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ABSTRACT

The overarching aim of the work described in this thesis was to address perceived deficiencies
in knowledge of the differences between retinal and brain metabolism in order to gain a
greater understanding of the mechanisms involved in ischaemic retinal and optic nerve injury.
Specifically, the aim of the project was to test the hypothesis that elevated blood and vitreal
glucose levels induced by short-term diabetes would attenuate prolonged ischaemic retinal

degeneration in the rat.

Simultaneous retinal and cerebral hypoperfusion was achieved by 2-vessel occlusion
(2VO; permanent ligation of both common carotid arteries). Prior to testing the stated
hypothesis, it was necessary to fully characterize the 2VO model in order to establish the
optimal endpoint for analysing neuroprotection. Thus, at various times after surgery, retinas
and optic nerves were removed form RNA or Western blot analysis or to be processed for
histology and immunohistochemistry. In the retina, 2VO induceda progressive loss of retinal
ganglion cells and horizontal cells, thinning of the inner retina, together with macroglial and
microglial cell activation. One week was selected as the optimal time point at which to
analyse neuroprotection. In the optic nerve, 2VO caused axonal transport disruption, followed
by the loss of axonal cytoskeleton proteins, glial cell activation, infiltration of macrophages,
upregulation of stress proteins by astrocytes and oligodendrocytes, and finally extracellular

matrix remodeling.

To address the major aim of the thesis, rats were divided into 4 groups:
normoglycemic and hyperglycemic sham-operated rats; normoglycemic and hyperglycemic
2VO rats. Hyperglycemia was induced 3 days prior to 2VO by streptozotocin injection. Rats
were killed one week after 2VO or sham surgery. The retina of one eye were collected for
histology/immunohistochemistry, whilst the fellow retina was dissected for real-time RT-
PCR. Retinas were analysed for neuronal and glial markers and the inducible stress protein
heat shock protein-27. Brains were processed for histology and immunohistochemistry.

Retinas of normoglycemic 2VO animals showed a marked loss of retinal ganglion
cells and horizontal cells, thinning of the inner retina, together with macroglial and microglial
cell activation. Hyperglycemic 2VO rats displayed a remarkable protection of retinal structure
and reduced glial cell activation compared to normoglycemic 2VO animals. There was a
significantly greater number of heat shock protein-27-positive retinal ganglion cells in



normoglycemic animals compared to hyperglycemic animals, indicating that a greater
proportion of surviving retinal ganglion cells were stressed in normoglycemic animals as
compared to hyperglycemic rats. Brains of both normoglycemic and hyperglycemic 2VO

animals displayed scattered ischemic infarcts and mild white matter injury.

In conclusion, short-term hyperglycemia afforded a robust protection against retinal
hypoperfusion injury, but in the same animals brain injury was not ameliorated. The

mechanism of this retinal hyperglycemia-induced neuroprotection requires further study.



ACKNOWLEDGEMENTS

| am grateful for the guidance and support afforded to me by Professor Robert Casson. His
belief in my ability to undertake this work created the opportunity for me to undertake this

study.

I would also like to acknowledge the Department of Ophthalmology and Visual Sciences and
the South Australian Institute of Ophthalmology for funding this project, and for financial
assistance for myself to undertake the study and to travel to the United States twice to present
the findings of this study.

| extend my thanks to Drs Andreas Ebneter and Bruce Heideman for their expertise and
assistance in the laboratory, and to Mr Mark Daymon and Mr Jim Manavis for their technical

expertise.

My greatest acknowledgment and appreciation must go to Drs Glyn Chidlow and John Wood
for their constant support, encouragement, expertise, patience and friendship. In particular my
gratitude is extended to Dr Chidlow, my co-supervisor for the countless hours of support and
tuition he gave me to learn laboratory research method and techniques. In addition his
constant encouragement and belief in me was paramount in my success, for without it this

study would have never happened.

Finally 1 would like to extend my thanks to my family and friends for their constant support,

encouragement, advice and often much needed distraction.



TABLE OF CONTENTS

ABSTRACT 1
ACKNOWLEDGEMENTS 3
STATEMENT OF ORIGINALITY 5
CHAPTER 1 - INTRODUCTION 6
CHAPTER 2 -2VO AS A MODEL OF OCULAR ISCHEMIA 12
CHAPTER 3 - THE EFFECT OF HYPERGLYCAEMIA o7
CHAPTER 4 — CONCLUSION 94
LIST OF TABLES 97
LIST OF FIGURES 98

SUPPLIMENTARY TABLE 1 100



STATEMENT OF ORIGINALITY

I certify that this work contains no material which has been accepted for the award of any
other degree or diploma in my name, in any other university or other tertiary institution and,
to the best of my knowledge and belief, contains no material previously published or written
by another person, except where due reference has been made in the text. In addition, I certify
that no part of this work will, in the future, be used in a submission in my name, for any other
degree or diploma in any other university or other tertiary institution without the prior
approval of the University of Adelaide and where applicable, any partner institution

responsible for the joint-award of this degree.

I give consent to this copy of my thesis when deposited in the University Library, being made
available for loan and photocopying, subject to the provisions of the Copyright Act 1968.

The author acknowledges that copyright of published works contained within this thesis
resides with the copyright holder(s) of those works.

I also give permission for the digital version of my thesis to be made available on the web, via
the University’s digital research repository, the Library search and also through web search
engines, unless permission has been granted by the University to restrict access for a period of

time.

Matthew C. Holman




Chapter 1 - INTRODUCTION

Disruption in blood supply to the retina and/or optic nerve (ON) is a leading cause of
blindness worldwide, manifesting in a variety of ischemic-like diseases, including arterial and
venous occlusions, diabetic retinopathy, ischemic optic neuropathies, and putatively
glaucomatous optic neuropathy.® Currently, there are very limited, suboptimal treatment
options available for many of these conditions, hence ischemia-related consequences are a

common cause of blindness.

Ischemia results in a decreased tissue availability of oxygen and nutrients such that
cellular energy demands cannot be met. Initially, ischemia results in a lowered tissue
homeostasis, but as the duration of ischemia increases, the magnitude of cellular stress also
rises, culminating in irreversible neuronal injury and death." It is logical to envisage that
supplementation of glucose, the major energy source for cells, would lessen the impact of
ischemia on central nervous system (CNS) neurons. In fact, within the brain, the opposite is
true: hyperglycemia exacerbates stroke and cerebral ischemia. Diabetes mellitus is a well-
documented independent risk factor for the incidence of stroke and worsens the prognosis.
Greater frequencies of all types of cerebral infarction have been found in diabetic patients
compared with non-diabetics, while large clinical trials have revealed that diabetes at the time
of admission is a predictor of worse outcomes following both focal and global ischemia
admission.?® The detrimental influence of diabetes is understandable given the knowledge
that prolonged hyperglycemia damages the micro- and macro-circulation.® More surprisingly,
hyperglycemia without pre-existing diabetes worsens outcomes for stroke patients.” Similarly
in animal studies it has been repeatedly demonstrated that hyperglycemia exacerbates brain
injury following ischemic insults. The negative impact of hyperglycemia is evident in both
focal and global models of injury, when the degree of hyperglycemia is only moderate, and
when the animals are rendered hyperglycemic only shortly before the insult commences.>®
The mechanisms by which hyperglycemia exacerbates brain ischemia injury remain
unresolved but have been hypothesized to involve increased acidosis, edema, excitotoxicity,
blood-brain barrier breakdown, and oxygen free radical damage.

In the retina, prolonged hyperglycemia is toxic to the vasculature, manifesting as
thickening of capillary basement membranes, loss of pericytes and endothelial cells, blood-

retinal barrier breakdown and leakage, and eventually neovascularization.” These attributes



are characteristic of diabetic retinopathy. An increasing body of evidence also points to a
direct neurotoxic effect of chronic hyperglycemia on retinal neurons, in particular retinal
ganglion cells (RGCs).1>!* The onset of hyperglycemic neurotoxicity on RGCs within the
laboratory animal setting has been shown to vary between studies, but typically occurs
gradually over a period of months. Intriguingly, however, in vitro and in vivo experiments
have demonstrated that short-term elevation of the glucose concentration within the eye
actually elicits a remarkable degree of protection against an acute ischemia retinal injury,*

while hypoglycaemia has a deleterious effect.'®

The rationale by which hyperglycemia exerts opposing effects in the retina and brain
is unknown, but it can be hypothesised that it exemplifies a fundamental difference between
energy metabolism in the retina and brain. Retinal metabolism features high glycolytic
activity even during aerobic conditions."**® Indeed, as much as 80% of glucose supplied by
the choroid to the photoreceptors is metabolised to lactate.’® This is akin to the situation in
some neoplasms and is known as the Warburg effect. Glycolysis increases further during
conditions of reduced oxygen availability. By upregulating glycolysis, the retina can continue
to synthesize the vast majority of its ATP requirement in the absence of oxygen, as long as

141517 __ 3 manifestation of the Pasteur effect.’® In contrast to the retina,

glucose is abundant
the cerebrum relies on the continued presence of oxygen and oxidative phosphorylation

(OXPHOS) to meet its energy demands.™

It is clear that underlying experimental hyperglycemia has contrasting effects on
neuronal survival in different regions of the CNS subjected to acute injury paradigms. For
these findings to have greater clinical relevance, however, it is necessary that they be
replicated in chronic models of neuronal degeneration. The demonstration of retinal
protection against more prolonged periods of ischemia would suggest that retinal energy
production may be able to continue indefinitely as long as glucose is abundant, and would
support the concept of further bioenergetics-based nerve cell protection for retinal
degenerative diseases where energy depletion may be a causative factor (such as glaucoma,
ischaemic retinopathies and age-related macular degeneration). The overarching aim of the
work described in this thesis, then, is to determine the effect of experimental hyperglycemia
on the retina following a prolonged hypoperfusion insult.

Chronic, ischemic-like injury to the retina can be achieved via permanent, bilateral

occlusion of the common carotid arteries (2 vessel occlusion; 2VO) in rats.?’ The rat vascular



system is similar to that of the primate with blood supply to the head originating from the
common carotid and ventral arteries, which feed into the circle of Willis. The inner retina is
then supplied by the central retinal arteries, which branch from the ophthalmic arteries,but the
outer retina is supplied indirectly from the choriocapillaris. Due to the redundancy in the
circle of Willis blood supply, some cerebral and retinal perfusion can be maintained in the
event of occlusion of one or two of the common carotid arteries by supply from the ventral
arteries. Unilateral common carotid artery occlusion typically elicits only subtle changes, but
bilateral common carotid occlusion has been shown to cause ischemic-like sequelae in the
retina and brain. Interestingly, 2VO appears to precipitate a more severe injury in the retina
than the brain at any given time point.® In the brain, gliosis appears at early time points, but
neuronal loss is very gradual developing over many weeks.? In the retina, however, studies
have reported extensive death of ganglion cells by 7 days.”*Nevertheless, there is some
disagreement in the literature concerning the extent of retinal pathology after 2VVO with other
studies reporting that 2VO-induced neuronal injury in the retina is of a similar nature to the

brain, comprising glial cell activation, but minimal neurodegeneration.?®2®

In order to examine whether hyperglycemia is neuroprotective to the retina during
chronic retinal hypoperfusion induced by 2VO, it was first necessary to characterize the
model in order to establish the rate of neuronal degeneration and hence determine the optimal
endpoint for analysing neuroprotection. Animals were subjected to 2VO and killed at time
points from 6 hours to 2 weeks. The results (supplementary table 1) indicated that there was
pronounced death of ganglion cells after one week, a pathologic phenotype in complete
agreement with the former set of studies.?**However, relatively little has been published
about the sequence of events in the optic nerve during 2VO. Thus, the opportunity was taken
during the characterization phase of the project to explore the effect of 2VO on axonal, glial
and extracellular matrix elements of the optic nerve head (ONH) and ON using histology,
gPCR, immunohistochemistry and Western blotting. These results, which comprise published
paper one, serve to facilitate a greater understanding of the 2VO model of injury and more

generally of the effect of vascular hypoperfusion on these important structures.

Following the completion of the characterization of the model, the principal objective
of the thesis could be investigated. To reiterate, the aim of the project was test the hypothesis

that elevated vitreal glucose, induced by short-term diabetes, attenuates the effects of chronic



retinal ischemia induced by 2VO in the rat. A benefit of using this model is that the insult is
common to both the retina and the brain. Because of the differences in energy metabolism
between the retina and brain, it was particularly interesting to determine whether our data
would indicate clear, opposing effects in the two tissues, namely protection against retinal but
not brain injury. As indicated above, the model precipitates a severe retinal injury, making
neuroprotection more difficult to achieve than in the pressure-induced ischemia model, yet
causes a relatively mild injury in the brain, thereby providing an interesting comparison with

results from acute stroke models.

The body of this thesis contains two published manuscripts in international peer-
reviewed ophthalmic journals. Together, they outline the study philosophy, design, methods
and results, together with the deductions that can be drawn. The final conclusions chapter

summarises these findings and recommends areas of further research.
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Chapter 4 - CONCLUSION

Introduction

The conclusion provides an overriding discussion of the work presented in the thesis.
It includes comments on the significance of the work, problems encountered and
future research. It is not aimed to be a detailed reworking of the discussion of each

paper published.
Linkage between publications

Chapter 2 outlined in detail the affect of 2O on the optic nerve and retina of normal
rats, and concluded that it was a robust model of ocular ischemia in the rat. Chapter 3
further extended this to include findings of the effect on the brain, and continued on to
compare these results to those of hyperglycemic rats. As such the objectives of the
study have been achieved.

Problems encountered

Significant problems were encountered throughout the experimental period due to a
higher then expected mortality rate amongst the 2VO rats. This resulted in significant
concern in regard to the projects animal ethics approval, and numerous evaluations
and alterations to the animal care protocol were made in attempt to overcome this
with moderate success. However it wasn’t until the final data were analyzed that the
most enlightening result was found, being a greater than 2 fold higher mortality rate
among the hyperglycemic rats when compared to the normoglycemic rats, which
when analyzed in isolation was within the limits of previously published mortality
rates. Ironically this hurdle which on numerous occasions threatened to end the study

resulted in a significant relevant finding.
Future research

This work hypothesizes that a combination of the metabolic factors discussed
provides a mechanistic explanation for the neuroprotective affect we have found.
This provides a new avenue for further research which could lead to novel treatment

strategies for common blinding diseases where energy failure is involved in the

94



pathogenesis, including ischemic retinopathies, age-related macular degeneration, and

glaucoma.

In the intervening period between the experiments conducted and the submission of
this thesis, further research has been conducted that supports a protective effect of
glucose against RGC loss. Ebneter et al used a rat model of laser-induced glaucoma to
conclude that elevated glucose levels attenuated RGC stromal and axonal injury. In
addition, research has been published that postulates a possible mechanism for the
protective effect of glucose. Han et al used retinal cell cultures treated with the
mitochondrial toxin rotenone to induce a metabolic insult. They found that an
elevated glucose level attenuated neuronal death. Their evidence suggests that the
mechanism by which elevated glucose achieves this effect is via both the pentose
phosphate pathway and glycolytic pathway, thereby maintaining cellular ATP and
nicotinamide adenine dinucleotide phosphate, and reducing the build up of reactive

oxygen species.
Potential clinical applications

The findings of this thesis open possibilities for the development of new treatment
options for ocular disease and injury where there is a mechanism of metabolic insult
to ocular neural tissue. This includes retinal artery occlusions, retinal detachment and

possibly macular degeneration and glaucoma.

Two factors would need to be considered however. Firstly the glucose would need to
be delivered effectively to the target tissue, and secondly treatment would need to be
ceased before the deleterious effects of long term high glucose levels such as small

vessel disease and lens oxidative stress are initiated.

In the setting of acute retinal artery occlusion or retinal detachment it is the loss of
blood supply from the retinal arteries that results in the metabolic insult so delivery of
glucose via normal vascular pathways is not an option. Something as simple as
intravitreal glucose injections could possibly provide metabolic support to the neural
tissue before blood supply is re-established, or a retinal detachment is repaired. Such
injections could be repeated in the short term.
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A role for intravitreal glucose in the treatment of macula degeneration and glaucoma
is also possible from a metabolic viewpoint, however as these are not acute conditions
presumably the negative effects of long term high levels of intravitreal glucose would
negate any benefit. Furthermore intravitreal injections in the setting of glaucoma may

be unwise due to transient increase in intra-ocular pressure.
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Summary

The work described in this thesis has added to the body of knowledge of the
differences in brain, retinal and optic nerve metabolism and their respective response
to ischemic injury. It has shown that short term hyperglycemia is neuroprotective to
retinal and optic nerve ischemic injury. This has created possibilities for further
research into elucidating the exact mechanism of this protective effect, and its

possible manipulation and therapeutic application in the clinical setting.
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Supplementary Table 1. Effect of 2VO on retinal ganglion cell (RGC) survival

Day 1 Day 3 Day 7
Thyl mRNA level © 93 + 16 53  #13t 23 12t
(exp as % of sham)
Number  of  Brn-3 98 + 5 67 £11t 18 + 9f

RGCs ™

(exp as % of sham)

“Expression of RGC-specific Thyl mRNA in 2VOretinas relative to the shams.
Data (expressed as meantSEM) are normalized for GAPDH (TP<0.01by Pair-
wise Fixed Reallocation Randomization Test).

““For each retina, cells were counted to a distance of 2 mm either side of the optic
nerve head. Data are expressed as the meantSEM (P < 0.01, by Student’s
unpaired t-test).
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