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Abstract
Hypoxia is a profound stressor of the central nervous system implicated in
numerous neurodegenerative diseases. While it is increasingly evident that the early
effects of hypoxia cause impairment at the level of the axon, the precise mechanisms
through which hypoxia compromises axonal structure and function remain unclear.
However, links between hypoxia‐induced axonopathic disease and the amyloid cascade,
as well as the upregulation of amyloid precursor protein (APP) and amyloid beta (Aβ)
by hypoxic stress, give rise to the hypothesis that proteolytic cleavage of APP into Aβ
may be specifically responsible for axonopathy under conditions of hypoxia.
The goal of this dissertation was thus to understand dependence of hypoxia‐
induced axonal morphological and functional impairment on APP cleavage and the
production of Aβ. I have developed a model of hypoxia‐induced axonopathy in retinal
explants. Using this model, I have experimentally addressed the core hypothesis that
APP cleavage, and in particular the formation of Aβ, is necessary and sufficient to
mediate morphological and functional axonopathy caused by hypoxia. I have found that
there is a dissociation between the mechanisms responsible for hypoxia‐induced
morphological and functional impairment of the axon in the explanted retina, with the
former being dependent on APP‐to‐Aβ processing and the latter likely being dependent
on cleavage of a non‐APP substrate by the enzyme BACE1. These findings shed light on
mechanisms of hypoxia‐induced axonopathy.
iv

Contents
Abstract .........................................................................................................................................iv
List of Tables .................................................................................................................................ix
List of Figures ................................................................................................................................ x
List of Abbreviations .................................................................................................................xiv
Acknowledgments ......................................................................................................................xv
I. General Introduction ................................................................................................................. 1
On the brain as an oxygen‐dependent organ ..................................................................... 1
The retina as an ideal system for the study of axons......................................................... 5
Axon‐resident molecules as mediators of axonopathic disease....................................... 8
The amyloid cascade in health and disease ........................................................................ 9
The amyloid cascade............................................................................................................ 9
The amyloid cascade in the healthy CNS ....................................................................... 12
The amyloid cascade in neurodegenerative disease ..................................................... 14
The amyloid cascade may directly mediate hypoxia‐induced axonopathy................. 18
Levels of APP and Aβ are regulated by hypoxia........................................................... 18
APP metabolites modulate axonal viability ................................................................... 21
Morphology .................................................................................................................... 21
Function........................................................................................................................... 24
Summary................................................................................................................................ 26
II. Experimental methods........................................................................................................... 27
Choice of a model ................................................................................................................. 27
v

Culture of retinal explants................................................................................................... 30
Dissection of retinal explants............................................................................................ 30
Hypoxic stress..................................................................................................................... 33
Transfection of retinal explants .......................................................................................... 34
Characterization of retinal explant health ........................................................................ 36
Assessment of retinal ganglion cell morphology........................................................... 36
Assessment of retinal ganglion cell function.................................................................. 38
Immunofluorescence assays of retinal explants............................................................. 44
Western blotting of retinal explants................................................................................. 45
III. Sensitivity of the explanted retina to hypoxic stress........................................................ 47
Introduction........................................................................................................................... 47
Results .................................................................................................................................... 49
Hypoxia causes axonopathy in RGCs from adult retinal explants ............................. 49
Morphology .................................................................................................................... 49
Function........................................................................................................................... 58
Hypoxia influences glial cell morphology in adult retinal explants........................... 64
Discussion.............................................................................................................................. 66
RGCs in the explanted retina are sensitive to hypoxic stress....................................... 66
Hypoxic stress affects multiple cell populations in the retina ..................................... 69
IV. Proteolytic cleavage of APP mediates hypoxia‐induced morphological axonopathy 71
Introduction........................................................................................................................... 71
Results .................................................................................................................................... 73

vi

Proteolytic processing of APP is necessary for hypoxia‐induced impairment of
axonal morphology ............................................................................................................ 73
Pharmacological inhibition of APP cleavage ............................................................. 74
Genetic elimination of APP .......................................................................................... 78
Aβ production from overexpressed APP is sufficient to cause morphological
axonopathy.......................................................................................................................... 82
Discussion.............................................................................................................................. 85
Proteolytic processing of APP to Aβ is necessary for acute hypoxia‐induced
morphological axonopathy ............................................................................................... 85
Processing of APP to Aβ is sufficient to cause morphological axonopathy .............. 89
V. Proteolytic processing of APP does not mediate hypoxia‐induced functional
axonopathy .................................................................................................................................. 92
Introduction........................................................................................................................... 92
Results .................................................................................................................................... 94
Proteolytic processing of APP to Aβ is not necessary for hypoxia‐induced
impairment of axonal transport ....................................................................................... 94
Pharmacological inhibition of APP cleavage ............................................................. 94
Genetic elimination of APP ........................................................................................ 100
APP overexpression is not sufficient to impair axonal transport.............................. 105
Discussion............................................................................................................................ 112
Inhibiting BACE1 cleavage of a non‐APP substrate protects axons against hypoxia‐
induced functional impairment...................................................................................... 112
Why doesn’t APP overexpression impair axonal transport in the explanted retina?
............................................................................................................................................. 114
VI. Conclusions and Future Directions.................................................................................. 118
Summary.............................................................................................................................. 118
vii

Hypoxia affects axonal function and morphology via different mechanisms........... 119
BACE1, not Aβ, as a central mediator of hypoxia’s effects on the axon? ................... 124
Future questions ................................................................................................................. 127
What is the mechanism by which Aβ impairs axonal morphology? ........................ 127
What does BACE1 cleave to impair axonal transport? ............................................... 134
What is the relationship between axonopathy and neuronal survival under
conditions of hypoxia?..................................................................................................... 136
A broader perspective on the role of hypoxia in CNS disease..................................... 138
Hypoxia in brain disease ................................................................................................. 139
Hypoxia in retinal disease............................................................................................... 142
Clinical implications ........................................................................................................ 145
Appendix A: Supplemental methods..................................................................................... 148
Appendix B: Development of a modified capillary gun for the transfection of the
explanted retina......................................................................................................................... 159
Appendix C: Automated quantification of Cholera Toxin B transport............................. 182
Appendix D: Effect of tissue age on response to hypoxia................................................... 190
Appendix E: Failure of neuroprotective compounds to improve axonal transport in adult
retinal explants .......................................................................................................................... 201
Appendix F: Effect of blocking APP proteolytic processing on chronic hypoxia‐induced
impairment of axonal function................................................................................................ 208
Appendix G: Effect of optineurin isoform overexpression on RGCs from the explanted
retina ........................................................................................................................................... 214
Appendix H: Effect of non‐hypoxic stressors on the explanted retina ............................. 222
References .................................................................................................................................. 239
Biography................................................................................................................................... 285
viii

List of Tables
Table 1: Anti‐amyloid compounds used to prevent BACE1 or γ‐secretase cleavage of
APP. .............................................................................................................................................. 32
Table 2: Materials needed for precipitation of DNA onto gold particles.......................... 153
Table 3: Neuroprotective compounds tested for the capacity to improve axonal transport
capacity....................................................................................................................................... 202
Table 4: Effect of neuroprotective compounds on CTB transport under normoxic
conditions................................................................................................................................... 203
Table 5: Effect of neuroprotective compounds on CTB transport under acute hypoxic
conditions................................................................................................................................... 205

ix

List of Figures
Figure 1: Proteolytic processing of APP. ................................................................................. 11
Figure 2: Effect of hypoxia on the amyloidogenic pathway of APP cleavage.................... 20
Figure 3: Retinal explants in culture......................................................................................... 31
Figure 4: Assessment of axonal morphology. ......................................................................... 37
Figure 5: Assessment of axonal function in untransfected retinal explants. ...................... 40
Figure 6: Assessment of axonal function in transfected retinal explants............................ 42
Figure 7: Biolistic transfection of retinal explants labels cells to their distal tips............... 51
Figure 8: YFP‐transfected retinal ganglion cells cultured in retinal explants remain
morphologically intact for one week........................................................................................ 53
Figure 9: Acute exposure to hypoxia causes morphological axonopathy. ......................... 55
Figure 10: Brief exposure to acute hypoxic stress causes reversible morphological
axonopathy. ................................................................................................................................. 56
Figure 11: Chronic exposure to hypoxia does not cause morphological axonopathy. ..... 57
Figure 12: Retinal ganglion cells in cultured retinal explants retain axonal transport
capacity for one week ex vivo..................................................................................................... 60
Figure 13: Acute exposure to hypoxia impairs axonal transport. ........................................ 62
Figure 14: Chronic exposure to hypoxia impairs axonal transport. .................................... 63
Figure 15: Acute hypoxic stress causes morphological changes in retinal glia.................. 65
Figure 16: Transfected APP‐Sw is processed in the explanted retina.................................. 75
Figure 17: Inhibition of BACE1 and γ‐secretase ameliorate acute hypoxia‐induced
morphological axonopathy........................................................................................................ 76
Figure 18: APP knockout mice have no full‐length APP protein in their retinas. ............. 79

x

Figure 19: Explants from APP‐null mice are protected against hypoxia‐induced
morphological axonopathy and unaffected by BACE1 or γ‐secretase inhibition.............. 81
Figure 20: Inhibition of BACE1 and γ‐secretase does not ameliorate morphological
axonopathy induced by prolonged hypoxia in explants from APP‐null mice. ................. 83
Figure 21: Experimental elevations of Aβ cause morphological axonopathy in RGCs. ... 86
Figure 22: BACE1 inhibition ameliorates acute hypoxia‐driven impairment of axonal
transport. ...................................................................................................................................... 96
Figure 23: γ‐secretase inhibition does not ameliorate acute hypoxia‐driven impairment
of axonal transport...................................................................................................................... 98
Figure 24: CTB transport capacity does not differ between wild‐type and APP‐null mice.
..................................................................................................................................................... 101
Figure 25: APP is not necessary for acute hypoxia‐induced impairment axonal transport
or rescue by BACE1 inhibition ................................................................................................ 103
Figure 26: APP overexpression does not impair axonal transport in explanted RGCs. . 106
Figure 27: APP overexpression does not impair axonal transport in explanted RGCs. . 108
Figure 28: Tau4R overexpression impairs axonal transport in explanted RGCs. ............ 110
Figure 29: Possible relationships between hypoxia‐induced impairments of axonal
structure and function. ............................................................................................................. 120
Figure 30: Relationship between hypoxia‐induced impairments of axonal structure and
function....................................................................................................................................... 122
Figure 31: Localization of BACE1 immunoreactivity in retinal explants.......................... 129
Figure 32: Modified capillary gun apparatus. ...................................................................... 162
Figure 33: Transfection with the modified capillary gun labels retinal ganglion cells
(RGCs) to their distal tips......................................................................................................... 170
Figure 34: RGCs transfected with YFP using the modified capillary gun remain
morphologically intact for 1 week ex vivo. ........................................................................... 173

xi

Figure 35: RGCs transfected with YFP using the modified capillary gun retain functional
axonal transport. ....................................................................................................................... 175
Figure 36: The glial microenvironment remains intact after RGC transfection using the
modified capillary gun. ............................................................................................................ 177
Figure 37: Automated quantification of the number and intensity of CTB‐transporting
RGCs in a non‐transfected explant......................................................................................... 186
Figure 38: Automated identification of transfected RGC somata. ..................................... 188
Figure 39: RGCs in juvenile retinal explants are more resistant than those in adult retinal
explants to the effects of acute hypoxia on axonal morphology. ....................................... 192
Figure 40: RGCs from juvenile retinal explants are more resistant than those in adult
retinal explants to the effects of acute hypoxia on axonal function................................... 194
Figure 41: RGCs from juvenile retinal explants are more susceptible than those from
adult retinal explants to the effects of chronic hypoxia on axonal morphology.............. 197
Figure 42: RGCs from juvenile retinal explants are more susceptible than those from
adult retinal explants to the effects of chronic hypoxia on axonal function..................... 199
Figure 43: Effect of neuroprotective compounds on CTB transport under normoxic
conditions................................................................................................................................... 204
Figure 44: Effect of neuroprotective compounds on CTB transport in acute hypoxia.... 206
Figure 45: BACE1 inhibition ameliorates chronic hypoxia‐induced impairment of axonal
transport. .................................................................................................................................... 210
Figure 46: γ‐secretase inhibition does not ameliorate chronic hypoxia‐induced
impairment of axonal function................................................................................................ 212
Figure 47: Overexpression of mutant but not wild‐type optineurin causes cytoplasmic
aggregates in explanted RGCs. ............................................................................................... 218
Figure 48: Oxidative stress impairs cellular morphology in retinal explants. ................. 226
Figure 49: Oxidative stress impairs axonal transport in explanted RGCs. ....................... 229
Figure 50: Exposure to hyperbaria ex vivo does not cause morphological axonopathy.232
xii

Figure 51: Exposure to hyperbaria does not impair axonal transport............................... 234

xiii

List of Abbreviations
Aβ

Amyloid Beta

AD

Alzheimer’s Disease

ALS

Amyotrophic Lateral Sclerosis

APP

Amyloid Precursor Protein

ATP

Adenosine Triphosphate

CNS

Central Nervous System

CTB

Cholera Toxin B

HIF‐1

Hypoxia‐Inducible Factor 1

PBS

Phosphate‐Buffered Saline

RGC

Retinal Ganglion Cell

YFP

Yellow Fluorescent Protein

xiv

Acknowledgments

Early in my graduate school career, I received the sage advice that earning a
Ph.D. can be likened to running a marathon, not a sprint. Only in retrospect, as the finish
line appears off in the distance, can I fully appreciate the aptness of that advice. While
toiling away on this marathon of a journey, I have had the good fortune to be supported
and cheered on by the following people, to whom I give my sincere thanks.
To my mentor Donald Lo, thank you for a wonderful five years. Your unfailing
optimism, scientific curiosity, and strength of character have been a true inspiration
during my time at Duke. The guidance and encouragement you gave me, along with the
freedom to seek my own path, have made me the scientist I am today.
To my committee, David Calkins, Dona Chikaraishi, Stuart McKinnon, and Pate
Skene, I am grateful for your enthusiasm and generous, insightful counsel. I have
benefitted much from your keen intellects and broad expertise. I count myself among
the lucky few graduate students to actually enjoy their committee meetings through the
years, and I will remember them–filled with scientific endeavor and laughter both–very
fondly.
To the members of the Lo lab past and present, especially Bijal Shah and Denise
Dunn, I thank you for the balance of scientific inquiry and friendship you brought to my
time in the laboratory. Your fresh perspectives and happy company, and the willingness
xv

to listen to me rattle on about the retina and all other aspects of my life, have been dearly
appreciated.
I offer heartfelt thanks to my family, without whom this journey would not have
been possible. Much thanks go to my parents, Norman and Natalie Gottron, for teaching
me to love learning, for instilling in me the confidence to succeed, and for believing in
me enough to ask “what did you discover today?” in good faith each and every day for
the past five years. Few graduate students are lucky enough to pursue their degrees in
the company of close siblings, so I am grateful for the Days of Fun with Norman Gottron
and Rachel and Joel Greenberg as well as the perspective they helped me maintain
through the years. I thank also the members of the Christianson family, who have
accepted me as one of their own and taught me the happiness that comes from
cultivating academic interests into meaningful parts of daily life.
Finally, thanks are not enough to my best friend and husband, Olav
Christianson. Your endless pursuits to brighten my day and give the race a positive spin
have made all the difference. For always reminding me who I am, and helping me
discover who I want to be, I am eternally grateful.

xvi

I. General Introduction

On the brain as an oxygen-dependent organ
We do it 20,000 times a day, 700 million times in a lifetime–the simple intake and
expulsion of air into and out of our bodies. Breathing is an unconscious act, regulated by
centers deep in the brain that keep our diaphragms moving slowly, rhythmically, to
control the flow of precious oxygen molecules into our lungs. Once oxygen has entered
the lungs, physical laws push it into the blood stream and thus enable it to travel
throughout the body, where it makes possible the release of energy stored in the food
we eat.
This energy‐releasing function makes oxygen particularly important in the
mammalian brain, a highly aerobic organ that requires massive amounts of oxidative
metabolism‐derived adenosine triphosphate (ATP) to support neuronal signaling and its
associated ion flux (Astrup, 1982; Clausen et al., 1991; Friberg and Wieloch, 2002). The
extent to which the brain depends on the delivery of oxygen through the circulation is
clear from a look at its metabolic demands: even though the brain accounts for only 2%
of total body weight, it receives roughly 20% of all cardiac output and carries out almost
a quarter of total body metabolism to generate its requisite ATP.
Given the brain’s extreme metabolic requirement, one might expect that steady‐
state oxygen levels in the brain would be high to enable rapid production of ATP at a
1

moment’s notice. Experimental evidence, however, has consistently shown that the
opposite is true: despite using more oxygen than virtually any other organ, the brain is
maintained in a hypoxic state in which oxygen tension is lower than that in the rest of
the body (Ndubuizu and LaManna, 2007). While initially surprising, this meticulous
maintenance of low oxygen levels in fact makes sense in light of oxygen’s reactive
nature, which allows it to act as both a useful electron acceptor during metabolic
processes and a potent cellular toxin. Relative hypoxia thus protects the brain from
damaging reactive oxygen species, which would otherwise constitute a particularly
powerful stressor since neurons do not have significant capacity to divide and
regenerate.
This special protection afforded by maintaining low oxygen levels in an organ
with such a high oxygen requirement comes at a price. Unlike specialized cells of the
kidney that thrive in hypoxic environments (Dong et al., 2003), the mammalian brain
cannot tolerate prolonged periods of decreased oxygen delivery. The brain’s relatively
sparse energy stores and meager capacity to produce energy via anaerobic glycolysis are
simply insufficient to supply the ATP it needs when oxygen is not close at hand.
For this reason, oxygen deprivation engenders severe consequences for the brain.
Experimental interruption of the central nervous system (CNS) oxygen supply produces
profound neurodegeneration (Gomez and Pike, 1909), with severe oxygen deprivation
inducing mitochondrial swelling, disruption of the endoplasmic reticulum and Golgi
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complexes, and surface discontinuities characteristic of apoptosis and/or necrosis
(Cohen, 1964). These changes occur in a stereotyped and progressive manner, with more
severe hypoxic episodes producing more severe patterns of neuronal death (Brown and
Brierley, 1968).
Prior to this final cellular surrender, however, many of the earliest hypoxia‐
induced neurodegenerative changes are first detectable at the level of the axon. For
example, exposure of the retina to hypoxia in vitro causes abnormal swelling of retinal
ganglion cell axons, producing morphological varicosities as well as the axonal
accumulation of swollen mitochondria and debris, disruption of filaments and
microtubules, and discontinuity of the axonal membrane (Def Webster and Ames, 1965).
These changes are consistent with those described when the CNS is deprived of oxygen
in vivo (Hager et al., 1960).
This morphological axonopathy resembles the early stages of classic Wallerian
degeneration, in which the distal end of an injured axon degenerates rapidly after a
reproducible latent phase (Waller, 1850; Lubinska, 1977; Beirowski et al., 2005). Though
both Wallerian degeneration and hypoxia‐induced axonopathy are accompanied by
acute elevation of calcium levels in the axon (Schlaepfer, 1974; Jette et al., 2006),
however, they appear to be mediated at least in part via distinct mechanisms. Whereas
overexpression of the WldS gene greatly slows Wallerian degeneration in multiple
axonopathic contexts (Lunn et al., 1989; Mi et al., 2005; Beirowski et al., 2008; Meyer zu
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Horste et al., 2010), it does not prevent morphological axonopathy arising due to
hypoxia in an animal model of ischemic stroke (Baxter et al., 2008). Thus, the pathways
leading from hypoxia to morphological compromise of the axon remain unclear.
Given the intimate relationship between axonal structure and axonal function, it
is not surprising that hypoxia‐induced morphological disruption of the axon is
accompanied by the impairment of axonal function. This impairment is clear from an
examination of the effects of oxygen deprivation on axonal transport, arguably one of
the most important axonal functions since it is necessary to supply the distal synapse
(via anterograde transport) and the neuronal soma (via retrograde transport) with vital
molecules. Exposure to hypoxic conditions slows fast and slow axonal transport in vitro
(Ochs and Ranish, 1970; Kirkpatrick et al., 1972; Sabri and Ochs, 1972) and in vivo (Leone
and Ochs, 1978; Frolkis et al., 1997). As above, the severity of these deficits depends on
the severity of the hypoxic stressor (Leone and Ochs, 1978), and fast axonal transport
appears to be more susceptible to hypoxia‐induced impairment than slow axonal
transport (Nagata et al., 1987).
Although a smattering of reports has suggested that nitric oxide (Zanelli et al.,
2006) or proteins associated with mitochondrial localization (Li et al., 2009b) might be
involved in this hypoxia‐induced dysfunction, a coherent mechanism of how hypoxia
produces these characteristic impairments has remained elusive.
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Nevertheless, these findings of early axonopathy that precedes overt neuronal
death have led to the suggestion that disruption of the axon may be the initial insult that
leads to subsequent neuronal degeneration under conditions of oxygen deprivation.
Such an axocentric cause for neurodegeneration is not new and has in fact been posited
in a range of neurodegenerative diseases (Coleman, 2005; Morfini et al., 2009), including
Alzheimer’s disease (Stokin et al., 2005), Huntington’s disease (Li et al., 2001), and
glaucoma (Crish and Calkins, 2011), among many others. Indeed, in all of these cases,
axocentric mechanisms are tantalizing, because they imply that correction of the defect
at the axon could have the capacity to rescue the entire neuron from degeneration (Ferri
et al., 2003).
Although it has been nearly half a century since the original observations of
hypoxia‐induced axonopathy, however, the molecular mechanisms through which
hypoxia causes these axonopathic changes–and whether the mechanisms responsible for
morphological and functional axonal impairment are in fact shared–still remain unclear.
The overall goal of my dissertation research has thus been to gain insight into the
cellular mechanisms by which hypoxia compromises axonal structure and function.

The retina as an ideal system for the study of axons
One part of the brain that is particularly amenable to the study of axons is the
retina. As for other regions of the vertebrate nervous system, the retina derives during
development from the neural tube (Duke‐Elder, 1963; Mann, 1964). This tube evaginates
5

to form the optic vesicles, which give rise to the neural epithelium of the optic cup that
later becomes the retina. Like the rest of the CNS, then, the retina develops to contain
multiple populations of neurons as well as glial cells that fill the interneuronal space.
Further, a blood‐retinal‐barrier analogous to the blood‐brain‐barrier prevents certain
molecules from crossing from the vasculature into the retina. Thus, the retina is often
considered a peripheral microcosm of the rest of the brain (in Cajal’s words, a “genuine
neural center”) that has been pushed out into the eye during development.
Several factors make the retina particularly ideal for detailed study. Most notable
among these factors is the retina’s extra‐cranial location, an isolated area in the orbit that
facilitates study of the retina’s functions without complications of other neuronal centers
nearby. Further, unlike the brain, which is surrounded by the skull and protective
membranes, the retina lines the back of the eye and is thus easily experimentally
accessible. Finally, the lack of firm attachment between the photoreceptors at the back of
the retina and the pigment epithelium lining the eye means that the retina may be
removed from the back of the eye and cultured ex vivo.
Due in no small part to this favorable location, a great deal is already known
about the retina. It has a well defined, highly ordered anatomical organization that
centers on comparatively few broad classes of cell structured into layers. The circuitry
and electrical responses of these layers, which can be stimulated and monitored in a
relatively straightforward way, have been extensively studied. Further, that the retina’s
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layered organization is consistent, though not entirely conserved, across species means
that observations made in one species can typically inform those made in another.
This organization into characteristic layers makes the retina remarkably well
suited for the study of CNS axons. For example, consider the retinal ganglion cell (RGC),
the primary projection neuron of the retina. RGC somata in the ganglion cell layer are
somewhat separated from their processes, with their dendrites synapsing primarily in
the deeper inner plexiform layer and their axons being confined to the more superficial
nerve fiber layer. In the human nerve fiber layer, therefore, over one million RGC axons
run together alongside one another as they course from RGC somata to the optic nerve
head at the back of the eye.
Upon exiting the eye, these axons form the optic nerve and extend to visual
centers in the rest of the brain. In addition to being accessible for experimental study and
aptly organized, therefore, these axons also serve as model projection neurons for the
CNS. Indeed, RGCs are faced with the formidable task of maintaining viability while
supporting an axon containing the vast majority of their cytoplasm. This means that
RGCs and their axons, like motor neurons and other projection neurons of the nervous
system, are particularly susceptible to axonopathic stressors like hypoxia (Tinjust et al.,
2002; Kergoat et al., 2006; Janaky et al., 2007). They thus provide an ideal model in which
to study the mechanisms through which hypoxia impairs axonal structure and function.
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Axon-resident molecules as mediators of axonopathic disease
One class of molecule particularly likely to mediate hypoxia‐induced
axonopathic compromise is the axon‐resident proteins that play a role in programs of
axonal degeneration. Although axonal degeneration was long thought to be a passive
process arising as a consequence of disrupted trophic support from the cell body
(Waller, 1850; Raff et al., 2002; Luo and OʹLeary, 2005; Buss et al., 2006), newer evidence
has shown that active mechanisms in the axon itself mediate specific programs of axonal
degradation (Lunn et al., 1989; Ludwin and Bisby, 1992; Gillingwater et al., 2006). These
programs are distinct from cell death pathways activated in neuronal somata, such that
it is possible to dissociate their effects and pharmacologically or genetically halt
neuronal apoptosis without stopping degeneration of the axon (Sagot et al., 1995; Watts
et al., 2003; Gould et al., 2006).
One such axon‐centered degenerative program active during developmental
pruning involves the activation of caspase 6 by a metabolite of amyloid precursor
protein (APP), one of the most abundant proteins in the axon (Nikolaev et al., 2009).
Given that APP is highly expressed not just during development but also throughout
adulthood and is linked to neurodegenerative disease (see below), it is possible that an
APP‐dependent mechanism could be similarly responsible for the axonopathy induced
by hypoxic insult in the adult CNS. In preparation to consider this idea, the following
section introduces APP and its functions in the CNS during health and disease.
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The amyloid cascade in health and disease
The amyloid cascade
APP is the parent member of a collection of proteins known as the amyloid
cascade that that has been implicated in a startlingly vast array of health and disease
processes. Expressed widely throughout the body, APP is a type 1 transmembrane
protein that is produced in great quantities throughout life (Weidemann et al., 1989;
Anliker and Muller, 2006; Zheng and Koo, 2006). Three forms of the protein, comprising
695, 751, and 770 amino acid residues, exist, with the 695‐residue form being highly and
specifically expressed in neurons (Haass et al., 1991). Under normal circumstances, APP
in neurons is transported via fast axonal transport down the axon (Koo et al., 1990;
Morin et al., 1993; Moya et al., 1994; Amaratunga and Fine, 1995; Yamazaki et al., 1995;
Buxbaum et al., 1998; Lyckman et al., 1998; Papp et al., 2002). It is generally believed
that APP is then inserted into the membrane before subsequently being internalized and
shuttled through a sequence of intracellular compartments (Thinakaran and Koo, 2008).
Two primary pathways of proteolytic APP cleavage, distinguished by whether
they produce the infamous beta‐amyloid (Aβ) peptide, exist in neurons (Figure 1). In the
so‐called “amyloidogenic” pathway, membrane‐bound APP is first cleaved by β‐
secretase (most commonly by BACE1) at the +1 and +11 sites of the future Aβ peptide to
generate a soluble fragment as well as membrane‐bound C99. C99 is then further
processed by γ‐secretase (a multi‐protein enzyme made up of presenilin 1 or 2, nicastrin,
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anterior pharynx‐defective 1, and presenilin enhancer 2) at varying sites from +40 to +44
within the membrane to generate Aβ, which can either remain soluble or oligomerize to
form higher‐order complexes.
In competition with this processing pathway is the more prevalent “non‐
amyloidogenic” pathway, in which APP is cleaved by α‐secretases in the ADAM family
of membrane‐anchored metalloproteases. This second pathway, in which α‐secretases
cleave APP in the middle of the Aβ sequence, precludes the formation of Aβ.
In addition to these primary two pathways of APP cleavage, APP may also be
processed via several other mechanisms. APP is cleaved by caspases to generate a C‐
terminal fragment known as C31 that has shown toxic properties in multiple systems
(Lu et al., 2000; Bredesen et al., 2010). APP may also be cleaved by the BACE1
homologue BACE2 at the +1 and +19 sites of the Aβ peptide (Farzan et al., 2000),
although the physiological consequences of such cleavage remain a matter of inquiry.
Finally, several γ‐secretase‐like cleavage sites that generate “extra‐long” versions of Aβ
have been described (Zhao et al., 2004; Qi‐Takahara et al., 2005).
The complexity of APP processing and the sheer number of APP metabolites
resulting from various combinations of enzymes cleaving APP has led to conflicting
views over numerous aspects of the APP cascade, such as precisely where APP
metabolism occurs, whether its metabolites function intra‐ or extracellularly, and if APP

10

Figure 1: Proteolytic processing of APP.
Schematic showing the pathways of intramembranous APP cleavage. APP may be
cleaved by BACE1 and the γ‐secretase complex at several locations to generate different
isoforms of the Aβ product. Alternatively, APP may be cleaved by caspases, BACE2, or
α‐secretase in a non‐amyloidogenic pathway to generate other products. A significant
number of cleavage products can be generated by successive cleavage by multiple
enzymes.
11

metabolites act in a monomeric or multimerized capacity. Nevertheless, several lines of
evidence support the core implication of processing through this complex cascade
playing important roles in the CNS in both health and disease states. The next sections
of this introduction will review these lines of evidence.

The amyloid cascade in the healthy CNS
Given its high level of expression both during and after development, it is likely
that APP plays an important physiological role in the CNS. However, the precise nature
of this role is still under examination.
In part, the function of full‐length APP remains mysterious due to the absence of
a severe phenotype APP‐deficient animals (Zheng et al., 1995). Mice lacking the APP
gene are slightly smaller than their wild‐type counterparts and exhibit a mild reactive
gliosis in the brain. In most other respects, however, APP‐null mice are relatively
normal. Nevertheless, that deficiency of both APP and its closely‐related gene family
members APP‐like proteins 1 and 2 produces postnatal lethality suggests that the mild
phenotype in APP‐null mice is due to partially overlapping roles or compensatory
capacity among APP gene family members (Herms et al., 2004).
What, then, is the nature of these partially overlapping roles? The earliest reports
of a physiological role for the longer isoforms of APP involved their function as serine
protease inhibitors involved in platelet coagulation (Smith et al., 1990). Such a role is
consistent with APP’s original purification from sites of high abundance in the cerebral
12

vasculature (Glenner et al., 1970; Glenner and Wong, 1984) but may not fully describe
the function of the shorter APP isoform important in neurons of the CNS.
Evidence has suggested that the shorter, neuronal isoform of APP may be
involved in trophic processes during neuronal development. This form of APP is
upregulated during the period of neuronal maturation in vivo (Hung et al., 1992), and its
overexpression stimulates neurite outgrowth in many settings (Chen and Yankner, 1991;
Milward et al., 1992; Jin et al., 1994; Ninomiya et al., 1994; Small et al., 1994;
Chasseigneaux et al., 2011). APP overexpression also increases synaptic density,
promotes synaptic differentiation, and influences synaptic plasticity (reviewed in
Mattson, 1997). Additional effects promoting neurogenesis and cell adhesion during
neuronal migration have also been reported (Young‐Pearse et al., 2007; Zhou et al.,
2011). Together, these findings suggest a role for APP in the development of the nervous
system.
The specific role of neuronal APP in the mature nervous system has been more
perplexing. APP in the adult brain is expressed at high levels in neurons associated with
frequent synaptic modification, suggesting that APP may be involved in processes
necessary for learning and memory (Loffler and Huber, 1992; Ouimet et al., 1994).
Consistent with this idea, roles for APP in the regulation of adult neurogenesis and
memory formation have been reported (Caille et al., 2004; Goguel et al., 2011). However,
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continuing discovery in the field suggests that the definitive role for APP in the adult
CNS remains to be fully described (Senechal et al., 2006; Muller and Zheng, 2011).

The amyloid cascade in neurodegenerative disease
From the previous discussion, it is clear that APP and its proteolytic cleavage
products play important, if incompletely understood, roles in the CNS. Given these
functions, it is not altogether surprising that aberrant processing through the amyloid
cascade has been associated with neurodegenerative disease. In particular, the formation
of the Aβ cleavage product from APP has been posited as a key player in multiple
neurodegenerative diseases.
Aβ is most famous for its putative role in the pathogenesis of Alzheimer’s
disease (AD), where a widely accepted etiological explanation for the disease posits that
neurodegeneration is caused by the aberrant proteolytic processing of APP into Aβ
(Hardy and Allsop, 1991; Hardy and Selkoe, 2002; Mattson, 2004; Tanzi and Bertram,
2005). Support for this explanation arises from multiple sources, notably: 1) the existence
of familial forms of AD caused by mutations in APP that increase levels of Aβ in the
brain (Levy‐Lahad et al., 1995; Rogaev et al., 1995; Sherrington et al., 1995; Bertram et al.,
2010); 2) the triplication of the APP gene and resultant elevation of Aβ in individuals
with Down syndrome, all of whom eventually develop the neuropathologic signatures
of AD (Rumble et al., 1989; Lemere et al., 1996; Tokuda et al., 1997); and 3) an extensive
body of work establishing that Aβ is acutely neurotoxic to a variety of neuronal cell
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types in a concentration‐dependent manner (Yankner et al., 1989; Yankner et al., 1990a;
Yankner et al., 1990b; Pike et al., 1991; Loo et al., 1993; Meyer‐Luehmann et al., 2008). It
follows from this idea that the elevated levels of Aβ deposition in the AD brain (and
correspondingly decreased levels of Aβ in the cerebrospinal fluid) are taken as evidence
of neuropathology (Selkoe, 2001; Sunderland et al., 2003). Based on this evidence, the
primary efforts to develop therapeutic agents for Alzheimer’s disease in the clinic have
focused on preventing Aβ formation or reducing its levels in the brain.
A growing body of evidence also implicates aberrant APP‐to‐Aβ processing in
glaucoma, a neurodegenerative disease of the retina in which loss of retinal ganglion cell
axons causes progressive vision loss leading to blindness. APP is expressed in the
human retina (Morin et al., 1993; Loffler et al., 1995), and the presence of Aβ peptide in
the aqueous humor indicates that its proteolytic processing in the eye follows a pattern
similar to that in the rest of the brain (Janciauskiene and Krakau, 2001, 2003). Analogous
to the decreased levels of Aβ in the cerebrospinal fluid of patients with AD, vitreal levels
of amyloid beta are decreased in patients with glaucoma (Yoneda et al., 2005). That the
incidence, severity, and progression of glaucoma is higher among patients with AD
further supports the idea that glaucoma and AD both result from a shared molecular
mechanism (Bayer and Ferrari, 2002; Bayer et al., 2002a; Bayer et al., 2002b; Tamura et
al., 2006).

15

These indirect observations are strengthened by findings of altered APP
processing from animal models of glaucoma. Accumulation of both APP and Aβ in
retinal ganglion cells and their axons has been demonstrated in experimental (McKinnon
et al., 2002; McKinnon, 2003; Guo et al., 2007; Kipfer‐Kauer et al., 2010) and genetic
(Goldblum et al., 2007) models of glaucoma. These data, combined with evidence from
transgenic mice in which APP overexpression elevates levels of APP and Aβ and
impairs retinal structure and function (Ning et al., 2008b; Shimazawa et al., 2008; Perez
et al., 2009), further implicate altered APP/Aβ processing in the pathogenesis of
glaucoma.
Finally, there is enticing evidence that anti‐amyloid therapy ameliorates
neurodegeneration in models of glaucoma. Pharmacological blockade of proteolytic
APP‐to‐Aβ processing via inhibition of β‐secretase protects RGCs from degenerating in
multiple models of RGC stress (Yamamoto et al., 2004). Similarly, both β‐secretase
inhibition and function‐blocking Aβ antibodies ameliorate RGC apoptosis when
glaucoma is modeled in rats (Guo et al., 2007). Together, these findings support the idea
that APP‐to‐Aβ processing may be an important part of the pathogenesis of glaucoma.
A role for aberrant APP‐to‐Aβ processing has also been suggested in age‐related
macular degeneration, a disease of the retina in which loss of photoreceptors in the
macula leads to visual deficits. Aberrant Aβ accumulation is a histopathological finding
in this disease (Johnson et al., 2002; Anderson et al., 2004; Ding et al., 2008), and it has

16

been suggested that Aβ‐mediated activation of the complement system is responsible for
neurodegeneration (Anderson et al., 2004). That Aβ is a key mediator of these processes
is highlighted by mice lacking neprilysin, an Aβ degrading enzyme, developing
degeneration of the specific retinal components that are lost in macular degeneration
(Ohno‐Matsui, 2011). As above, anti‐amyloid therapy protects against retinal
degeneration and vision loss in models of this disease (Ding et al., 2011).
Finally, abnormal immunoreactivity for APP or its metabolite Aβ has been noted
for many years in a diverse array of neurodegenerative diseases, including multiple
sclerosis (Ferguson et al., 1997), amyotrophic lateral sclerosis (ALS) (Calingasan et al.,
2005), epilepsy (Borges et al., 2003), stroke (Ohgami et al., 1992), HIV‐dementia (Raja et
al., 1997; Adle‐Biassette et al., 1999), Creutzfeld‐Jakob disease (Liberski and Budka,
1999), and traumatic brain and optic nerve injury (Olsson et al., 2004; Reichard et al.,
2004; Wang et al., 2011). Although APP is constitutively made and trafficked down the
axons, its steady‐state levels remain modest under normal conditions due to rapid
transport and turnover; accumulations of APP thus reflect impaired axonal function and
have consequently been used for decades as a proxy of axonal injury in the diseases
noted above.
That all of the Aβ‐linked diseases discussed in this section share the common
neuropathic signature of dysfunctional or degenerating axons suggests the intriguing
theory that aberrant amyloidogenic processing of APP may be causally related to
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axonopathic disease. The evidence in support of this theory, specifically with regard to
hypoxia‐induced axonopathy, is considered in the next section.

The amyloid cascade may directly mediate hypoxia-induced
axonopathy
If the amyloid cascade, and specifically the processing of APP to Aβ, is to serve
as the mechanism through which hypoxia‐induced axonopathy occurs, then it must
fulfill two strong criteria. First, this proteolytic pathway must be sensitive to changes in
hypoxia, such that levels or actions of APP or Aβ change when oxygen is not available.
Second, APP‐to‐Aβ processing must be able to modulate axonal viability in either a
positive or negative fashion. The next section of this introduction will review the
mounting evidence for each of these criteria.

Levels of APP and Aβ are regulated by hypoxia
Because normal brain function depends so critically on a continuous supply of
oxygen, hypoxia puts into motion a complex cascade of intracellular signaling
mechanisms intended to protect neurons from the disastrous consequences of an
inadequate oxygen supply. In the brain, individual neurons sense local oxygen
reduction primarily via hypoxia‐inducible factor 1 (HIF‐1), a signaling molecule that sets
into motion numerous downstream events (Huang et al., 1999; Sharp and Bernaudin,
2004).
Recent work has demonstrated a physiologically relevant intersection between
hypoxia and the amyloid cascade that is mediated via HIF‐1 signaling (Figure 2). HIF‐1
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activation directly elevates levels of Aβ via its effects on BACE1, the primary β‐secretase
involved in Aβ production (Vassar et al., 1999). Hypoxia causes HIF‐1‐mediated
increases in the transcription of BACE1 (Xue et al., 2006; Zhang et al., 2007; Guglielmotto
et al., 2009). This upregulation of BACE1 mRNA is associated with elevated protein
levels as well as increased BACE1 enzymatic activity (Sun et al., 2006; Xue et al., 2006),
which translate directly into increased levels of Aβ (Webster et al., 2002; Nalivaevaa et
al., 2004; Li et al., 2009a).
In addition to the HIF‐1‐mediated effects on BACE1, hypoxia also influences the
amyloid cascade in several other ways. Hypoxia has been shown to increase basal APP
at both the mRNA and protein levels (Hall et al., 1995; Jendroska et al., 1997; Shi et al.,
2000; Nalivaevaa et al., 2004; Li et al., 2011b). It also increases APP cleavage by γ‐
secretase (Wang et al., 2006b; Li et al., 2009a) and decreases APP cleavage by α‐secretase
(Webster et al., 2002; Nalivaevaa et al., 2004; Auerbach and Vinters, 2006; Marshall et al.,
2006). Finally, hypoxic stress decreases the activity of Aβ‐degrading enzymes like
neprilysin and endothelin‐converting enzyme (Nalivaevaa et al., 2004).
The net result of all of these hypoxia‐induced changes on the amyloid cascade is
clear: an increase in the production of Aβ. Together, this evidence demonstrates that the
APP cascade is indeed sensitive to changes is tissue oxygen status, and thus it fulfills the
first of the two criteria proposed above.
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Figure 2: Effect of hypoxia on the amyloidogenic pathway of APP cleavage.
Schematic showing how hypoxia affects processing of APP into Aβ. Hypoxia elevates
APP at the both the mRNA and protein levels. It also increases cleavage of APP by both
β‐ and γ‐secretases but reduces cleavage by α‐secretase. Finally, it decreases the levels
and/or activity of the Aβ‐degrading enzymes neprilysin and endothelin‐converting
enzyme. Together, these changes have the net effect of elevating Aβ levels.
20

APP metabolites modulate axonal viability
If APP‐to‐Aβ proteolytic processing is truly to serve as a potential mechanism
mediating hypoxia‐induced axonopathy, then APP metabolism must affect axonal
viability. For the purpose of this discussion, axonal viability will be defined to include
morphological and functional axonal integrity, since, as discussed above, both of these
factors are key aspects of axonal health. The development of morphological varicosities
and impairment of axonal transport will serve as proxies for morphological and
functional intactness in this discussion.
Morphology
Much of the initial insight that aberrant APP metabolism might influence axonal
morphology came from postmortem studies of the human brain. Axonal loss is a
hallmark of AD, and those neurons with long axons (e.g., projection neurons of the
cortex and olfactory bulb or retinal ganglion cells of the optic nerve) seem to be acutely
at risk for degeneration (Sadun and Bassi, 1990; Davies et al., 1993; Geula and Mesulam,
1996; Syed et al., 2005). In the AD brain, axons found near dense amyloid cores or
bundles are frequently dystrophic and exhibit abnormal accumulations of axonal
proteins (Kowall and Kosik, 1987; Mann et al., 1987; Dickson et al., 1988; Burke et al.,
1990; Masliah et al., 1993; Nakamura et al., 1994; Yasuhara et al., 1994; Dessi et al., 1997;
Minamide et al., 2000; Stokin et al., 2005; Sivananthan et al., 2010) as well as
disorganization of cytoskeletal proteins (Price et al., 1986; Praprotnik et al., 1996; Cash et
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al., 2003). Although such observational data of course do not allow cause‐and‐effect
relationships to be drawn, the physical proximity of these pathological axons to deposits
of Aβ suggests that alterations in the levels of APP or its metabolites may have the
capacity to influence axonal morphology.
This theory has been tested in both cell culture systems as well as animal models
of AD. Such systems permit direct experimental manipulation of levels of APP cascade
members as well as standardized methods for assessing axonal morphology. Typical
experiments in these studies involve synthetically or genetically elevating levels of one
or more APP cascade members (most commonly, APP or Aβ) and observing the effect of
these interventions on axonal morphology.
Given the axonopathy described in cases of AD, it is at first surprising that most
studies of APP overexpression report a positive effect on cell health and growth
(Thinakaran and Koo, 2008). For example, transgenic mice that overexpress wild‐type
APP have enlarged neurons (Oh et al., 2009), and APP has been shown, as noted above,
to stimulate neurite or axonal outgrowth in a variety of settings (Chen and Yankner,
1991; Milward et al., 1992; Jin et al., 1994; Ninomiya et al., 1994; Small et al., 1994;
Chasseigneaux et al., 2011). This pattern of trophic effects of APP overexpression is also
seen in vivo, as transgenic overexpression of APP in mice produces such neurotrophic
effects on axonal morphology as increased numbers of synaptophysin‐immunoreactive
presynaptic terminals and elevated expression of the growth‐associated marker GAP‐43
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(Mucke et al., 1994). These presumptive positive effects of APP overexpression are
thought to be due to actions of the soluble fragment of APP released by non‐
amyloidogenic α‐secretase cleavage.
In contrast, a vast amount of experimental evidence suggests that elevated levels
of the specific metabolic product Aβ have a negative effect on axonal morphology. In
neuronal culture systems, exposure of neuronal cell lines or primary cultures to
synthetic Aβ induces axonal abnormalities, including axonal beading, fragmentation,
and cytoskeletal rearrangements (Pike et al., 1992; Shah et al., 2009; Henriques et al.,
2010; Davis et al., 2011). In transgenic mouse models of AD, overexpression of familial
mutant forms of APP that elevate brain levels of both APP and Aβ leads to axonal
pathology in the form of swellings, proteinaceous accumulations, and synaptic
abnormalities that strongly resemble those defects observed in the human disease
(Masliah et al., 1996; Hsia et al., 1999; Mucke et al., 2000; Brendza et al., 2003; Oddo et al.,
2003; Stokin et al., 2005). It is notable that these abnormalities precede the widespread
neurodegeneration characteristic of later disease (Stokin et al., 2005). Finally, transgenic
co‐overexpression of mutant secretases with APP causes more severe axonopathy than
does overexpression of either construct alone, suggesting specifically that the actions of
Aβ may be key to the development of morphological axonopathy (Tsai et al., 2004;
Wirths et al., 2006; Wirths et al., 2007).
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These findings of both trophic and toxic effects for members of the APP cascade
suggest that alterations of APP metabolism are capable of modulating axonal
morphology.
Function
Effects of APP metabolites have also been examined with regard to axonal
function. As for axonal morphology, initial evidence suggested that there may be a
pathological relationship between aberrant APP processing and axonal function, again
examined primarily via the study of axonal transport. Evidence of impaired axonal
transport in human AD arises from postmortem, histological studies of the AD brain in
which APP and its cascade members accumulate along with “traffic jams” of axon‐
resident organelles in affected brain regions (Richard et al., 1989; Cras et al., 1991; Dai et
al., 2002; Sennvik et al., 2004; Takahashi et al., 2004).
Additional evidence has suggested that full‐length APP has biological functions
that, when disrupted, compromise axonal transport. Deletion of the Drosophila
homologue of APP impairs axonal transport of vesicles destined for the synapse
(Gunawardena and Goldstein, 2001). Similarly, axonal transport of cargoes including
BACE1 and presenilin are decreased in APP‐null mice (Kamal et al., 2001). Together,
these findings suggest that full‐length APP plays a role in maintaining functional axonal
transport.
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Studies in cell culture and transgenic models have provided more direct
evidence that alterations in APP metabolism that elevate levels of Aβ impair axonal
transport capacity. In reduced systems, treatment of squid axoplasm (Pigino et al., 2009),
cultured mammalian hippocampal neurons (Hiruma et al., 2003; Rui et al., 2006; Shah et
al., 2009; Decker et al., 2010), or sciatic nerve tissue (Kasa et al., 2000) with synthetic Aβ
leads to a disruption of axonal transport. Similarly, overexpression of genetic constructs
encoding various mutant forms of the Drosophila homologue of APP (Torroja et al., 1999;
Gunawardena and Goldstein, 2001) or Aβ (Zhao et al., 2010) causes defects in axonal
transport. Such findings parallel those from transgenic mouse models of AD, in which
overexpression of familial mutant forms of APP also leads to impaired axonal transport
(Salehi et al., 2006; Smith et al., 2007; Poon et al., 2011). Finally, mice overexpressing
familial mutant isoforms of APP and its secretases that predispose to Aβ production
show defects in transport of axonal cargoes (Pigino et al., 2003; Lazarov et al., 2007;
Minoshima and Cross, 2008; Kim et al., 2011). Together, these findings suggest that APP‐
to‐Aβ proteolytic processing impairs axonal function.
Given the above discussion, it is likely that APP metabolites affect axonal
function. Combined with above‐described effects of the APP cascade on axonal
morphology, therefore, the findings described in this section demonstrate that APP
fulfills the second of the proposed criteria, that alterations in APP metabolism can
modulate axonal morphology and function.
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Summary
The experiments described in this introduction thus give rise to my core
hypothesis that aberrant proteolytic cleavage of APP into Aβ may be specifically
responsible for the development of axonopathy under conditions of hypoxia. If this is
indeed the case, then it should be possible to negate the detrimental effects of hypoxia
on axonal morphology and function by modulating APP processing. To date, however,
this hypothesis has not been tested directly.
Through the research presented in this dissertation, I have thus sought to
understand dependence of hypoxia‐induced axonal morphological and functional
impairment on APP cleavage and the formation of Aβ. I have developed a model of
hypoxia‐induced axonopathy in RGCs cultured in retinal explants ex vivo. Using this
model, I have experimentally addressed the hypothesis that APP cleavage, and in
particular the formation of Aβ, is necessary and sufficient to mediate hypoxia‐induced
morphological and functional axonopathy. I have found that there is a dissociation
between the mechanisms responsible for hypoxia‐induced morphological and functional
impairment of the axon in the explanted retina, with the former being dependent on
APP‐to‐Aβ processing and the latter likely being dependent on proteolytic processing of
a non‐APP substrate by the enzyme BACE1. These findings shed light on mechanisms of
hypoxia‐induced axonopathy.
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II. Experimental methods

Choice of a model
The goal of this dissertation project has been to understand the cellular
mechanisms responsible for hypoxia‐induced morphological and functional
axonopathy. I have focused on hypoxia’s effects on the retina, which has been
recognized since the time of Ramon y Cajal as a peripherally located microcosm for the
rest of the brain. The retina is particularly well suited as the focus of this dissertation,
because the nerve fiber layer containing the ordered projection axons of retinal ganglion
cells provides an experimentally accessible area in which to study axonal structure and
function.
To best examine the mechanisms by which hypoxia compromises retinal
ganglion cell axons, I have used the ex vivo system of retinal explants, in which retinal
wedges containing all layers of the retina are grown in interface cultures. Retinal explant
cultures were originally developed in the 1950s by Lucas and Trowell (Lucas and
Trowell, 1958), who used them to examine inherited retinal dystrophies in perinatal
mice (Lucas, 1958). This approach was later adapted for adult tissue (Lucas, 1962) and
has since been used widely to investigate many additional properties of the retina,
including development, degeneration, and response to stressors (Bahr et al., 1988; Lucius
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and Sievers, 1996; Carter and Dick, 2004; McKernan et al., 2006; Zhao et al., 2007;
Johnson and Martin, 2008; Bull et al., 2011; Guerin et al., 2011).
Retinal explants have been used for many years due to their advantages as a
culture system over traditional in vitro and in vivo models. In contrast to in vitro systems
examining RGC axons using retinal cell lines or dissociated cultures, the explant model
retains the three‐dimensional organization of the intact retina. Indeed, the recapitulation
of a complex pathological state like tissue hypoxia would almost certainly involve
critical interactions among different cell types and tissue environments that can prove
difficult to replicate in cultures of dissociated cells. Explants may therefore retain
biochemical and signaling mechanisms otherwise lost by dissociation that may be
critical for disease pathogenesis. Further, explantation obviates the need for dissociation
protocols that shear the very axonal projections they intend to study and thus may
initiate complex compensatory or regenerative mechanisms in studies of the dissociated
retina.
The primary advantage of explants relative to in vivo systems lies in their
experimental accessibility, which permits a degree of control over both genetic and
environmental variables that is difficult to replicate in work using live animals. Control
over genetic variables can be accomplished either via transfection or by using genetically
altered (i.e., knockout, knock‐in, or transgenic) animals. The former method is
particularly valuable, as it permits examination of the acute effects of a protein of
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interest without the compensatory confounds associated with gene alterations over an
animal’s entire life. Additionally, explants offer valuable control over environmental
variables that may be managed simply by changing the culturing conditions under
which they are maintained. This flexibility permits standardization of experimental
variables at a level that is impractical–if not impossible–for in vivo studies.
As with any system, however, retinal explants have several disadvantages that
must be considered for interpretation of the results presented in this dissertation. First,
retinal explants are a reduced system in which retinal ganglion cell axons have been
severed at the optic nerve head. This means that the axons exposed to stressors in this
dissertation are already in the early stages of degeneration. Because these axons remain
morphologically and functionally intact for only a defined time after removal from the
ocular globe, experiments examining their structure and function must necessarily be of
limited duration. The experiments described in this dissertation were designed with this
limitation in mind.
Second, because explantation requires removal of the retina from the spherical
geometry of the ocular globe, it is possible that this procedure alters the effects of certain
stressors (e.g., mechanical pressure) on cells of the retina. As the primary stressor of
hypoxia investigated in this dissertation is not subject to such effects, however, this issue
should not be problematic for the work presented here.
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Despite these caveats, the benefits of using retinal explants to study the response
of retinal ganglion cells to hypoxia are substantial. My overall approach has been to use
a combination of molecular biology, immunohistochemistry, and imaging methods to
understand the role of APP processing in hypoxia‐induced axonopathy.

Culture of retinal explants
Dissection of retinal explants
All of the experiments described in this dissertation were performed in explant
cultures from adult (>3 months in age) or juvenile (3 weeks) rats or mice (Figure 3).
Detailed protocols for key experimental steps are provided in Appendix A. Briefly, eyes
were enucleated from CD Sprague‐Dawley rats (Charles River, Wilmington, MA) or
C57Bl6 or APP‐null mice (Jackson Labs, Bar Harbor, ME) immediately following
application of profound anesthesia and euthanasia in accordance with NIH guidelines
and under Duke IACUC approval and oversight. A circumferential cut was made 1 mm
posterior to the limbus, and then the retina was gently coaxed away from the posterior
sclera to permit separation of the entire retina and optic nerve head from the scleral
tissue via a single cut.
As pilot experiments culturing whole retinas resulted in poor tissue survival,
retinas were cut into sixths (rats) or fourths (mice) and placed RGC‐side up onto an
interface culture platform composed of filter paper (Sigma‐Aldrich Co. LLC, St. Louis,
MO) suspended in culture medium (Neurobasal medium supplemented with 0.5%
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Figure 3: Retinal explants in culture.
(Upper) Schematic of the retinal dissection procedure. Retinas are dissected from the
enucleated ocular globes of adult rats and mice, cut into wedges, and, where noted,
biolistically transfected using a modified capillary gun. Transfection is restricted to the
peripheral portions of the retinal explants distant from the optic nerve head. (Lower)
Bright‐field (left) and fluorescence (right) images of a YFP‐transfected rat retinal explant
in culture demonstrate that transfection is restricted to the peripheral portions of the
tissue. Scale bar: 150 μm.
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Glutamax, 1% sodium pyruvate, 1% HEPES buffer, 10% pig serum, 5% rat serum, and
0.2% Primocin; Invitrogen, Carlsbad, CA). In these interface cultures, only the bottom
surface of the explant was in direct contact with the culture medium, allowing efficient
gas exchange via the upper surface of the tissue (Stoppini et al., 1991). Explant cultures
were maintained in humidified incubators under pre‐bubbled 5% CO2 at 37°C. Half of
the medium was changed on the first day after dissection and on every second day
thereafter.
In experiments involving pharmacological treatments, anti‐amyloid compounds
were dissolved at the noted concentrations in dimethyl sulfoxide (DMSO) and included
in the culture medium for the duration of the experiments (Table 1). Final DMSO
concentrations did not exceed 30 μM in the experiments described in the body of this
dissertation.
Table 1: Anti‐amyloid compounds used to prevent BACE1 or γ‐secretase
cleavage of APP.

γ‐secretase

BACE1

Target

ID

Compound

Vendor

Form. Weight

IC50 (nM)

Lot #

BI #1

Way‐131

Wyeth/Pfizer

422.4

11

13

BI #2

Way‐116

Wyeth/Pfizer

388.3

236

3

BI #3

Wye‐954

Wyeth/Pfizer

443.4

14

3

BI #4

Wye‐899

Wyeth/Pfizer

479.5

78

B‐1

GSI

Way‐642

Wyeth/Pfizer

311.9

35

12

GSI

Way‐953

Wyeth/Pfizer

391.7

Unknown

Unknown

GSI

Way‐767

Wyeth/Pfizer

401.4

Unknown

1
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Hypoxic stress
A primary concern when developing an ex vivo model of hypoxic stress is
choosing what level of hypoxia should be used. Hypoxia is by definition a relative term,
with uncertainty as to what constitutes a normoxic condition. Although it is tempting to
elect average in vivo retinal oxygen tension as normoxic, measurement of retinal oxygen
tensions is difficult and can be unreliable. Further, that different retinal layers contain
distinct cell populations means that they inherently have different metabolic demands
and oxidative capacities. Any average retinal oxygen tension, then, will likely be
hyperoxic for some neurons and hypoxic for others in the explanted retina.
I thus chose to study two types of hypoxic stress in cultured retinal explants
designed to be within relevant ranges of hypoxia that might be encountered in vivo:
acute hypoxia, defined as a period of 4‐5 h (rat) or 6 h (mouse) under conditions of 0%
oxygen, simulating brief but severe oxygen deprivation; and chronic hypoxia, a period
of 4 days under conditions of 5% oxygen, mimicking longer but less intense stress.
A custom‐built hypoxic chamber was constructed for use in this dissertation. The
body of the chamber consisted of an inverted pressure cooker with holes for gas inlet
and outlet drilled into the base. The entire chamber was placed in a humidified
incubator under pre‐bubbled 5% CO2 at 37°C. For experiments involving hypoxic stress,
explants were incubated in 12‐well plates placed in the chamber under acutely (0%
O2/5% CO2/balance N2) or chronically (5% O2/5% CO2/balance N2) hypoxic environments
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for the indicated durations. It should be noted that the culture medium in which
explants were growing was not pre‐bubbled to remove oxygen prior to placement in the
hypoxic environment; thus, oxygen levels in the explant cultures gradually declined
over the course of the experiments. As such, the actual period of oxygen deprivation is
somewhat less than the durations noted.

Transfection of retinal explants
A key enabler in modeling disease states in intact tissue explants has been the
development of a method for gene transfection of bona fide postmitotic neurons even
while they reside in the native tissue context, namely particle‐mediated gene transfer or
ʺbiolisticsʺ (Arnold et al., 1994; Lo et al., 1994). Using this method, fluorescent reporter
proteins can be genetically introduced into specific neuronal populations and can be
used to visualize the full axonal and dendritic arbors of transfected neurons (Lo, 1999;
Yacoubian and Lo, 2000).
However, conventional biolistic transfection methods are unavoidably
accompanied by traumatic injury to surface tissue layers, caused by the high‐pressure
helium transients that are used to propel the DNA‐coated gold particles (so‐called
“entrainment” devices (Sanford, 1987)). Such damage is particularly concerning in
biolistic transfection of retinal explants, as RGC axons and their astroglial support
matrix reside in the most superficial layers of the explanted retina. Physical damage to
these layers thus compromises the three‐dimensional environment of explanted RGCs
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and complicates the interpretation of experimental results. Yet, biolistics remains
perhaps the only method that can be used to transfect RGCs in living retinal explants
with any degree of efficiency. Other transfection methods, such as lipid‐mediated
transfection or the use of viral vectors, suffer from a lack of spatial resolution and
inconsistent transfection efficiencies in tissue explants. Electroporation protocols
developed for use in the retina primarily target photoreceptors and bipolar cells and
have seen only modest success in transfecting the RGC layer (Matsuda and Cepko, 2004;
Donovan and Dyer, 2006).
In this context, I developed a novel and inexpensive microtargeting biolistic
device that avoids the trauma associated with conventional entrainment biolistic
methods, permitting rapid and efficient transfection of RGCs in the adult mammalian
retina without damaging their local microenvironment (Christianson and Lo, 2011,
Appendix B). This gene gun enables visualization of transfected retinal ganglion cells in
retinal explants from adult rats and mice to their distal dendritic and axonal tips.
Importantly, the microtargeting capacity of this gene gun, which allows transfection to
be restricted to a small portion of the retinal explant, facilitated the observations of
axonal morphology and function that were necessary for the experiments described in
this dissertation.
The microcarriers used with this device were standard 1.6‐μm diameter gold
particles (Strem Chemicals, Inc., Kehl, Germany). Smaller particles (1 μm), which have
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been reported to preserve tissue integrity in the hour following transfection (Roizenblatt
et al., 2006), do not readily penetrate into the RGC layer of explanted retinas and thus
were not used here. Gold particles were coated with genetic expression constructs
driven by the gWiz promoter using calcium/ethanol precipitation, as previously
described (Lo, 2001). Genetic expression constructs were obtained from the following
sources: the gWiz blank, yellow fluorescent protein (YFP), APP‐Wt, APP‐Sw, and BclXL
expression constructs were obtained from Aldevron (Fargo, ND); optineurin‐wild‐type
and ‐E50K were a kind gift from Henry Tseng (Duke University Medical Center,
Durham, NC). Particles were suspended in a fresh ethanol suspension at a concentration
of 5 mg/ml. Particles prepared in this manner were stored at 4°C for up to 4 weeks
before use. For experiments involving transfection, explants were transfected using the
device described above 30–60 min after dissection.

Characterization of retinal explant health
Assessment of retinal ganglion cell morphology
RGC axonal morphology was assessed visually using a scoring system keying on
morphological aspects of axonal pathology, notably the number of axonal varicosities
and the overt loss of axonal continuity. An axonal varicosity was defined as any axonal
region that was more than twice as thick as the surrounding axonal segment (Figure 4).
For clarity, data are presented as the mean proportion of RGC axons in a given explant
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Figure 4: Assessment of axonal morphology.
Fluorescence images of YFP‐transfected RGC axons of varying pathology from retinal
explants derived from adult rats. From left to right, axons exhibit increasingly more
severe axonal pathology in the form of axonal varicosities. In the right‐most image, the
axon has visibly lost continuity between varicosities. For the purpose of quantification,
only the left two images are considered free of axonal varicosities. Scale bar: 20 μm.
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that did not exhibit axonal pathology (i.e., the proportion of healthy axons) ± standard
error of the mean (SEM).
In experiments examining the effects of overexpressing APP‐related constructs in
the retina, transfected explants were cultured for 5 days under normoxic conditions. At
the conclusion of experiments, explants were fixed for assessment of axonal
morphology. In experiments examining the effect of acute hypoxia on RGC axons,
transfected explants were exposed on the day after dissection to either normoxia or a 4‐h
period of hypoxia. Morphology was assessed immediately after removal of the stressor
and/or 24 h later as noted. In experiments examining the effect of chronic hypoxia on
RGC axons, retinal explants were cultured under either normoxic or chronic hypoxic
conditions for 4 days. Axonal morphology was assessed at early (Day 2) and/or late (Day
4) timepoints as noted.

Assessment of retinal ganglion cell function
To investigate the functional status of explanted RGCs, I probed their capacity
for axonal transport. RGC axonal transport capacity was assessed with Alexa 488‐, 594‐,
or 647‐conjugated cholera toxin B (CTB; Invitrogen), a well‐established anterograde and
retrograde neuronal tracer devoid of toxicity due to removal of the toxic α subunit
(Luppi et al., 1990; Angelucci et al., 1996).
For experiments examining the retrograde transport capacity of the entire,
untransfected RGC population in an explant, experiments were done as shown in Figure
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5. After exposure to hypoxic stress, explants were incubated overnight on the
penultimate day of the experiment with a 0.05 μL drop of CTB (0.5 mg/ml) positioned on
the surface of the retinal explant at the optic nerve head. As only the most distal portions
of the explanted axons contacted the CTB, the number of peripheral RGC somata
accumulating CTB signal via retrograde axonal transport 24 hours later served as a
metric for axonal transport capacity. The 24‐h timepoint was chosen in lieu of shorter
exposures (e.g., 2, 6, 12 h) tested in pilot experiments because of the reduced explant‐to‐
explant variability observed at this time. The number and intensity of CTB‐positive
RGCs were quantified automatically from a 25x image taken from the periphery of each
explant using a custom program I developed in the Matlab software environment
(Mathworks, Inc., Natick, MA; see Appendix C).
Data from this analysis are presented in two ways. First, I present bar graphs
plotting the mean number of CTB‐positive (transporting) RGCs per explant ± SEM for
each condition. Second, I provide histograms in which the total number of transporting
RGCs across all explants in a given condition is plotted against RGC intensity. In these
histograms, traces that are left‐shifted (i.e., reflecting transporting RGCs with lower
intensities) or that have small areas under the curve (i.e., reflecting a reduced number of
transporting cells overall) are indicative of poor CTB transport.
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Figure 5: Assessment of axonal function in untransfected retinal explants.
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(A) Schematic of the experimental design for acute and chronic hypoxia experiments.
Experiments involving acute hypoxia were three days in duration, with hypoxic stress
and CTB placement occurring on Day 2 after dissection. Experiments involving chronic
hypoxia were five days in duration, with hypoxic stress occurring from Days 1‐5 and
CTB placement occurring on Day 4. (B) Fluorescence images of rat retinal explants
transporting fluorescently‐tagged CTB tracer from their distal axons to peripheral
somata during experiments examining the retrograde transport capacity of the entire
RGC population. A well‐transporting explant (left) has many bright, CTB‐positive
puncta, whereas puncta are fewer and dimmer in a poorly‐transporting explant (right).
Scale bar: 50 μm.
For experiments examining axonal transport capacity in a specific population of
transfected RGCs, experiments were done as shown in Figure 6. Explants were dissected
and transfected as described above. At 6 h after transfection, explants were pre‐labeled
with Alexa‐488‐tagged CTB placed at the corner of the explant nearest the optic nerve
head. This pre‐expression label was used to define the initial population of RGCs in the
explant with the capacity to take up and transport the tracer prior to expression of the
transfected construct. On the penultimate day of the experiment 4 d later, after
transfected cells had the opportunity to express proteins generated from their
transfected DNA sequences, explants were post‐labeled with Alexa‐647‐tagged CTB
placed at the corner of the explant nearest the optic nerve head. This post‐expression
label was used to assess the continuing capacity of cells to take up and transport CTB
after expression of the transfected genetic construct. Explants were fixed 24 h after
application of the post‐expression CTB tracer. The intensities of CTB accumulation from
tracer applied at pre‐ and post‐expression times were quantified automatically from 63x
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Figure 6: Assessment of axonal function in transfected retinal explants.
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(Upper) Schematic of the experimental design for transfection experiments with CTB.
Experiments involving transfection were five days in duration, with transfection and
pre‐expression CTB labeling occurring on Day 1 and post‐expression CTB labeling
occurring on Day 4. Expression of the transfected genetic construct occurred during this
window. (Lower) Fluorescence images of rat retinal explants transporting fluorescently‐
tagged CTB tracer from their distal axons to peripheral somata during experiments
examining the retrograde transport capacity of a specific transfected RGC population. In
these experiments, the transfected cell soma (blue) was labeled with CTB before (green)
and after (red) expression of the genetic construct of interest, and the difference in
intensities between the two labels was taken as a measure of sustained transport
capacity. Scale bar: 50 μm.
images taken of individual retinal ganglion cells using a custom program I developed in
the Matlab software environment (see Appendix C).
Data for these experiments are reported in two ways. First, I present bar graphs
plotting the mean ratio of the post‐ to pre‐expression intensities of the CTB signals in
transfected cells, corrected for overall changes in channel brightness, ± SEM for each
condition. For a given cell, this ratio provides a measure of whether CTB transport
capacity changed due to the overexpression of the transfected DNA sequence. Thus,
lower ratios indicate that the transfected DNA sequence impaired CTB transport.
Second, I present bar graphs plotting the mean CTB intensity ratio of transfected RGCs
to their untransfected neighbors ± SEM at both the pre‐ and post‐expression timepoints.
In these graphs, a decrease in this ratio reflects an impairment of CTB transport caused
by overexpression of the transfected DNA sequence.
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Immunofluorescence assays of retinal explants
Immunostaining against different intracellular proteins was used to probe
additional aspects of retinal explant health. At the conclusion of experiments, explants
were rinsed once in Dulbecco’s PBS (Sigma‐Aldrich Co. LLC) and fixed with 4%
paraformaldehyde in PBS containing 4% sucrose for 1 h at room temperature. Retinas
were then rinsed in PBS and blocked for 1 h in blocking solution (PBS containing 0.5%
Triton‐X 100, 1% BSA, and 10% normal goat serum). Tissues were incubated overnight
in primary antibody solution (PBS containing 0.3% Triton‐X 100, 0.5% BSA, and 10%
normal goat serum) containing primary antibodies against the following targets: green
fluorescent protein (rabbit anti‐GFP; 1:2000; Abcam, Cambridge, MA or mouse anti‐GFP;
1:1000; Millipore, Billerica, MA), glial fibrillary acidic protein (GFAP; 1:1,000; Millipore),
phosphorylated neurofilaments (Smi‐31; 1:1,000; Covance, Princeton, NJ), ionized
calcium binding adaptor molecule 1 (Iba1; 1:1000; Wako, Richmond, VA), calretinin
(1:1000; Chemicon International, Billerica, MA), glutamine synthetase (1:1000; Abcam),
BACE1 (1:1000; Covance), beta‐tubulin III (1:1000, Chemicon), or beta‐galactosidase
(1:1000, Promega, Madison, WI), as indicated. Retinas were then rinsed 3 times (30 min
each) in rinsing solution (PBS containing 0.1% Triton‐X 100) and incubated for 1 h with
secondary antibodies. Species‐specific secondary IgG antibodies were conjugated to
Alexa 488, 568, or 594 fluorophores (Invitrogen) and diluted 1:1,000 in rinsing solution.
Finally, retinas were washed 3 times (30 min each) in rinsing solution, mounted on
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microscope slides (Fisher Scientific, Pittsburgh, PA), coverslipped in Hydromount
mounting medium (National Diagnostics, Atlanta, GA), and imaged as described below.
Photomicrographs were collected on a Zeiss fluorescence microscope (Carl Zeiss
MicroImaging, LLC, Thornwood, NY) equipped with a charge‐coupled device (CCD)
camera (AxioCam MRm, Zeiss). Images of retinal explants were taken using Zeiss 5X
Fluar (0.25 NA), Zeiss 10X Plan‐Neofluar (0.3 NA), Zeiss 25X Plan‐Neofluar (0.8 NA oil),
or Zeiss 63X Plan‐Apochromat (1.4 NA) objectives, as noted. Postprocessing and
quantification of images were done using ImageJ (National Institutes of Health) and
Matlab algorithms, respectively.

Western blotting of retinal explants
At the conclusion of experiments, Western blotting was done to assess protein
levels in explanted retinas. Transfected explants were washed 3 times with PBS on ice
and homogenized by trituration through a 25 gauge needle in homogenization buffer
(1% NP‐40 in 50 mM Tris‐HCl pH 7.6, 150 mM NaCl, 2 mM EDTA) supplemented with
Complete Protease Inhibitor Cocktail (Roche). Samples were cleared twice by
centrifugation at 3000 x g. For immunoprecipitation, 6E10 (Covance) or FLAG (Sigma)
antibodies were added to the samples and incubated overnight at 4°C followed by
incubation with Protein G Sepharose (Sigma). The Protein G Sepharose immunocomplex
was washed 5 times in homogenization buffer, and eluted in 0.15 M glycine HCl, pH
2.5–3.0. For Western blot analysis, eluates were neutralized to physiological pH, and
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proteins separated on 10–20% Tricine gels (Invitrogen). Following transfer to PVDF
membranes (0.2 μm pore size, Bio‐Rad), Western blots were done using standard
methods with primary antibodies against the following targets: full‐length amyloid
precursor protein (22c11; 1:1000; Millipore), Aβ internal sequence (6E10; 1:1000;
Covance), and FLAG (M2; 1:3000; Sigma). Blots were rinsed, incubated for 1 h with
species‐specific, HRP‐conjugated secondary IgG antibodies (1:5000; Jackson
ImmunoResearch, West Grove, PA), visualized using ECL reagents, and documented on
a Bio‐Rad VersaDoc MP5000. Antigen retrieval protocols were employed where
necessary to improve the signal of components of the APP cascade.
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III. Sensitivity of the explanted retina to hypoxic stress

Introduction
Hypoxia is a potent stressor of the CNS and is clearly implicated in
neurodegenerative and axonopathic disease. In the General Introduction (Chapter 1), I
presented evidence from in vivo and in vitro experiments demonstrating that exposure to
hypoxia causes characteristic impairments in axonal morphology and function that arise
via as‐yet poorly defined mechanisms. The retinal explant system described in Chapter 2
offers a suitable experimental model in which to probe these mechanisms. To date,
however, the effects of hypoxia on the explanted retina, and in particular on the axons of
explanted retinal ganglion cells, have not yet been fully examined. I directly address this
concern in this chapter by establishing the effects of hypoxic stress on RGC axons
cultured in adult retinal explants.
While a great deal of work has demonstrated that hypoxia produces clear effects
on retinal ganglion cells (Tezel and Yang, 2004; Yamada et al., 2006; Chen et al., 2007;
Dibas et al., 2007; Hong et al., 2007; Tulsawani et al., 2010; Nakayama et al., 2011; Tan et
al., 2011; Yamagishi et al., 2011) as well as Müller glia (Behzadian et al., 1998; Eichler et
al., 2004; Nakajima et al., 2011), astrocytes (Desai et al., 2004; Lambert et al., 2004;
Obazawa et al., 2004; Noda et al., 2005), and microglia (Morigiwa et al., 2000; Sivakumar
et al., 2011) cultured as cell lines or primary cultures, there are several reasons to think
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that an explant system may offer a more complete model of the specific effects of
hypoxia on the retina. First, because many of the reported effects of hypoxia involve
changes in protein secretion, work examining these cells in isolation almost certainly
misses important hypoxia‐induced interactions between different cell types. Second, that
these models necessarily shear the neuritic processes of the cells they study confounds
the effects of hypoxic stress with those of the culturing procedure. The explant model
circumvents both of these concerns by maintaining RGCs in context with their
supporting glial populations during culture.
Using the explant model to study the effects of hypoxia on the retina also offers
specific advantages over in vivo designs. In vivo examination of the effects of hypoxia
typically involves either 1) allowing animals to breathe air mixtures containing less than
21% oxygen or 2) physically occluding blood flow to the retina. For the former case,
experiments are subject to autoregulation of oxygen levels in the retina, which can
increase blood flow (and thus oxygen delivery) to the retina when environmental
oxygen is scarce. For the latter case, experimental results of oxygen deprivation can
become conflated with those of glucose deprivation and general ischemia, making it
difficult to disambiguate the specific effects of hypoxia. The explant model avoids both
of these concerns by permitting direct control over ambient oxygen levels.
Despite such advantages, only a limited amount of work has examined the
effects of hypoxic stress on the explanted retina. For example, the combination of
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hypoxia and glucose deprivation reduces both Thy‐1 mRNA expression and NeuN‐
positive RGC numbers in human retinal explants (Niyadurupola et al., 2011). Similarly,
brief exposure of adult retinal explants to hypoxia alters metabolic activity in the hour
following hypoxic stress (Acosta and Kalloniatis, 2005). However, no studies have yet
examined the effect of hypoxia on the axons of retinal ganglion cells cultured in living
retinal explants.
The objective of the experiments presented in this chapter was thus to elucidate
the effects of hypoxia on the morphology and function of RGCs cultured in the
explanted retina. I found that hypoxia impairs RGCs at the axonal level by interfering
with both their morphological and functional integrity. I then determined that,
concurrent with these axonopathic changes, hypoxia causes morphological alterations in
three populations of glial cells in the explanted retina.

Results
Hypoxia causes axonopathy in RGCs from adult retinal explants
Morphology
In order to establish a baseline against which to compare the effects of hypoxia, I
first examined the axonal morphology of YFP‐transfected retinal ganglion cells cultured
in retinal explants under atmospheric oxygen conditions (21% O2, 5% CO2), hereafter
referred to as “normoxia”, for increasing durations. In these experiments, transfected
cells were clearly labeled with YFP within 24 h after transfection, at which time
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fluorescence was visible to the tips of their distal dendritic and axonal segments (Figure
7A‐D). To facilitate assessment of axonal morphology, transfection was restricted to the
peripheral portion of the explants. RGCs were disambiguated from colaminar amacrine
cells or astrocytes by their axons, which coursed toward the optic nerve head (Figure 7E‐
G). YFP‐filled axons remained straight and smooth without evidence of degeneration for
at least one week after transfection (Figure 8A,B). No evidence of RGC death was noted
over this time, as numbers of transfected axons stayed the same throughout the 7‐d
period (Figure 8C). These observations of healthy axons were confirmed at the
population level via immunofluorescent visualization of phosphorylated neurofilaments
(Figure 8D).
I next examined the effects of acute hypoxic stress on axonal morphology by
exposing explanted, YFP‐transfected RGCs to a 4‐h period in an acutely hypoxic
environment (0% O2, 5% CO2, 95% N2) on the day after transfection and assessing their
axonal morphology 24 h later. As shown in Figure 9, acute exposure to hypoxia
adversely affected the axons of transfected, YFP‐filled RGCs. Whereas RGC axons from
explants cultured under normoxic conditions remained smooth and straight throughout
the duration of these experiments, axons exposed to the acutely hypoxic environment
developed morphological axonopathy in the form of bead‐like varicosities (Figure 9, top,
middle). For affected axons, varicosities typically punctuated the entire length of the
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Figure 7: Biolistic transfection of retinal explants labels cells to their distal tips.
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(A) RGCs from a retinal explant derived from an adult rat were transfected with YFP,
fixed 3 d after transfection, and subjected to immunohistochemistry using a GFP
antibody. Transfection was restricted to the peripheral half of the explant to facilitate
examination of axonal integrity. Scale bar: 50 μm. (B) Transfected RGC somata were
brightly labeled with YFP three days after transfection. Scale bar: 50 μm. (C) YFP labeled
RGC dendrites to their distal tips, making possible observation of the effects of stressors
on morphology. Scale bar: 10 μm. (D) Axons from YFP‐transfected RGCs, labeled to
their distal tips, coursed toward the optic nerve head in retinal explants. Scale bar: 50
μm. (E) Biolistic labeling using the capillary gun revealed a YFP‐labeled activated
astrocyte, likely arising from the inner limiting membrane. Scale bar: 50 μm. (F,G)
Displaced amacrine cells with somata residing in the RGC layer were occasionally
labeled by transfection. Morphological criteria distinguished these cells from the RGCs
used in analysis. Scale bar: 50 μm.
axon and varied in size. The morphological changes observed using YFP‐filled RGCs
were confirmed at the population level via staining for phosphorylated neurofilaments
(Figure 9, bottom).
These axonal varicosities developed during the course of hypoxic stress, as they
were evident when explants were examined immediately upon removal from the
hypoxic environment as well as upon fixation 24 h later. Interestingly, the persistence of
these varicosities depended on the duration of oxygen deprivation. Observations with
periods of hypoxia less than 4 h in duration produced varicosities that were evident
upon removal from the hypoxic environment but nevertheless had resolved by 24 h later
(Figure 10). This pattern is consistent with my observations in pilot studies that longer
periods of hypoxic stress are associated with the development of correspondingly more
severe morphological axononpathy.
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Figure 8: YFP‐transfected retinal ganglion cells cultured in retinal explants remain
morphologically intact for one week.
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(A) Fluorescence images of axons from YFP‐transfected RGCs cultured in rat retinal
explants fixed 1‐7 days after transfection and assessed at this time for morphological
axonopathy. Scale bar: 25 μm. (B) The proportion of axons without varicosities in retinal
explants fixed 1, 3, 5, and 7 days after transfection indicates that YFP‐transfected RGC
axons remain viable for 7 days after transfection (n=6 explants per condition, >900 axons,
p>0.05). (C) The number of YFP‐positive axons in retinal explants fixed 1, 3, 5, and 7
days after transfection indicates that there is not appreciable RGC loss over this time
(n=6 explants per condition, >900 axons, p>0.05). (D) Fluorescence images of retinal
explants cultured for 1‐7 days ex vivo and stained for phosphorylated neurofilaments to
examine axonal morphology at the population level. No obvious differences in
immunofluorescence patterns were noted across this time. Scale bar: 50 μm.
I next assayed the effect of chronic exposure to hypoxic stress on RGC axonal
morphology. In these experiments, YFP‐transfected retinal explants were cultured under
normoxic (atmospheric) or chronic hypoxic (5% O2, 5% CO2, 90% N2) environments for
96 h. In contrast to the clear effects of acute hypoxia on axonal morphology, chronic
hypoxia had little effect on axonal morphology at either the 48‐ or 96‐h assessment
timepoints (Figure 11A,B). Indeed, even after 96 h of exposure to chronic hypoxic stress,
transfected RGC axons remained straight and smooth without obvious axonal
varicosities.
Consistent with the failure of chronic hypoxia to impair axonal morphology, no
reduction in the numbers of YFP‐positive axons was noted between 48 and 96 h under
either normoxic or chronic hypoxic conditions (Figure 11C). As significantly fewer YFP‐
positive transfected RGCs were observed in the chronic hypoxic condition at the later
timepoint, however, chronic hypoxia may negatively influence transfection efficiency or
cause RGC death prior to YFP expression.
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Figure 9: Acute exposure to hypoxia causes morphological axonopathy.
(Top) Fluorescence images of axons from YFP‐transfected RGCs in rat retinal explants
exposed to normoxic and acute hypoxic conditions and fixed 24 h later. Whereas axons
cultured under normoxic conditions remained straight and smooth, acute exposure to
hypoxic conditions caused the development of axonal varicosities (arrows) in axons
from transfected RGCs. Scale bar = 25 μm. (Middle) Quantification of the proportion of
axons without varicosities in each explant reveals that hypoxia causes axonal pathology
(n=3 experiments, >200 axons per experiment, p<0.01). (Bottom) Fluorescence images of
phosphorylated neurofilaments confirm that acute exposure to hypoxia causes RGC
axonopathy at the population level, as demonstrated by numerous, Smi‐31‐positive
swellings. Scale bar = 50 μm.
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Figure 10: Brief exposure to acute hypoxic stress causes reversible morphological
axonopathy.
(Upper) Fluorescence images of axons from YFP‐transfected RGCs in rat retinal explants
fixed immediately after removal from 2‐h acute hypoxic stress (Day 2) or 24 h later (Day
3). Whereas axons fixed immediately after acute hypoxic stress on Day 2 had clear
axonal varicosities, those allowed to recover for 24 h until Day 3 appeared straight and
smooth. Scale bar = 50 μm. (Lower) Quantification of the proportion of axons without
varicosities under these conditions reveals that 2‐h acute hypoxic stress causes reversible
axonal pathology (n=3 experiments, >200 axons per experiment, p<0.01).
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Figure 11: Chronic exposure to hypoxia does not cause morphological axonopathy.
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(A) Fluorescence images of axons from YFP‐transfected RGCs in rat retinal explants
cultured under normoxic or chronic hypoxic conditions. Axons cultured under normoxic
or chronic hypoxic conditions for 48 or 96 h remained straight and smooth, without
obvious evidence of varicosities. Scale bar: 50 μm. (B) Quantification of the proportion of
axons without varicosities in explants cultured under normoxic and chronic hypoxic
conditions reveals that chronic hypoxia does not cause axonal pathology (n=3
experiments, >200 axons per experiment, p>0.05). (C) Quantification of the number of
transfected RGCs in explants cultured under normoxic and chronic hypoxic conditions
reveals no significant loss of RGCs between the 48‐ and 96‐h timepoints under either
condition (n=3 experiments, >200 axons per experiment, p>0.05). (D) Fluorescence
images of phosphorylated neurofilaments confirm that chronic exposure to hypoxia
does not obviously affect RGC axons at the population level. Scale bar: 50 μm.
Nevertheless, the finding that chronic hypoxia does not impair axonal
morphology was confirmed at the population level by immunofluorescent examination
of phosphorylated neurofilaments (Figure 11D). Pilot experiments in which transfected
retinal explants were exposed to more protracted periods of chronic hypoxia (e.g., 144 or
192 h) similarly showed no clear impairment of axonal morphology due specifically to
hypoxic stress but were not pursued as retinal explants cultured under normoxic
conditions begin to show evidence of axonal degeneration at these extended timepoints.
Function
Because impairments in functional capacity often accompany overt changes in
axonal morphology in hypoxia‐stressed neuronal systems, I next probed whether
hypoxia also causes functional alterations in axons from explanted RGCs. To establish a
baseline measure of axonal functional capacity, I evaluated the retrograde accumulation
of fluorescently‐tagged cholera toxin b, a well‐known neuronal tracer that requires intact
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axonal transport (Figure 12A), in RGCs from adult retinal explants cultured under
normoxic conditions for up to one week.
Under normoxic conditions, RGC axons in cultured retinal explants rapidly took
up CTB and transported it to their somata in the retinal periphery (Figure 12B). Strong
axonal labeling, visible in the central corner of the explant and indicative of axonal tracer
uptake, was typically observed within 5 minutes after CTB placement. Labeled RGC
somata became evident in the periphery several hours after CTB placement and
brightened, continuously accumulating more CTB tracer via retrograde axonal transport,
until the conclusion of the experiment. Transport capacity in RGCs persisted for at least
one week after explanting (Figure 12C).
As a control to demonstrate that CTB transport requires functional axonal
transport capacity, normoxic explants were cultured in the presence of increasing
concentrations of colchicine (0.1, 1, 10 μM), an inhibitor of microtubule polymerization
that blocks axonal transport. Imaging of these colchicine‐treated explants showed that
RGCs failed to accumulate transported tracer in their peripheral somata despite obvious
axonal uptake (Figure 12D), indicating that CTB transport indeed requires a functional
axonal transport system.
I next examined the effect of acute hypoxic stress on axonal transport capacity by
exposing explanted RGCs to a 4‐h period in an acutely hypoxic environment (0% O2, 5%
CO2) on the day after explanting. Consistent with acute hypoxia’s ability to cause
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Figure 12: Retinal ganglion cells in cultured retinal explants retain axonal transport
capacity for one week ex vivo.
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(A) Experimental schematic demonstrating CTB placement and imaging locations. (B)
Fluorescence images of rat retinal explants transporting fluorescently‐tagged CTB tracer
from their distal axons to peripheral somata 1‐7 days after explanting. The pattern of
CTB labeling does not change, with RGC somata being brightly labeled across the 7‐day
culturing period. Scale bar: 50 μm. (C) Quantification of the number and intensity of
CTB‐transporting RGCs reveals that axonal function is maintained over the course of 7
days ex vivo. (D) Representative images of central and peripheral CTB transport in
explants cultured under normoxic conditions in the presence of increasing
concentrations of colchicine demonstrate that RGC axons treated with the microtubule‐
depolymerizing agent typically retain the ability to actively take up a fluorescently‐
tagged CTB tracer into their axons but lose the capacity to transport the tracer. CTB
transport is thus an active process requiring a functional microtubule network. Scale bar
= 50 μm.
morphological axonopathy, explants exposed to an acute hypoxic environment prior to
CTB placement demonstrated impaired retrograde CTB transport (Figure 13). Although
proximal RGC axons in the explants initially took up CTB, the tracer accumulated in
bright axonal granules within the nerve fiber layer instead of being transported to
peripheral RGC somata (Figure 13, upper). Quantification of the number and intensity of
CTB‐labeled somata in the peripheral retina of acute hypoxia‐treated explants confirmed
a significant decrease in the number of RGCs functionally transporting the tracer (Figure
13, lower).
I then assayed the effect of exposure to chronic hypoxic stress on RGC axonal
function. Despite its failure to affect axonal morphology, chronic hypoxia dramatically
impaired RGC axonal transport but not axonal uptake of CTB (Figure 14, upper). This
significant impairment was confirmed by quantification of the number and intensity of
RGCs accumulating CTB in their somata (Figure 14, lower).
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Figure 13: Acute exposure to hypoxia impairs axonal transport.
(Upper) Representative images of central (left) and peripheral (right) CTB transport in
retinal explants from adult rats cultured under normoxic and acute hypoxic conditions
demonstrate that acute exposure to hypoxia impairs the ability of RGC axons to actively
transport fluorescently‐tagged CTB into their somata despite obvious axonal uptake.
Scale bar = 50 μm. (Lower) Quantification of the number (right) and intensity (left) of
peripheral RGC somata labeled by CTB confirms that acute hypoxia impairs retrograde
RGC axonal transport (n=3 experiments, >500 cells per experiment, p<0.01).
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Figure 14: Chronic exposure to hypoxia impairs axonal transport.
(Upper) Representative images of central (left) and peripheral (right) CTB transport in
retinal explants from adult rats cultured under normoxic and chronic hypoxic conditions
demonstrate that chronic exposure to hypoxia impairs the ability of RGC axons to
actively transport fluorescently‐tagged CTB into their somata. Scale bar = 50 μm.
(Lower) Quantification of the number (right) and intensity (left) of peripheral RGC
somata labeled by CTB confirms that chronic hypoxia impairs retrograde RGC axonal
transport (n=3 experiments, >500 cells per experiment, p<0.01).
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Hypoxia influences glial cell morphology in adult retinal explants
Because retinal explants contain layers of the retina in addition to the ganglion
cell layer, I next examined whether acute exposure to a hypoxic environment influenced
other cell types in the retina. In particular, I focused on three retinal glial cell types
(Müller glia, astrocytes, and microglia), since these cells serve an important role
supporting RGCs in the retina. In each of these experiments, retinal explants were
exposed on the day after dissection to a 4‐h period of acute hypoxic stress, then fixed 24
h later and stained for the indicated antigens.
Hypoxia had clear effects on the morphology of Müller glial cells identified via
glutamine synthetase staining (Figure 15, top). Under normoxic conditions, Müller glial
endfeet were only dimly visible enveloping RGC somata in an organized manner. In
contrast, exposure to acute hypoxic stress caused a marked redistribution of glutamine
synthetase immunoreactivity concentrated in the RGC layer. After hypoxic stress,
glutamine synthetase‐labeled endfeet appeared much brighter and swollen in
comparison to normoxia‐cultured controls. Additionally, the organized envelopment of
RGC somata by Müller glial processes appeared disrupted.
Similarly, hypoxia had clear effects on the morphology of astrocytes identified
via GFAP staining (Figure 15, middle). Under normoxic conditions, astrocytes in cultured
retinal explants formed a dimly labeled web across the surface of the explants. In
contrast, exposure to acute hypoxic stress caused a marked increase in GFAP
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Figure 15: Acute hypoxic stress causes morphological changes in retinal glia.
(Top) Fluorescence images of rat retinal explants cultured under normoxic and acute
hypoxic conditions and stained for glutamine synthetase, a marker of Müller glial cells,
show that hypoxia causes marked changes in Müller glial cell morphology. Scale bar =
50 μm. (Middle) Fluorescence images of rat retinal explants cultured under normoxic
and acute hypoxic conditions and stained for GFAP, a marker of astrocytes, show that
hypoxia causes marked changes in astrocyte morphology. Scale bar = 50 μm. (Bottom)
Fluorescence images of rat retinal explants cultured under normoxic and acute hypoxic
conditions and stained for Iba1, a marker of microglia, show that hypoxia causes marked
changes in microglial morphology. Scale bar = 50 μm.
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immunoreactivity. After hypoxic stress, GFAP‐labeled astrocyte processes and somata
appeared much brighter in comparison to normoxia‐cultured controls. When hypoxic
conditions were maintained for more prolonged durations, degeneration of astrocytic
processes was observed.
Finally, hypoxia had clear effects on the morphology of microglial cells identified
via Iba1 staining (Figure 15, bottom). Under normoxic conditions, microglia in cultured
retinal explants accumulated on the surface of the retinal explants and showed clearly
defined processes. In contrast, exposure to acute hypoxic stress caused a marked
degeneration of Iba‐1‐positive cells. After hypoxic stress, microglial processes thinned
and marked degeneration in the form of blebs was noted.

Discussion
RGCs in the explanted retina are sensitive to hypoxic stress
The experiments presented in this chapter demonstrated that RGC axons in the
explanted retina are sensitive to the both the morphological and functional effects of
hypoxic stress. Consistent with previous evidence demonstrating the axonopathic effects
of hypoxia in other regions of the CNS, exposure of explanted RGCs to hypoxic
conditions caused the development of morphological axonal varicosities and functional
impairment of axonal transport capacity.
Interestingly, acute and chronic hypoxic stimuli differentially affected aspects of
axonal viability in RGCs from adult retinal explants. While acute hypoxia impaired both
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axonal morphology and function, chronic hypoxia impaired axonal function without
causing the development of morphological varicosities. These observations initially give
rise to the impression that chronic hypoxic stress was a “weaker” stress than acute
hypoxia, such that it was incapable of activating both the morphological and functional
arms of some axo‐degenerative pathway.
However, the opposite effect was found in experiments in which juvenile tissue
explants were exposed to acute and chronic hypoxic stress (see Appendix D). Indeed, in
these experiments, chronic hypoxia impaired both axonal morphology and function of
RGCs in juvenile retinal explants to a much greater extent than did acute hypoxia. Thus,
it may be more apt to think of acute and chronic hypoxia, which differ in both the
duration (4 h vs. 4 d) and severity (0% vs. 5% O2) of oxygen deprivation, as independent
environmental stressors rather than differing gradations along a single stress
continuum.
Based on the findings described in this chapter, I made several choices regarding
the experimental methods employed in the remainder of this dissertation. First, I elected
to conduct all of the experiments in Chapters 4 and 5 using acute hypoxia as an
axonopathic stressor. This stressor was chosen over chronic hypoxia because of its
ability to affect both axonal structure and function in the adult retinal explant.
Additionally, I chose to use a duration of 4‐5 h of acute hypoxic stress for
experiments with rat explants because this time consistently impaired axonal
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morphology and function but, importantly, did not cause overt RGC loss in any assays.
The narrow time window between 4 and 5 h of hypoxic stress was needed to provide a
consistent stressor across the experiments presented in this dissertation. Although
experiments were always repeated under conditions that were as nearly identical as
possible, a modest degree of variation in the duration of hypoxic stress was necessary to
induce consistent morphological and functional axonopathy.
Finally, unless otherwise noted, all experiments involving hypoxia described in
this dissertation were conducted using retinal explants from adult animals in a manner
analogous to that described in this chapter. The use of adult tissue rather than
embryonic, neonatal, or juvenile tissue was chosen because 1) the retina as an organ
continues to develop after gestation and does not reach full maturity until several weeks
after birth and 2) young tissue from the CNS is differentially resistant to hypoxic stress
compared with adult tissue in a variety of different pathological contexts (Hicks et al.,
1962; Duffy et al., 1975; Cheng et al., 1997; Jensen et al., 1998, see also Appendix D).
The findings described in the present chapter thus lay the foundation for those in
the remainder of this dissertation. Having identified an effective method by which to
observe the consequences of hypoxia on RGCs and their axons, I sought in my
dissertation to determine the molecular mechanisms through which this hypoxic stress
was being mediated.
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Hypoxic stress affects multiple cell populations in the retina
While the focus of this dissertation is on the axons of RGCs, these axons do not
exist in a void but rather are surrounded by multiple populations of glial cells that
influence their health and function. In this context, a prime advantage of the retinal
explant system described here is the preservation of these glial cells and their RGC
contacts in a native tissue environment. Indeed, the experiments described in this
chapter demonstrate that hypoxic stress clearly affects not only neuronal but also glial
morphology in the explanted retina.
The results presented in this chapter described the effects of hypoxia on the three
major glial types of the retina. Müller glia, the primary glial cells of the retina, span the
entire thickness of the retina and have endfeet that wholly envelop single RGCs. As
Müller glia function primarily to regulate substances in the extracellular space and
support retinal neurons metabolically (Newman, 2001; Sarthy and Ripps, 2001), it is
obvious that changes in the morphology caused by hypoxic stress could have direct
consequences for the health of the RGCs they contact.
Similarly, the observed hypoxia‐induced reactivity of retinal astrocytes, which
line the ganglion cell layer and are known to secrete substances that may alternately
help or harm retinal cells and their synaptic interactions (Fisher et al., 2001), could play
an important modulatory role in the retina.
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Finally, microglia, phagocytic cells that are prominent in the diseased retina, are
implicated in processes of disease and degeneration (Boycott and Hopkins, 1981).
Morphological activation or degeneration of these cells by hypoxic stress has the
potential set into motion pathways that influence both neuronal morphology and
function. Together, these glial cells likely play a significant role in mediating or
modulating the effects of stressors like hypoxia on the retina.
Given the previous discussion, it is likely that the richness of the explant system
permits observation of hypoxia‐induced effects in RGCs that would be lost if each cell
type were examined in isolation. While the relative contributions of RGC‐intrinsic and ‐
extrinsic mechanisms to the axonopathic effects of hypoxia are outside the scope of this
dissertation, the experiments described in this chapter show that I have successfully
developed a model of hypoxic stress in retinal explants capable of affecting RGCs at the
axonal level.

70

IV. Proteolytic cleavage of APP mediates hypoxiainduced morphological axonopathy

Introduction
The results presented and discussed in the previous chapter demonstrated that
the retinal explant system described in this dissertation is sensitive to the effects of
hypoxia with respect to the morphology of retinal ganglion cell axons. To understand
the mechanism by which hypoxia compromises these axons, however, it is critical to
identify a molecular pathway that is both necessary and sufficient for the development
of morphological axonopathy. In this chapter, I will specifically ask whether proteolytic
processing of APP to Aβ is necessary and sufficient to mediate acute hypoxia‐induced
morphological axonopathy in RGCs from retinal explants.
In the General Introduction (Chapter 1), I described several lines of evidence
supporting the idea that processing through the APP cascade could mediate hypoxia‐
induced morphological axonopathy. First, levels of APP cascade members are sensitive
to oxygen status via the actions of HIF‐1, such that low oxygen levels increase both APP
and Aβ levels (Xue et al., 2006; Li et al., 2009a). Second, evidence from cell culture and
transgenic studies has shown that APP and its metabolites, particularly Aβ, have the
capacity to modulate negatively axonal morphology in the CNS (see General
Introduction and Pike et al., 1992; Stokin et al., 2005). Indeed, these lines of evidence
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suggest that a hypoxia‐induced enhancement of APP metabolism to Aβ could directly
cause the effects of hypoxia on axonal morphology.
Nevertheless, the support for this idea remains incomplete. In particular, while
cell culture and transgenic studies have suggested that the formation of Aβ from APP
may be responsible for the axonal defects arising from manipulation of the APP cascade,
a rigorous test of this suggestion has not yet been made. Such a test is critical, given the
following limitations inherent to the methods used in the in vitro and in vivo work
supporting this idea.
First, interpreting results from the in vitro studies using synthetic Aβ peptides is
complicated by the biological properties of these peptides being dependent on
aggregation states and peptide size and composition that may or may not have
physiological relevance for intact tissue. Attempts to address this concern by injecting
these peptides into the brain in vivo have met with limited success in inducing
morphological axonopathy (see General Introduction, Games et al., 1992).
Second, results from transgenic models are compromised by the following issues:
1) they often fail to differentiate definitively between levels of APP and Aβ, as the
majority of these studies has observed axonopathic effects arising due to the
overexpression of mutant forms of APP that predispose to Aβ formation and are thus by
design unable to distinguish Aβ elevation from concomitant elevations of its precursors;
and 2) they express mutant forms of APP over the course of the whole lifetime of the
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transgenic animal, and as such may be complicated by compensatory or developmental
changes that modulate the effects of APP metabolites on the axon.
The objective of the experiments presented in this chapter was thus to test
critically the hypothesis that acute APP processing to Aβ mediates hypoxia‐induced
morphological axonopathy in the explanted retina. Using pharmacological and genetic
methods, I first established that APP proteolytic processing by β‐ and γ‐secretase is
necessary for the development of acute hypoxia‐induced axonal varicosities in RGCs
from adult retinal explants. I then demonstrated that APP overexpression in these RGCs
is sufficient to cause morphological axonopathy, and that this axonopathy arises due to
Aβ production as it is ameliorated by both β‐ and γ‐secretase inhibition.

Results
Proteolytic processing of APP is necessary for hypoxia-induced
impairment of axonal morphology
To test whether proteolytic cleavage of APP to Aβ is necessary for hypoxia‐
driven axonal pathology, I examined whether pharmacologically or genetically
inhibiting APP cleavage influenced acute hypoxia‐induced disruption of axonal
morphology. If proteolytic processing of APP is necessary for the morphological
changes caused by hypoxia, then blockade of APP cleavage via either method should
protect axons against the morphological pathology that they would otherwise develop.
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Pharmacological inhibition of APP cleavage
The pharmacological inhibitors of β‐ and γ‐secretase, the two enzymes required
to generate Aβ from APP, used in this work are selective inhibitors that have been
shown in the literature to prevent APP cleavage by blocking their respective targets
(Cole et al., 2008; Cole et al., 2009; Braithwaite et al., 2010; Farah et al., 2011). Consistent
with the ability of the β‐secretase inhibitor BI #1 to prevent APP processing through the
amyloidogenic pathway, treatment of retinal explants transfected to overexpress a
human mutant isoform of APP with this inhibitor abolished generation of C99 protein
detected via Western blotting (Figure 16, right). Unfortunately, I was not able to validate
similarly the γ‐secretase inhibitor GSI #1, which prevents the formation of Aβ but not
C99 from full‐length APP, due to the exceeding difficulty of visualizing Aβ in this
experimental system.
I first examined whether pharmacological inhibition of β‐ and γ‐secretase affects
axonal morphology in hypoxia‐stressed explants. In these experiments, YFP‐transfected
retinal explants from adult rats cultured in the presence or absence of β‐ or γ‐secretase
inhibitors (3 or 30 μM) were exposed to an acute period of hypoxic stress previously
shown to impair axonal morphology (Figure 9) and then fixed for assessment of axonal
morphology 24 h later. As expected, whereas RGCs exposed to normoxia had axons that
remained straight and smooth throughout the duration of the experiments, those from
explants exposed to hypoxia developed persistent axonal varicosities (Figure 17).
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Figure 16: Transfected APP‐Sw is processed in the explanted retina.
(Left) Western blot showing products of the amyloid cascade. Lysates of rat retinal
explants transfected with either a control plasmid or a C‐terminal, FLAG‐tagged APP‐
Sw construct were immunoprecipitated (IP) and immuoblotted (IB) using an antibody
against the FLAG tag. Full‐length APP‐Sw as well as the C99 and C83 cleavage products
are visible only in the right‐hand lane containing lysates from explants transfected with
the APP‐Sw construct, demonstrating that transfected APP is processed in the explanted
retina. (Middle) Western blot confirming the identity of the C99 cleavage product.
Lysates from rat retinal explants transfected with a C‐terminal FLAG‐tagged APP‐Sw
construct were immunoprecipitated with antibodies against either FLAG (M2, left lane)
or an internal sequence in the Aβ domain (6E10, right lane). Whereas both the C99 and
C83 band are present in the left‐hand lane, the band for C83 (but not C99) disappears in
the right‐hand lane. This pattern is consistent with the identity of the upper band as C99,
as C83 does not contain the Aβ sequence. (Right) Western blot confirming the efficacy of
the BACE1 inhibitor BI #1 in rat retinal explants. Lysates from retinal explants
transfected with either a control plasmid or a C‐terminal, FLAG‐tagged APP‐Sw
construct and treated with a 30 μM dose of BI #1 were immunoprecipitated and
immunoblotted using an antibody against the FLAG tag. The C99 band, which is
produced by BACE1 cleavage of full‐length APP, disappears in the right‐most lane,
demonstrating the ability of BI #1 to prevent APP processing.
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Figure 17: Inhibition of BACE1 and γ‐secretase ameliorate acute hypoxia‐
induced morphological axonopathy.
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(A) Representative images of YFP‐transfected rat retinal explants fixed on day 3 after
transfection. Explants cultured under normoxic conditions have RGC axons that remain
smooth, straight, and devoid of axonal varicosities at this time. Explants exposed to a
brief period of acute hypoxia develop axonal varicosities (arrows) that are ameliorated
by treatment with 3 or 30 μM doses of a BACE1 inhibitor (BI #1). Scale bar = 20 μm. (B)
Quantification of the proportion of axons without varicosities reveals that inhibition of
BACE1 processing prevents acute hypoxia‐induced axonal pathology (n=3 experiments,
>500 axons per experiment, p<0.05). (C) Representative images of YFP‐transfected retinal
explants fixed on day 3 after transfection. Explants cultured under normoxic conditions
have RGC axons that remain smooth, straight, and devoid of axonal varicosities (arrows)
at this time. Explants exposed to a brief period of acute hypoxia develop axonal
varicosities that are ameliorated by treatment with 3 or 30 μM doses of a γ‐secretase
inhibitor (GSI #1). Scale bar = 20 μm. (D) Quantification of the proportion of axons
without varicosities reveals that inhibition of γ‐secretase processing prevents acute‐
hypoxia induced axonal pathology (n=3 experiments, >1000 axons per experiment,
p<0.05).
Supporting the hypothesis that Aβ mediates the effects of hypoxia on axonal
morphology, inclusion of either the BACE1 (BI #1) or γ‐secretase (GSI #1) inhibitors in
the culture media of hypoxia‐stressed explants ameliorated this impairment of axonal
morphology (Figure 17A,C). Compared to DMSO‐treated controls, a significantly greater
proportion of RGC axons from explants treated with either compound were healthy and
lacked varicosities after hypoxic stress (Figure 17B,D). These effects were dose‐
dependent, such that higher concentrations of either compound protected axons more
fully than lower concentrations. These findings suggest that β‐ and γ‐secretase activities
are both necessary for acute hypoxia‐induced morphological axonopathy and thus
implicate their common target, Aβ, as the key mediator of this pathology.
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Genetic elimination of APP
Because off‐target effects are always possible with pharmacological inhibitors, I
next confirmed my findings that APP‐to‐Aβ processing is necessary for hypoxia‐induced
axonal pathology using APP‐null mice. APP‐null mice are missing the gene for APP, and
they lack all discernable products of APP proteolytic processing (Zheng et al., 1995)
(Figure 18).
If APP‐to‐Aβ processing is a key step in the development of morphological
axonopathy, then hypoxia‐stressed RGC axons in explants from APP‐null mice should
be protected relative to those from wild‐type mice on an identical genetic background.
To test this hypothesis, I exposed YFP‐transfected retinal explants derived from adult
APP‐null or wild‐type mice to normoxia or a 6‐h period of acute hypoxia on the day
after transfection.
Consistent with the findings described above in rat retinal explants, RGCs in
explants derived from animals of either genotype had axons that were straight and
smooth when exposed to normoxic conditions (Figure 19). In contrast, acute hypoxia
caused the development of persistent axonal varicosities that were less severe in APP‐
null explants. This consistent pattern of RGC protection, in which explants from APP‐
null mice were significantly less affected than those from their wild‐type counterparts,
was observed an all three independent trials of this experiment. These findings suggest
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Figure 18: APP‐null mice have no full‐length APP protein in their retinas.
Western blot showing endogenous, full‐length APP in retinal explants from adult mice.
Lysates of retinal explants from wild‐type or APP‐null mice were immuoblotted using
an antibody against full‐length APP. Full‐length APP is observed only in lysates from
explants from wild‐type mice.
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that loss of APP or one or more of its proteolytic products protects against hypoxia‐
induced varicosities.
To determine if Aβ is specifically responsible for the hypoxia‐induced
impairment of axonal morphology in wild‐type and APP‐null mice, I tested whether
BACE1 (BI #1) and γ‐secretase (GSI #1) inhibition affected acute hypoxia‐induced
morphological axonopathy (Figure 19). Only the higher, 30‐μM concentration of each
inhibitor was tested in these experiments, as the results described above indicated that
this concentration offered the most protection of RGC axons in the rat explants. As
expected, retinal explants from wild‐type mice cultured in the presence of 30 μM BI #1
or GSI #1 were significantly protected from the development of axonal varicosities
compared to their DMSO‐treated counterparts. In contrast, treatment of retinal explants
from APP‐null mice with 30 μM concentrations of either inhibitor had no protective
effect on axonal morphology. As knockout of APP effectively occluded the effects of
either inhibitor, these findings also suggested that the inhibitors were working by
preventing Aβ production from APP.
However, as hypoxia caused less severe axonal defects in explants from APP‐
null mice, it is possible that there was not a sufficient dynamic range to detect a
significant protective effect of the β‐ and γ‐secretase inhibitors in the APP‐null animals.
To address this possibility, YFP‐transfected retinal explants from APP‐null mice were
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Figure 19: Explants from APP‐null mice are protected against hypoxia‐induced
morphological axonopathy and unaffected by BACE1 or γ‐secretase inhibition.
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(A) Representative images of YFP‐transfected retinal ganglion cell axons from wild‐type
(left) and APP‐null (right) mouse retinal explants fixed on day 3 after dissection after
exposure to normoxic or acute hypoxic conditions. Explants derived from mice of either
genotype exposed to normoxic conditions have RGC axons that remain smooth, straight,
and devoid of axonal varicosities at this time. Exposure to a 6‐h period of acute hypoxia
causes axonal varicosities that are less severe in APP‐null retinal explants. Inclusion of a
BACE1 (BI #1) or γ‐secretase (GSI #1) inhibitor (30 μM) in the culture medium
ameliorates acute hypoxia‐induced morphological axonopathy for wild‐type but not
APP‐null mice. Scale bars = 20 μm. (B) Quantification of the proportion of axons without
varicosities confirms that APP‐null mice are resistant to acute hypoxia‐induced
development of axonal varicosities and that blockade of APP processing ameliorates the
effects of hypoxia in wild‐type but not APP‐null explants (n=3 experiments, >1000 axons
per experiment, p<0.01).
cultured in the presence or absence of the β‐ and γ‐secretase inhibitors and exposed to a
longer, more severe, 8‐h acute hypoxic stress intended to mimic the effects of the shorter
stressor on wild‐type mice. In these experiments, acute hypoxia had a negative effect on
axonal morphology that was comparable to that of the shorter, 6‐h stressor on wild‐type
mice but, nonetheless, unaffected by inhibition of β‐ or γ‐secretase (Figure 20). The
results of this experiment argue against the idea that the dynamic range in the APP‐null
experiments was too narrow to detect a significant protective effect of the compounds on
mice lacking the APP gene.
Together, these findings strongly suggest that APP processing by β‐ and γ‐
secretase is responsible, at least in part, for hypoxia‐induced morphological axonopathy.

Aβ production from overexpressed APP is sufficient to cause
morphological axonopathy
I next asked whether Aβ production from APP is sufficient to cause
morphological pathology in the explanted retina. If aberrant APP processing to Aβ is
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Figure 20: Inhibition of BACE1 and γ‐secretase does not ameliorate morphological
axonopathy induced by prolonged hypoxia in explants from APP‐null mice.
(Upper) Representative images of YFP‐transfected retinal ganglion cell axons from
retinal explants derived from APP‐null mice fixed on day 3 after dissection after
exposure to normoxic or acute hypoxic conditions. Whereas explants cultured under
normoxic conditions have RGC axons that remain smooth, straight, and devoid of
axonal varicosities at this time, exposure to an 8 h period of acute hypoxia causes axonal
varicosities. Inclusion of a BACE1 (BI #1) or γ‐secretase (GSI #1) inhibitor (30 μM) in the
culture medium had no effect on acute hypoxia‐induced morphological axonopathy.
Scale bars = 25 μm. (Lower) Quantification of the proportion of axons without
varicosities confirms that blockade of APP cleavage by β‐ and γ‐secretase had no effect
on axonal varicosities induced by hypoxia (n=3 experiments, >500 axons per experiment,
p<0.01).
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responsible for morphological axonopathy, then APP overexpression should enhance
levels of APP metabolites and induce axonal varicosities in transfected RGCs.
I first tested whether transfection with APP enhanced levels of proteins in the
amyloidogenic pathway of APP cleavage. In these experiments, RGCs in retinas from
adult rats were transfected with genetic constructs encoding either a control plasmid or
a FLAG‐tagged familial mutant APP isoform (APP‐Sw) that is known to predispose to
Aβ cleavage; tissue was then processed for Western blotting. In contrast to retinal
explants transfected with a control plasmid, explants transfected with APP‐Sw showed
detectable levels of full length human APP as well as several primary cleavage products,
including C99 (Figure 16, left, middle). While it was not possible to detect Aβ production
in these experiments directly, the observed elevations in C99 and other cleavage
products suggested that transfected RGCs were capable of processing the transfected
APP isoform. Additionally, it should be noted that all of the APP cascade proteins
detected in these experiments arose from the exogenously transfected constructs, as
blots were probed using antibodies (i.e., human‐specific APP antibodies or antibodies
against the terminal FLAG sequence) insensitive to endogenous rodent APP isoforms.
Together, these findings demonstrate that APP overexpression in RGCs raises levels of
several members of the APP cascade.
To test whether such alterations in APP metabolism cause morphological
axonopathy, I transfected RGCs in retinal explants with constructs encoding either a
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control plasmid or wild‐type (APP‐wt) or familial‐mutant (APP‐Sw) APP sequence that
generates higher levels of Aβ. Whereas RGCs expressing the control construct had axons
that remained straight and smooth 4 d after transfection, those transfected with the wild‐
type and familial mutant APP sequences showed increasing levels of axonal pathology
in the form of axonal varicosities (Figure 21A,B). Quantification showed that plasmids
producing increasing levels of Aβ caused increasingly severe axonal pathology in
transfected RGCs. These varicosities developed over several days of observation,
growing progressively larger and more severe with time (Figure 21C).
To confirm that this pathology is indeed mediated by proteolytic processing of
APP to Aβ, I used pharmacological inhibitors of β‐ and γ‐secretase to prevent cleavage
of transfected APP. Consistent with my hypothesis that proteolytic processing of APP to
Aβ is responsible for the induction of axonal pathology, treatment of retinal explants
with either β‐ (BI #1) or γ‐ (GSI #1) secretase inhibitors significantly ameliorated APP
overexpression‐induced axonal pathology (Fig 21D,E). These findings strongly suggest
that APP‐to‐Aβ proteolytic processing is sufficient to induce axonal pathology in retinal
explants.

Discussion
Proteolytic processing of APP to Aβ is necessary for acute hypoxiainduced morphological axonopathy
Much evidence accumulated in recent years has suggested a role for APP
cleavage products in the effect of hypoxia on axonal morphology. Nevertheless, a
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Figure 21: Experimental elevations of Aβ cause morphological axonopathy in RGCs.
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(A) Representative images of transfected rat retinal explants fixed on day 5 after
transfection. Explants cotransfected with YFP and a control plasmid have RGC axons
that remain smooth, straight, and devoid of axonal varicosities at this time. In contrast,
explants cotransfected with YFP and isoforms of APP that produce progressively higher
levels of Aβ (APP‐Wt, APP‐Sw) develop increasingly severe axonal pathology. Scale
bars = 25 μm. (B) Quantification of the proportion of axons without varicosities reveals
that transfection with Aβ‐elevating constructs causes morphological axonopathy (n=3
experiments, >1000 axons per experiment, p<0.05). (C) Quantification of the proportion
of axons without varicosities reveals that transfection with APP‐Sw causes
morphological axonopathy over the course of several days ex vivo (n=12 explants, >500
axons, p<0.05). (D) Representative images of YFP‐transfected retinal explants fixed on
day 5 after transfection demonstrating that blockade of APP‐to‐Aβ processing protects
against morphological axonopathy. Whereas explants transfected with YFP and a
control plasmid have RGC axons that remain smooth, straight, and devoid of axonal
varicosities at this time, explants transfected with YFP and APP‐Sw develop varicosities.
Scale bars = 25 μm. Treatment with either a BACE1 (BI #1) or γ‐secretase (GSI #1)
inhibitor (30 μM) ameliorates the axonal pathology induced by transfection with APP‐
Sw. (E) Quantification of the proportion of axons without varicosities reveals that
inhibition of APP processing ameliorates APP transfection‐induced axonal pathology
(n=3 experiments, >1000 axons per experiment, p<0.01).
critical test of the hypothesis that APP processing to Aβ is necessary for such
axonopathy has never been made.
I found that inhibition of β‐ and γ‐secretases, the proteolytic enzymes required
for generation of Aβ from APP, clearly ameliorated the effects of acute hypoxia on the
morphology of explanted RGC axons. Axons from explants treated with these inhibitors
showed concentration‐dependent reductions in the number of axonal varicosities
present 24 h after exposure to acute hypoxia.
Although off‐target effects are always a concern in studies employing
pharmacological methods, the common effects of these inhibitors in combination with
the results of the APP knockout experiments suggest that inhibited proteolytic
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processing of APP to Aβ was indeed responsible for the axo‐protective effects seen in
these experiments. Indeed, the latter set of experiments in APP‐null animals was
particularly important, since it effectively distinguished between APP and other
substrates of β‐ and γ‐secretases (e.g., neuregulin). Together, these findings strongly
implicate the proteolytic processing of APP to Aβ as an obligatory step in hypoxia‐
induced morphological axonopathy.
It should be noted, however, that my findings do not support APP‐to‐Aβ
processing being the only mechanism by which hypoxia impairs axonal morphology.
Even under conditions in which Aβ production was blocked pharmacologically (Figure
17) or genetically (Figures 19, 20), a mild degree of axonopathy in the form of varicosities
was still observed when explants were exposed to hypoxic conditions. Thus, it appears
that Aβ is a central but not the sole mechanism by which hypoxia impairs axonal
morphology.
The protective effects of β‐ and γ‐secretase inhibition on the axon observed in
this chapter add to a growing body of literature suggesting that such inhibition is
generally protective in models of axonopathy. For example, after sciatic nerve crush
injury, pharmacological and genetic reductions of BACE1 activity enhance both the
clearance of axonal debris as well as the speed of nerve regeneration (Farah et al., 2011),
and BACE1 inhibition reduces the number of axonal varicosities in cultured cortical
neurons exposed to okadaic acid (Yoon et al., 2006). Similarly, intraventricular
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administration of a γ‐secretase inhibitor in a model of autoimmune encephalitis reduces
the number of axons undergoing Wallerian degeneration (Jurynczyk et al., 2005).
The broad axo‐protective nature of blocking APP cleavage by its secretases
suggests that APP‐to‐Aβ processing may be a common mechanism that is activated by
many different axonal insults and in different regions of the CNS. Targeting this
mechanism may thus provide useful directions for therapeutic research in axonopathic
disease.

Processing of APP to Aβ is sufficient to cause morphological
axonopathy
I also found that APP overexpression was sufficient to induce morphological
axonopathy in retinal explants. These observations add several key pieces of data to the
previous understanding of APP‐induced morphological axonopathy.
First, this is the first ex vivo report to show that Aβ formation is directly
responsible for not just neuronal degeneration (Braithwaite et al., 2010) but also the
specific impairment of axonal morphology caused by APP overexpression. This finding
is consistent with previous studies in transgenic mice in which elevation of members of
the APP cascade causes morphological axonopathy (Masliah et al., 1996; Brendza et al.,
2003; Stokin et al., 2005). However, the advantage of testing the hypothesis in the retinal
explant system is the experimental accessibility it provides: the explant model permits
rapid, acute elevation of APP levels in an otherwise wild‐type background as well as the

89

flexibility to use pharmacological inhibitors that identify Aβ as the toxic metabolite of
APP responsible for morphological defects in the axon.
Second, this is the first report that APP‐to‐Aβ processing in the mature
mammalian retina has a direct effect on the axonal morphology of RGCs. Several studies
have demonstrated that synthetic Aβ treatment (Jen et al., 1998; Walsh et al., 2002) and
transgenic APP overexpression (Ning et al., 2008a; Shimazawa et al., 2008; Dutescu et al.,
2009; Liu et al., 2009; Perez et al., 2009) reduce retinal thickness and cause RGC
apoptosis, but none of these studies have specifically investigated the early effects of
APP overexpression on RGC axons. Given that independent mechanisms can mediate
somal and axonal degeneration, it is an important step to confirm, as shown here, that
APP‐to‐Aβ processing causes not just somal but also axonal pathology in the retina.
Finally, the results described in this chapter suggest that Aβ derived from APP
overexpression in RGCs is sufficient to cause axonopathy in that same cell population.
The importance of this result is highlighted by the majority of studies of APP cascade’s
effects on the axon involving transgenic animals, in which mutant isoforms of APP
and/or its secretases are overexpressed in every cell in the body from inception. This
widespread APP expression makes it experimentally challenging to determine from
which cell population (e.g., neurons, glial cells) the toxic fragments arise. Because
transfected APP‐Sw overexpression was restricted biolistically to the RGC population in
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my experiments, the results derived using my explant model provide strong evidence
that RGC axons are impaired by their own proteolytic APP products.
However, whether this effect is direct remains unclear. For example, it is possible
that intraneuronal Aβ produced by RGCs from APP sets into motion events within the
axon that result in the development of axonal varicosities. Conversely, it is also possible
that Aβ released from the RGC axon mediates a change in the surrounding glial cell
network, which then downstream mediates the observed negative effects on RGC axonal
morphology. While the experiments described in this chapter are unable to distinguish
between these possibilities, each leads to testable predictions that can be readily
examined in the explant model (see Chapter 6).
In summary, the experiments described in this chapter show that APP‐to‐Aβ
processing is necessary and sufficient to mediate hypoxia‐induced morphological
axonopathy in the explanted retina, and supports my central hypothesis that the
production of Aβ from APP is an obligatory step in the development of hypoxia‐
induced axonopathy.
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V. Proteolytic processing of APP does not mediate
hypoxia-induced functional axonopathy

Introduction
The results presented and discussed in Chapter 4 of this dissertation demonstrate
that proteolytic processing of APP to Aβ is necessary and sufficient to mediate hypoxia‐
induced morphological axonopathy. The studies described in this chapter ask whether
this same pathway is also responsible for hypoxia‐induced impairment of axonal
function; that is, whether APP processing to Aβ is necessary and sufficient to mediate
hypoxia‐induced impairment of axonal transport capacity.
As presented in the General Introduction, Aβ has clear negative effects on axonal
function. Treatment of cultured cells with synthetic Aβ constructs slows axonal
transport, and transgenic overexpression of wild‐type APP, familial mutant APP
isoforms that predispose to Aβ production, mutant presenilin isoforms that increase
production of Aβ, or Aβ constructs themselves in flies and mice produce similar deficits
in axonal transport capacity (Hiruma et al., 2003; Rui et al., 2006; Salehi et al., 2006;
Smith et al., 2007; Shah et al., 2009; Decker et al., 2010; Poon et al., 2011). Together, these
reports have formed a strong foundation of work suggesting that Aβ is sufficient to
impair axonal transport.
However, additional evidence suggests that Aβ may not be the only APP
metabolite responsible for the impairment of axonal function in studies of APP
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overexpression. For example, combined overexpression of familial mutant APP and
presenilin transgenes, which elevates Aβ levels compared to APP overexpression alone,
in Drosophila and mice does not worsen–and indeed may ameliorate–transport defects
resulting from overexpression of APP (Stokin et al., 2008). Further, abrogation of BACE1
cleavage of APP in 3xTg‐AD mice, which overexpress human tau and APP in a mutant
presenilin 1 background, does not produce the ameliorations of mis‐transported APP
fragments that one would expect if Aβ processing were solely responsible for the
impairment of functional axonal transport (Winton et al., 2011). Finally, that genetic
deletion of a caspase cleavage site unrelated to Aβ formation in an APP transgenic
mouse model completely eliminates synaptic loss without affecting Aβ levels further
indicates that Aβ may not be the only APP metabolite with axo‐toxic properties (Galvan
et al., 2006).
These discordant findings have led to the suggestion that Aβ may be sufficient
but not necessary for the formation of axonal defects caused by APP overexpression
(Stokin et al., 2008), and that other APP‐ or secretase‐related metabolites may also be
capable of impairing axonal transport. If this is the case, then it will be important to
determine which members of the APP cascade–if any–mediate the negative effects of
hypoxia on axonal function.
The objective of the experiments presented in this chapter was thus to ask
whether APP processing to Aβ is necessary and sufficient to mediate one aspect of
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hypoxia‐induced functional axonopathy, the impairment of axonal transport, in the
explanted retina. Using pharmacological methods, I first established that processing by
β‐ but not γ‐secretase is necessary for hypoxia‐induced impairment of axonal transport
in RGCs from adult retinal explants. I then demonstrated that β‐secretase mediates this
effect by acting on a non‐APP substrate. Finally, I showed that APP overexpression in
explanted RGCs fails to impair axonal transport capacity. Together, these findings
suggest that APP processing to Aβ does not mediate hypoxia‐induced impairments in
axonal transport.

Results
Proteolytic processing of APP to Aβ is not necessary for hypoxiainduced impairment of axonal transport
To test the hypothesis that proteolytic cleavage of APP to Aβ is necessary for
hypoxia‐driven impairment of axonal transport, I examined whether pharmacologically
or genetically inhibiting APP cleavage influenced acute hypoxia‐induced disruption of
axonal transport. If cleavage of APP is necessary for the impairment of CTB transport
caused by hypoxia, then blockade or elimination of APP cleavage via either method
should protect axons against the pathology that they would otherwise develop.
Pharmacological inhibition of APP cleavage
I first examined whether pharmacological inhibition of β‐ and γ‐secretases, the
two enzymes required to generate Aβ from APP, influences axonal transport in retinal
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explants exposed to a period of acute hypoxic stress previously shown to impair axonal
transport (Chapter 3, Figure 13).
To examine whether BACE1 activity is necessary for hypoxia‐induced functional
deficits in axonal transport, I cultured explants in the presence or absence of the BACE1
inhibitor BI #1 (3 or 30 μM), exposed them to an acute, 4‐h period of hypoxic stress, and
then probed their capacity to transport retrogradely a fluorescently‐tagged CTB tracer.
As previously shown, acute hypoxia impaired CTB transport from the distal axons to the
peripheral somata of explanted RGCs (Figure 22). Consistent with an APP cleavage
product mediating the effects of hypoxia on axonal function, application of 3 or 30 μM of
BI #1 in the culture medium ameliorated this hypoxia‐induced impairment of axonal
transport in a concentration‐dependent manner. Quantification of the number and
intensity of transporting RGCs under these conditions confirmed the significant
protective effect of BACE1 inhibition against acute hypoxia, as RGCs in explants treated
with BI #1 accumulated more fluorescently‐tagged CTB and thus appeared brighter than
their DMSO‐treated counterparts (Figure 22A,B).
These findings were confirmed with three additional BACE1 inhibitors,
suggesting that protection of axonal transport is a general property of BACE1 inhibition
and not a side‐effect of the specific inhibitor used (Figure 22C). Indeed, treatment of
explants with any of the BACE1 inhibitors produced a distinctive transport phenotype,
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Figure 22: BACE1 inhibition ameliorates acute hypoxia‐driven impairment of axonal
transport.
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(A) Representative images of CTB transport in rat retinal explants fixed on day 3 after
dissection after exposure to normoxic or acute hypoxic conditions. RGCs from explants
cultured under normoxic conditions retain the ability to actively take up and transport a
fluorescently‐tagged CTB tracer into their somata. In contrast, explants exposed to a
brief period of acute hypoxia prior to CTB placement fail to transport the tracer into
their peripheral somata. Inclusion of a BACE1 inhibitor (3 or 30 μM) ameliorates acute
hypoxia‐driven impairment of axonal CTB transport. Scale bars = 50 μm. (B)
Quantification of the number (bottom) and intensity (top) of peripheral RGC somata
labeled by CTB reveals that BACE1 inhibition ameliorates acute hypoxia‐induced
impairment of retrograde RGC axonal transport (n=3 experiments, >4000 cells per
experiment, p<0.01). (C) Quantification of the number (bottom) and intensity (top) of
peripheral RGC somata labeled by CTB reveals that BACE1 inhibition via three
additional BACE1 inhibitors (BI #2, #3, and #4) ameliorates acute hypoxia‐induced
impairment of retrograde RGC axonal transport (>4000 cells per experiment, p<0.05). (D)
Fluorescence images of CTB accumulation in RGC somata treated with DMSO or four
different BACE1 inhibitors. BACE1 inhibition produces a characteristic phenotype of
CTB accumulation in bright granules clustered within RGC somata.
in which accumulated CTB tracer was brighter and more punctate than typical in
untreated cells (Figure 22D).
Finally, experiments with a panel of neuroprotective compounds demonstrated
that the improvement of axonal transport capacity is not a general property of
neuroprotective compounds and instead is specific to BACE1 inhibition (Appendix E).
Together, these findings indicated that BACE1 enzymatic activity is necessary for
hypoxia‐induced impairment of axonal transport.
Next, I tested whether γ‐secretase inhibition could similarly prevent hypoxia‐
induced impairments in axonal transport. In contrast to the findings described above
with BACE1 inhibitors, culturing explants in the presence of either 3 or 30 μM
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Figure 23: γ‐secretase inhibition does not ameliorate acute hypoxia‐driven
impairment of axonal transport.
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(A) Representative images of CTB transport in rat retinal explants fixed on day 3 after
dissection after exposure to normoxic or acute hypoxic conditions. RGCs from explants
cultured under normoxic conditions retain the ability to actively take up and transport a
fluorescently‐tagged CTB tracer into their somata. In contrast, explants exposed to a
brief period of acute hypoxia prior to CTB placement fail to transport the tracer into
their peripheral somata. Inclusion of a γ‐secretase inhibitor (GSI#1, 3 or 30 μM) had no
effect on acute hypoxia‐driven impairment of axonal CTB transport. Scale bars = 50 μm.
(B) Quantification of the number (bottom) and intensity (top) of peripheral RGC somata
labeled by CTB reveals that γ‐secretase inhibition does not ameliorate acute hypoxia‐
induced impairment of retrograde RGC axonal transport (n=3 experiments, >2000 cells
per experiment, p>0.05). (C) Quantification of the number (bottom) and intensity (top) of
peripheral RGC somata labeled by CTB reveals that γ‐secretase inhibition via two
additional γ‐secretase inhibitors (GSI #2, #3) had no effect on acute hypoxia‐induced
impairment of retrograde RGC axonal transport (>4000 cells per experiment, p>0.05).
concentrations of the γ‐secretase inhibitor GSI #1 had no effect on acute hypoxia‐
induced impairment of axonal transport (Figure 23). This result was unexpected, given
the protective effects of this γ‐secretase inhibitor on axonal morphology described in
Chapter 4 (Figures 17, 19, and 21). Quantification of the number and intensity of CTB‐
positive RGCs under these conditions confirmed that γ‐secretase inhibition did not
protect against hypoxia‐induced failure of axonal transport, indicating that proteolytic
processing by γ‐secretase is not necessary for hypoxia‐induced impairment of axonal
transport (Figure 23A,B). Similar results were also observed with two other γ‐secretase
inhibitors, suggesting that failure to affect axonal transport is a general characteristic of
γ‐secretase inhibition (Figure 23C,D).
In contrast to the results presented in Chapter 4, these findings suggest that Aβ
formation may not be necessary for acute hypoxia‐induced impairment of axonal
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function since blocking the activity of one but not the other of the two enzymes
necessary for Aβ production has axo‐protective properties.
Genetic elimination of APP
The protective effect of β‐ but not γ‐secretase inhibitors in the previous
experiments suggests that BACE1 activity may play a role in hypoxia‐induced
impairment of axonal transport. If this is the case, then there are two possibilities for the
way in which BACE1 activity influences axonal transport. First, BACE1 may cleave APP
to produce a metabolite independent of γ‐secretase activity that somehow impairs
axonal transport. Alternatively, BACE1 may impair axonal transport via cleavage of a
non‐APP substrate. To discriminate between these hypotheses, I tested whether genetic
deletion of APP influenced hypoxia‐induced axonal dysfunction and/or the protective
effect of BACE1 inhibition.
Because previous work has been divided over whether loss of APP impairs
axonal transport (Kamal et al., 2001; Lazarov et al., 2005), I first examined whether
explanted RGCs from wild‐type and APP‐null mice differed in their ability to transport
CTB under normoxic conditions. I found no difference in the number or intensity of
CTB‐transporting RGCs between the two genotypes, suggesting that loss of APP does
not affect basal levels of axonal transport in my assay (Figure 24).
If BACE1 processing of APP is necessary for acute hypoxia‐induced disruption of
axonal transport, then hypoxia‐stressed RGC axons in explants from APP‐null mice
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Figure 24: CTB transport capacity does not differ between wild‐type and APP‐null
mice.
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(Upper) Representative images of CTB transport in explants from wild‐type or APP‐null
mice fixed on Day 3 after dissection after 24 h of CTB transport. RGCs from explants of
either genotype demonstrate a similar ability to take up and actively transport a
fluorescently‐tagged CTB tracer into their somata. Scale bars = 50 μm. (Lower)
Quantification of the number (right) and intensity (left) of peripheral RGC somata
labeled by CTB reveals that no difference in retrograde RGC axonal transport capacity
between wild‐type and APP‐null mice (n=12 explants/condition, >2000 cells, p>0.05).
should be protected relative to those from wild‐type mice on an identical genetic
background. To test this hypothesis, I exposed retinal explants derived from adult APP‐
null and wild‐type mice to normoxic or acute hypoxic conditions. Consistent with the
findings described above in rat retinal explants, axonal transport was impaired in
explanted RGCs derived from wild‐type animals cultured under acute hypoxic
conditions (Figure 25). Parallel results were found for RGCs in explants from age‐
matched APP‐null mice, which showed hypoxia‐induced deficits in axonal transport
equal in magnitude to those observed in their wild‐type counterparts. As APP gene
deletion did not protect against acute hypoxia‐induced impairment of axonal transport
capacity, these findings suggest that the protective effects of BACE1 inhibition may
involve a non‐APP substrate.
To test further whether the protective effects of BACE1 inhibition on RGC axonal
transport are due to blockade of APP processing, I tested whether BACE1 inhibition (30
μM) ameliorated the effects of hypoxia on axonal transport in wild‐type and APP‐null
mice. If BACE1 is working via APP to impair axonal transport, then pharmacological
inhibition of its enzymatic activity should have little effect in mice lacking APP.
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Figure 25: APP is not necessary for acute hypoxia‐induced impairment axonal
transport or rescue by BACE1 inhibition.
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(A) Representative images of CTB transport in wild‐type or APP‐null mouse retinal
explants fixed on day 3 after dissection after exposure to normoxic or acute hypoxic
conditions. Whereas RGCs of either genotype cultured under normoxic conditions retain
the ability to take up and actively transport a fluorescently‐tagged CTB tracer into their
somata, those exposed to a brief period of acute hypoxia prior to CTB placement fail to
transport the tracer into their peripheral somata. Inclusion of the BACE1 inhibitor BI #1
(3 or 30 μM) ameliorates acute hypoxia‐driven impairment of axonal CTB transport in
retinal explants from mice of either genotype. Scale bars = 50 μm. (B) Quantification of
the number (bottom) and intensity (top) of peripheral RGC somata labeled by CTB
reveals that BACE1 inhibition ameliorates acute hypoxia‐induced impairment of
retrograde RGC axonal transport in wild‐type explants (n=3 experiments, >200 cells per
experiment, p<0.01). (C) Quantification of the number (bottom) and intensity (top) of
peripheral RGC somata labeled by CTB reveals that BACE1 inhibition ameliorates acute
hypoxia‐induced impairment of retrograde RGC axonal transport in APP‐null explants
(n=3 experiments, >2000 cells per experiment, p<0.01).
Conversely, if BACE1 cleavage of some other substrate is important, then BACE1
inhibition should still be protective despite the absence of APP.
I found that BACE1 inhibition significantly ameliorated hypoxia‐induced
impairment of axonal transport in either genotype. Indeed, explants from wild‐type and
APP‐null mice cultured in the presence of the BACE1 inhibitor exhibited
indistinguishable patterns of CTB transport, with significantly more RGC somata
transporting the tracer compared to their respective DMSO‐treated controls (Figure 25).
As the effects of BACE1 inhibition on axonal transport capacity appeared identical for
explants from APP‐null and wild‐type mice, these findings indicated that BACE1
inhibition must improve axonal transport via a mechanism that does not involve
proteolytic processing of APP.
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Together, these findings suggest that the formation of Aβ from APP is not
necessary for hypoxia‐induced impairment of axonal transport.

APP overexpression is not sufficient to impair axonal transport
I next sought to determine whether APP overexpression could elicit functional
axonopathy in explanted RGCs from adult rats. In these experiments, I transfected RGCs
in retinal explants with either a control plasmid or a familial‐mutant APP‐Swedish
(APP‐Sw) expression construct and monitored whether their capacity for axonal
transport of CTB changed due to expression of these genetic constructs.
Overexpression of APP‐Sw did not produce any detectable effects on axonal
transport capacity, as RGCs transfected with APP‐Sw accumulated the tracer to a level
indistinguishable from that in RGCs transfected with the control construct (Figure
26A,B). This lack of effect was surprising, especially given my consistent observations
that APP‐Sw‐transfected RGCs in this assay showed morphological characteristics of
degeneration (Figure 26C). Nevertheless, levels of CTB in these morphologically
pathological cells did not differ from those in cells with “healthy”‐looking axons that
appeared straight and smooth.
Additional experiments intended to favor detection of a potential effect of APP‐
Sw on CTB transport were done under the following conditions: 1) extending the
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Figure 26: APP overexpression does not impair axonal transport in explanted RGCs.
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(A) Representative images of rat RGCs (blue) transfected with a control construct or
APP‐Sw and tested for the capacity to retrogradely transport CTB both before (green)
and after (red) expression of the transfected sequences. Scale bars = 25 μm. (B)
Quantification of retrogradely transported CTB in control‐ and APP‐Sw‐transfected
RGCs. Data are presented as the mean ratio of CTB intensity in transfected cells before
and after transfection. No significant effect of APP‐Sw on transport parameters was
noted (n=3 experiments, >50 cells/condition/experiment, p>0.05). (C) Quantification of
retrogradely transported CTB in control‐ and APP‐Sw‐transfected RGCs. Data are
presented as the ratio of CTB intensity in transfected cells to non‐transfected cells in the
same image before and after transfection. No significant effect of APP‐Sw on transport
parameters was noted (n=3 experiments, >50 cells/condition/experiment, p>0.05). (D)
Fluorescence images of YFP/APP‐Sw co‐transfected RGCs (green) retrogradely
transporting CTB (red) fixed on Day 4 after transfection. Despite the presence of obvious
axonal varicosities, these RGCs accumulate a detectable level of the retrograde tracer.
Scale bars = 50 μm.
duration of experiments to allow more APP to be metabolized; 2) culturing explants
under a 5% oxygen environment for 5 days; 3) shortening the duration of CTB transport
to preclude the possibility of a ceiling effect; 4) preventing apoptosis via co‐transfection
of Bcl‐XL along with the control construct or APP‐Sw to prevent dysfunctional cells
from degenerating before analysis in my transport assay; 5) exposing explants to a 3‐hr
acute hypoxic stressor on the penultimate day of the experiment prior to CTB placement;
6) co‐transfecting RGCs with APP‐Sw and an isoform of tau containing three
microtubule‐binding repeats; and 7) transfecting explants with a wild‐type instead of
Swedish isoform of APP. Each of these experiments failed to reveal a significant effect of
APP‐Sw overexpression on axonal transport (Figure 27).
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Figure 27: APP overexpression does not impair axonal transport in explanted RGCs.
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(A‐B) Quantification of retrogradely transported CTB in control‐ and APP‐Sw‐
transfected RGCs from separate rat retinal explants, measured as (left) the ratio of the
intensities of CTB signal accumulated in transfected cells before and after expression of
the transfected constructs or (right) the ratio of CTB intensity in transfected cells to non‐
transfected cells in the same image at the pre‐ and post‐expression timepoints. No
significant effect of APP‐Sw on transport parameters was noted under the following
experimental conditions (n>50 cells/condition, p>0.05): (A) extending the culturing
period by 24 h; and (B) culturing explants under chronic hypoxic conditions for 5 days.
(C‐D) Quantification of retrogradely transported CTB in control‐ and APP‐Sw‐
transfected rat RGCs transfected in the same explant, measured as the mean intensity of
CTB signal accumulated in transfected cells on the last day of the experiment. No
significant effect of APP‐Sw on transport parameters was noted under the following
experimental conditions (n>50 cells/condition, p>0.05): (C) allowing explants to transport
CTB for 6 h instead of 24; and (D) co‐transfecting cells with APP‐Sw and Bcl‐XL to
prevent apoptosis. (E‐G) Quantification of retrograde CTB transport capacity in control‐
and APP‐Sw‐transfected rat RGCs in the same explant, measured as the proportion of
transfected RGCs that continue to accumulate detectable levels of CTB. Transfected RGC
somata included in the analysis were visibly labeled with CTB placed on Day 1 of the
experiment and then were sorted in a binary manner based on whether they
accumulated CTB placed on the penultimate day of the experiment. No significant effect
of APP‐Sw on transport parameters was noted under the following experimental
conditions (n>50 cells/condition, p>0.05): (E) stressing explants with a 3‐hr acute hypoxic
challenge on the penultimate day of the experiment prior to CTB placement; (F) co‐
transfecting cells with APP‐Sw and Tau3R; and (G) transfecting cells with a wild‐type
instead of Swedish APP isoform.
Finally, to confirm that this axonal transport assay is indeed sensitive to
disruptions of axonal function, I transfected cells with a mutant form of tau containing
four repeats of the microtubule‐binding domain previously shown to cause impairments
of axonal transport (Spittaels et al., 1999; Nuydens et al., 2002). Compared to cells
transfected with a control construct, RGCs transfected with mutant tau showed clear
evidence of impaired axonal transport (Figure 28). Indeed, despite their ability to

109

Figure 28: Tau4R overexpression impairs axonal transport in explanted RGCs.

110

(A) Representative images of rat RGCs (blue) transfected with a control plasmid or
Tau4R and tested for the capacity to transport retrogradely CTB at both pre‐ (green) and
post‐ (red) expression timepoints. Scale bars = 25 μm. (B) Quantification of retrogradely
transported CTB in control‐ and Tau4R‐transfected RGCs. Data are presented as the
mean ratio of CTB intensity in transfected cells at the post‐ and pre‐expression
timepoints. Tau4R overexpression significantly decreases the ratio of post‐ to pre‐
expression CTB transport intensity (n=3 experiments, >95 cells/experiment, p<0.01). (C)
Quantification of retrogradely transported CTB in control‐ and Tau4R‐transfected RGCs.
Data are presented as the ratio of CTB intensity in transfected cells to non‐transfected
cells in the same image during the pre‐ and post‐expression periods. Tau4R
overexpression significantly decreases the ratio of transfected to non‐transfected CTB
intensities at both the pre‐ and post‐expression timepoints (n=3 experiments, >95
cells/experiment, p<0.01).
accumulate CTB tracer during the pre‐expression period, Tau4R‐transfected cells failed
to accumulate CTB tracer during the post‐expression period (Figure 28A). Quantification
of the ratio of the fluorescent CTB signal at the pre‐ and post‐expression timepoints
revealed that Tau4R significantly impaired axonal transport compared to a control
construct (Figure 28B).
It is likely that the magnitude of this effect is underestimated by this first analysis
method, given that the “pre‐expression” CTB signal, which arises from CTB is placed on
Day 1 prior to transgene overexpression, actually continues throughout the entire
duration of the experiment. As the CTB signal accumulated in the RGC somata
continues to brighten over this time, this measure is likely influenced in later days of the
experiment by Tau4R overexpression. In line with this finding, normalization of CTB
intensity in transfected cells to that accumulated in surrounding, non‐transfected RGCs
revealed that Tau4R‐overexpressing RGCs were significantly dimmer than RGCs
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overexpressing a control construct at both the pre‐ and the post‐expression assessment
timepoints (Figure 28C). Thus, the denominator of the ratio presented in Figure 28B
decreases for Tau4R‐overexpressing RGCs and results in an underestimate of the true
effect of Tau4R overexpression on axonal transport. This evidence demonstrates that my
method for assessing axonal transport in transfected cells is sensitive to impairment of
axonal transport elicited genetically.
Together, these findings suggest that APP overexpression in RGCs is not
sufficient to impair axonal function, as assessed by retrograde CTB transport, in the
retinal explant system.

Discussion
Inhibiting BACE1 cleavage of a non-APP substrate protects axons
against hypoxia-induced functional impairment
Although much evidence accumulating in recent years has suggested a role for
Aβ in mediating the negative effects of hypoxia on axonal function (Hiruma et al., 2003;
Rui et al., 2006; Salehi et al., 2006; Smith et al., 2007; Shah et al., 2009; Decker et al., 2010;
Poon et al., 2011), a frank test of whether APP processing to Aβ is necessary for such
functional axonopathy has not been described. I thus directly addressed this issue by
using adult retinal explants to examine the impact of APP processing on hypoxia‐
induced impairment of axonal transport.
Inhibition of BACE1 clearly ameliorated the negative effects of acute hypoxia on
the axonal transport of explanted RGCs. These findings, which were also replicated
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under conditions of chronic hypoxic stress (see Appendix F), are consistent with the idea
that BACE1 cleavage of APP to form Aβ is responsible for hypoxia‐induced functional
axonopathy. However, because explants treated with γ‐secretase inhibitors showed no
improvement of RGC axonal transport under acute (Figure 23) or chronic (Appendix F)
hypoxic conditions, it seemed unlikely that Aβ production requiring both BACE1 and γ‐
secretase is responsible for hypoxia‐induced impairment of axonal transport. In fact,
experiments with APP‐null mice confirmed that BACE1 inhibition worked equally well
to ameliorate the negative effects of hypoxia with or without APP. This last set of
experiments critically demonstrated that proteolytic processing of some non‐APP
substrate is an important step in hypoxia‐induced impairment of axonal transport
capacity.
If not APP, what, then, might BACE1 be acting upon to impair axonal transport?
While APP is by far the best‐known target of BACE1, a range of other targets, including
such proteins as the APP‐like proteins APLP1 and 2 (Pastorino et al., 2004), growth
receptor ligand neuregulin 1 (Hu et al., 2006; Willem et al., 2006), voltage‐gated sodium
channel subunit VGSCβ (Wong et al., 2005; Kim et al., 2007), transmembrane receptor
glycoprotein PSGL‐1 (Lichtenthaler et al., 2003), sialic acid transferase ST6Gal1
(Kitazume et al., 2001; Kitazume et al., 2005), and cytokine receptor IL‐1R2 (Kuhn et al.,
2007), has been reported in the literature. These non‐APP targets, which have received
much less attention than APP in the AD community, clearly merit further consideration,
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given the findings reported in this chapter as well as other recent work highlighting
important physiological, axon‐relevant roles for BACE1 cleavage of non‐APP substrates
(Hu et al., 2006; Willem et al., 2006). It is likely that BACE1 cleavage of one of these
proteins–or an as‐yet unidentified BACE1 substrate–is responsible for the improvement
of axonal transport that I observed after β‐secretase inhibition. This idea is discussed
further in Chapter 6.

Why doesn’t APP overexpression impair axonal transport in the
explanted retina?
Despite much effort, I was unable to detect an effect of APP‐Sw overexpression
on CTB transport in RGCs from the explanted retina. Given the broad foundation of
work in cell and transgenic models suggesting that aberrant processing of APP to Aβ
impairs axonal transport, this result was unexpected. However, several considerations
may explain this initially puzzling result.
First, although transfection with APP‐Sw produced detectable levels of APP
protein that was metabolized (Chapter 4, Figure 16), it is possible that APP
overexpression in RGCs of the explanted retina did not impair axonal transport due to
the compressed experimental window used in my assay. For example, the mechanism
through which Aβ impairs axonal function may be progressive, such that it causes
minor impairment of axonal transport at first and severe deficits only after an extended
period. Such a possibility is not unrealistic, as a significant number of previous studies
reporting an effect of Aβ on axonal transport have been conducted in transgenic models
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that overexpress APP or Aβ constructs throughout the entire lifetime of a transgenic
animal. If a slowly accumulating deficit were at work in my transfected explants, then a
single, 5‐day period of exposure to aberrant APP processing may have been too short a
time to impair axonal transport measurably.
Conversely, it is possible that the nature of the experiments described here, in
which RGCs were acutely transfected with a construct strongly driving APP‐Sw
overexpression, in fact impaired axonal function too quickly to be detected in my
experimental assay. For example, perhaps there is only a very short period between
when APP overexpression impairs axonal transport and when it causes apoptosis in
RGCs in the explant model. If this is the case, then the 24‐hour CTB transport assay may
simply have be too wide to catch non‐transporting RGCs that were still alive. Further,
since axonal degeneration is known to be highly asynchronous within axonal
populations such that only 5% of cells in a transected population are not fully
degenerated or fully intact (Lubinska, 1977; Beirowski et al., 2005; Kerschensteiner et al.,
2005), my assessment of RGCs at the population level could have masked an effect of
APP‐Sw overexpression on axonal transport.
Third, it is possible that aberrant APP processing does not cause a generalized
transport defect but instead specifically disrupts the movement of certain cargoes
through the axon. Evidence for this idea comes from studies of a mouse model of Down
syndrome, in which triplication of the APP gene causes a selective deficit in nerve
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growth factor transport but not that of the ubiquitously used neuronal tracer Fluoro‐
Gold (Salehi et al., 2006). If this is the case, then the CTB transport assay used in my
experiments may not have been sufficiently sensitive to detect an APP overexpression‐
induced deficit in the transport of selected cargoes.
Finally, it is possible that overexpression of APP‐Sw in a single cell type (i.e.,
RGCs) in the retina is not sufficient to produce the appropriate type of neuronal stress to
impair axonal transport. Most of the previous reports noting effects of APP
overexpression on axonal transport have employed transgenic mice, in which some APP
construct is overexpressed in all of the cells in an animal, or synthetically applied APP
metabolites that are applied to all cells in a culture. In contrast, my experiments involved
overexpression of APP in just the RGC population of the explanted retina. It is therefore
possible that action of APP metabolites in other cell types, such as the glial support
network in the retina, is necessary for APP overexpression‐induced impairment of
axonal transport.
Put into context, discordances of this sort between models are not uncommon
when subtle variables like axonal transport are examined in complex models of disease.
For example, consider the literature regarding the effect of tau, another axonal protein,
on axonal transport. Whereas data from cell culture models indicated that wild‐type tau
overexpression impairs axonal transport (Stamer et al., 2002), in vivo models failed to
confirm these findings (Yuan et al., 2008). It was not until the nuances of tau interactions
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with other axonal stressors were probed that strides toward a resolution of this
conundrum began to be made (Vossel et al., 2010). Indeed, current thought now
suggests that tau impairs axonal transport in “at‐risk” neurons, such as those put
through a dissociation procedure but not those in an intact, wild‐type organism.
Clearly, future work seeking to establish the critical factors for APP overexpression‐
induced impairment of axonal transport will be valuable.
Nevertheless, that RGCs with axons that were morphologically disrupted
maintained the capacity to transport CTB has several interesting implications. First, it is
consistent with the idea that the activation of several distinct and parallel signaling
cascades may be responsible for impairment of axonal structure and function by hypoxic
stress. Second, by showing that morphologically pathological axons do retain some
degree of functional capacity, this finding confirms that the morphological pathology
described in Chapter 4 is an early event in the degeneration of the axon that occurs prior
to complete neuronal dysfunction and death. Finally, building from this idea, it suggests
that there may exist a wider therapeutic window than previously appreciated during
which pathological axons in hypoxia‐associated neurodegenerative disease may be
treated pharmacologically and rescued.
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VI. Conclusions and Future Directions

Summary
Through the work presented in this dissertation, I have developed a novel retinal
explant model of hypoxic stress and used this model to demonstrate that APP‐
dependent as well as APP‐independent mechanisms are involved in hypoxia‐induced
compromise of RGC axonal structure and function.
First, I showed that morphological axonopathy caused by exposure to hypoxia
depends, at least in part, on the generation of Aβ from APP. Pharmacological and
genetic abrogation of Aβ generation protected explants from developing hypoxia‐
induced axonal varicosities. In addition, overexpression of APP, which elevates levels of
both APP and its metabolites, in RGCs caused axonal varicosities, and pharmacological
blockade of APP‐to‐Aβ cleavage ameliorated this effect. Together, these findings
showed that proteolytic processing of APP to Aβ was both necessary and sufficient for
hypoxia‐induced morphological axonopathy.
In contrast, I showed that functional axonopathy, as assessed by axonal transport
impairment, caused by exposure to hypoxia depends on the cleavage of a non‐APP
substrate by the enzyme BACE1. Pharmacological inhibition of BACE1 but not of the γ‐
secretase complex protected explants against hypoxia‐induced impairment of axonal
transport, and genetic deletion of APP had no impact on this effect. In addition,
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overexpression of APP in RGCs did not impair axonal transport. Together, these
findings indicated that APP processing into Aβ was neither necessary nor sufficient for
hypoxia‐induced functional axonopathy.

Hypoxia affects axonal function and morphology via different
mechanisms
One of the most intriguing findings from this dissertation was that the molecular
mechanisms responsible for hypoxia‐induced morphological and functional axonal
compromise are not identical. These findings raise the question of how the process of
axonal impairment actually happens; specifically, what is the relationship between
impairment of axonal morphology and function?
Formally, there are three possible scenarios describing the relationship between
hypoxia and these forms of axonopathy (Figure 29). First, hypoxia could impair axonal
function directly; this functional impairment could then as a consequence disrupt axonal
morphology. Second, the opposite could be true: hypoxia could directly impair axonal
morphology, which could then as a consequence disrupt axonal function. Finally, the
mechanisms mediating morphological and functional impairment could be distinct from
one another.
Each of these three scenarios is accompanied by clear predictions. For example, if
the first scenario is correct, then 1) functional compromise should occur prior to
morphological compromise, and 2) blocking hypoxia‐induced impairment of axonal
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Figure 29: Possible relationships between hypoxia‐induced impairments of axonal
structure and function.
(Left) Hypoxia may impair axonal function directly; this functional impairment could
then as a consequence disrupt axonal morphology. (Middle) Hypoxia may directly
impair axonal morphology, which could then as a consequence disrupt axonal function.
(Right) The mechanisms mediating morphological and functional impairment may be
distinct from one another.
function should prevent the development of morphological axonopathy. Conversely, if
the second scenario is correct, then 1) morphological compromise should occur prior to
functional compromise, and 2) blocking hypoxia‐induced impairment of axonal
morphology should prevent the development of functional axonopathy. Finally, the
third scenario is agnostic to the temporal sequence in which axonal morphology and
function are compromised; it posits that these aspects of axonopathy are independent
and can occur with or without one another.
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My experimental evidence speaks to several of these predictions in terms of the
role of APP processing in hypoxia‐induced compromise of the axon. That APP
overexpression caused impairment of axonal morphology but not function argues
against the first scenario (Figures 21, 26‐27). Similarly, that chronic hypoxia impaired
axonal function but not morphology argues against the second scenario (Figures 11, 14).
Together, these findings make the first two, sequential scenarios described above
unlikely to be good models for the way hypoxia impairs axonal integrity.
This means that the remaining scenario, in which the mechanisms responsible for
morphological and functional axonopathy are at least partially independent, is most
likely to be correct. In line with this third model, my results demonstrated that hypoxia‐
induced impairment of axonal morphology involves an APP‐dependent product of β‐
and γ‐secretase cleavage (most likely Aβ), whereas hypoxia‐induced impairment of
axonal function is APP‐independent and may involve BACE1 cleavage of an alternative
substrate.
Revising this third scenario to be specific for processing by β‐ and γ‐secretases, I
propose the model presented in Figure 30. In this model, a hypoxia‐induced effect on
BACE1 activity is required for both morphological and functional impairment of the
axon. Subsequent γ‐secretase activity is necessary only for the arm of the pathway
leading to morphological axonopathy. The identity of other enzymes necessary for the
impairment of axonal function–if enzymes other than BACE1 are indeed required–
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Figure 30: Relationship between hypoxia‐induced impairments of axonal structure
and function.
Schematic modeling the relationship between hypoxia‐induced impairments in axonal
structure and function based on the findings reported in this dissertation. BACE1
appears to be a central mediator of morphological and functional axonopathy under
conditions of hypoxia. In contrast, γ‐secretase activity is necessary only for the arm of
the pathway leading to morphological axonopathy. Whether additional enzymes,
analogous to γ‐secretase, are important for the functional impairment arm of this
schematic remains unclear, as does the identity of proteins mediating interplay between
the morphological and functional arms.
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remains unknown.
Despite this neat dissociation with respect to APP, it would perhaps be naïve to
think that there is only one signaling pathway leading from hypoxia to morphological or
functional impairment of the axon. Indeed, the work presented in this dissertation
suggests that such a simplistic idea is erroneous, as blockade of the pathways leading to
impairment of axonal morphology/function ameliorates, but does not completely
prevent, hypoxia‐induced axonopathy.
For example, RGC axons in retinal explants from APP knockout mice (which are
completely devoid of Aβ) still develop morphological varicosities after exposure to
hypoxic conditions, albeit at a lesser severity than their wild‐type counterparts.
Similarly, pharmacological blockade of BACE1 function does not prevent completely the
impairment of axonal function induced by hypoxia. These findings suggest, as noted in
Chapter 4, that there may be multiple routes leading from hypoxia to morphological and
functional impairment of the axon.
It may thus be more apt to think of the arms of the axonopathic pathway
described in Figure 30 as a triangle of sorts (Figure 30, red). Some pathways, such as Aβ
production, may favor the impairment of axonal morphology; others, such as BACE1
cleavage of a non‐APP substrate, instead favor a direct effect on axonal function. Almost
certainly, however, as‐yet unknown intersection points demonstrated by the arrow in
red between these two pathways will be discovered.
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While this discussion demonstrates that the molecular mechanisms underlying
axonopathy are complex, that signaling pathways have differential importance for
axonal structure and function nevertheless has several implications for future studies of
axonopathy. First, this finding suggests that it will be important for future studies to
examine both morphology and function as indices of axonal viability, as environmental
stressors and pharmacological manipulations clearly have differential effects on these
measures. Second, it implies that identification of the divergence and intersection points
between pathways compromising axonal morphology and function will provide
valuable insight into how axonal integrity is maintained under conditions of health and
how this maintenance becomes disrupted in disease. Finally, at the translational level,
this means that therapeutics intended to be axo‐protective in neurodegenerative disease
may need to address multiple pathways in order to preserve axonal structure and
function.

BACE1, not Aβ, as a central mediator of hypoxia’s effects on the
axon?
While my findings do not support the role of APP as the central mediator of
hypoxia‐induced axonopathy, they do reveal a potential role for BACE1 in this capacity.
BACE1 cleavage of APP was critical for hypoxia‐induced impairment of axonal
morphology, and BACE1 cleavage of a non‐APP substrate was critical for hypoxia‐
induced impairment of axonal function. These findings, in addition to the high levels of
BACE1 in activated glia surrounding CNS axons (Heneka et al., 2005; Bourne et al., 2007)
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and the possible transport of BACE1 down the axon (Kamal et al., 2001; Capell et al.,
2002; Sheng et al., 2003; Goldsbury et al., 2006), suggest that BACE1 activity may be a
key and central player mediating hypoxia‐induced axonopathy.
As discussed in the General Introduction, any general mediator of hypoxia‐
induced axonopathy must satisfy two strong criteria. First, it must be sensitive to oxygen
status; second, it must be necessary and sufficient to modulate morphological and
functional aspects of axonal viability. The evidence that BACE1 fulfills each of these
criteria is discussed below.
BACE1 is clearly sensitive to oxygen status. As discussed in the General
Introduction, HIF‐1 directly links hypoxia‐induced increases in Aβ production to
BACE1. Hypoxia causes HIF‐1‐mediated increases in the transcription of BACE1 (Xue et
al., 2006; Zhang et al., 2007; Guglielmotto et al., 2009). This upregulation of BACE1
mRNA is associated with elevated protein levels as well as increased BACE1 enzymatic
activity (Sun et al., 2006; Xue et al., 2006), which lead to alterations in levels of cleaved
proteins in the APP cascade (Webster et al., 2002; Nalivaevaa et al., 2004; Li et al., 2009a).
BACE1 thus fulfills the first of the two criteria proposed above.
Evidence that BACE1 activity is necessary for hypoxia‐induced axonopathy
comes primarily from the experiments presented in this dissertation. In this work, I
demonstrated that BACE1 activity is necessary for both the morphological (Chapter 4)
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and functional (Chapter 5) effects of hypoxia, as blocking BACE1 activity via
pharmacological methods ameliorated these negative effects of hypoxia on the axon.
The literature is surprisingly lacking in reports describing the effects of BACE1
inhibition or genetic knockout in other models of hypoxic stress. For example, although
BACE1 elevation has been frequently reported in models of stroke (Wen et al., 2004;
Guglielmotto et al., 2009; Li et al., 2010; Zhang et al., 2010c), whether BACE1‐null mice
(which are viable and live to adulthood) display a reduced susceptibility to
neurodegeneration in models of stroke has not yet been tested. Such experiments would
provide strong evidence in support of, or against, the idea that BACE1 activity is
necessary for hypoxia‐driven axonopathy. Thus, while the necessity of BACE1 activity
has been implicated in the development of hypoxia‐induced axonopathy, much
additional work remains to be done.
The evidence that BACE1 activity is sufficient to induce axonopathy is also
incomplete. Much of the evidence that BACE1 activity is harmful to axons is
circumstantial, coming from correlative studies in which BACE1 protein levels are found
to be elevated near dystrophic axons in models of Alzheimer’s disease. For example,
elevated BACE1 immunoreactivity in the cortex of aged monkeys and human AD
subjects colocalizes with swollen axon terminals dystrophic in appearance (Cai et al.,
2010), and similar findings are noted in transgenic mouse models of AD (Zhang et al.,
2009; Zhang et al., 2010b).
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Few studies have examined the specific consequences of acute BACE1
overexpression for the axon. Along these lines, it has been reported that the axonal
transport rate of fluorescently‐tagged, overexpressed BACE1 is slower than that of
fluorescently‐tagged, overexpressed APP (Goldsbury et al., 2006); however, whether this
difference is due to some axonopathic change caused by BACE1 overexpression or
simply differences in cargo transport rates remains unclear. What are needed are careful
studies in experimentally‐controlled neuronal models of the effects of BACE1
overexpression on axonal structure and function. These additional studies would
provide solid groundwork for assessing whether BACE1 activity has the capacity to
influence axonal integrity under conditions of hypoxia.
While it is clear that more work is necessary to test rigorously the hypothesis that
BACE1 is a central mediator of hypoxia’s effects on the axon, the previous discussion
suggests that effort in this area may produce intriguing findings.

Future questions
What is the mechanism by which Aβ impairs axonal morphology?
The results of the experiments presented in Chapter 4 of this dissertation
implicate Aβ as a key mediator of hypoxia‐induced morphological axonopathy. This
finding raises the question of how Aβ achieves this effect. To answer this question,
future work must examine several points.
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First, what is the source of the APP from which axo‐toxic Aβ is derived under
conditions of hypoxia? APP is present primarily in RGCs in the retina, but significant
levels of APP mRNA are also noted in the inner nuclear layer and inner photoreceptor
segments (Dinet et al., 2011). The hypoxic stressor used in this dissertation was broad,
such that it affected all layers of the retina. Therefore, while the experiments described in
Chapter 4 suggest that overexpression of APP in RGCs is sufficient to cause
morphological axonopathy in these same cells, it is nevertheless still possible that APP
arising from a different cell type is the source of the pathological Aβ under hypoxic
conditions.
To distinguish between these possibilities, it will be necessary to use genetic
methods that abolish APP in specific retinal cell types (e.g., RGCs, photoreceptors).
When retinal explants from these cell type‐specific knockouts are exposed to hypoxic
stress, only axons those explants with APP missing from the correct cell type (i.e., the
cell type that is the source of the APP cleaved into Aβ under conditions of hypoxia)
should be protected morphologically if APP is acting in a completely cell autonomous
manner.
Second, which cells furnish the secretases that are necessary for production of
Aβ? BACE1 and components of the γ‐secretase complex are present in RGCs as well as
other layers of the retina (Bresciani et al., 2002; Xiong et al., 2007). Therefore, even if the
first set of experiments above demonstrates that RGCs are the source of APP, it is
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Figure 31: Localization of BACE1 immunoreactivity in retinal explants.
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(Upper) Fluorescence images of rat retinal explants cultured under normoxic and acute
hypoxic conditions and stained for BACE1 as well as GFAP, a marker of retinal
astrocytes. Both BACE1 and GFAP immunoreactivity show marked changes, appearing
as increased intensity or altered localization, in response to hypoxia. The poor
colocalization between the fluorescence signals suggests that BACE1 is not primarily
localized to retinal astrocytes. Scale bar = 50 μm. (Lower) Fluorescence images of rat
retinal explants cultured under normoxic and acute hypoxic conditions and stained for
BACE1 as well as glutamine synthetase, a marker of Müller glial cells. Both BACE1 and
glutamine synthetase immunoreactivity show marked changes, appearing as increased
intensity or altered localization, in response to hypoxia. The consistent colocalization
between the fluorescence signals suggests that BACE1 is primarily localized to Müller
glial cells in retinal explants. Scale bar = 50 μm.
possible that secretases from Müller glial cells (which have a close relationship with
RGCs and have been reported to transcytose proteins like apolipoprotein E to RGCs
(Amaratunga et al., 1996)) or other retinal cell types could be responsible for APP
cleavage.
In support of a role for Müller glial cells in the cleavage of APP, I have observed
that hypoxia dramatically influences the localization of BACE1 immunoreactivity in the
explanted retina (Figure 31). Under normoxic conditions, BACE1 immunoreactivity
appears to be spread diffusely through Müller glial cells of the retina. While my
immunofluorescence methods cannot rule out the possibility that low levels of BACE1
are present in other cell types, such as the astrocytes of the inner limiting membrane, the
vast majority of BACE1 immunoreactivity appears to be confined to Müller glial cells. In
response to acute hypoxia, BACE1 immunoreactivity becomes much more prominent in
the swollen Müller glial endfeet at the surface of the retina. This change puts an elevated
level of BACE1 in the immediate vicinity of the nerve fiber layer containing RGC axons.
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Unfortunately, the experiments described in this dissertation by design are
unable to provide insight into which cells furnish the secretases necessary to cleave APP,
because the pharmacological methods used to block Aβ production were global
treatments that affected the entire retina. As above, therefore, it will be necessary to use
genetic methods that abolish BACE1 or γ‐secretase activity in specific cell types to
determine those cells that are necessary for the production of Aβ from APP.
Third, is Aβ working to impair axonal morphology via a cell‐intrinsic or ‐
extrinsic mechanism? It is unclear from my experiments whether Aβ’s negative effects
on axonal morphology (Figure 21) were direct (e.g., involving a straightforward effect of
Aβ on RGC axons) or instead indirect (e.g., involving a roundabout effect of Aβ on the
glial support network that then impaired RGC axons). Along these same lines, there is
considerable controversy in the AD field over whether Aβ mediates its
neurodegenerative effects on the neurons in which it is produced or is instead extruded
into the intracellular milieu, where it influences other cells and results in downstream
neurodegeneration (LaFerla et al., 2007).
Future work in retinal explants may help to resolve this question. For example, if
biolistic overexpression of Aβ without any signal sequence in RGCs causes similar
morphological axonopathy similar to that caused by APP‐Sw overexpression, then it is
likely that Aβ’s actions within RGCs alone are sufficient to mediate this axonopathy.
However, a negative result here would be uninformative since such a result could be
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due to failure of Aβ to reach the intracellular location necessary for impairment of
axonal morphology.
Alternatively, a mixed transfection experiment, in which RGCs in retinal
explants are biolistically transfected with either APP‐Sw or a control construct in the
same explant could be informative here. If Aβ works intracellularly, then only RGCs
transfected with the APP‐Sw construct should show evidence of axonal degeneration. In
contrast, if Aβ is released to work extracellularly, then a nearest‐neighbor analysis
should show that control axons adjacent to APP‐Sw‐overexpressing axons are also
morphologically impaired. Varying the proportion of APP‐Sw‐transfected cells (e.g., 0,
25%, 50%, and 75%) would allow for “dose‐response” characterization of axonal
morphology under increasing levels of Aβ‐induced stress.
Previous efforts to address the question of where Aβ works in other
experimental contexts have been compromised by, among other things, the lack of
antibodies that specifically recognize Aβ and not other APP metabolites (Winton et al.,
2011). If one cannot even visualize where Aβ is, then using its location to determine “the
scene of the crime” becomes next to impossible. While this question will doubtless
continue to prove difficult to tackle, initial efforts could be helped by the use of methods
that permit the accurate visualization of Aβ.
For example, recently‐described technology allows proteomic analysis of tissue
sections using matrix‐assisted laser desorption/ionization (MALDI) imaging mass
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spectrometry (Casadonte and Caprioli, 2011). If this technology were adapted for use
with retinal explants transfected to overexpress APP, then it would be possible to
determine whether the transfected RGCs themselves retain Aβ product or if this product
is released into the extracellular environment. Along these same lines, development of
optical sensors that permit the real‐time observation of Aβ levels would open many
experimental avenues.
Finally, once there is a better understanding of where Aβ is coming from and
where it is acting in the hypoxia‐stressed explanted retina, it will be important to
determine exactly what Aβ is doing to compromise axonal morphology. The literature is
replete with mechanisms through which Aβ could compromise axonal viability (e.g., by
influencing intracellular calcium handling (Bezprozvanny and Mattson, 2008), inducing
tau hyperphosphorylation (Jin et al., 2011), compromising mitochondrial function
(Tillement et al., 2011), altering any number of signaling pathways (reviewed in
Mattson, 1997), increasing oxidative stress (Behl et al., 1994), or activating microglia
(Meda et al., 1995), to cite just a few). Until more information is known about where Aβ
is acting, however, it will be difficult to determine through which of the reported
mechanisms–or, doubtless, other mechanisms that have yet to be identified–Aβ
mediates its effects on the axon.
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What does BACE1 cleave to impair axonal transport?
The results presented in Chapter 5 of this dissertation implicate BACE1 cleavage
of a non‐APP substrate in the hypoxia‐induced impairment of axonal function. While
these results remain to be validated in BACE1‐null animals, which are viable (Luo et al.,
2001), they raises the question of the identity of the BACE1 substrate that influences
axonal transport in these experiments. To answer this question, future work should
examine several points.
First, in order to identify with certainty the BACE1 substrate important for
hypoxia‐induced impairment of axonal function, it is first necessary to define the search
space of all BACE1 substrates with the potential to fill this role. Although BACE1’s
specificity was long thought to contrast with the promiscuity of γ‐secretase, the field has
identified a growing collection of diverse substrates including the APP‐like proteins
APLP1 and 2 (Pastorino et al., 2004), growth receptor ligand neuregulin 1 (Hu et al.,
2006; Willem et al., 2006), voltage‐gated sodium channel subunit VGSCβ (Wong et al.,
2005; Kim et al., 2007), transmembrane receptor glycoprotein PSGL‐1 (Lichtenthaler et
al., 2003), sialic acid transferase ST6Gal1 (Kitazume et al., 2001; Kitazume et al., 2005),
and cytokine receptor IL‐1R2 (Kuhn et al., 2007).
Indeed, the sense one gets when perusing this literature is that of a “street lamp”
approach to finding BACE1 substrates, with laboratories testing in a hypothesis‐driven
manner whether BACE1 cleaves their target protein of interest. While such an approach
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produces valuable knowledge, it provides an incomplete description of BACE1 activity
as a whole. Indeed, what is needed is a large‐scale screen for BACE1 substrates in the
CNS. Given the explosion of “omics” technology in recent years, the technology exists to
be able to search for such targets in a meaningful way. A screen of this sort would define
the search space for possible BACE1 substrates that influence axonal function.
Once the search space of possible BACE1 substrates has been defined, the next
steps should determine which of the BACE1 substrates in the list is “in the right place at
the right time” to influence axonal transport capacity. A substrate influencing axonal
transport should be present in the adult, mammalian retina in a location where BACE1
has access to it. For example, neuregulin 1 is one such substrate properly localized to
affect axonal function. Neuregulins are expressed in the developing and mature retina,
and expression is concentrated in both cases to the RGCs (Bermingham‐McDonogh et
al., 1996). The cleavage of neuregulin 1, in particular, by BACE1 has been specifically
implicated in the axon‐relevant function of myelination (Hu et al., 2006; Willem et al.,
2006). Thus, neuregulin 1 would be a prime candidate among the list of all BACE1
substrates as a potential mediator of hypoxia‐induced axonopathy. Examining in a
similar manner the known expression and/or action sites of other BACE1 substrates will
help to pare down the list of molecules with the potential to mediate hypoxia’s effects on
axonal function.
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Finally, the substrates remaining on the pared list should be tested, in a manner
analogous to that done for APP in this dissertation, for necessity and sufficiency to
mediate hypoxia‐induced functional axonopathy. Inhibitors of their function and/or
signaling as well as neuron‐specific knockouts should be tested for the ability to block
the effects of hypoxia on axonal function, and overexpression of their toxic cleavage
products should be assessed for sufficiency to impair axonal function. Together, these
experiments would help to identify the molecular mediators of hypoxia’s effects on the
axon.

What is the relationship between axonopathy and neuronal survival
under conditions of hypoxia?
My results suggest that intervening in multiple pathways may protect axons
from hypoxia‐induced morphological and functional impairment. However, the
relationship between these potential axo‐protective mechanisms and protection of the
rest of the neuron remains unclear. Given the evidence that somal and axonal programs
of degeneration are independent (Sagot et al., 1995; Watts et al., 2003; Gould et al., 2006),
it is by no means assured that interfering with the mechanisms of hypoxia‐induced
axonopathy described here would generally protect the neuronal soma or dendrites
from hypoxia‐induced degeneration. To address this issue, future work should examine
several points.
First, the effect of hypoxia on indices of somal and dendritic morphology and
function should be determined in retinal explants. The retinal explant offers an excellent
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model for such examination, as RGC somata and dendrites can be labeled with biolistic
transfection in a manner analogous to the axons described in this dissertation (Figure 7).
Indeed, my own experiments suggest that the explanted retina would be particularly
amenable to analyses of non‐axonal portions of transfected RGCs (Appendix G).
Therefore, future work should seek to define the temporal sequence of
neurodegenerative changes in the axon, dendrites, and somata of RGCs (e.g.,
impairment of axonal morphology/function, degeneration of dendrites, activation of
caspases, mitochondrial permeability, somal blebbing, apoptosis) induced by hypoxia.
The work described in this dissertation as well as the literature described in the General
Introduction predicts that axonal changes would precede the other neurodegenerative
changes in this sequence.
Second, once this temporal sequence of neurodegeneration is defined, future
work should examine whether pharmacological agents known to prevent the later stages
of neuronal death (e.g., caspase inhibitors) ameliorate the effects of hypoxia on each step
of the neurodegenerative pathway. Although previous work suggests that such
manipulations would fail to ameliorate all but the final stages of neurodegeneration
(Sagot et al., 1995; Gould et al., 2006), it will be important to confirm this finding under
conditions of hypoxic stress.
Finally, additional experiments should characterize whether the axo‐protective
pharmacological and genetic manipulations described here effectively ameliorate later
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steps in the hypoxia‐induced neurodegenerative pathway. If axonopathy is indeed a
necessary early step in neurodegeneration, then preventing this step should prevent
later stages in the neurodegenerative pathway. Additionally, it would also be interesting
to examine whether other reported mechanisms of axonal protection, such as
overexpression of the WldS gene (Lunn et al., 1989), are capable of protecting against
later stages of neurodegeneration caused by hypoxia.

A broader perspective on the role of hypoxia in CNS disease
In this dissertation, I chose to study the effects of hypoxia as a specific stressor of
the neuronal retina. Given the multitude of stressors with relevance to the retina
(Appendix H), why choose to study hypoxia? The primary reason I elected to examine
the signaling pathways important in hypoxia was their broad relevance to
neurodegenerative disease.
Given the evidence discussed in the General Introduction and demonstrated in
Chapters 3‐5 of this dissertation that hypoxia compromises neurons at the cellular level,
it is not surprising that hypoxia has been implicated in many different
neurodegenerative diseases of the CNS. In the following sections, I will review several of
these diseases along with the idea that interfering with their common threat, the
compromise of axonal viability, may offer a viable avenue for therapeutic intervention.
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Hypoxia in brain disease
Perhaps the most direct example of a hypoxia‐linked neurodegenerative disease
is stroke, a condition in which a portion of the brain is completely deprived of oxygen
due to the cessation of blood flow. In the typical large vessel acute ischemic stroke, an
estimated average of 1.9 million neurons die every minute before treatment, a figure that
does not take into account the much larger number of neurons that remain alive but
dysfunctional after the stroke event has resolved (Saver, 2006). Although stroke is a
model of not just hypoxic stress but also ischemia and the depletion of brain glucose
stores, that similar patterns of neuronal death are also caused by other insults of brain
oxygen status (e.g., carbon monoxide intoxication (Prockop and Chichkova, 2007) and
asphyxiation (Windle, 1945)) and that hyperbaric oxygen improves neuronal survival in
rodent as well as human stroke (Calvert et al., 2002; Gibson and Davis, 2010) suggest
that the specific lack of oxygen causes neuronal death in this condition.
In stroke, there are two windows of neurodegeneration caused by oxygen
deprivation. First, an initial wave of neuronal death occurs due to depletion of neuronal
energy stores. This wave of neurodegeneration may be mitigated by hypothermia
(which decreases the brain’s demand for energy by slowing metabolic processes)
(Buchan and Pulsinelli, 1990; Dietrich et al., 2009) or by blockade of the sodium‐
potassium pump (which increases the brain’s supply of free ATP) (Wang et al., 2006a;
Dunn et al., 2011). As this initial wave of neuronal death happens rapidly, however,
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understanding how hypoxia compromises axons at this stage is unlikely to contribute
significantly to new therapeutics.
Nevertheless, hypoxia‐linked pathways of axonal compromise could have
relevance to the second wave of stroke‐related neurodegeneration. In this secondary
wave, neurons in the penumbric shadow of the affected region die in the days following
resolution of the stroke event and restoration of blood flow to the brain (Hemmen and
Zivin, 2007). Recent evidence suggests that reperfused areas show selective axonal
injuries distinct from earlier pathology (Hwang et al., 2011). Because these axons survive
the initial hypoxic insult but then later become pathological, hypoxia may set into
motion in these axons longer‐lasting, harmful signaling events that compromise axonal
viability. Disrupting pharmacologically these signaling events, especially at the early
stages in which axons alone may be compromised, thus may have the potential to allay
some of the secondary wave of neurodegeneration in stroke.
Given the focus of this dissertation on the roles of Alzheimer’s‐related proteins in
hypoxic stress, it is intriguing that Alzheimer’s disease also has a particularly strong
connection to cerebral hypoxia. A single stroke episode increases the likelihood of AD
dementia by roughly five‐fold (Desmond et al., 2002), and over two dozen other clinical
risk factors–all of which are related to chronic dysfunction of the vasculature controlling
the oxygen supply to the brain–have been recognized for AD (de la Torre and
Mussivand, 1993; Breteler, 2000; de la Torre, 2004; Aguero‐Torres et al., 2006). Together
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with hypoperfusion being a major diagnostic precursor to symptomatic AD (Johnson et
al., 1998; Johnson and Albert, 2000; Kalback et al., 2004) and the reported role of APP in
the cerebral vasculature (Smith et al., 1990), these factors have led to the suggestion that
Alzheimer’s disease may begin as a disease of the vasculature in which prolonged brain
hypoperfusion and consequent hypoxia lead to the characteristic neurodegenerative and
cognitive impairments of the disease (de la Torre, 2004).
In the context of the results reported here, aberrant APP processing may thus
offer a double insult in Alzheimer’s disease, predisposing to cerebral hypoperfusion and
then contributing to the negative effects of hypoxia on axonal morphology. From this
perspective, understanding in greater detail how the latter mechanisms are mediated
may offer valuable insights with therapeutic relevance for AD.
Finally, while such an extreme or prolonged reduction of cerebral oxygenation is
thankfully rare for most of us, hypoxic episodes that are brief or deviate only mildly
from normal cerebral oxygen levels are in fact quite common. For example, high‐altitude
climbers exposed to low oxygen partial pressures frequently develop a condition aptly
called mountain sickness, which includes headache, confusion, neuropsychological and
ophthalmological disturbances, and peripheral nerve dysfunction arising due to
inadequate brain oxygenation (Thomas et al., 2000; Wilson et al., 2009). Similarly,
altitude‐related hypoxia impairs cognitive function of airplane pilots flying in low‐
oxygen environments (Birren et al., 1946; Gold and Kulak, 1972). Diseases accompanied
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by chronic low‐grade cerebral hypoxia, such as atherosclerosis, sleep apnea, and chronic
obstructive pulmonary disease, are also associated with cognitive impairment (Incalzi et
al., 1993; Roux et al., 2000; Qiu et al., 2005; Yaffe et al., 2011).
Given the strong relationship between neuronal structure and function and the
links between hypoxic stress and neurodegeneration, it would be interesting to
determine whether the cognitive changes in each of these conditions are associated with
alterations in neuronal or axonal morphology. If so, then understanding how hypoxia
compromises neuronal structure and function may have broad relevance for therapies of
these clinical entities.

Hypoxia in retinal disease
Hypoxia has also been implicated in disease of the retina. Like those in the brain,
retinal neurons depend heavily on oxygen supplied from the blood to maintain
functional and structural homeostasis. It is thus not surprising that disruption of this
oxygen supply is involved in the pathogenesis of several neurodegenerative retinal
diseases.
The most direct link between hypoxia and retinal neurodegeneration comes from
the study of diseases in which a portion of the optic nerve or retina receives insufficient
blood supply, such as in anterior ischemic optic neuropathy or retinal artery occlusion.
Loss of vision in these diseases is due in part to damage of retinal ganglion cell axons in
the optic nerve and subsequent loss of RGCs. Although it is difficult to disambiguate the
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effects of oxygen deprivation from those due to interruption of the blood supply and
glucose stores in these diseases (as above for stroke), a specific role for hypoxia is
suggested by 1) the upregulation of Hif‐1α in the retina in disease models (Goldenberg‐
Cohen et al., 2009) and 2) exposure to hyperbaric oxygen reducing the RGC apoptosis
and vision loss that would otherwise occur in animals and humans with these diseases
(Beiran et al., 2001; Weinberger et al., 2002; Gaydar et al., 2011).
Understanding the mechanisms of hypoxia‐induced axonal compromise
explored in this dissertation could have direct therapeutic relevance for such diseases.
Consistent with axonal degeneration being a key step to vision loss in these diseases, the
earliest signs of pathology in animal models include disruption of the axon (Chidlow et
al., 2010; Zhang et al., 2010a). This disruption follows a progressive course in which loss
of axonal transport precedes damage to the axonal cytoskeleton and axonal loss and
thus mimics the neuropathological sequelae of hypoxic stress examined in this work. It
is therefore possible that interfering with mechanisms of axonal compromise induced by
hypoxia could prevent axons and neurons of the retina from degeneration and thereby
protect against loss of vision.
Hypoxia has also been implicated in diabetic retinopathy. In this retinal disease,
degeneration of the blood vessels supplying the retina leads to vascular insufficiency,
loss of multiple retinal cell types (including RGCs), and visual impairment. As for the
ischemic retinal diseases described above, that hypoxic stress is important in diabetic
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retinopathy is suggested by the increase of Hif‐1α and deposition of pimonidazole, a
marker of tissue hypoxia, in the RGC layer of diabetic retinas (Wang et al., 2009; Ly et
al., 2011). Finally, that hypoxia is intimately linked to the ultimate cause of vision loss in
diabetic retinopathy is further supported by the improvement of visual parameters in
diabetic patients breathing pure oxygen (Grunwald et al., 1984; Patel et al., 1994; Dean et
al., 1997).
Recent work has demonstrated that distal axonopathy of RGCs in the optic nerve
is an early event in diabetic retinopathy (Fernandez et al., 2012). This axonopathy, which
occurs in the form of impaired axonal transport and altered axo‐glial interactions,
precedes overt RGC loss and may be the earliest sign of neurodegeneration in the
disease. Again, therefore, understanding how hypoxia compromises axonal structure
and function may highlight early pathways for therapeutic intervention in this disease.
Finally, while direct evidence of a role for hypoxia in the prevalent
neurodegenerative disease glaucoma is lacking (Quigley et al., 1980), a significant
amount of circumstantial evidence has hinted that hypoxia may nevertheless be a factor
in the disease (Flammer and Mozaffarieh, 2007). Together, decreased ocular blood flow
in the retina, choroid, optic nerve head, retrobulbar vessels, and peripheral capillaries,
altered vascular autoregulation, and the association of systemic vascular abnormalities
(e.g., vasospasm, migraine, and hypotension) with glaucoma suggest that unstable
ocular blood flow may lead to a repetitive, ischemia‐reperfusion‐like injury in
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glaucomatous disease (reviewed in Grieshaber et al., 2007). The accumulation of Hif1α
in the inner retinal layers of glaucomatous human eyes and over a broader range in
animal models of the disease further indicates the presence of hypoxic tissue status in
glaucoma (Tezel and Wax, 2004; Savagian et al., 2008; Ergorul et al., 2010). Finally, that
many current glaucoma medications have anti‐hypertensive side‐effects suggests that
improvement of vascular insufficiency could play a role in the efficacy of these
medications (Costa et al., 2003).
Glaucoma is the paragon of a slowly progressive, axonopathic disease of the
retina. Axonal loss is the proximate cause of visual deficits in the disease, and distal
axonopathy has been clearly identified as an early event in models of glaucoma (Crish
and Calkins, 2011). As for the above diseases, therefore, interfering with the damaging,
axonopathic signaling pathways leading from hypoxic stress to axonal degeneration
may have therapeutic relevance in glaucoma.

Clinical implications
From the previous discussion, it is obvious that hypoxia has broad effects on the
CNS that are implicated in many disease states. From this perspective,
neurodegenerative mechanisms arising due to stressors like hypoxia that may be shared
between many different diseases have the potential to be particularly valuable in the
clinical arena. These shared mechanisms offer the enticing possibility that
pharmacological drugs developed in the context of one disease could in fact be
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repurposed for much‐needed use in another, allowing us to reap the rewards of effort
expended twice over.
The anti‐amyloid agents employed in this dissertation offer an illuminating
example of this idea in real life. Enormous effort in the academic and industrial sectors
has been spent to develop these agents, yet this therapy has consistently proven
disappointing in the clinical realm for AD. Though these disappointments were
undoubtedly due at least in part to complications with blood‐brain permeability and
systemic toxicity, the hope that these drugs will provide significant clinical benefit in AD
is waning.
However, a growing body of literature has shown the potential of these anti‐
amyloid agents in both glaucoma (Guo et al., 2007) and age‐related macular
degeneration (Ding et al., 2011)–both of which have been recently associated with
aberrant processing through the amyloid cascade (Johnson et al., 2002; McKinnon et al.,
2002; McKinnon, 2003; Anderson et al., 2004; Guo et al., 2007; Ding et al., 2008; Kipfer‐
Kauer et al., 2010). Repurposing these agents for use in diseases other than AD where
aberrant APP cleavage plays a role–especially in the eye, which obviates the above‐
described drug access and toxicity issues due to its extracranial location–is thus a
promising line of investigation that may provide an unexpected but therapeutically
significant windfall.
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The findings reported in this dissertation extend these works by suggesting that
inhibiting β‐ and γ‐secretase may prove valuable not just in these glaucoma and age‐
related macular degeneration but also in other diseases of the CNS where hypoxia‐
induced compromise of axonal structure or function plays a role. They thus provide
initial evidence that further exploration of the neuroprotective, and specifically axo‐
protective, properties of inhibitors of the β‐ and γ‐secretase enzymes may suggest
pathways for clinical intervention in multiple neurodegenerative diseases.
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Appendix A: Supplemental methods

INTRODUCTION
Because a significant portion of this dissertation involved the refinement of
protocols necessary for working with the explanted retina, it may be helpful for future
generations of students to have a more detailed explanation of several key experimental
steps described in Chapter 2. Detailed protocols for the dissection, transfection, CTB
labeling, and fixation of retinal explants are given in this appendix.
EXPERIMENTAL PROTOCOLS
DISSECTION OF RETINAL EXPLANTS FROM ADULT RATS AND MICE
Materials:
Large microdissection scissors (Roboz, rs‐5928)
Spring scissors (Fine Science Tools, #15024‐10)
Large forceps (Roboz, rs‐8180)
Sterile needle (gauge 21)
Small microdissection scissors (Roboz, rs‐5630)
Pointed forceps (#5),
Flat forceps (Roboz, rs‐5130)
Razor blade (broken in half)
Filter paper circles (21 mm in diameter)
35‐mm dishes (2)
Glass transfer pipette with the tip broken off
Sterile PBS saline at room temperature
Protocol:
1. Fill two 35‐mm dishes with sterile PBS.
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2. After sterilizing the rat or mouse head by spraying liberally with 70% ethanol, use
large microdissection (rat) or spring (mouse) scissors and large forceps to cut
away the skin at the corner of the ocular globe.
3. Use the points of the scissors to reach into the back of the eye socket, snip through
the connective tissue, and sever the optic nerve to enucleate the eye. At this point,
it is essential not to pull or stretch the eye before the optic nerve has been cut, as
this practice results in poor retinal ganglion cell axonal survival.
4. Place the enucleated eye into a 35‐mm dish containing PBS.
5. Repeat steps 2‐4 for the other eye.
6. Using flat and pointed forceps, move the first eye to a fresh 35‐mm dish
containing PBS. From this point onward, the dissection should be done under a
dissection microscope (16x magnification) with a light source.
7. While holding the eye steady with the flat forceps, puncture the cornea with the
tip of the needle. Make sure that the needle does not penetrate through the lens to
prevent damage to the retina.
8. Grasp the eye with the flat forceps at site of the needle puncture, and use the small
microdissection scissors to snip a larger hole in the cornea.
9. Using this hole and stabilizing the eye with the flat forceps, use the small
microdissection scissors to cut across the front of the eye to the limbus. Once the
limbus is reached, cut circumferentially at the limbus to remove the anterior
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portion of the eye. For mouse explants, it is important to cut just behind the
limbus in order to prevent the tissue from curling at later steps in the dissection
process.
10. Use flat and pointed forceps to remove carefully the lens and vitreous. At this
point, employ extreme caution so that the retinal ganglion layer (pinkish orange,
facing outward) is never touched or damaged.
11. Carefully dislodge retina from the eye cup (removing as much of the retinal
pigment epithelium as necessary) using the flat and pointed forceps. In my
experience, it is easiest to do this by using the pointed forceps to grasp the top of
the edge of the eye cup (but not the retina) while simultaneously using the flat
forceps to grab the clear connective tissue still attached to the edges of the retina.
Gentle pulling coaxes the retina away from the eye cup. If there is no clear
connective tissue remaining at this point, then the sclera should be tugged gently
using the two pairs of forceps until part of the retina separates from the eye cup.
Then, it is easiest to remove the retina by using the pointed forceps to grasp the
top of the edge of the eye cup (but not the retina) while simultaneously
“dragging” the flat forceps between the retina and eye cup. Extreme caution to
prevent damage to the retina is warranted if the latter of these two methods is
used.
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12. Detach the retina from the eye cup with a single cut of the small microdissection
scissors at the optic nerve head. Alternatively, one may slide the flat forceps over
the optic nerve head; this latter method prevents potential damage to the retina
caused by trying to get the points of the scissors to the rear of the eye.
13. For mouse explants, cut two flattening snips using the small microdissection
scissors at opposite sides of the retina (e.g., 3 and 9 o’clock). This step is not
necessary for rat explants, which flatten nicely without the snips.
14. Use the glass transfer pipette (upside‐down, such that the wide end is free to pick
up the floating retina) to place the retina, retinal ganglion cell side up, flat onto the
plastic lid of one of the 35‐mm dishes. Use PBS to flatten it out as much as
possible. It is important that the edges of the retina not be folded over at this
point, as it will be difficult to unfold them after the next steps.
15. Cut the retina into wedges (sixths for adults, quarters for mice) using the razor
blade. Note that razor blades should be replaced after each pair of eyes.
16. Using the transfer pipette, transfer retinal wedges back to the 35‐mm dish.
17. Catch a floating retinal wedge on the center of a filter paper circle. If necessary,
use squirts of liquid from the transfer pipette to ensure that the retina is
completely flattened.
18. Remove excess liquid by using flat forceps to pick up the filter paper/retinal
wedge and place it on a paper towel for several seconds.
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19. Use the flat forceps to place filter paper into pre‐warmed, 12‐well culture plates
containing one mL of media and one plastic support per well. At this step, be
careful not to introduce bubbles between the filter paper and culture media. Also,
orient wedges such that the corner of the explant nearest the optic nerve head
points to the middle of the plate (i.e., such that wedges in the left six wells of the
12‐well plate are pointing to the right, whereas those in the right six wells of the
12‐well plate are pointing to the left).
20. Repeat steps 17‐19 for all other retinal wedges.
21. Repeat steps 6‐20 for the other eye.

BIOLISTIC TRANSFECTION OF RETINAL EXPLANTS FROM ADULT RATS AND MICE
Materials:
1.6 μm gold particles (100 μM in high‐performance liquid chromatography water)
Fresh ethanol
Spermidine (1 M)
DNA of interest
Calcium chloride (1 M)
Protocol:
1. Make DNA‐coated gold bullets for use with the modified capillary gun.
a. Thaw DNAs and spermidine
b. Determine how many shots will be needed for the experiment. Typically, for
transfection experiments not involving transport, explants can be shot twice to
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increase the number of transfected cells. Very young (<P21) explants can be shot
three times. For CTB transport experiments, explants should be shot only once.
c. In a small Eppendorf tube, add gold solution, spermidine, and DNAs according
the following ratio and vortex well.

Table 2: Materials needed for precipitation of DNA onto gold particles.
Material
Gold
Spermidine
Fluorophore DNA
Stressor DNA
Calcium chloride

Amount (μL)
# of shots needed
1/5 of gold
1/15 of gold
2/15 of gold
Twice gold

d. Add calcium chloride to the mixture dropwise while vortexing well.
e. Let the gold suspension sit for 10 minutes.
f. Centrifuge in a tabletop centrifuge, then use a p200 pipette to remove all of the
supernatant.
g. Resuspend/vortex with 0.3 mL fresh ethanol.
h. Repeat steps 6‐7 two more times. The gold suspension should be powdery and
not clumpy after vortexing the final time. If it is not, use a p200 pipette tip to
break up and clumps and wash several more times with ethanol.
i. Resuspend gold in (# of shots needed) μL of ethanol.
2. Obtain freshly dissected retinal tissue. For rat tissue, it is best to shoot roughly 30
min after dissection. For mouse tissue, it is best to shoot 1 h after dissection.
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3. Load the gold solution into 100‐μL Hamilton syringe. Generally, load as many μL
as shots that are needed.
4. Carefully place syringe into rotator and start rotating; the gold should not settle to
the bottom in a line if the syringes are rotating properly.
5. Fit tip of syringe into the septum of the freshly cleaned needle head of the
modified capillary gun nozzle. Failure to clean the needle head will result in
contamination of the experiment with whatever DNA‐coated gold bullets were
used previously. The needle head can be cleaned by sonicating for 10 minutes in
sterile water and then rinsing with acetone.
6. Adjust the micromanipulator of the capillary gun so that turning the knob on the
end depresses the syringe. Turn manipulator two full turns further to ensure that
the gold suspension is loaded into the nozzle of the gun.
7. Turn on the gas and vacuum systems.
8. Shoot the gun several times to clear the nozzle of any gold suspension.
9. Orient the tissue under the gun such that the guide light is pointing at the
periphery of the retinal explant where transfection is desired.
10. Advance the manipulator ½ turn (25 marks on the knob) and shoot immediately.
Failure to shoot quickly will prevent gold in the suspension from exiting the
nozzle in a consistent manner.
11. Repeat steps 8‐9 until all explants have been transfected.
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12. Return the tissue to a humidified incubator.

PLACEMENT OF FLUORESCENTLY‐TAGGED CHOLERA TOXIN B
Materials:
Fluorescently‐tagged Cholera Toxin B (CTB) subunit
India ink
5‐μL Hamilton syringe
Micromanipulator
Protocol:
1. Reconstitute the CTB in sterile PBS (1 mg/mL).
2. Dilute the reconstituted CTB with an equal amount of India ink to aid
visualization during placement.
3. Load CTB‐ink mixture into the 5‐μL Hamilton syringe.
4. Obtain appropriately oriented retinal tissue, such that the corner of the explant
containing the optic nerve head is readily identified.
5. Prepare an appropriately sized CTB‐ink sink at the tip of the Hamilton syringe by
rotating the micromanipulator knob to depress the plunger of the syringe. For
mouse explants, the sink contains 0.025 μL of CTB measured by turning the
micromanipulator 1/8 of a turn. For rat explants, the sink contains 0.05 μL of CTB
measured by turning the micromanipulator ¼ of a turn.
6. Under a dissecting scope, place the sink of CTB‐ink mixture near optic nerve head
corner of the explant by touching the tip of the Hamilton syringe to the surface of
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the retinal explant. This should be done as close as possible to the edge of the
tissue without the CTB running off the side. Under the dissection microscope, it is
obvious when the syringe has contacted the tissue; lowering the syringe further
than this point will damage the tissue and compromise the experiment. For adult
rat explants, the tip of the syringe can be touched to the explant multiple times to
ensure that all of the axons coursing toward the optic nerve have access to the CTB
sink.
7. Return plate to incubator to allow axons to transport the CTB
FIXATION OF RETINAL EXPLANTS FROM ADULT RATS AND MICE
Materials:
Retinal explants
Small forceps (#5)
PBS
16% paraformaldehyde solution
16% sucrose solution
Protocol:
1. Prepare fresh 4% paraformaldehyde solution by mixing PBS, 16%
paraformaldehyde, and 16% sucrose in a 2:1:1 ratio.
2. Distribute 4% paraformaldehyde solution into 12‐well plates (one well for each
explant to be fixed). Wells should contain no less than 0.5 mL of the
paraformaldehyde solution. Rotate the plates gently to ensure that the solution
has coated the bottom of the wells.
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3. Obtain retinal explants to be fixed.
4. Use small forceps to pick up the filter paper on which a retinal explant is growing.
5. For mouse explants (not necessary for rat), remove excess liquid by blotting the
filter paper on a paper towel. Do not drop the filter paper/explant at this point. If
you fail to remove excess liquid as described in this step, mouse explants may
separate from the filter paper and curl severely during the fixation process,
making them unusable for further analysis.
6. For both mouse and rat explants, rinse the filter paper/explant by quickly dipping
it into a bath of PBS.
7. Place the rinsed filter paper/explant into the paraformaldehyde‐containing wells
of a 12‐well plate. Rotate the plate or gently tap it on the table to ensure that the
entire explant is covered by paraformaldehyde solution.
8. For experiments requiring morphological analysis, explants should be fixed for no
less than 1 hr. Fixing explants for longer than this time has no negative effect
except for dimming the intensity of any transfected fluorophore. If explants are to
be stained after fixation (typical in experiments requiring morphological analysis),
staining for the desired fluorophore will completely restore the ability to see the
transfected somata and their extensions. Fixing explants for durations shorter than
1 hr results in incomplete fixation and marked degeneration of both retinal
ganglion cell axons and dendrites.
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For experiments not requiring morphological analysis, shorter fixation times (<1
hr) may be employed. Indeed, shorter fixation times reduce the amount of
autofluorescence in the tissue wells and may thus be necessary for specific
experiments analyzing CTB transport efficiency. Long fixation times (up to 4 h)
appear to have little effect on the intensity of fluorescently‐labeled CTB signal.
However, fixation times less than 1 hr stabilize tissue to a lesser extent than longer
fixation times, and they thus necessitate gentler handling of tissue post‐fixation.
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Appendix B: Development of a modified capillary gun
for the transfection of the explanted retina

INTRODUCTION
The mammalian retina offers a uniquely structured tissue region of the CNS in
which a diverse range of neuronal and glial cells types is easily accessible for
experimental studies (Rodieck and Brening, 1983; Sterling, 1983). Retinal ganglion cells
(RGCs) in particular have served as a useful model of a CNS projection neuron: in vivo,
the axons of the RGCs bundle to form the optic nerve, which exits at the rear of the
ocular globe as it extends towards its targets in the lateral geniculate nucleus of the
thalamus. RGCs elaborate their extensive dendritic arbors primarily within a single layer
of the retina and are supported by a web of astrocytes overlying the nerve fiber layer as
well as by Müller glial cells spanning the full thickness of the retina. This distinctive
neuronal‐glial architecture provides a spatially organized system in which neuronal and
axonal function can be studied in the presence of the critical supporting glial cell matrix.
Recent work has increasingly exploited the advantages of this structured system for the
study of neuronal and glial actions in retinal explants ex vivo (Satow et al., 2001; Carter
and Dick, 2003; Johnson and Martin, 2008; Escande‐Beillard et al., 2010; Patzke et al.,
2010; Sahaboglu et al., 2010).
Particle‐mediated transfection, or biolistics, has been used extensively to
transfect postmitotic neurons in neural tissue explants (Jiao et al., 1993; Arnold et al.,
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1994; Lo et al., 1994) and to label RGCs in explanted retinas with fluorescent or genetic
markers (Kettunen et al., 2002; Rockhill et al., 2002; Moritoh et al., 2010). However,
conventional biolistic transfection methods are unavoidably accompanied by traumatic
injury to surface tissue layers caused by the high‐pressure helium transients that are
used to propel the DNA‐coated gold particles (so‐called ʺentrainmentʺ devices (Sanford
et al., 1987)). Such damage is particularly troubling in biolistic transfection of retinal
explants, as RGC axons and their astroglial support matrix reside in the most superficial
layers of the retina. Physical damage to superficial layers of the retina thus compromises
the three‐dimensional environment of explanted RGCs and complicates the
interpretation of experimental results.
Yet, biolistics remains perhaps the only method that can be used to transfect
RGCs in living retinal explants with any degree of efficiency. Other transfection
methods, such as lipid‐mediated transfection or the use of viral vectors, suffer from lack
of spatial resolution and inconsistent transfection efficiencies in tissue explants.
Electroporation protocols developed for use in the retina primarily target photoreceptors
and bipolar cells and have seen only modest success in transfecting the RGC layer
(Matsuda and Cepko, 2004; Donovan and Dyer, 2006).
In this context, I have developed a novel and inexpensive micro‐targeting
biolistic device that avoids the trauma associated with conventional entrainment
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biolistic methods, permitting rapid and efficient transfection of RGCs in the adult
mammalian retina without damaging their local microenvironment.
METHODS
Biolistic transfection with the modified capillary gun
I have modified the previously described capillary gun (Rinberg et al., 2005) for
rapid and efficient use in the explanted retina. The modified gun comprises a helium
inflow/outflow system, particle injection system, and nozzle assembled onto an
adjustable‐height stage (Figure 32). During transfection, retinas explanted into 12‐well
plates are centered on the stage below the gun’s nozzle. The height of the stage can be
adjusted to control the depth of particle penetration and thus the layer of cells to be
transfected. My current assembly is optimized to target the RGC layer in retinal explants
from adult rats, using a nozzle‐to‐explant distance of approximately 0.6 cm.
Helium gas controlled by an inflow‐outflow system is used to propel DNA‐
coated gold particles toward the explanted retina. Helium is injected into the gene gun
assembly via flexible tubing attached to a compressed helium source. Depression of a
trigger connected to a time‐delay relay opens a solenoid valve and allows a 50 ms pulse
of helium to flow into the gun apparatus. Notably, this pulse of helium enters the gun at
pressures as low as 15 psi—the outflow pressure of the helium jet exiting from the gun is
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Figure 32: Modified capillary gun apparatus.
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(A) The modified capillary gun was constructed according to the schematic shown above. (B‐
C) The gun’s nozzle is made up of a blunted Luer lock disposable needle (18 gauge), plastic T‐
connector, and gel loading pipette tip, assembled as shown in the diagram. As described in more
detail in the text, low‐pressure helium flow is used to accelerate aliquots of DNA‐coated gold
microparticles suspended in ethanol that are injected into the head of the needle. As the
microparticles emerge from the tip of the blunted needle, a vacuum flow is used to divert the
bulk flow of helium through the side arm of the T‐connector. As the flow rate of the vacuum just
exceeds that of the helium inflow, the dense gold microparticles continue along their initial
trajectory through the T‐ and hypodermic needle connectors to the gel loading pipette tip for
emission. During this process, the ethanol is removed and/or evaporates such that the
microparticles are dried by the time they reach the target retinal tissue after a brief flight through
air.

thus considerably reduced in comparison to traditional biolistic devices, which routinely
employ helium inflow pressures of greater than 100 psi and as high as 2000 psi (Arnold
et al., 1994; Lo et al., 1994; Washbourne and McAllister, 2002). This modest outflow
pressure is further reduced by the use of active vacuum suctioning at the nozzle during
the transfection process. Depression of the trigger simultaneously opens a second
solenoid valve attached to a vacuum source via flexible tubing. This vacuum creates
negative pressure at the gun’s nozzle to divert the flow of helium but does not affect the
continued inertial movement of the highly dense gold particles.
As in the previously developed capillary biolistic gene gun, the present device
also uses an ethanol‐gold particle suspension that is injected directly into the nozzle of
the gun. Injections are made using a 100‐μL Hamilton syringe (Hamilton Company,
Reno, NV), which is continuously rotated using a custom‐built K’Nex apparatus (The
Rodon Group, Hatfield, PA) to ensure even particle distribution and suspension prior to
loading. A micromanipulator attached to the loading apparatus is used to depress the
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syringe plunger to deliver approximately 0.5 μL of the ethanol‐gold particle suspension
into the gun for each shot. As this small volume of gold suspension is propelled through
the headpiece and nozzle by the jet of helium, the ethanol carrier evaporates such that
gold particles exiting from the gun’s nozzle are dry.
The gun’s nozzle is made up of a Luer lock‐attached disposable needle (18 gauge;
#305195; Becton, Dickinson and Company, Franklin Lakes, NJ) with the sharp tip
removed (Figure 32B). A hole drilled into the head of the needle and plugged with a
rubber septum (Warner Instruments, #WS‐2 , Hamden, CT) connects the nozzle to the
Hamilton syringe of the particle‐injection system described above. The remainder of the
nozzle comprises a small T‐connector (Small Parts Inc., #T210‐6, Miami Lakes, FL) and a
gel loading pipette tip (Neptune Scientific, #BTGel30, San Diego, CA). These pieces are
connected to the blunted needle such that gas flows in a straight line from the needle’s
headpiece straight through the shaft/T‐connector/tip (Figure 32C). I have found that the
relative spacing of these components is critical for the emission of gold particles from the
gun’s nozzle. The third, perpendicular port of the T‐connector connects the nozzle to the
vacuum system described above. The small aperture of this nozzle, together with the use
of a mounted laser guide (The Home Depot, #6041100CD, Atlanta, GA) that identifies
the center of the 1‐mm2 target area on which gold particles will fall, permits micro‐
targeting of specific target areas within retinal explants.

Biolistic transfection with the Helios gun
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Where noted, I used a conventional entrainment biolistic device (Helios Gene
Gun System, Bio‐Rad, Hercules, CA) to provide a comparison to transfections done
using the modified capillary gun described above. The Helios device was used with a
delivery pressure of 95 psi, with explants situated in 12‐well plates positioned
approximately 2.5 cm below the nozzle of the gun as previously described for brain slice
explants (Lo, 1999; Yacoubian and Lo, 2000).
Microcarrier preparation
The biolistic devices described in this paper were used with standard 1.6 μm
diameter gold microcarriers (Strem Chemicals, Inc., Kehl, Germany). I found that
smaller particles (1 μm), which have been reported to preserve tissue integrity in the
hour following transfection (Roizenblatt et al., 2006), do not readily penetrate into the
RGC layer of explanted retinas using either the new or the Helios entrainment biolistic
device. Gold particles were coated with an expression construct encoding yellow
fluorescent protein (YFP) driven by the gWiz promoter as previously described using
calcium/ethanol precipitation (Lo, 1999). The particles were prepared identically for use
in either the modified capillary gun or the entrainment device. For the modified
capillary gun, particles were suspended in a fresh ethanol suspension at a concentration
of 5 mg/ml. Particles prepared in this manner were stored at 4 °C for up to 2 weeks prior
to use. For the Helios entrainment device, particles were loaded into Tefzel tubing and
dried using a vacuum chamber prior to use.
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Explant preparation
These studies employed an ex vivo explant culture system that uses intact retinal
tissue from adult rats. Briefly, eyes are enucleated from adult CD Sprague‐Dawley rats
(Charles River, Wilmington, MA) immediately following application of profound
anesthesia and euthanasia in accordance with NIH guidelines and under Duke IACUC
approval and oversight. A circumferential cut is made 1 mm posterior to the limbus,
then the retina is gently coaxed away from the posterior sclera to permit separation of
the entire retina and optic nerve head from the scleral tissue via a single cut. Retinas are
cut into sixths and placed RGC‐side up onto an interface culture platform comprised of
filter paper (#2300 916, Sigma‐Aldrich Co. LLC, St. Louis, MO) suspended in culture
medium (Neurobasal media supplemented with 0.5% Glutamax, 1% sodium pyruvate,
1% HEPES buffer, and 0.2% Primocin; Invitrogen, Carlsbad, CA). In these interface
cultures, only the bottom surface of the explant is in direct contact with the culture
medium, allowing efficient gas exchange via the upper surface of the tissue (Stoppini et
al., 1991). Explants are transfected using biolistics 30‐60 minutes after dissection, after
which time cultures are maintained in humidified incubators under 5% CO2 at 37 °C.
Half of the media is changed on the first day after dissection and on every second day
thereafter.
Assays of RGC morphology and function
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RGC axonal morphology was assessed visually using a scoring system keying on
morphological aspects of axonal pathology, notably the appearance, numbers, and sizes
of axonal varicosities (ʺblebsʺ) and the overt loss of axonal continuity. An axonal bleb
was defined as any axonal region that was more than twice as thick as the surrounding
axon segment. Data are presented as the proportion of RGC axons in a given explant
that do not exhibit axonal pathology.
RGC axonal transport capacity was assessed using Alexa 488‐ or 594‐conjugated
cholera toxin B (CTB, Invitrogen, Carlsbad, CA), a well‐established anterograde and
retrograde neuronal tracer devoid of toxicity due to removal of the toxic α subunit
(Luppi et al., 1990; Angelucci et al., 1996). To measure retrograde transport, explants
were incubated overnight with a 0.05 μL drop of CTB (0.5 mg/ml) positioned on the
surface of the retinal explant at the optic nerve head. As only the most distal portions of
the explanted axons contact the CTB, the number of peripheral RGC somata
accumulating CTB signal via retrograde axonal transport serves as a metric for axonal
transport capacity. CTB‐positive RGCs are quantified from a 25x image taken from the
periphery of each explant using Matlab software. Built‐in Matlab filtering, segmentation,
and thresholding functions were used to identify individual RGCs in an image, and the
identified RGCs were then analyzed using the regionprops command.
Data are presented as means + SEM. Results from different groups are compared
via a Student’s t‐test or ANOVA followed by Dunn’s multiple comparison test. P values
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less than 0.05 were considered statistically significant. All experiments were repeated in
at least 3 independent trials to ensure the reproducibility of any observed effects. All
statistical comparisons were done using R 2.6.2 software (The R Foundation for
Statistical Computing, Vienna, Austria).
Immunofluorescence assays
Immunohistochemistry was used to probe additional aspects of explant health.
At the conclusion of experiments, explants were rinsed once in Dulbecco’s PBS (#D8537,
Sigma‐Aldrich Co. LLC, St. Louis, MO) and fixed with 4% paraformaldehyde in PBS
containing 4% sucrose for 1 h at room temperature. Retinas were then rinsed in PBS and
then blocked for 1 h in blocking solution (PBS containing 0.5% Triton‐X100, 1% bovine
serum albumin [BSA], and 10% normal goat serum). Tissues were incubated overnight
in primary antibody solution (PBS containing 0.3% Triton‐X100, 0.5% BSA, and 10%
normal goat serum) containing primary antibodies against green fluorescent protein
(1:1500, Abcam, Cambridge, MA), glial fibrillary acidic protein (1:1000, Millipore
Billerica, MA), or Smi‐31 (1:1000, Covance Princeton, NJ) as indicated. Retinas were then
rinsed 3 times (30 min each) in rinsing solution (PBS containing 0.1% Triton‐X100) and
incubated for 1 h with secondary antibodies. Species‐specific secondary IgG antibodies
were conjugated to Alexa 488 or 594 fluorophores (Invitrogen, Carlsbad, CA) and
diluted 1:1000 in rinsing solution. Finally, retinas were washed 3 times (30 min each) in
rinsing solution, mounted on microscope slides (Fisher Scientific, Pittsburgh, PA),
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coverslipped in Hydromount mounting medium (National Diagnostics, Atlanta, GA),
and imaged as described below.
Imaging
Photomicrographs were collected on a Zeiss fluorescence microscope (Carl Zeiss
MicroImaging, LLC, Thornwood, NY) equipped with a charge‐coupled device camera
(AxioCam MRm, Zeiss). Images of retinal explants were taken using Zeiss 5X Fluar (0.25
NA), Zeiss 10X Plan‐Neofluar (0.3 NA), or Zeiss 25X Plan‐Neofluar (0.8 NA oil)
objectives as noted. ImageJ software (National Institutes of Health, USA) was used to
crop and rotate images for presentation.
RESULTS
RGCs in explanted retinas are labeled to their distal tips using the modified capillary gun.
Particle‐mediated gene transfer was used to transfect RGCs in cultured explants
with YFP in order to label them with a diffusible fluorescent marker. The modified
capillary gun described here optimally transfects RGCs in retinal explants from adult
rats (Figure 33A‐B). RGCs may be disambiguated from displaced amacrine cells lying
within the same layer by their extension of an axon traversing the nerve fiber layer to the
optic nerve head. Transfected, YFP‐expressing RGCs in these explants extended full
dendritic (Figure 33C‐F) and axonal (Figure 33G‐I) arbors, which were filled with
transfected fluorescent proteins to their distal tips, by 48 hours after transfection. The
number of cells transfected was proportional to the concentration of gold in the gold‐
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Figure 33: Transfection with the modified capillary gun labels retinal ganglion cells
(RGCs) to their distal tips.
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(A‐B) Transfection of a retinal explant with YFP permits visualization of numerous
RGCs and their axons, which course towards the optic nerve head. Scale bar = 100 μm.
(C‐F) By 48 hours after transfection, RGC somata and dendrites are fully labeled with
fluorescent protein and show no evidence of blebs or degeneration after transfection
with the modified capillary gun. Scale bar = 50 μm. (G‐I) The micro‐targeting capacity of
the gun permits clear visualization of YFP‐filled RGC axons, which are smooth, straight,
and devoid of varicosities in the region near the optic nerve head. Scale bar = 50 μm.
ethanol suspension injected into the gun, with a gold concentration of 5 mg/ml sufficient
to transfect RGCs reliably.
The modified micro‐targeting gun described here permits the transfection of a
small area of the retina using the small aperture size of the gun’s nozzle. Cells
transfected in a single ʺshotʺ typically span an area of approximately 1 mm2 in the retinal
explant. This micro‐targeting feature allows clear visualization of centripetal axons
belonging to peripherally transfected RGCs, thereby facilitating quantification of axonal
pathology. It also permits transfection of multiple, spatially segregated cell populations
within a single explant with different constructs.
Transfected RGCs remain morphologically and functionally intact after transfection with the
modified capillary gun.
The health of RGCs is a critical issue in explant‐based studies. To demonstrate
that biolistic transfection using the modified capillary gun does not adversely affect the
general health and viability of cells in the explanted retina, I assessed the morphology
and function of RGCs in transfected explants over the course of 1 week ex vivo using a
variety of measures as described below.
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First, I found that RGCs in explanted retinas transfected with YFP using the
modified capillary gun remained morphologically intact for up to one week after
transfection (Figure 34). RGC axons extended unbroken from their origins at RGC
somata to their tips at the optic nerve head (Figure 34A). For 2‐6 days after transfection,
these axons appeared smooth and straight, devoid of axonal varicosities and signs of
Wallerian degeneration (Figure 34C‐E). Additionally, immunostaining against Smi‐31,
which labels all RGC axons, demonstrated that RGC axons from explants transfected
with the modified capillary gun remained healthy at the population level as well. Even 6
days after explant transfection, Smi‐31 labeling showed RGC axons tightly organized
into bundles coursing toward the optic nerve head (Figure 34J).
In contrast, RGC axons from explants transfected using a conventional
entrainment biolistic device showed clear evidence of axonal stress and/or degeneration
after transfection. Many RGCs transfected using this entrainment device had axons that
terminated prematurely in the middle of the explant instead of extending fully to the
optic nerve head (Figure 34B, arrows). As RGC axons lie close to the surface of the
cultured explant, we suspect that the force of the helium jet from the conventional
entrainment gun is sufficient to break the continuity of these axons. Additionally,
although axons are initially somewhat healthy 2 days after transfection with the
conventional entrainment device (Figure 34F), development of axonal varicosities is
evident by 4 days (Figure 34G) and significantly worsens into overt degeneration by 6
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Figure 34: RGCs transfected with YFP using the modified capillary gun remain
morphologically intact for 1 week ex vivo.
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(A) Transfection with the modified capillary gun preserves RGC axons that extend from
somata to the optic nerve head. Scale bar = 100 μm. (B) In contrast, transfection with a
conventional entrainment biolistic device produces many axons that lose continuity
mid‐explant (arrows). Scale bar = 100 μm. (C‐E) RGC axons remain healthy 2 (C), 4 (D),
and 6 (E) days after transfection with the modified capillary gun. Scale bar = 50 μm. (F‐
H) In contrast, those from explants transfected with the entrainment device are
somewhat healthy on day 2 (F), but show overt degeneration by 4 (G) to 6 (H) days after
transfection. Scale bar = 50 μm. (I) Quantification of these results reveals that
transfection with the entrainment device causes significantly greater degeneration than
does transfection with the modified capillary gun. *p<0.05 by ANOVA. (J) Smi‐31
staining of explants transfected with the modified capillary gun reveals organized,
bundled axons. Scale bar = 50 μm. (K) In contrast, those in explants transfected with a
conventional entrainment device show a disorganized axonal pattern. Scale bar = 50 μm.
days after transfection (Figure 34H; quantified in Figure 34I). Further, Smi‐31
immunostaining 6 days after transfection revealed that axons were disorganized at the
population level, having lost the bundled structure characteristic of the healthy retina by
this time (Figure 34K).
To confirm these observations, I next examined whether morphologically intact
RGCs after transfection with the modified capillary gun were also functional by probing
their capacity for axonal transport. Cholera toxin B (CTB) is a widely used neuronal
tracer that is actively taken up and transported in a retrograde manner. Only those
RGCs that retain the ability to actively take up and transport CTB tracer applied to their
distal axons in the central retina will accumulate CTB in their somata. I could thus use
CTB transport to RGC somata at the peripheral edge of retinal explants as a good metric
of aggregate RGC functional capacity.
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Figure 35: RGCs transfected with YFP using the modified capillary gun retain
functional axonal transport.
(A‐B) The number of RGCs functionally transporting a fluorescently labeled cholera
toxic B (CTB) tracer and accumulating CTB in their somata does not differ between
untransfected (A) and modified capillary gun‐transfected (B) explants. (C) In contrast,
RGCs from explants transfected with a conventional entrainment biolistic device show
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marked disruption of axonal transport in comparison to non‐transfected controls. (D)
Quantification of the number of cells transporting the tracer confirms significant
impairment of transport capacity by the conventional entrainment device but not by the
modified capillary gun. (E) Quantification of the capacity of YFP‐expressing RGCs to
transport CTB also reveals significant impairment after transfection with the
conventional entrainment biolistic device compared to the modified capillary gun.
*p<0.05 by ANOVA. Scale bars = 50 μm.
I assayed retrograde CTB transport 3 days after transfection with the modified
capillary gun or a conventional entrainment biolistic device. As shown in Figure 35,
retinal explants transfected using the modified capillary gun showed no significant
impairment of CTB transport compared to non‐transfected control explants (compare
Figure 35A and Figure 35B; quantified in Figure 35D). In contrast, retrograde axonal
transport was markedly reduced in explants transfected with the conventional
entrainment device compared to non‐transfected controls (compare Figure 35A and
Figure 35C; quantified in Figure 35D). This impairment of axonal transport after
transfection with the conventional entrainment device was notable for both the entire
explanted RGC population (Figure 35A‐D) as well as for YFP‐labeled, transfected RGCs
alone (Figure 35E). Additionally, I noted that transport in explants transfected with the
conventional entrainment biolistic device tended to be patchy and inconsistent, with the
worst transport generally being observed near the center of the explant where the
helium blast was most severe.
The glial microenvironment remains intact after RGC transfection using the modified capillary
gun.
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Figure 36: The glial microenvironment remains intact after RGC transfection using
the modified capillary gun.
(A‐C) The astroglial layers of retinal explants transfected with YFP using the modified
capillary gun retain their normal, coherent, web‐like appearance. (D‐F) In contrast, those
in explants transfected using a conventional entrainment biolistic device show extended
regions of astroglial degeneration, marked by cell loss as well as morphological
alterations. Scale bars = 50 μm.
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Finally, I used immunohistochemistry to examine the morphology of the
astroglial cells that form the surface tissue layer in retinal explants. Glial fibrillary acidic
protein is a well‐known glial structural protein that becomes upregulated under

conditions of glial activation. The astroglial web overlying the RGC layer showed no
evidence of glial cell degeneration after transfection with the modified capillary gun.
Indeed, the astrocytes making up this layer maintained a coherent, web‐like structure in
retinal explants even 6 days after transfection with the modified capillary gun (Figure
36A).
In contrast, the astroglial layer of retinal explants transfected with a conventional
entrainment biolistic device frequently showed large areas marked by glial degeneration
and loss after transfection (Figure 36D). This degeneration, which was observed in about
half of the explants transfected, was typically accompanied by pathology in the
underlying transfected retinal cells. As above, the most severe glial degeneration
generally occurred near the center of the helium blast.
DISCUSSION
I have presented here a new device to deliver DNA‐coated microparticles into
the adult mammalian retina ex vivo with minimal damage to the tissue’s surface layers.
By using low helium inflow pressures and vacuum diversion to eliminate helium
emission in the transfection process, the current method allows efficient transfection as
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well as morphological and functional preservation of RGCs and their local
microenvironment in adult retinal explants.
This method offers several advantages over existing methods. First, the modified
capillary gun induces significantly less trauma in retinal explants than do conventional
entrainment biolistic devices. As the RGC and overlying layer of astroglial cells are the
most superficial layers of the retina, protection from transfection‐induced trauma
remains a critically important goal. As demonstrated by both morphological and
functional preservation of RGC axons for at least 1 week ex vivo after transfection,
reducing the trauma associated with gold microparticle delivery improves the health of
transfected explants. Further, the new device also avoids damage to the astrocytic web
overlying the RGC layer that otherwise would be caused by the helium impact of
conventional entrainment devices. Given the increasingly appreciated role of glial
interactions in neuronal function, preservation of the superficial glial layer of the retina
is likely critical for maintaining the normal function and intercellular interactions of the
retina.
Second, the small aperture size of the capillary gun permits micro‐targeting of
specific regions of the retina as small as 1 mm2 in area, as was a feature of the original
capillary gun design (Rinberg et al., 2005). This targeting capacity enables transfection of
single or multiple spatially‐segregated cell populations within a single explant, allowing
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a number of experimental conditions, including internal controls, to be included within
a single retinal explant.
Finally, the modified capillary gun described here improves the speed and
reproducibility of the transfection process. Because gold particles are suspended in
ethanol instead of being dried onto tubing, particle preparation and shooting requires
significantly less time than low‐pressure transfection devices described in previous
reports (Rinberg et al., 2005). Additionally, the use of a gold suspension ensures that the
gun emits a consistent and reproducible amount of gold in each shot. The particle
injection system described here contains enough gold suspension for 50 shots before
reloading is necessary, supporting more rapid and extended shooting sequences
compared to tubing‐based devices. Further, the use of a gold suspension eliminates
variables such as drying times/conditions and inconsistent lot‐to‐lot Tefzel tubing
surface properties, which significantly influence transfection efficiencies in conventional
gene gun systems. Finally, the device described in detail here is easy and inexpensive to
construct and requires no special machining techniques, making it a feasible alternative
to the low‐pressure capillary gun (Rinberg et al., 2005).
As with all biolistic transfection methods, the new device described here does not
intrinsically support cell‐type transfection specificity. However, this issue is less
problematic in the explanted retina than other tissue types. Because of the tightly
structured layers of the retina, transfection can be optimized for a given layer (e.g., the
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RGC layer) by adjusting the height of the gun and helium inflow pressure. Within a
narrow transfected layer, promoter‐driven or morphology‐based screening can then
ensure that only the cell type(s) of interest are considered during analysis.
In summary, I have described a novel biolistic device that enables tissue micro‐
targeting while preserving the microarchitecture of the retina for extended periods ex
vivo. This device should be useful not only in retina but also in other tissue explants
settings in which preservation of local cellular and tissue integrity is a priority.
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Appendix C: Automated quantification of Cholera Toxin
B transport
INTRODUCTION
A significant number of the experiments in this dissertation involved
quantification of retrogradely transported, fluorescently tagged CTB accumulating in
RGC somata. Quantification by hand of these measures is laboriously time‐consuming
and fraught with the potential for human error and/or bias. To ensure standardization
and reproducibility of CTB quantification, I thus designed two automated algorithms for
determining the number and intensity of CTB‐transporting, untransfected and
transfected RGCs in an imaged retinal explant.
The first algorithm quantifies the number of CTB‐transporting cells in
untransfected retinal explants exposed to varying conditions. This algorithm determines
the number and intensity of transporting RGCs by identifying distinct bright spots in
images of CTB‐labeled retinal explants captured at 25x from fixed slides and saved in
the tagged image file format (TIFF). The algorithm does this by completing the following
steps for each single‐fluorescence channel TIFF image:
1) Reading the image file into the Matlab software environment
2) Subtracting outlier pixels as well as the background from the image to
generate a cleaned version of the image
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3) Filtering this cleaned image to highlight the brightest pixels in each RGC and
thus individuate RGCs from one another
4) Making this filtered image into a binary mask, such that CTB‐positive cells
are white and background/intracellular areas are dark
5) Using this binary mask to determine the intensity of each RGC from the
original image
The RGC intensities identified using this algorithm provide a metric for the
health of the explant. A healthy explant contains many spots that are bright (i.e., many
RGCs capable of transporting CTB from their distal axons to their somata), whereas an
unhealthy or stressed explant contains fewer and/or dimmer spots. The key step in this
first algorithm is #3, the correct identification and disambiguation of CTB‐positive RGCs
in the image.
The second algorithm that I designed quantifies the capacity of RGCs to
transport CTB before and after expression of various transfected genetic constructs. In
these experiments, transfected RGCs are labeled with a fluorescent protein that fills the
entire RGC soma. Additionally, the pre‐ and post‐expression CTB tracers are tagged
with different fluorphores, so that it is possible to determine the CTB transport occurring
during the pre‐ or post‐expression windows by imaging under different filter sets. This
second algorithm determines where the transfected cell soma is in an image and then
examines this region for accumulated pre‐ and post‐expression CTB signal. Data are
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taken as 63x TIFF images from fixed slides, with each cell imaged under three filter sets
to visualize the soma as well as pre‐ and post‐expression CTB label. The algorithm
involves the following steps for each triple‐fluorescence channel image:
1) Reading in the images of the transfected cell soma, pre‐ expression CTB
transport, and post‐expression CTB transport
2) Subtracting outlier pixels as well as the background from the image of the
transfected cell soma to generate a cleaned version of the image
3) Using this cleaned image to generate a region of interest containing the
transfected cell soma
4) Using this region of interest to determine the mean intensity of fluorescently‐
tagged CTB accumulated in the pre‐ and post‐ expression CTB transport
images
5) Using a simplified version of Algorithm #1 described above to find the mean
intensities of the untransfected, CTB‐positive cells in the pre‐ and post‐
expression images
Two ratios of the intensity measures from this last step, post/pre and
transfected/untransfected CTB intensity, provide useful metrics for the health of the
RGC under consideration. For the first metric (post/pre), a healthy cell will continue to
transport CTB efficiently even after it expresses the transfected DNA sequence; an
unhealthy or stressed cell will transport less efficiently. Thus, lower ratios for this first
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metric, indicative of a CTB signal that is dimmer in the post than the pre image, indicate
unhealthy cells. For the second metric (transfected/untransfected), healthy cells will
transport CTB just as efficiently as their non‐transfected neighbors; unhealthy cells will
transport CTB slower than their non‐transfected neighbors. Thus, lower ratios for this
second metric, indicative of a CTB signal that is dimmer in transfected than non‐
transfected cells, indicate unhealthy cells. The key step in this second algorithm is the #3,
the correct identification of the region of interest containing the transfected cell soma.
The objectives of this section were thus to validate the accuracy of the key steps
in these two algorithms by comparing them to manual quantification. I found that
automated identification of CTB‐positive cells in untransfected explants correlated well
with manual identification, such that it was sensitive to the effects of stressors and
pharmacological treatment on CTB transport. Similarly, automated recognition of
transfected somata agreed well with manual identification.
RESULTS
AUTOMATIC QUANTIFICATION OF THE NUMBER AND INTENSITY OF CTB‐TRANSPORTING
RGCS IN A NON‐TRANSFECTED EXPLANT
Figure 37 shows three representative images taken of CTB‐transporting explants
exposed to conditions of normoxia, chronic hypoxia, or chronic hypoxia and treatment
with 30 μM BI #1 (Figure 37A‐C). Superimposed on these images are the coordinates of
the RGC centroids identified by the automated imaging algorithm. As demonstrated in
the figure, the algorithm correctly identifies numerous CTB‐positive somata under all
185

Figure 37: Automated quantification of the number and intensity of CTB‐transporting
RGCs in a non‐transfected explant.
(A‐C) Representative images of automated identification CTB‐transporting RGCs. In
each image, a blue ‘+’ marks the center of a transporting RGC identified by the
quantification algorithm. The images shown are from explants transporting CTB under
normoxia (A), chronic hypoxia (B), or chronic hypoxia + 30 μM BI #1 (C). Scale bar = 50
μm. (D) Comparison of the number of transporting RGCs identified by manual and
automated quantification reveals no significant difference between the methods (n=6
explants per condition, >1000 cells, p>0.05).
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three conditions. The most common errors made by the automated algorithm are the
following: 1) misclassification of two touching CTB‐positive spots as a single cell and 2)
failure to identify very dim spots as CTB‐positive cells. Despite these infrequent errors,
comparison of the number of RGCs identified by the automated algorithm and by
manual quantification from a randomly‐chosen experiment reveals that there is no
significant difference in the average number of cells counted using these two methods
(Figure 37D). Like manual quantification, therefore, the first automated algorithm is
sensitive to the effects of chronic hypoxia as well as BACE1 inhibition on retrograde CTB
transport.
AUTOMATIC DETERMINATION OF THE NUMBER AND INTENSITY OF CTB‐TRANSPORTING
RGCS IN A TRANSFECTED EXPLANT
Figure 38 shows representative images taken of transfected RGC somata
analyzed for CTB transport before and after expression of a transfected genetic sequence
(Figure 38A). Superimposed on these images in green is the outline of the binary mask
of the RGC soma identified by the second automated quantification algorithm. The area
enclosed by the green boundary thus indicates the region of interest examined in the
accompanying images for pre‐ and post‐expression CTB signal. As demonstrated in the
figure, the automated algorithm correctly identifies transfected somata in over 90% of
images (Figure 38B). The rare cases of failure occur primarily due to RGC somata that
are smaller the size range allowed by the algorithm. In these cases, the algorithm fails
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Figure 38: Automated identification of transfected RGC somata.
(A) Representative images showing automatic identification of transfected RGC somata.
The limits of the RGC somata identified by the algorithm are shown in green. This area
enclosed by the green boundary indicates the region of interest examined in the
accompanying images for pre‐ and post‐transfection CTB signal. Scale bar = 25 μm. (B)
Quantification of the proportion of somata correctly identified by manual and
automated identification reveals that the automated algorithm identifies somata
correctly more than 90% of the time (n=10 experiments, 25 images/experiment).
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to detect any soma in the image and discards the entire image set; therefore, such cases
of failure do not result in the inclusion of faulty data in the analysis.
COMMENT
The results reported in this appendix demonstrate that the automated algorithms
designed for this dissertation accurately quantify CTB transport capacity for both non‐
transfected and transfected RGCs in the explanted retina. The development of these
tools was a key step in the success of this work, because it reduces 1) the time necessary
to quantify axonal transport capacity and 2) the potential for experimenter bias to
influence the observed results.
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Appendix D: Effect of tissue age on response to hypoxia

INTRODUCTION
Because increasing age is known to exacerbate the neurodegenerative effects of
oxygen deprivation (Hicks et al., 1962; Duffy et al., 1975; Cheng et al., 1997; Jensen et al.,
1998), I explored whether explants from juvenile animals were less susceptible to
hypoxia‐induced morphological (Figure 9) and functional (Figure 13) axonopathy
observed in explants from adult animals. In this section, I describe experiments
examining the effect of acute and chronic hypoxic stress on retinal explants from
juvenile and adult rats.
In these experiments, juvenile rats were defined as animals 20 to 22 days old
(P20‐22). This age was chosen because it was the youngest age at which the following
two requirements were met: 1) the rat retina was fully developed and contained all of
the cell types and electrical responses typical of the mature adult retina and 2) the
explanted tissue supported efficient biolistic transfection of the RGC population and
labeling using fluorescently‐tagged CTB.
The objectives of this section were thus to examine the effects of acute and
chronic hypoxia on parameters of axonal viability in juvenile retinal explants and
compare these to the effects observed in adult retinal explants. I found that acute and
chronic hypoxia differentially affected juvenile and adult explants: adult explants were
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more sensitive to axonopathy induced by acute hypoxia, whereas juvenile explants were
more sensitive to axonopathy induced by chronic hypoxia.
RESULTS
EXPLANTS FROM JUVENILE RATS ARE LESS SUSCEPTIBLE THAN ADULT RETINAL EXPLANTS
TO THE EFFECTS OF ACUTE HYPOXIA

Morphology. The effects of acute hypoxia on axonal morphology were studied
by examining the axons of YFP‐transfected, explanted RGCs from adult and juvenile
rats. Consistent with previous reports that neonatal and adolescent tissues transfect
more readily than adult tissue, juvenile explants were clearly more amenable than adult
to biolistic transfection. Indeed, the day after transfection, juvenile explants typically
exhibited an average of 2‐fold more YFP‐transfected RGCs than their adult counterparts
(Figure 39A, left). This was likely due at least in part to the greater number of RGCs
surviving the explantation process in juvenile explants, as the number of calretinin‐
positive RGCs was also greater in explants from these animals (Figure 39A, right).
In these experiments, exposure of juvenile and adult explants to a 5‐hour period
of acute hypoxic stress (0% O2, 5% CO2, 95% N2) produced clear effects on both juvenile
and adult RGC axonal morphology assessed 24 h after removal from hypoxic stress. As
shown in Figure 39, the effect of acute hypoxia on axonal morphology in juvenile
explants was reminiscent of that on adult explants tested under identical conditions. In
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Figure 39: RGCs in juvenile retinal explants are less susceptible than those in adult
retinal explants to the effects of acute hypoxia on axonal morphology.
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(A) (Left) Counts of YFP‐positive axons in transfected juvenile and adult retinal explants.
Juvenile retinal explants are more amenable to biolistic transfection than adult retinal
explants, as roughly 2‐fold more RGCs are transfected in these explants compared to
adult explants transfected under identical conditions (n=6 explants/condition, >500
axons, p<0.05). (Right) Juvenile explants have a greater number of calretinin‐positive
RGCs surviving the dissection process than their adult counterparts (n=6
explants/condition, >3000 cells, p<0.05). (B) Representative images of RGC axons from
adult and juvenile retinal explants cultured under normoxic and acute hypoxic
conditions. Arrows indicate axonal varicosities indicative of morphological axonopathy,
which are more prevalent in adult than juvenile explants. Scale bar = 25 μm. (C)
Quantification of RGC axonal morphology as the proportion of axons without
varicosities reveals that juvenile axons are protected relative to their adult counterparts
from the negative effects of acute hypoxia, as a significantly greater number of these
axons remain healthy after exposure to acute hypoxic stress (n=6 explants/condition,
>500 axons, p<0.05).
explants of either age, acute hypoxia caused the development of axonal varicosities.
Juvenile tissue seemed to be more resistant than adult tissue to acute hypoxia, because a
significantly smaller proportion of axons in these explants exhibited morphological
varicosities after exposure to acute hypoxic stress (Figure 39B,C). These findings
suggested that juvenile explants were less susceptible to the negative effects of acute
hypoxia on axonal morphology.
Function. I next tested whether juvenile explants were similarly less susceptible
to the negative effects of acute hypoxia on RGC axonal transport. Similar to the
increased transfection efficiency in juvenile explants noted above, under normoxic
conditions, RGC axons in juvenile explants clearly transported CTB more efficiently than
their adult counterparts (Figure 40A). CTB‐labeled RGCs in explants from juvenile
animals were brighter than those from adult animals, indicating their accumulation of
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Figure 40: RGCs from juvenile retinal explants are less susceptible than those in adult
retinal explants to the effects of acute hypoxia on axonal function.
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(A) Quantification of the intensity of CTB labeling reveals that, under normoxic
conditions, juvenile RGC axons transport CTB significantly better than their adult
counterparts. CTB‐positive RGCs from juvenile explants are brighter (left) but not more
numerous (right) than those from adult explants (n=6 explants/condition, >1000 cells). (B)
Representative images of CTB‐positive RGCs from adult and juvenile retinal explants
cultured under normoxic and acute hypoxic conditions demonstrate that juvenile
explants are more resistant to the negative effects of acute hypoxia on axonal transport,
as evidenced by their increased number of CTB‐positive RGCs. Scale bar = 50 μm. (C)
Quantification of the number (right) and intensity (left) of CTB labeling reveals that
juvenile RGC axons are less susceptible than their adult counterparts to the negative
effects of acute hypoxia on axonal transport, as a significantly greater number of RGCs
from juvenile explants compared to adult explants retain the capacity to transport CTB
(n=6 explants/condition, >1000 cells, p<0.05).
more of the fluorescently‐tagged CTB tracer. The number of CTB‐positive RGCs did not
differ significantly between juvenile and adult explants.
Exposure of these juvenile and adult explants to a 5‐h period of acute hypoxic
stress produced clear effects on both juvenile and adult RGC axonal function assayed
during the 24 h after removal from hypoxic stress. As shown in Figure 40, the effect of
acute hypoxia on axonal transport capacity in juvenile explants was reminiscent of that
on adult explants tested under identical conditions. In explants derived from rats of
either age, acute hypoxia reduced the number and intensity of CTB‐transporting RGCs.
As above, juvenile tissue seemed to be more resistant than adult tissue to acute hypoxia,
because a significantly greater number of RGCs had accumulated a detectable level of
the CTB tracer in juvenile explants compared to adult explants (Figure 40B,C). This
effect was maintained when results were normalized to account for the greater initial
transport capacity of RGCs in juvenile retinal explants. These findings indicate that
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juvenile explants were less susceptible to the negative effects of acute hypoxia on axonal
function.
EXPLANTS FROM JUVENILE RATS ARE MORE SENSITIVE THAN THOSE FROM ADULT RATS TO
THE EFFECTS OF CHRONIC HYPOXIA

Morphology. The effects of chronic hypoxia on axonal morphology were studied
by examining the axons of YFP‐transfected, explanted RGCs from adult and juvenile
rats. In these experiments, exposure of these juvenile and adult explants to a 96‐h period
of chronic hypoxic stress (5% O2, 5% CO2, 90% N2) produced clear effects on juvenile but
not adult RGC axonal morphology. As shown in Figure 41, chronic hypoxia induced the
development of axonal varicosities in explants from juvenile animals without causing
similar pathology in adult explants treated identically. The numerous, large varicosities
noted in juvenile retinal explants contrasted strongly with the smooth, straight axons
noted in adult retinal explants (Figure 41, upper). Indeed, I observed that the proportion
of RGC axons without varicosities decreased significantly in juvenile but not adult
retinal explants exposed to chronic hypoxic conditions (Figure 41, lower). These findings
suggest that juvenile explants were more susceptible than adult to the negative effects of
chronic hypoxia on axonal morphology.
Function. I next tested whether juvenile explants were similarly more susceptible
to the negative effects of chronic hypoxia on RGC axonal function. In these experiments,
the effects of chronic hypoxia on axonal function were studied by examining retrograde
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Figure 41: RGCs from juvenile retinal explants are more susceptible than those from
adult retinal explants to the effects of chronic hypoxia on axonal morphology.
(Upper) Representative images of RGC axons from adult and juvenile retinal explants
cultured under normoxic and chronic hypoxic conditions demonstrate that juvenile
explants are more susceptible to the negative effects of chronic hypoxia on axonal
morphology, as evidenced by their development of axonal varicosities (arrows). Scale
bar = 25 μm. (Lower) Quantification of RGC axonal morphology reveals that juvenile
axons are more susceptible than their adult counterparts from the negative effects of
chronic hypoxia, as a significantly greater number of these axons develop varicosities
after exposure to chronic hypoxic stress (n=6 explants/condition, >800 axons, p<0.01).
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CTB transport in explants derived from adult and juvenile rats. Exposure of these
juvenile and adult explants to a 96‐h period of chronic hypoxic stress produced clear
effects on both juvenile and adult RGC axonal transport assayed during the final 24 h of
hypoxic stress. As shown in Figure 42, the effect of chronic hypoxia on axonal transport
in juvenile explants was reminiscent of that on adult explants tested under identical
conditions. In explants derived from rats of either age, chronic hypoxia reduced the
number and intensity of CTB‐transporting RGCs. Despite their significantly improved
ability to transport CTB under normoxic conditions, however, juvenile RGCs were more
severely affected than adult RGCs by chronic hypoxia (Figure 42B). Indeed, a
significantly smaller number of RGCs had accumulated a detectable level of the CTB
tracer in juvenile explants compared to adult explants. These findings indicate that
juvenile explants were more susceptible than adult to the negative effects of chronic
hypoxia on axonal function.
COMMENT
My experiments on retinal explants derived from animals of different ages
demonstrate that explant age dramatically influences the impact of acute and chronic
hypoxia on retinal ganglion cell axons. Compared to those from adults, RGC axons from
juvenile explants displayed an increased resistance to acute hypoxia but a decreased
resistance to chronic hypoxia.
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Figure 42: RGCs from juvenile retinal explants are more susceptible than those from
adult retinal explants to the effects of chronic hypoxia on axonal function.
(A) Representative images of CTB‐positive RGCs from adult and juvenile retinal
explants cultured under normoxic and chronic hypoxic conditions. In both juvenile and
adult tissue, chronic hypoxia reduced the number and brightness of CTB‐positive RGCs.
Scale bar = 50 μm. (B) (Left) Quantification of the number (left) and intensity (right) of
CTB‐positive RGCs in explants cultured under normoxic and chronic hypoxic conditions
reveals that juvenile RGC axons are more susceptible than their adult counterparts to the
negative effects of chronic hypoxia on RGC function. Despite their improved transport
capacity under normoxic conditions, significantly fewer RGCs retain the capacity to
transport CTB in juvenile than adult retinal explants (n=6 explant/condition, >2000 cells,
p<0.05).
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The increased resistance of juvenile explants to acute stress in these experiments
was substantial. First, RGC axons in these explants were less impaired than their adult
counterparts to functional and morphological axonopathy induced by acute hypoxia.
Additionally, they were also more resistant to the acute stressors inherent to the
explantation and/or transfection procedures. For example, juvenile retinal explants
cultured under normoxic conditions exhibited greater transfection efficiency and greater
axonal transport capacity than did retinal explants from adult rats. In all three of these
cases, juvenile tissue was more resilient to acute stressors than adult tissue.
Given this improved resilience of juvenile retinal explants to acute stressors, their
increased vulnerability to chronic stress was unexpected. RGCs in juvenile explants that
were only slightly impaired by acute hypoxia were severely affected both
morphologically and functionally by chronic hypoxia. This pattern was opposite of the
trend observed in adult explants, for which chronic hypoxia produced lesser effects on
the axon than acute hypoxia.
While the precise mechanism responsible for acute and chronic hypoxia’s
differential impact on juvenile and adult retinal explants is beyond the scope of this
dissertation, it may involve potential differences in ATP stores, aerobic versus anaerobic
metabolic processes, and energy usage between juvenile and adult animals. Exploration
of these differences in the context of retinal explants thus remains an intriguing topic for
future work.
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Appendix E: Failure of neuroprotective compounds to
improve axonal transport in adult retinal explants

INTRODUCTION
In Chapter 5 of this dissertation, I demonstrated that treatment with BACE1
inhibitors markedly improved RGC axonal transport capacity in adult hypoxia‐stressed
retinal explants (Figure 22). In this section, I sought to determine whether such
improvement is a specific property of BACE1 inhibition or is instead a general property
of neuroprotective compounds.
To test whether improvement of RGC axonal transport capacity is a general
property of neuroprotective compounds, I assembled a panel of compounds with known
neuroprotective effects in the CNS (Table 3). I then screened these compounds to
determine if they affected RGC axonal transport of CTB under normoxic or acute
hypoxic conditions in retinal explants.
Of the 15 compounds tested in my retinal explant system, I found none–with the
exception of the BACE1 inhibitor–that improved axonal transport capacity under
hypoxic or normoxic conditions. These findings suggest that the protective effects of
BACE1 inhibitors on axonal transport are not a general property of neuroprotective
compounds and instead derive from specific consequences of BACE1 inhibition.
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Table 3: Neuroprotective compounds tested for the capacity to improve axonal
transport.
Compound

Mechanism

Neuroprotection reference

BI #1

Inhibits BACE1 activity

Chapters 4,5

GSI #1

Inhibits γ‐secretase activity

Chapter 4

Trolox

Vitamin E, antioxidant

(Sharma and Kaundal, 2007)

Ro106‐9920

NF‐κB inhibitor

(Swinney et al., 2002)

BAPTA

Extracellular calcium chelator

(Tymianski et al., 1994)

Flurbiprofen

NSAID

(Mishra et al., 2010)

Troglitazone

PPAR‐γ activator

(Aoun et al., 2003)

U0126

MAP kinase inhibitor

(Szydlowska et al., 2010)

GW‐2974

EGFR/ErbB2 inhibitor

(Hu et al., 2006)

Minocycline

Glial activation inhibitor

(Wu et al., 2002)

Clomipramine

5‐HT/NE reuptake inhibitor

(Hwang et al., 2008)

CI‐1033

Pan ErbB inhibitor

(Hu et al., 2006)

Coenzyme Q10

Mitochondria/antioxidant

(Matthews et al., 1998)

SP600125

Jnk inhibitor

(Guan et al., 2005)

Creatine

Energy source

(Klivenyi et al., 1999)

RESULTS
NEUROPROTECTIVE COMPOUNDS DO NOT AMELIORATE HYPOXIA‐INDUCED IMPAIRMENT
OF AXONAL TRANSPORT

I first tested the ability of a subset of the compounds in Table 3 to improve
axonal transport under normoxic conditions. In these experiments, explants were
cultured for three days in the presence of the indicated concentrations of the compounds
or DMSO. On the penultimate day of the experiment, explants were tested for the ability
to transport a CTB tracer from their distal axons to peripheral somata for a 24‐h period.
With the exception of the BACE1 inhibitor BI #1, no compound at any concentration
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tested showed the ability to improve axonal transport capacity under normoxic
conditions (Table 4, Figure 43).
Table 4: Effect of neuroprotective compounds on CTB transport under normoxic
conditions.
Compound

Concentration(s) tested (μM)

Effect on CTB transport

BI #1

30

Improvement

GSI #1

3, 30

None

Trolox

3, 30

None

BAPTA

30

Harmful

Flurbiprofen

3, 30

None

Troglitazone

3, 30

None

U0126

3, 30

None

GW2974

30

Harmful

CI‐1033

0.3, 3, 30

None

Coenzyme Q10

1, 10

None

Creatine

1, 10

Harmful

I next tested the ability of a subset of the compounds in Table 3 to ameliorate
hypoxia‐induced impairment of axonal transport. In these experiments, explants were
cultured for three days in the presence of the indicated concentrations of the compounds
or DMSO. On the second day of culture, explants were exposed to either normoxic or a
4‐h period of acute hypoxic (0% O2, 5% CO2, 95% N2) conditions. After this period,
explants were tested as above for the ability to transport a CTB tracer from their distal
axons to peripheral somata. With the exception of BACE1 inhibitor, no compound at any
concentration tested showed the ability to improve axonal transport capacity (Table 5,
Figure 44).
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Figure 43: Effect of neuroprotective compounds on CTB transport under normoxic
conditions.
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Quantification of the number (bottom) and intensity (top) of peripheral RGC somata
labeled by retrograde CTB transport in retinal explants. With the exception of BI #1,
none of the neuroprotective compounds tested at any concentration has a significant
positive effect on RGC axonal transport (n= at least 6 explants/condition, >1000 cells,
p<0.01). Several compounds, including BAPTA, GW2974, and creatine, have harmful
effects on axonal transport capacity.
Table 5: Effect of neuroprotective compounds on CTB transport under acute hypoxic
conditions.
Compound

Concentration(s) tested (μM)

Effect on CTB transport

BI #1

3, 30

Improvement

GSI #1

0.3, 3, 30

None

Trolox

3, 30

None

Ro106‐9220

10

None

BAPTA

30

None

Flurbiprofen

3, 30

None

GW2974

30

Harmful

Minocycline

1, 10

None

Clomipramine

3, 30

None

CI‐1033

0.3, 3, 30, 115

None

SP600125

30

None

COMMENT
These findings suggest that protection against hypoxia‐induced impairment of
axonal transport is a specific property of BACE1 inhibition that is not broadly shared by
other neuroprotective compounds. BACE1 inhibition alone showed the capacity to
improve axonal transport, and it did so consistently under normoxic and hypoxic
conditions. Further, the dose‐dependence of this improvement is consistent with a
specific effect on the BACE1 target.
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Figure 44: Effect of neuroprotective compounds on CTB transport in acute hypoxia.
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Quantification of the number (bottom) and intensity (top) of peripheral RGC somata
labeled by retrograde CTB transport in retinal explants. With the exception of BI #1,
none of the neuroprotective compounds tested at any concentration has a significant
protective effect on hypoxia‐induced impairment of RGC axonal transport (n= at least 6
explants/condition, >1000 cells/experiment, p<0.01). One compound, GW2974, has a
harmful effect on axonal transport.
Although the results above suggest that the neuroprotective compounds tested
had little or no positive efficacy toward axonal transport in my retinal explant system, it
is possible that the limited range of concentrations tested prohibited the detection of
effects at particularly low doses. In general, the concentrations of compound used were
determined by examination of the literature. Nevertheless, these concentrations were not
optimized for the retinal explant system and thus it is possible that more rigorous
examination of these compounds would reveal measurable protection of axonal
function.
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Appendix F: Effect of blocking APP proteolytic
processing on chronic hypoxia-induced impairment of
axonal function

INTRODUCTION
In this dissertation, I demonstrated that hypoxia‐induced impairment of axonal
function depends on BACE1 (Figure 22) but not γ‐secretase (Figure 23) activity. The
experiments toward this end were done under conditions of acute hypoxic stress, in
which RGCs in retinal explants from adult rats were exposed to a 4‐h period of total
oxygen deprivation. Because such an acute stressor models only some types of hypoxic
insult on the brain, it would be valuable to see whether these findings extend to a
chronic hypoxic insult as well.
The objective of this section was thus to determine whether impairment of axonal
function caused by chronic hypoxia depends on β‐ and/or γ‐secretase activity. Parallel to
the findings described in Chapter 5 of this dissertation, I found that BACE1 but not γ‐
secretase inhibition ameliorated chronic hypoxia‐induced impairment of axonal
function. These findings suggest that acute and chronic hypoxia may compromise
axonal function in the explanted retina via similar mechanisms.
RESULTS
BACE1 INHIBITION PROTECTS AGAINST CHRONIC HYPOXIA‐INDUCED IMPAIRMENT OF
AXONAL FUNCTION
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To test the hypothesis that proteolytic cleavage of APP is necessary for chronic
hypoxia‐driven impairment of axonal function, I examined whether pharmacologically
inhibiting APP cleavage with a BACE1 inhibitor influenced chronic hypoxia‐induced
disruption of axonal transport of CTB. If cleavage of APP is necessary for the
impairment of CTB transport caused by hypoxia, then such pharmacological blockade of
APP cleavage should protect axons against the pathology that they would otherwise
develop.
I first examined whether pharmacological inhibition of β‐secretase affects axonal
function in chronic hypoxia‐stressed explants. In these experiments, retinal explants
from adult rats cultured in the presence or absence of the BACE1 inhibitor BI #1 (3 or 30
μM) were exposed to a 96‐h period of chronic hypoxia and assessed for the capacity to
transport retrogradely a fluorescently‐tagged CTB tracer during the final 24 h of the
experiment.
As expected, chronic hypoxia impaired CTB transport from the distal axons to
the peripheral somata of explanted RGCs (Figure 45). Consistent with the findings
reported in Chapter 5 of this dissertation, inclusion of 3 or 30 μM concentrations of the
BACE1 inhibitor BI #1 in the culture medium ameliorated this hypoxia‐induced
impairment of axonal transport. Quantification of the number and intensity of
transporting RGCs under these conditions confirmed the significant protective effect of
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Figure 45: BACE1 inhibition ameliorates chronic hypoxia‐induced impairment of
axonal transport.
(A) Representative images of CTB transport in explants fixed on day 4 after dissection
after culturing under normoxic (21% O2/5%CO2) or chronic hypoxic (5% O2/5%CO2)
conditions. RGCs from explants cultured under normoxic conditions retain the ability to
actively take up and transport a fluorescently‐tagged CTB tracer into their somata. In
contrast, explants exposed to chronic hypoxia prior to and after CTB placement fail to
transport the tracer into their peripheral somata. Inclusion of the BACE1 inhibitor BI #1
(3 or 30 μM) ameliorates chronic hypoxia‐driven impairment of axonal CTB transport.
Scale bars = 50 μm. (B) Quantification of the number (right) and intensity (left) of
peripheral RGC somata labeled by CTB reveals that BACE1 inhibition by BI #1
ameliorates acute hypoxia‐induced impairment of retrograde RGC axonal transport (n=3
experiments, >4000 cells per experiment, p<0.01).
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BACE1 inhibition against acute hypoxia, as RGCs in explants treated with BI #1
accumulated more fluorescently‐tagged CTB and thus appeared brighter than DMSO‐
treated controls (Figure 45B). This effect was concentration‐dependent, such that higher
concentrations of BI #1 offered greater protection of axonal function.
γ‐SECRETASE INHIBITION DOES NOT PROTECT AGAINST CHRONIC HYPOXIA‐INDUCED
IMPAIRMENT OF AXONAL FUNCTION

Next, I tested whether γ‐secretase inhibition would similarly prevent hypoxia‐
induced impairments in axonal function. In contrast to the findings described above
with the BACE1 inhibitor (but similar to the findings described in Chapter 5), culturing
explants in the presence of either 3 or 30 μM concentrations of the γ‐secretase inhibitor
GSI #1 had no effect on chronic hypoxia‐induced impairment of axonal transport (Figure
46). Quantification of the number and intensity of transporting RGCs under these
conditions confirmed that γ‐secretase inhibition did not protect against hypoxia‐induced
failure of axonal transport, indicating that proteolytic processing by γ‐secretase is not
necessary for hypoxia‐induced impairment of axonal transport (Figure 46B). Consistent
with the results presented in Chapter 5, these findings suggest that Aβ formation may
not be necessary for hypoxia‐induced impairment of axonal function.
COMMENT
CHRONIC HYPOXIA IMPAIRS AXONAL TRANSPORT VIA A BACE1‐DEPENDENT MECHANISM
Because the mechanisms mediating acute and chronic effects of a stressor may
differ, I sought to determine in this appendix whether the effects of acute and chronic
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Figure 46: γ‐secretase inhibition does not ameliorate chronic hypoxia‐induced
impairment of axonal function
(A) Representative images of CTB transport in explants fixed on day 4 after dissection
after culturing under normoxic (21% O2/5%CO2) or chronic hypoxic (5% O2/5%CO2)
conditions. RGCs from explants cultured under normoxic conditions retain the ability to
actively take up and transport a fluorescently‐tagged CTB tracer into their somata. In
contrast, explants exposed to chronic hypoxia prior to and after CTB placement fail to
transport the tracer into their peripheral somata. Inclusion of the γ‐secretase inhibitor
GSI #1 (3 or 30 μM) does not affect hypoxia‐driven impairment of axonal CTB transport.
Scale bars = 50 μm. (B) Quantification of the number (right) and intensity (left) of
peripheral RGC somata labeled by CTB reveals that GSI #1 does not ameliorate chronic
hypoxia‐induced impairment of retrograde RGC axonal transport (n=3 experiments,
>2000 cells per experiment, p>0.05).
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hypoxia on axonal function in the explanted retina relied on the same signaling
pathways. In Chapter 5, I showed that acute hypoxia‐induced impairment of axonal
transport capacity depended on β‐ but not γ‐secretase. In this appendix, I extend these
findings to conditions of chronic hypoxia. Indeed, just as for acute hypoxic stress,
inhibition of β‐ but not γ‐secretase clearly ameliorated the effects of chronic hypoxia on
the transport capacity of explanted RGC axons. Because explants treated with increasing
concentrations of the BACE1 but not γ‐secretase inhibitor showed a concentration‐
dependent improvement in RGC axonal transport, it is unlikely that production of Aβ
was responsible for chronic hypoxia‐induced impairment of axonal transport. Instead, it
seems that functional impairment of the axon caused by acute and chronic hypoxia both
depend on BACE1 cleavage of a substrate other than APP.
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Appendix G: Effect of optineurin isoform
overexpression on RGCs from the explanted retina
INTRODUCTION
Optineurin, originally identified as a gene associated with subtypes of primary
open‐angle glaucoma, has been recently associated with amyotrophic lateral sclerosis
(Maruyama et al., 2010; van Blitterswijk et al., 2011). The further observation of
optineurin in inclusions from multiple diseases of the CNS (Osawa et al., 2011; Schwab
et al., 2012) has implicated optineurin as a potential player in broad mechanisms of
neurodegeneration.
Although the precise function of the optineurin protein has yet to be elucidated,
the numerous non‐overlapping mutations in the OPTN gene giving rise to ALS and
glaucoma suggests that loss of wild‐type optineurin is a powerful stressor for nervous
system neurons. Theories of how OPTN mutations cause neurodegeneration thus
generally center on disruption of optineurin’s normal functions. At the cellular level,
roles for optineurin have been demonstrated in vesicular trafficking (Sahlender et al.,
2005; Au et al., 2007; Weisschuh et al., 2007; Chibalina et al., 2010; Nagabhushana et al.,
2010; Bond et al., 2011), NF‐κB inhibition (Zhu et al., 2007; Fenner et al., 2009; Journo et
al., 2009), the immune response (Li et al., 1998; Chalasani et al., 2009; Journo et al., 2009;
Mankouri et al., 2010), and protection from oxidative stress (De Marco et al., 2006;
Chalasani et al., 2007), among others (Anborgh et al., 2005).
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Mutant forms of optineurin, many of which are caused by missense or truncation
mutations, are deficient in these activities (Anborgh et al., 2005; De Marco et al., 2006;
Maruyama et al., 2010; Nagabhushana et al., 2010; Park et al., 2010; Nagabhushana et al.,
2011). Because mutant forms of optineurin exhibit aberrant interactions with their
normal binding partners (De Marco et al., 2006; Morton et al., 2008; Chi et al., 2010;
Nagabhushana et al., 2010; Nagabhushana et al., 2011) and a heightened tendency
toward self‐aggregation (Park et al., 2006; Park et al., 2010), it is thought that
inappropriate protein‐protein interactions compromise normal optineurin functions and
lead to OPTN‐associated glaucoma and ALS pathology. In support of this idea,
optineurin aggregates have been identified in specific inclusions from both glaucoma
and ALS patients (Maruyama et al., 2010; Deng et al., 2011; Hortobagyi et al., 2011;
Osawa et al., 2011).
The role of optineurin in cellular protection from oxidative stress has recently
received increasing attention. Experiments in vitro have shown that wild‐type optineurin
protects cells from apoptosis at least in part by increasing resistance to oxidative stress
(De Marco et al., 2006). Consistent with the suggestion that optineurin mutation is
harmful due to the loss of this protective effect, siRNA knockdown or optineurin
mutation abrogates this protective ability (De Marco et al., 2006; Li et al., 2011a) and
causes intracellular protein aggregation and apoptosis (Park et al., 2006; Chalasani et al.,
2007; Chi et al., 2010). Intriguingly, treatment of mutant optineurin‐overexpressing
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retinal cell lines with antioxidants, such as the vitamin E analog Trolox, protects them
from the apoptosis that they would otherwise undergo (Chalasani et al., 2007). Together,
these findings suggest that mutations in optineurin cause pathology by decreasing
cellular capacity to counteract oxidative stress.
However, virtually all of the work supporting this idea has been done in cell
lines and primary cultures. While observations from such reduced systems are valuable
as a starting point, their interpretation is inherently complicated by cell transformation
as well as the absence of the three‐dimensional architecture of the retina and loss of
supporting glial cell interactions.
In this context, the objectives of the experiments presented in this appendix were
to characterize the effects of optineurin overexpression in living retinal explants and
determine their dependence on oxidative stress. I found that overexpression of a
glaucoma‐associated mutant isoform of optineurin, but not wild‐type optineurin, in
explanted retinal ganglion cells causes the development of cytoplasmic optineurin
aggregates. The frequency of these aggregations was not reduced by treatment with the
antioxidant Trolox, suggesting that oxidative stress is not responsible for their
development ex vivo.
RESULTS
OVEREXPRESSION OF MUTANT OPTINEURIN CAUSES PROTEIN AGGREGATION IN
EXPLANTED RGCS
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I first tested whether mutant optineurin was capable of causing protein
aggregation in explanted RGCs. To do this, I used biolistic transfection to overexpress
sequences for GFP‐tagged wild‐type (wt) and glaucoma‐associated mutant (E50K)
optineurin in retinal ganglion cells. Low levels of GFP visible the day after transfection
indicated successful optineurin expression, and the intensity of the optineurin‐GFP
signal brightened until the conclusion of the experiment three days later. As numbers of
transfected cells did not differ between RGCs overexpressing wild‐type and mutant
isoforms of optineurin, there was no evidence that optineurin caused overt cell loss in
these experiments (Figure 47, top).
In RGCs expressing wild‐type optineurin examined 4 d after transfection, a
diffuse pattern of fluorescence was seen to spread throughout the cells, extending into
their dendritic and axonal arbors (Figure 47, middle). In contrast, transfected RGCs
overexpressing E50K optineurin frequently developed bright GFP‐positive aggregates in
the cytoplasmic region by this time. The dendritic and axonal arbors in these latter cells
exhibited only very low levels of fluorescence, leading me to hypothesize that the
majority of the GFP‐tagged E50K optineurin was localized to the aggregates. To a first
approximation, therefore, overexpression of mutant optineurin in the explanted retina
causes effects similar to those observed in vitro.
TROLOX TREATMENT DOES NOT AMELIORATE MUTANT OPTINEURIN‐INDUCED
AGGREGATIONS IN EXPLANTED RGCS
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Figure 47: Overexpression of mutant but not wild‐type optineurin causes cytoplasmic
aggregates in explanted RGCs.
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(Top) Quantification of GFP‐positive cells on day 4 after transfection. Compared to wild‐
type optineurin‐GFP, transfection with the mutant E50K‐GFP isoform does not cause
apoptosis, as cell numbers do not differ between the two genotypes (n=12 explants per
condition, >800 cells, p>0.05). (Middle) Representative images of cells transfected with
wild‐type (left) or E50K (right) optineurin isoforms tagged with GFP and cultured with
or without 30 μM Trolox. Cytoplasmic aggregates are seen in cells overexpressing E50K
but not wild‐type optineurin and are unaffected by Trolox treatment. Scale bar = 25 μm.
(Bottom) Quantification of the proportion of transfected cells with aggregates with or
without 30‐μM Trolox treatment. Trolox treatment has no effect on the development of
aggregates, as the proportion of cells with aggregates does not differ between groups
(n=12 explants per condition, >1500 cells, p>0.05).
I next determined whether antioxidant treatment could prevent the development
of cytoplasmic optineurin‐GFP aggregates in explanted RGCs overexpressing E50K
optineurin. In these experiments, explants transfected with wild‐type or E50K
optineurin were cultured in the presence or absence of Trolox, a vitamin E analog that
has previously been shown to effectively reduce optineurin‐E50K‐induced toxicity in cell
lines (Chalasani et al., 2007). I observed that Trolox treatment had little effect on
optineurin aggregation in cells expressing either wild‐type or mutant optineurin (Figure
47, bottom).
COMMENT
The experiments described in this section demonstrated that optineurin
overexpression can be readily examined in the retinal explant system. I found that
overexpression of mutant, but not wild‐type, optineurin isoforms specifically in RGCs in
the explanted retina caused the development of optineurin aggregates that were
unaffected by Trolox treatment.
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While the findings reported here are generally consistent with those from
previous reports, several key distinctions stand out. First, overexpression of wild‐type
and mutant optineurin did not cause RGC apoptosis in explanted RGCs, despite
multiple reports that they do so in vitro (Chalasani et al., 2007; Koga et al., 2010).
However, such a discrepancy between studies using cell lines or primary cultures and
tissue explants is not uncommon. These discrepancies are typically explained by
invoking the protective effects of support cells residing in the three‐dimensional
environment in tissue studies that are lost when cells are examined in isolation.
Second, Trolox treatment did not appear to protect against the development of
optineurin aggregates in this study, despite previous reports that it ameliorates
degenerative effects induced by optineurin overexpression (Chalasani et al., 2007). As
previous reports have examined the protective effect of Trolox only with regard to
optineurin‐induced apoptosis (and not aggregate development per se), it is possible that
Trolox‐mediated neuroprotection involves targets downstream of aggregate
development. Alternatively, the concentrations of Trolox used in my experiments (30
μM) may not have been high enough to offer protection (Chalasani et al., 2007).
Despite these discrepancies, it is clear that retinal explants offer an ideal
experimental model in which to study the properties of wild‐type and mutant
optineurin isoforms. Future studies using this model thus have the potential to offer
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valuable information about the role of wild‐type and mutant optineurin in
neurodegenerative disease.
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Appendix H: Effect of non-hypoxic stressors on the
explanted retina

INTRODUCTION
Because hypoxia is only one of several general stressors associated with
neurodegenerative disease of the retina, it would be informative to know whether
retinal explants from adult animals are also susceptible other stressors. To address this
concern, I explore in this appendix the effects of two alternative stressors–oxidative
stress and hyperbaria–on the morphology and function of RGCs in retinal explants.
Oxidative stress, defined as the relative increase of reactive oxygen species over
physiologic levels, has been proposed to contribute to neurodegeneration in the retinal
disease glaucoma (Green, 1995; Nickells, 1999; Tezel, 2006; Kumar and Agarwal, 2007).
While early work in this area primarily examined the effects of oxidative stress on
aqueous humor outflow and the trabecular meshwork (Kahn et al., 1983; Yan et al., 1991;
Izzotti et al., 2003), it is now appreciated that retinal cells themselves are also susceptible
to damage by elevated levels of reactive oxygen species (Kortuem et al., 2000; Maher and
Hanneken, 2005; Schlieve et al., 2006; Yu et al., 2008). Intriguingly, an age‐related
decrease in the total antioxidant potential of the retina and consequent increase in
oxidative stress have been described (Xu et al., 2009). As age is a key risk factor for the
development of glaucoma (Quigley and Vitale, 1997; Coleman and Miglior, 2008), it is
tempting to speculate that the loss of antioxidant activity may put the retina at increased
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risk for neurodegeneration. This loss of antioxidant capacity could be particularly
important in the retina, given the intensely photooxidative environment of the eye and
its vulnerability to oxidative stress in a myriad of other ocular disorders (Wu et al., 1997;
Tanito et al., 2002; Rajesh et al., 2003; van Reyk et al., 2003).
In support of the idea that altered oxidative activity is a key factor in
glaucomatous neurodegeneration, decreases of total antioxidant potential (Ferreira et al.,
2004) and increases of lipid peroxidation (Babizhayev and Bunin, 1989) in the aqueous
humor, increases in advanced glycation end products in the retina (Tezel et al., 2007),
and decreases of glutathione levels in the circulating blood (Gherghel et al., 2005) have
been reported in patients with human glaucoma. All of these changes are consistent with
compromise of the retinal antioxidant system. Similar challenges to the antioxidant
system have been noted in cellular and animal models of glaucoma (Muller et al., 1997;
Moreno et al., 2004; Ko et al., 2005; Tezel et al., 2005; Beit‐Yannai et al., 2007; Liu et al.,
2007). Together, these findings suggest that alteration of oxidative status is a relevant
stressor to the neurons in the retina that degenerate in glaucoma.
A similar case can be made for the importance of hyperbaric stress in retinal
disease. Elevation of intraocular pressure, a measure of fluid pressure in the eye, is a
leading risk factor for the development of glaucoma in the general population (Boland
and Quigley, 2007). Indeed, although the relationship between intraocular pressure and
glaucoma is not perfect, that higher intraocular pressures are associated with more
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severe and rapidly progressive glaucomatous disease suggests that hyperbaria of the eye
is a pertinent stressor of the retina and optic nerve.
Animal models of intraocular pressure elevation directly support the idea that
hyperbaric stress due to elevated intraocular pressure influences retinal
neurodegeneration in glaucoma. Indeed, whether intraocular pressure is elevated by
injecting hypertonic saline into the aqueous humor outflow pathways to scar the tissue
(Morrison et al., 1997), coagulating the eye’s outflow pathways (WoldeMussie et al.,
2001), cauterizing the episcleral veins (Shareef et al., 1995), or injecting latex
microspheres (Weber and Zelenak, 2001), polyacrylamide gels (Kaufman et al., 1994),
steroids (Armaly, 1964), or microbeads (Sappington et al., 2010) into the eye, similar
results are observed: retinal ganglion cells and their axons making up the optic nerve are
damaged and eventually lost. So well‐supported is the importance of elevated
intraocular pressure in glaucoma that virtually every available treatment option acts by
lowering pressure in the eye (Quigley, 2011). Together, these findings suggest that
hyperbaric stress influences the retina and may cause neurodegeneration.
If the explant model is to serve as a useful model of retinal neurodegeneration, it
should be sensitive to stressors, like oxidative stress and elevated pressure, that have
demonstrated importance in the human eye. The objectives of this section were thus to
examine the effects of oxidative stress and hyperbaria on parameters of RGC axonal
viability in adult retinal explants. I found that the explanted retina was sensitive to only
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one of these alternative stressors: whereas oxidative stress was a powerful stressor that
led to degeneration of multiple cell types in the explanted retina, elevated pressure
failed to produce any notable effects.
RESULTS
ADULT RETINAL EXPLANTS ARE SUSCEPTIBLE TO OXIDATIVE STRESS‐INDUCED
NEURODEGENERATION

Morphology. The effects of oxidative stress on RGC axonal morphology were
studied by examining the axons of YFP‐transfected, explanted RGCs from adult rats
cultured in the presence of increasing concentrations (0, 0.1, 1, and 10 mM) of hydrogen
peroxide. In these experiments, hydrogen peroxide was added to the cultures on Day 2
after transfection, and explants were examined for morphological axonopathy 24 h later.
Exposure to increasing concentrations of hydrogen peroxide in the media had a
clear effect on axonal morphology, such that more axons developed varicosities as the
concentration of hydrogen peroxide (and thus the level of oxidative stress) increased
(Figure 48A,B). A similar pattern of effect was noted for the dendrites of hydrogen
peroxide‐stressed cells, with 10 mM hydrogen peroxide producing significant increases
in the number of dendritic varicosities compared to control explants (Figure 48C,D).
Finally, hydrogen peroxide had clear effects on GFAP‐positive astrocyte morphology,
such that increasing levels of hydrogen peroxide in the culture media produced
degenerative changes of increasing severity (Figure 48E).
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Figure 48: Oxidative stress impairs cellular morphology in retinal explants.
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(A) Representative images of YFP‐positive axons in explants fixed on day 3 after
dissection after culturing with increasing concentrations of hydrogen peroxide (0, 0.1, 1,
10 mM). RGCs from explants cultured under conditions of high oxidative stress develop
axonal varicosities. Scale bar: 50 μm. (B) Quantification of proportion of YFP‐transfected
axons without varicosities after exposure to increasing levels of oxidative stress reveals
that increasing levels of oxidative stress markedly impaired axonal morphology (n=8
explants/condition, >400 axons, p<0.01). (C) Quantification of proportion of YFP‐labeled
dendrites without varicosities after exposure to increasing levels of oxidative stress
reveals that increasing levels of oxidative stress markedly impaired dendritic
morphology (n=8 explants/condition, >400 cells, p<0.01). (D) Representative images of
YFP‐positive dendrites in explants fixed on day 3 after dissection after culturing with
increasing concentrations of hydrogen peroxide (0, 0.1, 1, 10 mM). RGCs from explants
cultured under conditions of high oxidative stress develop dendritic varicosities. Scale
bar: 50 μm. (E) Representative images of GFAP‐stained astrocytes in explants fixed on
day 3 after dissection after culturing with increasing concentrations of hydrogen
peroxide (0, 0.1, 1, 10 mM). RGCs from explants cultured under conditions of high
oxidative stress show clear evidence of astrocyte degeneration. Scale bar: 50 μm.
For all three sets of morphological changes described above, 10 mM hydrogen
peroxide treatment affected virtually all of the cells examined. While mild changes were
noted in some explants treated with the 1 mM concentration, these effects were quite
variable between explants. Attempts to define a narrower range of hydrogen peroxide
concentrations that produced a less precipitous impairment of cellular morphology did
not meet with success, as the concentration necessary to cause morphological
degeneration varied from experiment to experiment.
Function. I next tested whether RGC axonal function was susceptible to
oxidative stress‐induced impairment. In these experiments, explants were cultured in
the presence of increasing concentrations of hydrogen peroxide (0, 0.1, 1, 10 mM) added
to the cultures on Day 2 after dissection. After addition of hydrogen peroxide, explants
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were tested for the capacity to retrogradely transport fluorescently‐tagged CTB tracer
from their distal axons to peripheral somata during a 24‐h window. As shown in Figure
49, hydrogen peroxide had a significant effect on axonal transport such that increasing
concentrations of hydrogen peroxide reduced the number of CTB‐positive RGC somata
in a dose‐dependent manner (Figure 49A,B). However, this impairment was rather
inconsistent: some explants in hydrogen peroxide treatment condition would retain full
capacity for axonal transport, whereas others would completely lose this ability. Indeed,
it was rare to find an explant in which axonal transport was only mildly affected under
these conditions.
I next attempted to find a level of hydrogen peroxide‐induced oxidative stress
that would more consistently impair axonal transport. To do this, I conducted additional
experiments in which lower concentrations of hydrogen peroxide (0, 0.02, 0.2, 2 mM)
were included in the media throughout the entire duration of culture. These
experiments showed a pattern similar to that observed in the acute experiments
described above, with hydrogen peroxide impairing CTB transport in a dose‐dependent
manner that nevertheless varied between explants and experiments (Figure 49C,D).
In a final attempt to circumvent this variability, I assessed the effect of treating
retinal explants with increasing concentrations of glucose oxidase, an upstream enzyme
that catalyzes the oxidation of glucose to hydrogen peroxide, on axonal transport.
Glucose oxidase is known to be more stable than hydrogen peroxide itself, and thus I
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Figure 49: Oxidative stress impairs axonal transport in explanted RGCs.
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(A) Representative images of CTB‐transporting RGCs in explants fixed on day 3 after
dissection after culturing with increasing concentrations of hydrogen peroxide (0, 0.1, 1,
10 mM). RGCs from explants cultured under conditions of high oxidative stress show an
impaired ability to retrogradely transport the CTB tracer. Scale bar: 50 μm. (B)
Quantification of the number of CTB‐positive RGCs from adult retinal explant after
exposure to hydrogen peroxide demonstrates that oxidative stress impairs axonal
function (n=12 explants, >1000 cells, p<0.01). (C) Quantification of the number of CTB‐
positive RGCs from adult retinal explant after prolonged exposure to lower
concentrations of hydrogen peroxide demonstrates that oxidative stress impairs axonal
function (n=12 explants, >1000 cells, p<0.01). (D) Representative images of CTB‐
transporting RGCs in explants fixed on Day 3 after dissection after prolonged culturing
with lower concentrations of hydrogen peroxide (0, 0.02, 0.2, 2 mM). RGCs from
explants cultured with increasing amounts of hydrogen peroxide show an impaired
ability to retrogradely transport the CTB tracer. Scale bar: 50 μm. (E) Representative
images of CTB‐transporting RGCs in explants fixed on Day 3 after dissection after
culturing with increasing concentrations of glucose oxidase (0, 0.005, 0.05, 0.5 μg/mL).
RGCs from explants cultured under conditions of high oxidative stress show an
impaired ability to retrogradely transport the CTB tracer. Scale bar: 50 μm. (F)
Quantification of the number of CTB‐positive RGCs from adult retinal explant after
exposure to glucose oxidase demonstrates that oxidative stress impairs axonal transport
capacity (n=12 explants, >1000 cells, p<0.05).
hypothesized that treating explants with increasing concentrations of glucose oxidase (0,
0.005, 0.05, 0.5 μg/mL) on Day 2 after dissection would permit me to detect a more
consistent effect on transport in the subsequent 24‐h period. Exposure to increasing
levels of glucose oxidase caused a dose‐dependent impairment of axonal transport
capacity in retinal explants (Figure 49E,F). Despite careful efforts, however, I was unable
to pinpoint a precise concentration of glucose oxidase that would consistently but mildly
impair axonal transport in retinal explants across experiments.
ADULT RETINAL EXPLANTS ARE NOT SUSCEPTIBLE TO HYPERBARIA‐INDUCED
AXONOPATHY
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Morphology. The effects of elevated pressure on axonal morphology were
studied by examining the axons of YFP‐transfected, explanted RGCs from adult rats. In
these experiments, transfected RGCs in adult retinal explants were exposed to
hyperbaric stress (2 psi; 5% CO2, 95% air) for period of increasing duration (0, 4, 9, or 24
h) on Day 2 after dissection, and axonal morphology was assessed on Day 3. As shown
in Figure 50, exposure to these periods of hyperbaric stress had no detectable effect on
axonal morphology, such that the majority of axons remained straight, smooth, and
absent of axonal varicosities regardless of their culturing conditions (Figure 50A).
Similarly, exposure to prolonged, 48‐h hyperbaric stress also had no detectable effect on
axonal morphology (Figure 50B).
I also assessed whether hyperbaria could affect RGC axonal morphology in
retinal explants at the population level by staining for axon‐resident proteins. Staining
for beta‐tubulin III and phosphorylated neurofilaments revealed no evidence of
morphological axonopathy at the population level in explants exposed to either control
conditions or 48 h of hyperbaria (2 psi; 5% CO2, 95% air) (Figure 50C). Together, these
findings indicate that hyperbaria was not an effective stressor of axonal morphology in
my retinal explant system.
Function. I next tested whether RGC axonal function was susceptible to
hyperbaria‐induced impairment. In these experiments, explants were cultured under
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Figure 50: Exposure to hyperbaria ex vivo does not cause morphological axonopathy.
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(A) Representative images of YFP‐transfected RGC axons fixed after exposure on the
day after dissection to 1, 4, 9, or 24 h of hyperbaric stress (2 psi; 5% CO2, 95% air). At all
timepoints, axons appear straight and smooth, lacking any strong evidence of
morphological pathology in the form of varicosities. Scale bar = 25 μm. (B)
Quantification of the proportion of YFP‐transfected axons without varicosities after
exposure to hyperbaric stress for periods of increasing duration. Exposure to 1, 4, 9, and
24 h of hyperbaric stress does not cause a detectable level of morphological axonopathy,
as evidenced by the lack of axonal varicosities in transfected RGCs (n=12 explants, >200
axons/condition, p>0.05). (C) Quantification of proportion of YFP‐transfected axons
without varicosities after exposure to hyperbaric stress (2 psi; 5% CO2, 95% air) for 48 h.
Exposure to 48 h of hyperbaric stress does not cause a detectable level of morphological
axonopathy (n=16 explants, >200 axons, p>0.05). (D) Fluorescence images of beta‐tubulin
III (upper) and phosphorylated neurofilaments (lower) reveals no effect of hyperbaria on
axonal morphology at the population level. Scale bars = 50 μm.
normobaric or hyperbaric (2 psi; 5% CO2, 95% air) conditions for 48 h. On the
penultimate day of the experiment, explants were tested for the capacity to transport
fluorescently‐tagged CTB tracer from their distal axons to peripheral somata. To permit
CTB placement, explants were removed from hyperbaria for approximately 5 minutes;
after this time, they were returned to the hyperbaric stress for the duration of the
experiment. As shown in Figure 51, hyperbaria had no effect on RGC axonal transport
capacity in adult retinal explants (Figure 51A,B). A similar lack of effect was observed
when retinal explants were exposed to hyperbaric stress for 72 h (Figure 51C,D). Further,
additional pilot experiments, such as those using mouse tissue instead of rat, juvenile
instead of adult animals, male instead of female rats, differing concentrations of CTB
tracer, differing components in the culture media, more severe hyperbaria (10 psi),
longer periods of hyperbaric stress, differing durations of CTB transport (2‐24 h), and
differing analysis methods all failed to detect a significant effect of hyperbaria on
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Figure 51: Exposure to hyperbaria does not impair axonal transport.
(A) Representative images of retrograde CTB transport in adult retinal explants fixed on
day 3 after dissection after culturing under normobaric or hyperbaric (5% CO2/95% air)
conditions for 48 h. RGCs from explants cultured under either condition retain the
ability to actively take up and transport a fluorescently‐tagged CTB tracer into their
somata. Scale bar: 50 μm. (B) Quantification of the number of CTB‐positive RGCs after
exposure to hyperbaric stress for 48 h demonstrates that hyperbaria does not impair
axonal function, as there is no difference in the number of RGCs labeled by CTB at this
time (n=3 experiments, >1000 cells/experiment, p>0.05). (C) Representative images of
retrograde CTB transport in adult retinal explants fixed on day 4 after dissection after
culturing under normobaric or hyperbaric (5% CO2/95% air) conditions for 72 h. RGCs
from explants cultured under either condition retain the ability to actively take up and
transport a fluorescently‐tagged CTB tracer into their somata. Scale bar: 50 μm. (D)
Quantification of the number of CTB‐positive RGCs after exposure to hyperbaric stress
for 72 h demonstrates that hyperbaria does not impair axonal function, as there is no
difference in the number of RGCs labeled by CTB at this time (n=3 experiments, >1000
cells/experiment, p>0.05).
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axonal transport. Together, these findings indicate that hyperbaria is not an effective
stressor of axonal function in my retinal explant system.
COMMENT
In this appendix, I provide evidence that RGCs in the explanted retina are
sensitive to the axonopathic effects of oxidative stress but not hyperbaria. Oxidative
stress caused by inclusion of either hydrogen peroxide or glucose oxidase in the culture
media produced clear morphological and functional impairments in explanted RGCs,
whereas elevations of pressure in the culturing environment produced no such
detectable changes.
Given the vast amount of previous work suggesting that oxidative stress is a
powerful neurodegenerative trigger in the CNS, it is not surprising that exposure of
retinal explants to hydrogen peroxide and glucose oxidase caused morphological and
functional impairments in the explanted retina. In my experience, however, the effects
observed after treatment of retinal explants with these compounds were quite variable.
This variability was problematic in two ways. First, within a given experiment,
explants treated with a specific concentration of an oxidative stress‐inducing compound
would display marked differences in resistance to this stressor. Indeed, some explants
would be virtually unaffected, whereas others would be in the latest stages of
degeneration. This variability made identification of a “mild” oxidative stressor rather
difficult. Second, significant variability was noted between experiments, such that a

235

concentration that stressed half of the retinal explants in one trial would do nothing in
the next–or would produce complete degeneration. Given the precipitous and variable
nature of these effects, therefore, I elected not to pursue elevating levels of oxidative
stress as a primary experimental manipulation in this dissertation.
Because hypoxia and oxidative stress had clear effects on the explanted retina, it
was somewhat unexpected that hyperbaric stress would produce no discernable change
in retinal ganglion cell morphology or function in my experiments. These findings were
even more surprising since a large body of literature has demonstrated that hyperbaria
alters the structure and function of retinal ganglion cells and glial cells in vitro
(Hernandez et al., 2000; Agar et al., 2006; Sappington and Calkins, 2006; Sappington et
al., 2006; Sappington and Calkins, 2008) as well as in vivo (see Introduction). However,
several considerations may explain this initially surprising result.
First, it is possible that the pressure elevations employed in the current work
were too mild to induce neurodegenerative changes. For example, although the elevated
pressures chosen in my experiments were on par or several orders of magnitude higher
than those one would observe in humans or animal models of glaucoma (Quigley, 2011),
it is possible that the explanting procedure–which removes the retina from the spherical
globe of the eye–alters the effects of these stressors in my specific system. Indeed,
computational modeling of the intact globe suggests that the mechanical stress
generated by elevated intraocular pressure may be multiplied by a factor of 100
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depending on the location in the orbital globe under examination (Bellezza et al., 2000).
Therefore, it is possible that the straightforward application of pressures equivalent to
those in the glaucomatous eye to the flattened retina vastly undershoots the force
necessary to cause glaucomatous degeneration.
Alternatively, differential forces resulting from hyperbaric stresses employed in
different experimental systems may account for the discrepancy between my results and
those of previous studies, particularly those conducted in vitro. For example, even
though the elevations of pressure used in my experiments were comparable to those
employed in previous in vitro studies (Hernandez et al., 2000; Agar et al., 2006;
Sappington and Calkins, 2006; Sappington et al., 2006; Sappington and Calkins, 2008),
my experimental system differs significantly in terms of its biomechanical properties
from those used in previous experiments in vitro. Indeed, in contrast to previous work in
vitro using systems that grow retinal ganglion cells or glia beneath a layer of liquid
media, my retinal explants are cultured at the interface of the liquid media and gaseous
environment to permit efficient gas exchange with the culturing environment. There
may be thus substantial differences in how forces caused by hyperbaria are transduced
between these two systems.
Finally, it is possible that it is not elevated pressure per se but rather some
consequence associated with elevated pressure in the eye that is in fact responsible for
glaucomatous neurodegeneration. For example, consider the likely possibility that
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elevated intraocular pressure alters vascular reactivity in the retina. Because vascular
elements are severed when the retina is removed from the ocular globe and maintained
ex vivo, the explanted retina is inherently insensitive to any effects downstream of these
hypothetical pressure‐induced changes in vascular reactivity. If such hyperbaria‐
induced alterations in vascular reactivity are an important part of the way glaucoma
develops in vivo, then the explant system cannot reproduce this effect. Thus the retinal
explant model may simply not be able to model glaucoma the way it occurs in vivo.
Despite this limitation, retinal explants can clearly still serve an important role in
the basic research arena. Simply put, the retinal ganglion cells that degenerate in
diseases of the eye are neurons under stressful conditions. In a way, identification of the
exact nature of the in vivo stressor–whether it includes hyperbaria, oxidative stress,
hypoxia, or some other combination of stressors–is not strictly necessary for developing
new disease therapeutics. Rather, understanding the pathways that mediate RGC stress
responses and neuroprotection alone could still provide valuable insight in the search
for new therapies. In summary, the experiments described in this appendix, and indeed
in this dissertation as a whole, demonstrate that explants provide an excellent platform
in which to seek this understanding.
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