of excitotoxic stimuli? Firstly, it is

important to point out that although this study desmonstrates ectopic accumulation of SV
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protein-containing vesicles, the ONH is still distinct from specialized synaptic regions.
The mechanisms in normal synaptic plasticity and glaucomatous pathology may involve
similar molecules but different outcome. The Eph/ephrin system is well-known for
having paradoxical effects. Whether it mediates attractive or repulsive interactions could

156,395-396 The downstream molecules that

be highly context- and concentration-dependent
transduce Eph/ephrin signals likely exhibit different concentrations in a normally non-
synaptic region (RGC axons) compared to synapses. Secondly, the glutamate receptor
subtype most important for excitotoxicity at the ONH has not been conclusively
demonstrated. This study did not investigate the involvement of kainate receptors, which
may in part mediate the effect of glutamate. Whether kainate receptors interact with the
Eph/ephrin system in normal physiology is unclear. Alternatively, Eph/ephrin and

glutamate signaling could act independently in parallel pathways, but both affect the

ultimate outcome of axonal degeneration via opposing downstream effectors.

Concluding Remarks

A number of themes have emerged from my research and readings on glaucoma.
The concept of compartmentalization has been extensively discussed throughout this
dissertation. My work led me to realize that compartmentalization may need to be
appreciated at even finer levels than reviewed in the literature. The potential occurrence
of “excitotoxic hotspots” at the ONH would suggest that not only do different
compartments of the neuron launch distinct molecular programs in response to glaucoma,

heterogeneity could occur within the same compartment. This idea could have profound
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implications in drug design and delivery. Systemic delivery of neuroprotective agents
may not achieve desirable concentration at the most relevant site of action. More
localized and targeted delivery routes need to be developed to address this limitation.
Furthermore, most neuroprotective strategies proposed to date focus on antagonizing
pathogenic pathways. It is important to keep in mind that the outcome of glaucoma
depends on a tug-of-war between endogenous protective and detrimental signals. The
balance between these mechanisms may determine the differential susceptibility of
individuals to glaucoma, even in the absence of IOP elevation. Novel strategies that aim
at potentiating pro-survival pathways such as Eph/ephrin signaling in glaucoma could

considerably expand the arsenal to fight this debilitating disease.
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