Hyperglycaemia in Experimental Glaucoma

Andreas Johannes Anton Ebneter, MD

School of Medicine

Discipline of Ophthalmology & Visual Sciences

A thesis submitted to the University of Adelaide in fulfilment of the requirements for the degree of
Doctor of Philosophy

May 2011



Papers produced during the candidature (included in this thesis)

Microglial Activation in the Visual Pathway in Experimental Glaucoma:
Spatiotemporal Characterization and Correlation with Axonal Injury
Ebneter A, Casson RJ, Wood JP, Chidlow G.

Investigative Ophthalmology & Visual Science. 2010 Dec;51(12):6448-60.

Impact factor*; 3.466

The optic nerve head is the site of axonal transport disruption, axonal cytoskeleton damage and
putative axonal regeneration failure in a rat model of glaucoma

Chidlow G, Ebneter A, Wood JP, Casson RJ.

Acta Neuropathologica. 2011 Jun;121(6):737-51.

Impact factor*; 7.695

Protection of Retinal Ganglion Cells and the Optic Nerve During Short-term Hyperglycemia in
Experimental Glaucoma

Ebneter A, Chidlow G, Wood JP, Casson RJ.

Archives of Ophthalmology. 2011 Oct; 129(10)

Impact factor*: 3.516

Comparison of fixed-pattern sampling with targeted sampling for estimation of axon counts in a rat
model of glaucoma

Ebneter A, Casson RJ, Wood JP, Chidlow G.

Clinical & Experimental Ophthalmology (accepted)

Impact factor*; 1.755

Paper Presentations

Retinal Neuronal Protection Via the Crabtree Effect
RANZCO Annual General Meeting and Scientific Congress 2008 - Melbourne

Microglial Activation in the Optic Nerve and Tract in Experimental Glaucoma
RANZCO Annual General Meeting and Scientific Congress 2009 — Brisbane

Hyperglycemia is Neuroprotective in a Rat Model of Experimental Glaucoma
RANZCO Annual General Meeting and Scientific Congress 2010 — Adelaide
Posters

Microglial Activation in the Optic Nerve and Tract in a Rat Model of Experimental Glaucoma
ARVO Annual Meeting 2009 - Fort Lauderdale (FL)

Hyperglycemia is Neuroprotective in a Rat Model of Experimental Glaucoma
ARVO Annual Meeting 2010 - Fort Lauderdale (FL)

Evaluation of Axonal Regeneration in a Rat Model of Experimental Glaucoma
ARVO Annual Meeting 2011 - Fort Lauderdale (FL)

Lab Talks

Quantification of optic nerve injury

Center for Molecular Ophthalmology & Neuroscience (Jeffrey Goldberg’s Lab) — May 2010
Bascom Palmer Eye Institute — Fort Lauderdale (FL)

* As per THOMSON REUTERS Journal Citation Reports®, Science Edition 2010



TABLE OF CONTENTS

1. Contextual statement and review of literature

1.1. Glaucoma and its significance

1.1.1.  Formal classification of glaucoma

1.1.2.  Optic nerve head morphology

1.1.3. Field defects

1.1.4. Significance of glaucoma

1.1.5. Risk factors for primary open-angle glaucoma

1.2. Current treatment of glaucoma

1.2.1.  General principles

1.2.2. First-choice glaucoma drug classes

1.2.3.  Second-choice drug classes

1.2.4. Laser procedures and surgical interventions

1.3. Injury hypothesis in glaucoma

1.3.1. Mechanical hypothesis

1.3.1.1. Structure of the optic nerve head

1.3.1.2. Biomechanics of the optic nerve head

1.3.1.3. Configuration of the lamina and explanation for sectoral damage
1.3.1.4. Glia and extracellular matrix

1.3.2. Vascular hypothesis

1.4. Animal models of glaucoma

1.4.1.  Acute models

1.4.2.  Chronic models

1.4.2.1. Laser photocoagulation of the trabecular meshwork
1.4.2.2. Sclerosing of the trabecular meshwork

1.4.2.3. Cautery of episcleral vessels

1.4.2.4. Microbeads

1.4.2.5. S-antigen

1.4.2.6. Genetic rodent models of glaucoma

1.4.3. Models for certain aspects of glaucomatous optic neuropathy
1.4.3.1. Retrograde retinal ganglion cell death

B~ A W LW W N NN N =~ =~

o N N oo o o1 o

10
10
11
11
12
12
12
13
13



1.4.3.2. Anterograde retinal ganglion cell death 13

1.5. Epidemiological evidence and controversy 14
1.5.1.  Cross-sectional population surveys 14
1.5.2.  Longitudinal population surveys 17
1.6. Hyperglycaemia in brain and retinal ischemia 18
1.7.Neuroprotection 20
2. Aims of study 21

3. Paper one: Choice and validation of the appropriate animal model of experimental glaucoma

The optic nerve head is the site of axonal transport disruption, axonal cytoskeleton
damage and putative axonal regeneration failure in a rat model of glaucoma 23

4. Paper two: Influence of sampling patterns on estimated axon counts in experimental glaucoma

Comparison of fixed-pattern sampling with targeted sampling for estimation of
axon counts in a rat model of glaucoma 41

5. Paper three: Glial markers as alternative parameters for quantification of optic nerve damage

Microglial Activation in the Visual Pathway in Experimental Glaucoma:
Spatiotemporal Characterization and Correlation with Axonal Injury 67

6. Paper four: The influence of hyperglycaemia in experimental glaucoma
Protection of Retinal Ganglion Cells and the Optic Nerve During Short-term

Hyperglycemia in Experimental Glaucoma 83
7. Conclusion and future directions 114
7.1. Overall significance and contribution to the current knowledge 114
7.2. Limitations of the study 114
7.2.1. Quantification of retinal ganglion cell 114
7.2.2. Estimation of axonal loss 115
7.2.3. Time frame of the study 115
7.3. Speculations about mechanisms of neuroprotection 116
7.4. Future directions 118

8. References 119



ABSTRACT

Glaucoma refers to a family of optic neuropathies with multi-factorial aetiology. The
pathogenesis of glaucoma remains unclear, but there is good evidence that the optic nerve
head is involved early in the pathogenesis of the disease. Inadequate blood supply to the optic
nerve head may play a role, at least in some types of glaucoma. Given that vasculopathy is a
hallmark of diabetes, one would expect that diabetes might exacerbate glaucoma; however, in
large epidemiological studies no clear association was found. The Ocular Hypertension
Treatment Study even suggested that diabetes protected against the conversion of ocular
hypertension to glaucoma. In this thesis, | attempted to investigate the effect of short-term
hyperglycaemia on retinal ganglion cell death and optic nerve damage in an experimental rat
model of chronic ocular hypertension, which consisted of laser photocoagulation of the
trabecular meshwork.

The thesis is made up of four papers. The first paper characterises the rat model for our
laboratory and validates the laser parameters used, which, in comparison to the original
publication describing the model, have been slightly modified to minimise the ocular
complications. A combination of histology, immunohistochemistry, Western blotting and real-
time polymerase chain reaction was used to portray the spatial and temporal nature of retinal
ganglion cell pathology. The data provides robust support for the hypothesis that the optic nerve
head is the pivotal site of retinal ganglion cell injury, with resulting anterograde degeneration of
axons and retrograde injury and death of perikarya. It was found that disruption of axonal
transport occurs very soon after ocular hypertension, prior to structural damage, substantiating
the hypothesis that axonal dysfunction may be an important cause of retinal ganglion cell
degeneration. Moreover, as a novel finding, restricted axonal regeneration were observed at the
optic nerve head.

The second and third papers address the issue of damage quantification in the optic nerve.
Axon counting on semi-thin optic nerve cross-sections represents the gold standard to evaluate
the extent of axonal injury. However, this method is very laborious and time consuming. In
search for alternatives, | investigated the accuracy of different sampling methods to estimate
optic nerve axon numbers on cross sections and the usefulness of immunohistochemical
markers on longitudinal optic nerve sections. Random sampling of pictures for automated axon
counting was sufficiently accurate and the microglial response proved very valuable and
effective for quantification of optic nerve damage.

The thesis culminates in the fourth paper, which presents a limited reproduction of the Ocular
Hypertension Treatment Study in a laboratory environment. Unilateral ocular hypertension was
induced in two groups (n=26 per group) of Sprague-Dawley rats. One group remained
normoglycaemic; the other was rendered hyperglycaemic by intraperitoneal injection of
streptozotocin. After two weeks of elevated intraocular pressure, axonal and retinal damage
were compared using the quantification methods introduced in the previous papers. There was
convincing evidence for delayed axonal degeneration and retinal ganglion cell death in the
hyperglycaemic rats. Axonal loss was reduced by about 50%. Survival of retinal ganglion cell
somata was increased to a similar extent in hyperglycaemic rats. Hence, energy substrate
availability may play a role in glaucomatous optic neuropathy. Targeted manipulation of
neuronal energy metabolism may delay optic nerve degeneration and may represent a novel
neuroprotective strategy for neurodegenerative diseases of the visual system such as
glaucoma.
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