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Summary 

The retinal ganglion cell (RGC) axon demonstrates an array of unique structural adaptations, critical to 

its function, and arguably serves the most important role in mammalian vision.  RGC axonal disease 

continues to be a major cause of visual morbidity globally.1  Glaucoma is the most common form of 

RGC axon disease and accounts for 14% of blindness in the western world.2  Glaucomatous optic 

neuropathy is consequent upon loss of RGC axons and classically manifests as optic disk cupping.3  

Although it is generally agreed that the site of greatest axonal damage in glaucoma is the optic nerve 

head,4 the complex sequence of cellular events between axonal injury and RGC death have not been 

clearly delineated.  As such, there continues to be considerable debate concerning the cause-

consequence relationships in glaucoma pathogenesis. 

This thesis provides new, detailed information concerning the role of cytoskeleton proteins within the 

retinal and optic nerve head compartments of the RGC axon in physiological conditions and in disease.  

Investigations are performed, utilizing a porcine experimental model, to delineate the time-dependent 

behaviour of RGC axonal cytoskeleton proteins following IOP-, ischemia- and axotomy-induced 

insults.  The chronology of axonal cytoskeleton protein alterations with respect to astrocyte, 

mitochondrial, cytochrome c oxidase and axonal transport changes have been addressed in order that 

pathogenic inter-relationships in glaucoma biology could be better understood.  Comparisons of 

cytoskeleton and astrocyte changes between the various forms of RGC axonal injury also provide 

insights into vascular and mechanical components that are involved in glaucoma pathogenesis.  

Additionally, the role of pia mater in protecting RGC axons from injury is explored.   

In vivo pig experiments employing technology that permits continual monitoring of intraocular 

pressure (IOP), cerebrospinal fluid pressure (CSFp) and blood pressure were used to document the 

chronology of optic nerve head cellular change following IOP elevation.  From these experiments it 

was revealed the cytoskeleton proteins are the earliest axonal structures to be altered upon IOP 

elevation following which axonal transport processes are perturbed.  This finding highlights an intimate 

co-dependency between structural alteration and functional compromise.  Additionally, IOP elevation 

experiments reveal an up-regulation of endothelial cell nitric oxide synthase (NOS) and mitochondrial 

cytochrome c oxidase (CcO) systems after IOP-induced cytoskeleton alteration and axonal transport 

retardation.  Astrocyte behaviour was also consistent with a process of neuro-protection.  Contrary to 
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previous histological studies, results presented in this thesis suggest that in the acute stages of IOP 

elevation, astrocytes and optic nerve head enzyme systems perform a compensatory role that is 

conducive towards axonal survival. 

Utilising laser precision, experimental pig models of retinal arteriolar occlusion and axonal transection 

were used to investigate the effects of ischemia and axotomy, respectively, on axonal cytoskeleton 

proteins and astrocytes.  The temporal sequence of neurofilaments, microtubules and microtubule 

associated protein alteration was found to be significantly different between the two experimental 

models implying that the biochemical cascades evoked by each mode of axonal insult are distinct.  

There were however some similarities in the behaviours of cytoskeleton proteins and astrocytes 

following IOP-, ischemia- and axotomy-induced injury suggesting that glaucoma pathogenesis is most 

likely attributable to a complex interplay of vascular- and mechanical-pathogenic components.  

Additionally, RGC axotomy induced an increase in neurofilament light expression implicating this 

protein may be a critical player in axonal regeneration and repair. 

This thesis demonstrates that cytoskeleton proteins confer important structural and functional 

properties to RGC axons.  Post mortem immunohistochemical analysis of human eyes reveals that 

cytoskeleton protein subunits are most concentrated in the pre laminar and lamina cribrosa portions of 

the human optic nerve head – sites where the physiological pressure gradient is predicted to be greatest.  

Cytoskeleton protein concentration was also found to be inversely related to optic nerve myelination 

and proportionately related to mitochondrial cytochrome c oxidase density suggesting that the 

collective organization of the cytoskeleton is important for modulating non-saltatory action potential 

conduction in the optic nerve.  

Finally, detailed post mortem quantitative analysis of human optic nerve meninges demonstrates that 

pia thickness is greatest in the termination of the subarachnoid space suggesting that this structure may 

play a vital role in modulating post laminar tissue pressure during ocular movement and varying CSFp.  

These results provide novel insights into the pathogenic mechanisms by which altered CSFp exacerbate 

glaucomatous nerve loss.  

This thesis comprises 11 chapters.  The first chapter introduces the whole thesis.  The second chapter 

provides a detailed overview of animal models, immunohistochemical and microscopic techniques 

employed for experimental studies.  Chapters 3-6 report the time-dependent effects of acute IOP 

elevation on cytoskeleton proteins, astrocytes, axonal transport, NOS and CcO systems in the optic 
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nerve head.  Chapter 7 reports the time-dependent effects of focal RGC axonal ischemia on 

cytoskeleton proteins and astrocytes.  Chapter 8 reports the time-dependent effects of focal RGC 

axotomy on cytoskeleton proteins and astrocytes.  Chapter 9 reports the distribution of cytoskeleton 

proteins in the normal human optic nerve head and the relationships they hold with myelin proteins and 

cytochrome c oxidase enzyme systems.  Chapter 10 quantifies the morphometric characteristics of the 

normal human optic nerve head including pia mater.  Estimations of tissues pressures and gradients in 

the human optic nerve head are also performed in chapter 10.  Chapter 11 is the grand discussion 

integrating all the results. 

Much of the contents of this thesis have already been published in international journals in the form of 

eleven papers for which I was the primary authour.5-15  I was the major contributor to the above papers, 

performing all the research, most of the data analysis and intellectual input to each project.  

Additionally, I have made significant contributions to the following ten peer reviewed research 

articles16-25 and two book chapters26, 27 for which I was also a co-authour.  The contents of these 

publications also appear in this thesis.  I was totally responsible for the composition of this thesis.
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1.  Introduction 

The optic nerve has the highest density of axonal fibres in any central nervous system tract28 and relays 

visual output from approximately 1.15 million retinal ganglion cell (RGC) axons.29  It is therefore not 

surprising that 90% of all sensory signals integrated in the brain are of visual origin.30  The magnitude 

of neural information transmitted by RGC axons is reflected by the enormity of cortical representation 

devoted to visual processing – primary, secondary and tertiary visual centres constitute approximately a 

third of brain volume.30, 31  Unlike other sensory stimuli propagated to the brain, the visual stimulus is 

unique as it undergoes neural processing, within retinal layers, prior to transmission by RGC axons.  

This results in a remarkably intricate axonal signal that, in a single form, encompasses the spatial and 

temporal properties of the visual stimulus.   

The axon connects the cell body to its target synapse and plays an essential role in neuronal 

physiology.  Axons not only propagate the action potential, an essential component of cell signaling, 

but they also maintain neuronal longevity by acting as a channel for the reciprocal transfer of 

information between surrounding neuronal and glial cell populations.32  Axonal arborisations traverse 

extraordinary distances within the central nervous system (CNS) and necessitate metabolic and 

structural adaptations that are distinct to the dendritic, somal and synaptic compartments of the neuron.  

As axonal projections often breach a range of neuronal environments during their trajectory it is critical 

that they exist in a state of non-equilibrium where they are capable of modifying intracellular 

characteristics in response to changes in the extracellular milieu.  The ability of axons to exist in such a 

dynamic state is predominantly due to the co-ordinated activity of extra-cellular and intra-cellular 

systems that serve to modulate axonal behaviour.33  Axonal transport is arguably the most vital intra-

cellular process that maintains neuronal homeostasis via reciprocal communication between cell soma 

and target synapses.  

Axons are equipped with structural adaptations that confer mechanical strength to elongated 

projections.  Cytoskeleton proteins are highly concentrated within the cytosolic compartment of CNS 

axons and are arranged in a typified pattern that reflects regional variations in axonal stress and strain.34  

The collective scaffolding comprised by cytoskeleton protein subunits is a vital determinant of axonal 

rigidity, which when compromised, can result in loss of axonal caliber with subsequent neuronal 

death.35 Additionally, many CNS tracts are surrounded by a connective tissue sheath that limits 
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mechanical displacement of axonal bundles during physiological and pathological states.  The high 

concentration of collagen and elastin proteins within these sheaths performs a load bearing function 

which modulates extreme pressure forces that would otherwise compromise axonal function. 

The health of neuronal tissue within CNS environments is maintained by the neuron-astrocyte-vascular 

unit.36 A single astrocyte communicates with numerous neuronal and endothelial cells and is capable of 

adjusting regional blood flow characteristics in response to immediate changes in neuronal metabolic 

demands.  Although the astrocyte syncytium ensures nourishment of expansive neuronal populations, 

regional adaptations are still required to support sub-cellular variations in neuronal function.  

Additionally, unlike other neuronal structures the axonal sub-compartment has only rudimentary 

capacity to synthesise protein molecules7 and are therefore dependent upon the organized activity of 

intracellular systems that ensure the adequate delivery of energy substrates and the timely removal of 

toxic metabolites.  A range of mechanisms including axonal transport processes, mitochondria, 

astrocytes, nitric oxide synthase systems and prostaglandin families modify axonal structure and 

function in response to regional neuronal demands.  Cytoskeleton protein subunits are intimately 

related to these functional systems, and via signalling cascades, also perform a critical role in 

regulating neuronal homeostasis.37   

Axonal injury can culminate in neuronal death.38  The cascade of cellular events initiated by axonal 

injury is specific to the mode of neuronal insult and also to the CNS environment within which injury 

occurs.  CNS axons are vulnerable to injury by ischemia-, pressure- and axotomy-induced insults 

however the temporal sequence of cellular alteration induced by each form of injury are remarkably 

different.39-41  An intriguing co-dependency exists between structural processes that maintain axonal 

integrity and functional process that ensure axonal function.  The sequence by which these 

relationships are disturbed, by each mode of axonal injury, are likely to determine final neuronal fate, 

i.e. death or recovery.   There is considerable controversy regarding the sequence of optic nerve head 

cellular change following IOP elevation. There is significant experimental evidence to suggest that the 

cumulative effect of axonal transport,42astrocyte,43biochemical44and structural dysfunction culminates 

in glaucomatous optic neuropathy however the cause-consequence inter-relationships between separate 

pathogenic mechanisms have not been clearly delineated.   Furthermore, optic nerve head adaptations 

and compensatory cellular mechanisms which intrinsically serve to protect RGC axons from injury 

require clarification.   
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1.1  Retinal ganglion cell (RGC) 

Similar to other central nervous system neurons, the retinal ganglion cell comprises of dendritic, somal, 

axonal and synaptic sub-compartments as illustrated in Figure 1.1.   RGCs are the first population of 

cells in the visual circuit to process, and transmit, the spatial, temporal and spectral characteristics of 

the retinal stimulus.45 A large portion of retinal ganglion cells project to the lateral geniculate nucleus 

of the thalamus, via parallel channels, although approximately 10% of RGC axons synapse in the 

superior colliculus, pretectum, pulvinar or hypothalamus.46 Consequently, in addition to conveying 

information about form, motion and colour the RGC is inherently involved in the regulation of 

emotion, ocular movement, circadian rhythm and certain autonomic reflexes. 

Dendritic field morphology, intra-retinal circuitry and central projections have traditionally been used 

to stratify retinal ganglion cells into distinct subclasses.47 Although there was significant variation in 

the nomenclature adopted by previous anatomists when categorising retinal ganglion cells it is now 

generally agreed that there are three main classes of RGC – midget cells, parasol cells and wide-field 

cells.48 Midget cells make up about 80% of all ganglion cells and have the smallest dendritic fields at 

any retinal location.49 Parasol cells have large dendritic fields and transmit information predominantly 

concerning the temporal properties of vision.50 

Afferent input is primarily relayed to RGCs via retinal bipolar and amacrine cells.  Synapses between 

these cells are found within laminae of the inner plexiform layer.51 The receptive fields of RGCs are 

organized into an excitatory/inhibitory centre and antagonist surround, thus permitting retinal ganglion 

cells to make instantaneous changes to neural output in response to stimulus variation.52  

The architectural properties of the RGC axon is unique respective to many other tracts in the CNS.  The 

distinctiveness is largely attributable to the myelination pattern of each RGC axon which consists of an 

intra-retinal, un-myelinated portion and a myelinated portion posterior to the lamina cribrosa.53  Such 

dramatic structural variation has been shown to correlate with alteration of functional properties of 

each axonal sub-compartment particularly with regards to action potential conduction rates and the 

means by which cellular energy demands are satisfied.53, 54  There have been a number of post-mortem 

studies that have concentrated on the histomorphometric properties of the human RGC axon.29, 55, 56  

These studies have measured mean human RGC axonal diameter as 1.18 ± 0.6 µm and have 

demonstrated that these values increase with age.29  The length of the human RGC axon is 50 mm.57, 58 
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RGC disease is a major cause of visual morbidity worldwide.1 RGC injury culminates in cell death 

through a complex sequence of dendritic arbor modification, axonal homeostatic dysfunction and 

perikaryonal alteration.  Understanding the early cellular modifications induced by RGC injury 

therefore not only enhances our understanding of fundamental pathogenic mechanisms involved in 

ocular disease, but it may also identify therapeutic and diagnostic avenues that may improve disease 

management.     
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Figure 1-1 Normal human retinal histology 

Toluidine blue stained histological cross-section demonstrates the stratified architecture of normal 

human retina.  Schematic overlay illustrates the location of retinal ganglion cell sub-compartments 

relative to other retinal layers.  Retinal ganglion cell bodies are predominantly situated in the RGC 

layer of the retina.  RGC axonal arborizations are concentrated in the nerve fibre layer of the retina.   
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1.1.1  Cytoskeleton proteins 
Cytoskeleton proteins are highly concentrated within the intracellular compartment of neuronal cells 

and confer stereotyped morphologies to neuronal subclasses.  Neurofilaments, microtubules, 

microtubule-associated proteins (MAPs) and actin are the major constituents of the neuronal 

cytoskeleton.33 The distribution of individual cytoskeleton protein subunits within neurons is not 

homogeneous but instead demonstrates a degree of heterogeneous compartmentalization that is specific 

to the function and regional demands of the axon, dendrite, cell body and synapse.59 The cytoskeletal 

constitution of dendritic dendritic spines is particularly important for synaptic plasticity; without a 

dynamic cytoskeleton, spines are unable to rapidly change their volumes or shapes in responses to 

stimuli.60 Within axonal arborizations, the abundance of cytoskeleton proteins is particularly important 

for imparting mechanical strength to elongated target projections.61  A schematic illustration of the 

axonal cytoskeleton, and its constituents, is provided in Figure 1.2.   

In addition to the important structural role conferred by the neuronal cytoskeleton, it serves a myriad of 

functional purposes that serve to maintain cell viability and neuronal function.33 Cytoskeleton proteins 

are integral to the homeostatic processes of signal transduction, neuronal growth, synaptic plasticity, 

axonal transport and neurotransmitter release.62, 63  

Although each family of cytoskeleton subunits perform a novel function, interactions between different 

protein members are equally important in modulating the structural and functional properties of axons.  

Continual signalling between protein subclasses maintains eukaryotic cells in a dynamic state and 

allows them to make rapid adaptations to changes in the extracellular environment.  Within neurons 

cytoskeleton behaviour is regulated by myelin proteins, mitochondrial organelles, glial cells and 

external forces.64-66  With relevance to the retinal ganglion cell, cytoskeleton proteins most likely plays 

a critical cyto-architectural and functional role in supporting the immense distance traversed by the 

RGC axon from cell body to its first order synapse.  A plethora of detailed reviews and investigations 

have documented the structure, function and role of individual cytoskeleton protein subunits in disease.  

A summary of what is currently known about each family of cytoskeleton proteins will now be 

provided.   
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Figure 1.2 The axonal cytoskeleton14  

The distribution and relationship between each major cytoskeleton subunit, including neurofilaments, 

microtubules, microtubule-associated protein and actin is illustrated schematically. 
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1.1.1.1  Neurofilament proteins 

Neurofilaments are the most abundant structural components in large diameter myelinated axons.67  

Neurofilaments are synthesised and assembled in the cell body, transported along axons by slow axonal 

transport, and degraded in the synapse.68 Neurofilaments belong to the intermediate filament family of 

polypeptides and are heteropolymeric structures composed of three individual subunits – neurofilament 

heavy (NF-H), neurofilament medium (NF-M) and neurofilament light (NF-L).  Complete sequence 

data has shown that the molecular weight of NF-L is approximately 60 kDa, NF-M about 100 kDa and 

NF-H about 115 kDa.33 All three subunits are composed of a highly conserved α-helical central coiled 

rod domain flanked by an N-terminus head domain and a C-terminus hypervariable tail domain.69  

Neurofilament proteins are approximately 10 nm in diameter as viewed under the electron 

microscope.70 Structurally, neurofilaments are linearly arranged and composed of a helical filament 

backbone with sidearms that project laterally to form crossbridges.71 The NF-L subunit forms the core 

of these filaments while the unique hypervariable C-terminus tail domains of NF-M and NF-H, 

enriched in Lys-Ser-pro repeat motifs are responsible for forming the neurofilament sidearms.69  

Phosphorylation of these sidearms is important in regulating the degree of interaction between 

neurofilaments and other axonal structures.72  

The chief function of neurofilament proteins is to provide structural integrity to neuronal 

arborizations.73 Various investigators have suggested that neurofilament subunits also play important 

roles in axonal transport regulation, controlling axonal diameter and neurite outgrowth.37 To date, there 

is only conflicting evidence concerning the involvement of neurofilament proteins in the latter cellular 

processes.  The importance of neurofilament proteins in axonal function is however undisputed with 

numerous experimental studies providing evidence of neuro-degeneration following neurofilament 

dysfunction or mutation.72  

1.1.1.2  Microtubule proteins 

Microtubules are polymeric structures that are comprised of repeating α and β tubulin heterodimers.74  

Each has a molecular weight of 55 kDa.  Each microtubule is formed by the parallel association of 

protofilaments which are in fact linear polymers of tubulin (TUB) dimers that are bound head-to-tail.75 

Microtubules have a diameter of 25 nm and a length that varies between 200 nanometres and 25 

micrometres.76 Microtubule proteins play a key role in maintaining neuronal shape as well as regulating 

cell motility and cell division within eukaryotic organisms.74, 76 One of the most extensively studied 
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functions of microtubule proteins however is their involvement in axonal transport.  It is widely agreed 

that microtubule proteins provide the scaffolding along which kinesin and dynein motor proteins 

mobilise.77 In addition to providing the structural framework for vesicular transport, tubulin subunits 

are themselves in a continual state of anterograde and retrograde axonal transport.78 Neurons support 

axon growth by transporting tubulin subunits.78  

A characteristic property of microtubules is their ability to stochastically switch between cycles of 

rapid growth and disassembly.  This process, referred to as dynamic instability, has been demonstrated 

both in vivo and in vitro.79, 80 Dynamic instability maintains microtubules in a non-equilibrium state 

where they are in a continual process of polymerisation or depolymerisation.  This non-equilibrium 

behaviour is based on the binding and hydrolysis of GTP by tubulin subunits.81 Dynamic instability 

allows microtubules to rapidly reorganize and hence alter cell shape, to differentiate spatially and 

temporally in accordance with cell context and to generate pulling and pushing forces.80 It also allows 

microtubules to reach the cells three dimensional space in order to find specific target sites on the cell 

periphery.  The latter process is particularly relevant during the process of development and neuronal 

plasticity.82 The importance of microtubule proteins to cellular function has been reiterated in 

transgenic studies where microtubule derangements have resulted in significant axonal disease and 

inevitable neuronal death.83  

1.1.1.3  Microtubule‐associated proteins 

A heterogenous collection of proteins, known as microtubule-associated proteins, are associated with 

microtubule polymers.  The MAP family includes large proteins such as MAP-1A, MAP-1B, MAP-1C, 

MAP-2, MAP-3 and MAP-4 and also small proteins such as tau and MAP-2C.33 The molecular weights 

of these proteins are in the range between 70 – 280 kDa.84 The primary function of MAPs is to regulate 

the assembly of microtubules and to control the interaction of microtubules with cytoskeletal elements 

and organelles.85 MAPs also participate in cellular communication and link signal-transduction 

pathways within the cytoskeleton.86 

Each MAP subunit has a distinct pattern of localisation that is different from that of total tubulin.  The 

studies’ by Matus et al. revealed that MAP-2 is largely distributed within dendrites and MAP1B is 

highly concentrated in axons.87, 88 MAP compartmentalisation within neurons is regulated in part by 

differential mRNA transport89however the functional purpose served by compartmentalisation remains 

unknown and is under investigation. 
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Microtubule-associated proteins become hyper-phosphorylated and aggregated in a number of 

neurodegenerative conditions that are collectively referred to as tauopathies.  Tauopathies include 

Alzheimer’s disease, Pick’s disease and progressive supranuclear palsy.90 Tauopathic accumulation of 

microtubule-associated proteins within dendrites and cell bodies, in the form of neurofibrillary tangles, 

suggests that the spatial organization of MAP subunits is critical for maintaining neuronal function.  It 

also suggests that MAP dysfunction can induce neurological disease independent of the destabilizing 

effect it has on microtubules. 

1.1.1.4  Actin proteins 

Actin is one of the most abundant intracellular proteins in the eukaryotic cell.  Actin is a self 

assembling 43 kDa protein with a single nucleotide binding site and one high affinity divalent metal 

ion binding site.91 Neurons only express the β and γ isoforms of actin, lacking the α isoform that is 

present in high concentration in skeletal muscle.92 Actin exists in two states; a polymer (filamentous) 

form and a non-polymer (granular) form.  Under physiological conditions, actin monomers 

spontaneously polymerize into long, stable filaments with a helical arrangement of subunits.  

Polarisation follows polymerisation due to the orientation of all actin subunits, within the polymer, in 

the same direction.93 

Actin proteins are essential for survival as they confer internal strength and rigidity to neuronal 

structures.93, 94 Actin proteins work synchronously with microtubules to co-ordinate organelle 

movement such that the momentary metabolic and physiological demands of the cell are satisfied.95 

The role of actin and microtubules in moderating organelle movement however is dissimilar.  In vivo 

studies have shown that mitochondrial transport rates along microtubules are three times faster than 

along actin molecules.95, 96 The cortical actin network is a complex of actin filaments adjacent to the 

plasma membrane which plays an integral role in mediating cell shape and elasticity.91 This network is 

also believed to perform a barrier function by inhibiting cytosolic organelles from reaching the cell 

periphery.  At the synaptic terminal, actin proteins mediate the delivery of vesicles to the synaptic 

junction as well as the reuptake of neurotransmitters during the process of endocytosis.94 During neuro-

development, actin provides the mechanical force to drive cell movements.97 

Mutations encoding α actin can result in myopathies while mutations involving β actin results in 

neutrophil dysfunction and recurrent infection.98, 99 The role of actin proteins in neuro-degenerative 

disease remains undetermined. 
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1.1.1.5  Cytoskeleton changes in RGC axonal disease 

Although there is a vast body of scientific research demonstrating the importance of cytoskeleton 

proteins for neuronal structure and homeostasis there have been surprisingly few studies which have 

examined the behaviour of individual cytoskeleton protein subunits in response to RGC axonal injury.  

Studies concerning optic nerve head cytoskeleton changes in experimental glaucoma, ocular 

hypertension, optic nerve crush, optic neuritis, optic nerve transection and optic nerve stretch have been 

performed and collectively they reveal that the RGC cytoskeleton response is highly variable and 

intimately related to the form of axonal insult.39, 40, 100-105  However, a major shortcoming with these 

previous studies is the failure to document the temporality of cytoskeleton change with respect to glial, 

mitochondrial, biochemical and axonal transport changes which are also induced by the same neuronal 

insult.  As a result, our understanding of cause-consequence relationships in RGC axonal disease is 

poor.   

It is well established that neuronal activity is critically dependent on cytoskeleton protein behaviour but 

is RGC disease the primary consequence of cytoskeleton dysfunction or are previously reported 

cytoskeleton changes the secondary result of abnormal glial and cellular dysfunction?  Furthermore, is 

cytoskeleton modification an early response to RGC axonal injury?  If the latter statement were true 

then technology which allows in vivo imaging106-108of RGC axons may prove useful for the early 

detection and diagnosis of optic nerve head and RGC axonal disease. 

As stated earlier in this chapter the optic nerve head is situated in a unique anatomical and 

physiological environment where it experiences a variation in mitochondrial organelle concentration, 

myelin protein content and neural tissue pressure along its length.  All of these parameters have the 

potential to modulate cytoskeleton behaviour following RGC axonal injury.  A large portion of this 

thesis examines the temporal sequence of RGC axonal cytoskeleton change to different modes of 

axonal injury.  The chronology of cytoskeleton subunit change with respect to axonal transport 

modification, nitric oxide synthase expression, astrocyte alteration, mitochondrial cytochrome c 

oxidase expression and apoptosis is also experimentally delineated.  Furthermore, this thesis explores 

the pattern of cytoskeleton protein distribution in the normal human optic nerve head.  These findings 

will have relevance for understanding cause-consequence relationships in RGC axon disease. 
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1.1.2  Axonal transport 
Axonal transport is the bidirectional movement of organelles, vesicles and growth factors and permits 

continual metabolic communication between the cell body and neuronal targets.109 Axonal transport is 

an essential requirement for all mammalian cells and is categorised according to speed; fast axonal 

transport occurs at a rate 50 – 400 mm/day and slow axonal transport occurs at a rate of 0.3 – 3 

mm/day.110, 111 Fast and slow axonal transport are energy-dependent processes that are mediated by 

kinesin and dynein motor proteins.112 Kinesin regulates anterograde axonal transport, from cell body to 

synapse, whereas dynein regulates retrograde transport, from synapse to cell body.  The difference in 

transport rates between fast and slow axonal transport is chiefly the result of motor protein behaviour.32  

Slow axonal transport is due to prolonged pauses between movements.   

Axonal transport processes are relatively tolerant to large increases in absolute pressure but are 

incredibly susceptible to small changes in local pressure gradients.  Peripheral nerves can tolerate 

absolute pressure increases up to 3800 mmHg,113whereas pressure gradient changes in the realm of 4.5 

mmHg/ 100 µm results in significant retardation of axonal transport mechanisms.114 The vulnerability 

of axonal transport processes to pressure gradient change is particularly relevant to the RGC axon 

where incremental changes in intraocular pressure or cerebrospinal fluid pressure has the potential to 

dramatically alter axonal transport mechanisms in the optic nerve head.  

The consequences of IOP and CSFp alteration on optic nerve head axonal transport processes have 

already been documented in detail.  IOP elevation, utilising a variety of experimental animal models, 

has been shown to induce axonal transport inhibition at the lamina cribrosa.42, 115, 116 Somal deprivation 

of essential neurotrophic factors such as BDNF, NT-4 and NT-5, as a consequence of axonal transport 

inhibition, is believed to initiate pro-apoptotic cascades with resultant RGC death.117, 118 These cellular 

changes are thought to be important to the process of glaucomatous optic neuropathy.  Experimentally 

raised CSFp and depressed IOP similarly result in axonal transport obstruction in the optic nerve 

head.119, 120 

The underlying pathogenic mechanisms responsible for axonal transport modification in IOP and CSFp 

altered states however remains unclarified.  As stated earlier, molecular motor proteins involved in 

axonal transport mobilise along the architectural scaffolding comprised of cytoskeleton proteins.  Is 

axonal transport retardation at the lamina cribrosa therefore the consequence of cytoskeleton disruption 

in this region?  A major aim of this thesis is to determine whether IOP elevation induces microtubule, 
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MAP and neurofilament alteration in the optic nerve head, and if so, whether these changes precede 

axonal transport changes.  These findings will improve our understanding of glaucomatous patho-

physiology. 

Due to the lack of reliable quantitative technology, previous studies utilised descriptive or auto-

radiographic methods to analyse the effects of IOP elevation on optic nerve head axonal transport.  

Such methodology did not permit the detection of subtle axonal transport alteration or the delineation 

of the time-dependent effects of IOP elevation on axonal transport change.  Is axonal transport 

inhibition only localised to the lamina cribrosa region after IOP elevation or are pre-laminar and post-

laminar regions also affected?  Is IOP-induced axonal transport retardation constant or is it modified in 

a time-dependent manner?  This thesis utilises fluorescent tracer technology to reliably quantify axonal 

transport change in the different laminar regions of the optic nerve head.  Investigations that aim to 

delineate the time-dependent effects of IOP elevation on axonal transport change are also performed.  

1.2  Optic nerve 

Axons of retinal ganglion cells coalesce at the optic disk to form the anterior optic nerve.  Structures 

within the human optic nerve head experience a significant pressure gradient as they exit the 

intraocular environment of the eye to enter the intracranial environment of the brain.121, 122  The 

magnitude of this pressure gradient is greatest at the lamina cribrosa which is a perforated, collagenous 

structure of approximately 1.58 ± 0.21 mm vertical diameter and 1.54 ± 0.22 mm horizontal 

diamater.123  RGC axons acquire a myelin sheath as they traverse the lamina cribrosa and enter the post 

laminar region of the optic nerve.53, 54  The details of the trans-laminar pressure gradient will be 

elaborated upon in a separate section of this Introduction chapter.  

The anterior optic nerve is an exceedingly complex structure that is anatomically separable into 3 

regions: pre laminar, laminar and post laminar (also referred to as retro laminar). It is a region of great 

research interest as it is an important site of axonal injury in glaucoma, papilloedema, ischaemia, ocular 

hypotony and optic neuritis.3, 101, 124  The scientific literature is replete with detailed light 

microscopy,125, 126 electron microscopy127-130 and immunohistochemistry131 studies that have 

documented the cellular constitution of the optic nerve head.  The results of these previous studies will 

now be used to provide a detailed overview of optic nerve head micro-anatomy.  

The continuous limiting membrane formed by astrocytic cell bodies and astrocyte processes define the 

anterior boundary of the optic nerve head.130  This glial limiting membrane is continuous with the 
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internal limiting membrane of the retina.  Relative to other regions of the optic nerve head, the pre 

laminar region has only a sparse concentration of glial and connective tissue elements.126   

The human lamina cribrosa is divided into anterior (choroidal) and posterior (scleral) compartments on 

the basis of anatomical location, glial constitution and connective tissue density.128 The anterior portion 

of the human lamina cribrosa occupies a significant volume of the optic nerve head with a distinctive 

glial cell arrangement.  In the anterior lamina cribrosa, glial columns support the trajectory of RGC 

axons as they change direction by an angle of almost 90° during their course from the nerve fibre layer 

of the retina to the optic nerve proper.  Astrocytes extend perpendicular processes in the anterior lamina 

cribrosa which envelop axonal arborizations. 

The posterior lamina cribrosa has a much greater connective tissue constitution than the anterior lamina 

cribrosa and is predominantly comprised of concentric collagenous sheets that are in fact meridional 

scleral extensions.128  Most collagen fibrils in the posterior lamina cribrosa are 600 Angstroms in 

diameter although some elastic fibres are also present.  Connective tissue sheets in the lamina cribrosa 

are aligned such that congruent perforations permit the passage of nerve fibres from pre laminar to post 

laminar regions.  Not all nerve fibres project linearly through the lamina cribrosa with axons in the disk 

periphery having a more curvi-linear projection than the disk centre.132 Astrocytes are found between 

successive connective tissue sheets and extend processes around the rim of each perforation.  In 

addition to allowing the passage of RGC axons, the human lamina cribrosa also transmits the central 

retinal vessels. 

Detailed histomorphometric studies of the human lamina cribrosa have reported a mean total of 227 

laminar pores per human optic nerve.123, 133  The same studies’ provided a mean lamina cribrosa area 

estimate of 2.88 mm2 and mean single pore area estimate of 0.004 mm2.   The human lamina cribrosa is 

not homogenous in structure with mean single pore area and summed pore area being significantly 

larger in the superior and inferior regions of the optic nerve head.134, 135 These morphometric findings 

have relevance for understanding glaucomatous pathophysiology as discussed in a later section of this 

thesis. 

Retro laminar optic nerve commences at the posterior boundary of the lamina cribrosa.  There is a 

significant increase in optic nerve diameter in the post laminar region due RGC axonal myelination.129  

The portion of the RGC axon prior to post laminar tissue is physiologically unmyelinated.136 Nerve 

fibres are organized into fascicles in the post laminar region and in this regard demonstrate neural 
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configurations that are similar to the peripheral nervous system.137 Interspersed between optic nerve 

fascicles is a high concentration of connective tissue matrix containing collagen types I, III, IV, V and 

VI.131 The connective tissue matrix enables neural fascicles to move in relation to one another during 

eye movement.  Astrocyte and oligodendrocyte cell bodies are also organised as columns in the 

connective tissue space between adjacent fascicles.129 

Meningeal sheaths surround the intraorbital portion of the optic nerve posterior to the lamina 

cribrosa.127 Meningeal sheaths serve to mechanically support and nourish the optic nerve.  Connective 

tissue matrix and meningothelial cells are the major constituents of meningeal sheaths with the latter 

type of cell performing a similar functional role to fibroblasts.  The meningeal sheath is anatomically 

separable into 3 layers – dura mater, arachnoid mater and pia mater.  Between the dura mater and 

arachnoid is the subdural space which is only a potential space in life.  The subarachnoid space 

separates arachnoid mater from pia mater and contains cerebrospinal fluid (CSF).  Anteriorly, the 

connective tissue components of meningeal sheaths terminate by blending into the outer layer of sclera.  

Where this merger takes place, the subarachnoid space and subdural space end blindly.   

Dura mater is mostly comprised of elastic fibres with collagen subunits also interspersed within this 

structure.  The arachnoid mater consists of several layers of flattened meningothelial cells that are held 

together by desmosomes.  The pia mater is a layer of collagen connective tissue and fibroblasts that is 

covered with an uninterrupted mesothelium.  The under surface of the connective tissue layer of the pia 

mater extend projections that are continuous with the connective tissue septa of the optic nerve.   

Although there have been a number of excellent histological studies concerning the human optic nerve 

head there is a paucity of knowledge regarding the histomorphometric dimensions of the normal human 

eye.  There have been a number of detailed morphometric reports concerning this topic however the 

donor age of ‘normal’ groups in many of these previous studies were age-matched to glaucomatous 

eyes. 133, 138, 139 As a result, a number of these studies failed to account for the influence of age on 

reported measures.  Furthermore, the morphometry of meningeal structures are yet to be delineated in 

any detail.  In vivo measurements by Morgan et al.121 suggests that the pia mater acts to modulate tissue 

pressures in the retro laminar optic nerve however there have been no anatomic correlations performed 

to support these findings.  This thesis will provide the results of a thorough histomorphometric analysis 

involving young, non-diseased human optic nerve heads.  Furthermore, it will provide a detailed 

quantitative examination of pia mater morphology in retro laminar optic nerve.  These findings will 
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have relevance for understanding patho-physiological mechanisms that contribute to RGC axonal 

damage in the optic nerve head.      

Variation in the definitions used to partition the optic nerve head into different laminar regions has 

been a source of great discrepancy in experimental results between previous anatomical studies.  In 

order to ensure consistency, the following definitions were uniformly used in this thesis to identify 

landmarks and laminar regions within the human optic nerve head. 

• Inner limiting membrane – Distinctive glial nuclei at the vitreo-neural interface was used to 

identify this structure. 

• Pre laminar region – This region was identified by the sparse and irregular arrangement of 

nuclei and by the paucity of connective tissue structures. The inner limiting membrane and the 

anterior boundary of the lamina cribrosa were used as the anterior and posterior limits, 

respectively, of the pre laminar region. 

• Lamina cribrosa region  - The following definitions were used to demarcate anterior and 

posterior lamina cribrosa boundaries:  

(i) The anterior boundary of the anterior lamina cribrosa was defined by the 

anterior boundary of the choroid both temporally and nasally and by the anterior 

boundary of glial nuclear columns centrally and paracentrally.  

(ii) The posterior boundary of the posterior lamina cribrosa was demarcated by the 

posterior boundary of the dense collagenous connective tissue plates.  

(iii) The anterior boundary of the posterior lamina cribrosa was demarcated by the 

anterior boundary of dense, collagenous connective tissue plates.   

• Internal neural canal – The definition provided by Burgoyne et al.140 was used to identify this 

structure.  The boundaries of this structure included the inner surface of the border tissues of 

Elschnig as they inserted into the sclera on the temporal and nasal sides of the optic nerve head.  

• Post laminar region – This was the region posterior to the dense collagenous plates of the 

posterior lamina cribrosa.   

• Pia mater – The innermost layer of the meninges that separated post-laminar optic nerve from 

the CSF was defined as pia mater.  The high connective tissue composition of pia mater allowed 

clear identification of this structure on Van Gieson stained specimens.   
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• Subarachnoid space – The CSF-containing space between pia and arachnoid mater was 

distinguishable by the presence of arachnoid trabeculae.  The anterior limit of the subarachnoid 

space was identified by the amalgamation of arachnoid mater connective tissue with the outer 

layer of scleral connective tissue. 

 

Figure 1.3 illustrates the histological delineation of the human optic nerve head into different laminar 

regions. 
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Figure 1.3 Normal human optic nerve head histology7 

A low magnification image of the human optic nerve is presented in the left panel with insets providing 

a more magnified view of the pre laminar (PL), anterior lamina cribrosa (ALc), posterior lamina 

cribrosa (PLc) and post laminar (PoL) regions.  The irregular and sparse distribution of glial cell 

nuclei are evident in the PL region while in the ALc region they form organized columns that follow the 

course of axons.  The ALc is situated in the region of the choroid (Ch) and is morphologically quite 

different in appearance to the PLc which is characterised by collagenous laminar plates (*) that are 

continuous with the scleral (Sc) margin.  Broad axonal bundles that are fasciculated by collagen sheets 

which are intermittently bridged by fibrous tissue characterise the PoL region.  Nerve fiber layer 

(NFL) of retina, subarachnoid space (SaS) within the meninges, central retinal artery (CRA) and 

central retinal vein (CRV) are also labelled.  Dotted lines demarcate the boundaries of the ALc and 

PLc.  Scale bar = 100µm 
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1.3  Important mediators of RGC axonal function 

1.3.1  Mitochondria 
The enormity of RGC axonal arborisations generates unique metabolic and functional demands within 

the axonal sub-compartment that is significantly different to the synaptic, somal and dendritic 

compartments of the neuron.141  The rudimentary capacity of the RGC axonal sub-compartment to 

synthesise protein molecules poses a major hindrance to satisfying physiological energy demands and 

requires the co-ordinated activity of neuronal adaptive mechanisms to ensure axonal nourishment and 

RGC longevity.142  As stated in the previous section, axonal transport processes which ensure the 

timely delivery of vital neurotrophins and metabolites is one means by which axonal viability is 

maintained.  The distribution and activity of mitochondrial organelles is another process by which optic 

nerve axonal energy demands are satisfied.143 

Mitochondria are membrane bound organelles that cannot be generated do novo, but instead, grow and 

divide from pre-existing organelles.144 Mitochondria are localised to regions of the cell where 

adenosine triphosphate (ATP) consumption is high and mobilise according to regional energy 

demands.145 Within the retinal ganglion cell, the dramatic variation in mitochondrial concentration 

between synaptic, somal, dendritic and axonal compartments is reflective of the unique metabolic 

demands of each region.53, 54, 146   

Movement of mitochondria is driven by kinesin and dynein molecular motors whose activity is 

modulated by intracellular changes in calcium, glutamate and neurotrophin concentration.147, 148 

Cytochrome c oxidase (CcO) is the terminal complex (complex IV) of the electron transport chain and 

is a major regulation site for oxidative phosphorylation and hence ATP production.149 Mitochondria 

respond to changes in axonal metabolic demands by up-regulating or down-regulating CcO.  

In addition to playing an important supportive role during physiological conditions and states of axonal 

stress, mitochondria also play a critical function in the demise of neurons during disease states.150  

Mitochondria primarily mediate neuronal death by reducing ATP production, releasing pro-apoptotic 

factors and activating caspase enzyme systems.151 There is a large body of evidence implicating 

abnormal mitochondrial behaviour in the pathogenesis of late onset neuro-degenerative diseases such 

as Parkinson’s disease and Alzheimer’s disease.152 The deleterious role of mitochondria in traumatic 

brain injury has also been widely demonstrated.153  
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Mitochondrial density is greatest in the unmyelinated regions of the human optic nerve head, which 

includes the pre laminar and lamina cribrosa regions.143 It is postulated that increased ATP production 

by mitochondria is required within these regions to sustain the process of non-saltatory action potential 

conduction.  Mutations to the mitochondrial genome can result in debilitating optic nerve disorders150 

but how do functionally normal RGC mitochondrial organelles respond to perturbations in the axonal 

environment?  In the experiments performed by Gaasterland et al.,154 mitochondrial swelling and 

accumulation was observed in the anterior lamina cribrosa following prolonged IOP elevation.  

However, these experiments failed to clarify if the function of mitochondria in IOP elevated eyes were 

conducive or detrimental to RGC axonal survival.  Consequently, it remains unknown if mitochondrial 

organelles mediate axonal injury in IOP elevated states or if they compensate for axonal injury by 

increasing ATP production.   

It is possible that axonal transport inhibition at the lamina cribrosa, demonstrated in previous studies, 

may be the consequence of IOP-induced mitochondrial failure within this region.  However, there have 

been no studies which were designed to examine the metabolic activity of mitochondria during IOP 

elevated states.  This is an important question, which if clarified, would greatly improve our 

understanding of pathogenic mechanisms underlying RGC axonal injury and death in glaucoma. 

This thesis aims to delineate mitochondrial behaviour following IOP elevation using CcO as a 

surrogate marker of mitochondrial activity.  The temporal sequence of mitochondrial, axonal transport 

and cytoskeleton alteration will be concurrently defined following IOP elevation in an effort to identify 

cause-consequence relationships involving mitochondrial organelles.    

1.3.2  Nitric oxide synthase enzymes 
Nitric oxide synthase (NOS) isoforms are a closely related family of enzymatic proteins that synthesise 

and regulate nitric oxide levels in the CNS.155 Nitric oxide influences synaptic neurotransmitter release, 

influences intracellular signalling mechanisms and regulates vascular tone.156 By controlling nitric 

oxide concentrations, NOS isoforms are critically placed to regulate RGC activity.  Three isoforms of 

NOS enzyme have been identified: neuronal nitric oxide synthase (nNOS) or NOS-1, immunologic 

nitric oxide synthase (iNOS) or NOS-2 and endothelial cell nitric oxide synthase (ecNOS) or NOS-3.  

Within the CNS, endothelial nitric oxide synthase promotes vessel dilatation and inhibits micro-

vascular plugging thereby having a beneficial effect on the neuronal function.157 Neuronal nitric oxide 

synthase and inducible nitric oxide synthase however antagonise the effects of ecNOS and cause 
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widespread neural damage by activating cytokine systems and promoting the destructive activity of 

inflammatory cells.158   

Astrocytes, endothelia and inflammatory cells are all potential source of NOS enzyme production in the 

optic nerve head.159 Immunohistochemical studies have shown that NOS isoforms are physiologically 

expressed in the normal eye implying that nitric oxide plays a regulatory role in optic nerve 

homeostasis.159, 160 The effects of chronic IOP elevation on NOS isoform expression have also been 

examined by several investigators and collectively these studies demonstrate an increase in neurotoxic 

NOS-1 and NOS-2 isoform expression.44, 161-163  These studies however failed to determine the duration 

of IOP elevation that is tolerated by RGC axons before induction of NOS isoforms occur.   

Similar to the axonal cytoskeleton, the magnitude and sequence of NOS isoform alteration is specific to 

the mode of optic nerve head injury.  Experimental models of traumatic brain injury have revealed that 

a momentary, compensatory increase in ecNOS occurs before the deleterious over-expression of iNOS 

and nNOS become evident.164, 165 This suggests that the axonal environment attempts to minimise and 

restore neuronal injury before cellular injury is exacerbated by neurotoxic NOS isoforms.  It is possible 

that a similar sequence of NOS expression occurs in the optic nerve head. 

This thesis will delineate the temporal sequence of optic nerve head NOS-1, NOS-2 and NOS-3 

expression in the early stages of IOP elevation.  Correlations will also be performed between axonal 

transport, cytoskeleton protein, astrocyte, nitric oxide synthase and mitochondrial changes to determine 

if NOS isoform expression precedes or follows other markers of RGC axonal injury.  These results will 

demonstrate if NOS enzymes play a protective or destructive role in the early stages of IOP elevation.  

This will have relevance for understanding glaucoma pathogenesis and may also identify neuro-

protective mechanisms that minimise/aggravate RGC axonal injury following IOP elevation. 

1.3.3  Astrocytes 
1.3.3.1  Function 

Astrocytes are one of the most abundant cell types in the optic nerve head and play a vital role in 

maintaining RGC wellbeing.166  In the mammalian brain, astrocytes outnumber neurons.  Optic nerve 

head astrocytes perform a myriad of critical functions including the buffering of the neuronal 

extracellular environment, the regulation of ionic homeostasis, physiological control of the nodes of 

Ranvier and maintenance of the blood-brain barrier.167  Astrocytes also have an important role in the 

provision of neurotrophins to RGC axons.168 Other supportive functions of optic nerve head glial cells 
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include the uptake, detoxification and elimination of neurotransmitters from the extracellular space 

among which the metabolism of glutamate has been the most extensively studied.169   

1.3.3.2  Neuron‐astrocyte‐vascular unit 

Astrocytes are in continuous communication with neurons, vascular structures and surrounding glial 

cells as demonstrated in Figure 1.4.  This communication occurs via signalling molecules such as 

neurotransmitters, cell adhesion molecules and ion fluxes.36 Two-way communication between 

astrocytes and neurons are essential for axonal homeostasis and critical for maintaining axonal 

conduction, synaptic transmission and information processing.  A typical astrocyte will communicate 

with several hundreds of neurons thus co-ordinating the homeostasis of an entire network of neurons. 

Blood vessels in the central nervous system are surrounded by foot processes that emanate from 

astrocytes.170 Astrocytic end-feet abutting vasculature express connexin-43 and purinergic P2Y 

receptors, which together permit Ca2+ increases to be transmitted a distance of 60 µm or more along the 

abluminal side of the vessel wall.170 Thus astrocytes are in a strategic position for sensing neuronal 

activity, integrating that information and matching blood flow to neuronal activity.171  

Astrocytes communicate with each other via gap junctions using Ca2+ as the major signalling 

molecule.172 In vitro studies have shown that inter-astrocyte Ca2+ waves can spread several hundreds of 

microns during a period of a few seconds.  The presence of numerous inter-cellular gap junctions 

permits astrocytes to behave as a functional syncytium and allows them to rapidly respond to 

aberrations in the neuronal extracellular environment.173



40 
 

 

Figure 1.4 Neuron-astrocyte-vascular unit174  

Triple staining of flat mount human retina reveals the intricate relationships between retinal 

capillaries (red stain), astrocyte processes (green stain) and neuronal nuclei (blue stain).  Numerous 

astroctic end feet are seen to envelop retinal capillaries.  Image was captured with a confocal scanning 

laser microscope.  Scale bar = 20 µm. 
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1.3.3.3  Glial fibrillary acid protein 

Glial Fibrillary Acidic Protein (GFAP) is a type III intermediate filament which is a major constituent 

of astrocytes and a marker commonly used to study the morphology of these cells.175 GFAP plays an 

important role in maintaining cellular architecture and confers physical strength to astrocytes.176  It is a 

54 kDa protein that consists of a α-helical rod domain flanked by a non-helical N-terminal head and a 

C-terminal tail.177  Structural and functional changes to astrocytes are associated with changes in GFAP 

expression.  Within the central nervous system, astrocytes typically increase GFAP expression in an 

activated state and decrease GFAP expression in conditions of ischemia and injury.178 

1.3.3.4  Glial organisation in the optic nerve head 

Other groups have performed detailed histological studies examining the distribution of glial cells 

within the different laminar regions of the human optic nerve head.125, 128, 179  These studies 

demonstrated  that astrocyte cell bodies form glial columns in the pre laminar region and are positioned 

around the boundaries of the laminar plates in the lamina cribrosa region.125, 128, 179 The strategic 

localisation of astrocytes amongst connective tissue structures makes them ideally placed to influence 

the biomechanical properties of the optic nerve head.  Through the production of collagen and elastin 

proteins, astrocytes play an important role in remodelling the extracellular matrix not only during 

human development,180 but also in disease states such as glaucoma.181 Astrocyte organisation in the 

normal human optic nerve head is illustrated in Figures 1.5 and 1.6.   

Many studies have utilised GFAP as a marker to study astrocyte morphology in the optic nerve head.43, 

179, 182 Two shapes of astrocytes were described in these studies: thick and thin bodied astrocytes.  

Thick bodied astrocytes were found in all regions of the optic nerve head while thin bodied astrocytes 

were only evident in the superficial nerve fibre layer and pre laminar tissue.  During the course from 

retina to post laminar optic nerve the axons of retinal ganglion cells are enveloped by the processes of 

astrocytes.  In the anterior pre laminar region, thin bodied, stellate shaped astrocytes form a sieve 

through which the RGC axons pass.  In the posterior pre laminar region the glial tubes surrounding 

axons are formed by thick bodied astrocytes. 

Thick bodied astrocytes also protect the optic nerve by constituting a series of glial limiting membranes 

that separate RGC axons from the surrounding tissue.  These include Elschning’s limiting membrane, 

Kuhnt’s intermediary tissue, Jacoby’s tissue and Graefe’s peripheral glial mantle.179
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Figure 1.5 Astrocyte arrangement in the human optic nerve head  

Dual staining of longitudinal human optic nerve sections demonstrates the high density of astrocyte 

processes (A; green stain) and the ordered arrangement of astrocyte nuclei (B; red stain) in each of the 

laminar regions. The presence of glial columns in the anterior lamina cribrosa and the circumferential 

distribution of nuclei around the collagenous plates of the posterior lamina cribrosa are clearly 

evident.  Spatial distribution between astrocyte nuclei and processes are demonstrated in the merged 

image (C).  All images in this figure are montages that were captured with a 40x lens using a confocal 

scanning laser microscope.  Pre laminar (PL), anterior lamina cribrosa (ALc), posterior lamina 

cribrosa (PLc) and post laminar (PoL) regions are demarcated in each image with fenestrated lines.  

Scale bar = 100 µm.
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Figure 1.6 Astrocyte-axon relationships in the human optic nerve head  

Dual staining of longitudinal human optic nerve sections demonstrates the high proportion of astrocyte 

processes (A; green stain), with respect of axonal processes (B; yellow stain), in each of the laminar 

regions. The ratio of astrocyte to axonal tissue is particularly great in the lamina cribrosa region.  

Spatial distribution between astrocyte processes and axonal tissue are demonstrated in the merged 

image (C).  All images in this figure are montages that were captured with a 40x lens using a confocal 

scanning laser microscope.  Pre laminar (PL), anterior lamina cribrosa (ALc), posterior lamina 

cribrosa (PLc) and post laminar (PoL) regions are demarcated in each image with fenestrated lines.  

Scale bar = 100 µm. 
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1.3.3.5  Astrocyte responses in CNS and optic nerve disease 

An extensive body of work has demonstrated that various modes of CNS injury will result in GFAP 

expression changes to astrocytes.183  Although the specific factors which are responsible for initiating 

changes in GFAP expression are unknown it is believed that local substances released by injured tissue 

may determine the astrocyte response.184  Reactive astrocytosis is a common response seen following 

CNS injury and is characterised biochemically by increased GFAP expression and morphologically by 

hypertrophy and hyperplasia of astrocytic processes.185  Reactive astrocytes form a barrier around 

injured neural tissue to enclose toxic substances and by doing so limit propagation of neuronal injury.  

Within this enclosed region however, reactive astrocytes can compromise neuronal viability by 

inhibiting CNS regeneration and axonal growth.186  The contribution of reactive astrocytes to axonal 

damage and optic nerve remodelling in glaucoma has been well documented.43, 187   

Although increased GFAP expression is seen in reactive astrocytes, other types of CNS injuries can 

cause a decrease in GFAP expression.  Concurrent study of neurons and astrocytes during experimental 

cerebral ischemia has demonstrated a decrease in GFAP expression at sites of irreversible neural and 

glial cell injury.188  Work that has examined the astroglial response during Wallerian degeneration in 

the human spinal cord has also shown a gradual decrease in GFAP stain in degenerating nerve tissue.189   

In addition to altering GFAP expression, neural injury can also cause changes to astrocyte morphology 

as a consequences of glial cell volume modification.190  Astrocyte swelling has been clearly 

demonstrated following CNS ischemia and in altered metabolic conditions such as hypoglycaemia and 

liver failure.178  On a biochemical level, in vivo studies have shown that an alteration in cellular 

osmolality, glutamate, calcium, potassium, lactate and oxygen concentrations can result in astrocyte 

swelling.190-193  Astrocyte swelling is believed to represent the earliest response to CNS injury.184  The 

initial phase of swelling seen in astrocytes is thought to be a compensatory response by these cells as 

they attempt to preserve neuronal function.  Prolonged periods of swelling however can compromise 

the astrocytes ability to regulate neural homeostasis and at this point the astrocyte could potentially be 

responsible for initiating and propagating neuronal damage.184 

Previous investigators have described the effects of IOP rise on GFAP expression in the eye.  Within 

the retina, a rise in IOP results in an increase in GFAP expression in primate, human and rodent 

eyes.194-196 The sequence of GFAP change in the optic nerve head however is more variable following 

IOP elevation.  Experimental work in rodent eyes by one group revealed no change in GFAP intensity 

after 14 days of IOP elevation,194 whilst another group reported a decrease in GFAP intensity after one 
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week of IOP elevation with normalisation of GFAP levels after 33 days.197 Results from the latter 

group were similar to findings from optic nerve crush experiments where a decrease in GFAP stain was 

observed at the site of axonal injury.198 Histological analysis of glaucomatous human eyes 

demonstrated an increase in GFAP reactivity in the optic nerve head.199   

Astrocyte morphology provides valuable information that may be used to infer knowledge about glial 

behaviour however there are virtually no studies that document astrocyte morphology changes in the 

optic nerve head following IOP elevation.  In the study by Varela and Hernandez, astrocytes in the pre 

laminar region were described as being larger and having thicker processes in comparison to 

controls.199 In the same study, cells in the lamina cribrosa were found to have a rounded appearance 

with the loss of their lamellar disposition.199  Quantitative data regarding astrocyte morphology changes 

after IOP elevation is lacking from the ophthalmic literature. 

It is widely agreed that RGC axonal function is negatively modified in the early stages of IOP 

elevation.  This has been clearly demonstrated by several investigators whom have shown axonal 

transport retardation in the lamina cribrosa within hours of intraocular pressure rise.  If the primary role 

of glial cells during the physiological state is to preserve axonal function, how do they respond during 

the early stages of IOP rise?  Does astrocyte failure precipitate axonal transport dysfunction?  There 

have been no studies examining the sequence of astrocyte change with respect to axonal transport, 

mitochondrial, nitric oxide and cytoskeleton behaviour.  Yet it is clearly established that the astrocyte 

syncytium is capable of immediately modulating neuronal activity during states of axonal stress 

through an elaborate network of gap junctions, foot processes and neurotransmitters.  

If reactive astrocytosis preceded axonal transport changes in the optic nerve head it may suggest that 

astrocytes are involved in mediating axonal damage in the early stages of glaucoma.  It will also 

suggest that transient spikes in IOP, which is clinically very often seen post-operatively, may in-fact 

result in irreversible optic nerve head damage.  This thesis documents the behaviour of astrocytes, with 

respect to structural and functional axonal changes, following IOP elevation, ischemia and axotomy 

insults to the RGC axon.  A major aim of this thesis is to define the behaviour of astrocytes in the early 

stages of RGC axonal injury.  Do astrocytes preserve axonal function or are they involved in 

exacerbating neuronal injury? 
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1.3.4  Tissue pressures 
The intraocular compartment is subject to intraocular pressure (IOP) which in man has a mean value of 

16 mmHg as measured by applanation tonometry.200  Within the tissue structures of the eye the 

interstitial pressure is assumed to be equivalent to IOP.  One exception is the pressure within the 

suprachoroidal space which is known to be lower than IOP.  Direct cannulation of the suprachoroidal 

space by Van Alphen201 demonstrated that suprachoroidal pressure was 1 - 2 mmHg below IOP while 

Emi et al.202 found that the pressure difference was in the range of 0.8 – 3.7 mmHg less than IOP.  

Few investigators however have been able to attain real time measurements of tissue pressures in the 

various laminar regions of the optic nerve head.  Ernest et al.203 used a large bore cannula to attain 

crude pressure measurements across the cat optic nerve head.  From the results of his experiments he 

postulated that a pressure gradient most likely acts across the lamina cribrosa.  The most detailed 

studies with regards to this topic however have been completed by Morgan et al.121, 122 who employed 

micropipette technology to acquire in vivo pressure measurements across the lamina cribrosa and pia 

mater of the optic nerve head.  These investigations were performed on canine animal models over a 

range of intraocular and cerebrospinal fluid pressures.  Morgan’s studies were the first to clearly 

demonstrate that neural tissue pressure anterior to the lamina cribrosa was determined by IOP while 

neural tissue pressure posterior to the lamina cribrosa was determined by CSF pressure.  They were 

also one of the few studies to convincingly demonstrate the existence of significant pressure gradients 

across the lamina cribrosa and pia mater. 

As discussed in a previous section, neuronal tissue pressures and pressure gradients are important 

determinants of axonal function.  Currently, the magnitude of physiological pressures within each 

laminar compartment traversed by the human RGC axon is unknown.  This is largely due to obvious 

technical limitations in performing micropipette cannulation experiments in the live human eye.  If 

morphometric similarities between the human eye and dog eye are established, it would be possible, 

with assumptions, to estimate human optic nerve pressures using data from Morgan’s121, 122 

experiments.  This thesis will compare the morphometric characteristics of human and dog optic nerve 

heads and then provide the first estimates of tissue pressures in the human optic nerve head.  The major 

pressure compartments in the human optic nerve head are schematically illustrated in Figure 1.7. 
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Figure 1.7 Optic nerve head pressure compartments  

Separate tones have been used to highlight distinct pressure compartments in the human optic nerve 

head.  Tissue pressure in the pre laminar region (PL; green shade) is predominantly determined by 

intraocular pressure.  Tissue pressure in the post laminar region (PoL; yellow shade) is determined by 

cerebrospinal fluid pressure in the subarachnoid space (SaS).  The lamina cribrosa (blue shade) 

partitions the optic disk and plays an important role in accommodating the pressure gradient between 

PL and PoL compartments.  It is currently unknown if the pressure gradient falls across the entire 

thickness of the laminar cribrosa or if it is just isolated to the anterior lamina cribrosa (ALc) or 

posterior lamina cribrosa (PLc) sub-compartments.  The course of retinal ganglion cell axons from the 

nerve fibre layer (NFL) of retina to post laminar optic nerve is delineated in red ink.  A significant 

pressure gradient, that is tolerated by pia mater, also exists between SaS and PoL tissue compartments. 
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1.4  Glaucoma 

The glaucomas are the second most common cause of blindness worldwide, accounting for 14% of 

blindness in the developed world.2 Visual field loss in glaucoma is due to the time-dependent loss of 

RGC axons.4 Optic disk cupping is the clinical hallmark of RGC axonal loss and is the manifestation of 

neuro-retinal rim thinning, posterior displacement of the lamina cribrosa and modification of glial and 

vascular structures within the optic nerve head.4 

Raised IOP is the most significant risk factor for glaucoma although recent evidence suggests that low 

CSFp also increases the risk of glaucomatous nerve damage.204, 205  Both IOP and CSFp are important 

determinants of the pressure gradient acting across the optic nerve head (determined by IOP – CSFp), 

making it highly likely that altered pressure gradients are critical in the pathogenesis of glaucoma.   

1.4.1  Possible mechanisms of glaucomatous optic nerve damage 
Although there is evidence to suggest that IOP elevation provokes multi-compartmental retinal 

ganglion cell dysfunction it is widely agreed that glaucomatous nerve death is the consequence of 

irreversible axonal injury at the optic nerve head.206 Anatomically, RGC axons are most vulnerable to 

injury at the lamina cribrosa as they traverse the non-uniform laminar pores to enter the post laminar 

region of the optic nerve.3 Axons in the superior and inferior portions of the optic disk are most 

susceptible to injury with a possible association to increased laminar pore size and decreased 

connective tissue support for axonal arborisations within these regions.3 One of the most detailed 

studies to date concerning this subject has been performed by Harry Quigley whose histological 

analyses demonstrated that morphological changes to the lamina cribrosa, induced by IOP elevation, 

correlated with neural loss in open angle glaucoma.3 

One of the earliest changes to occur in glaucomatous eyes is the compression of connective tissue 

plates within the lamina cribrosa.3, 4 This observation was first noted histologically in 1983 and later 

supported by the results of in vivo optic nerve head modelling experiments involving primates.207 The 

finding of IOP-induced laminar movement provided the impetus for the mechanical theory of 

glaucomatous optic neuropathy.  The mechanical theory proposed that RGC axonal loss in glaucoma 

was the result of IOP-induced mechanical constriction of neuronal structures at the lamina cribrosa.208 

Experimental evidence of axonal transport inhibition at sites of laminar plate compression further 

supported this mechanical theory. 
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Figure 1.8 Glaucomatous optic nerve head histology  

Light microscope (A) and scanning electron microscope209(B) images of a human glaucomatous optic 

nerve head demonstrate the marked posterior displacement and distortion of the lamina cribrosa.  The 

lack of axonal tissue is also evident. Light microscope section has been stained with Haematoxylin and 

Eosin. 
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Approximately 15% of patients that demonstrate glaucomatous axonal loss have an intraocular pressure 

measured in the range between 10 – 20 mmHg.210  This is considered the normal range for IOP.  This 

suggests that factors, other than IOP-induced mechanical deformation, are responsible for the process 

of glaucomatous optic neuropathy.  The vascular theory provides an alternative patho-physiological 

explanation for glaucomatous optic neuropathy and proposes that RGC axonal loss is primarily the 

result of chronic hypoxia and ischemia within the optic nerve head.211  Retro laminar and pre laminar 

ischemia are the central patho-physiologies of the traditional vascular hypotheses.212 Experiments 

which have demonstrated an up-regulation of hypoxia-inducible factor-1, an oxygen-regulated 

transcription factor, at sites corresponding to visual field loss have given support to the vascular 

theory.213 Furthermore, endothelin-induced ischemia experiments involving primate optic nerves which 

demonstrate a similar pattern of RGC axonal loss to IOP elevated glaucoma experiments, also suggest 

that ischemia may be involved in the pathogenesis of glaucomatous optic neuropathy.214    

More recently, there has been a shift towards a multi-factorial model of glaucomatous nerve damage 

with an increasing number of investigators suggesting that vascular, mechanical and other unknown 

pathogenic factors are involved in the process of RGC axonal loss.  The multi-factorial model is best 

exemplified by the biomechanical paradigm proposed by Claude Burgoyne.215 Burgoyne’s paradigm 

suggests that both mechanical failure of connective tissue structures, scleral canal wall and peri-

papillary sclera in addition to axonal compromise within the lamina cribrosa are responsible for 

glaucomatous nerve injury.  This paradigm proposes that connective tissue and axonal alterations are 

the result of altered stress and strain forces within the optic nerve head which may eventuate in some 

degree of neuronal ischemia.  

It is difficult to perform in vivo studies to investigate the relative contribution of ischemia and 

mechanical compression to the process of glaucomatous axonal loss.  As a consequence, we are reliant 

on the results of modelling experiments to improve our understanding of glaucomatous patho-

physiology,207, 216-218  which at times are based on a series of assumptions and may only provide a 

limited amount of information.  If we were to better understand the timing and contribution of each 

pathogenic component to glaucomatous optic neuropathy it would improve our approach to disease 

management.  By examining the sequence and magnitude of IOP-evoked cellular changes it may be 

possible to infer some knowledge about the important pathogenic events that contribute to the process 

of glaucomatous optic neuropathy.    



51 
 

1.4.2  Patho‐physiological processes underlying glaucomatous optic neuropathy 
A complex interaction of structural, functional and signalling events underlies the process of 

glaucomatous optic neuropathy.  The experimental evidence that implicates axogenic, glial and 

metabolic mechanisms of RGC axonal loss in glaucoma will now be listed.  A number of these 

processes have already been discussed in detail in preceding subsections and will only be addressed 

briefly at this point: 

I. Axonal transport – Detailed experimental studies by Quigley, Radius, Anderson and Hayreh 

have provided evidence that axonal transport inhibition at the lamina cribrosa is an early and 

sustained consequence of IOP elevation.42, 115, 116, 219  Somal neurotrophin deprivation, as a result 

of axonal transport retardation, is believed to initiate pro-apoptosis cascades that eventuate in 

RGC death.117, 118 

II. Astrocytes – Rosario Hernandez published a number of discerning reports concerning the role of 

reactive astrocytes in glaucomatous optic neuropathy.43, 199, 220-222  In vivo and in vitro 

experiments performed in her laboratory provided insight into the intricacies of neuro-toxic 

astrocyte behaviour during states of chronic IOP elevation.  Her experiments revealed that 

TGFβ2 cytokine production, optic nerve head extracellular matrix remodelling and neurotrophin 

deprivation were mechanisms by which reactive astrocytes induce axonal degeneration and 

irreversible pathological changes.   

III. Mitochondria mediated pathways – Increased production of TNF-α in the optic nerve head, 

following prolonged periods of IOP elevation, has been shown to cause RGC death via 

activation of mitochondrial apoptotic cell death cascades.223 Release of OPA1 and cytochrome c 

are other means by which mitochondria mediate axonal damage in glaucoma.224 

IV. Nitric oxide synthase systems – Increased NOS-1 and NOS-2 expression in glaucomatous optic 

nerve heads has been shown to exacerbate axonal injury and mediate neuronal death by causing 

elevation in regional nitric oxide concentrations.163 

V. Oxidative stress – IOP-induced accumulation of reactive oxygen species in the optic nerve head 

is believed to contribute to RGC death by inducing apoptotic cascades.225, 226 

Despite evidence implicating key pathogenic players in the process of glaucomatous neuro-

degeneration there remains considerable debate regarding the order of events that eventuate in RGC 

death.  Is each pathogenic event a separate entity or are they highly dependent processes that are 
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activated by each other?  If so, which are the earliest pathogenic events to be initiated by IOP 

elevation?  

Although there is overwhelming experimental evidence which demonstrate the activation of 

dysfunctional cellular processes upon IOP elevation, how soon after IOP elevation does this occur? Are 

all biological processes induced by IOP elevation detrimental to RGC function or is there an initial 

period where compensatory processes that restore and preserve axonal function are activated?  It is this 

lack of basic knowledge which this thesis attempts to address. 

1.5  Summary 

The core work in this thesis will be the delineation of the time-dependent change in cytoskeleton 

protein, astrocyte and axonal behaviour in the early stages of IOP-, axotomy- and ischemia-induced 

injury to RGC axons.  A comparison of the sequence and magnitude of axonal change between the 

three modes of injury will be used to ascertain the contribution of mechanical and vascular components 

in the process of IOP induced axonal injury.  The work in this thesis will also aim to determine if acute 

IOP elevation results in the up-regulation of compensatory mechanisms that serve to minimise RGC 

axonal damage.  Finally, a detailed analysis of cytoskeleton protein distribution and pia mater 

morphology in the human optic nerve head will be used to identify structural modifications that protect 

retinal ganglion cell axons from injury.   

1.5.1  Hypothesis 
The hypotheses tested in this thesis concern the role of cytoskeleton proteins in RGC axonal 

physiology and disease.  As cytoskeleton proteins are important determinants of axonal caliber it is 

expected that the pattern of distribution of cytoskeleton proteins in the optic nerve head is non-

homegenous and arranged such that it supports action potential conduction in unmyelinated nerve.  

Furthermore, as cytoskeleton proteins maintain intimate relationships with cellular homeostatic systems 

it is likely that cytoskeleton subunit alteration occurs acutely following axonal injury, before the onset 

of axonal transport inhibition, with the sequence of subunit alteration holding important correlations to 

the sequence of homeostatic system perturbation.  Finally, it is predicted that cytoskeleton protein 

modification is intrinsically involved in the patho-physiology of glaucomatous axonal loss and 

collectively, together with astrocytes, mitochondria and biochemical enzyme systems, determines the 

magnitude of IOP-mediated axonal modification.   
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1.5.2  Key questions addressed in this thesis 
Four important issues are addressed in this thesis. 

I How do cytoskeleton proteins behave following RGC axonal injury? 

Studies are performed to provide a comprehensive time-dependent delineation of cytoskeleton subunit 

change following elevated IOP-, ischemia- and axotomy-induced RGC axonal injury.  The major 

questions are: 

1. Is cytoskeleton protein alteration an acute consequence of RGC axonal injury? 

2. Are cytoskeleton proteins modified in a reproducible and identical manner following all forms 

of RGC axonal injury? 

 

II What is the nature of the astrocyte response following RGC axonal injury? 

GFAP is used as a biomarker to examine the time-dependent behaviour of astrocytes following 

elevated IOP-, ischemia- and axotomy-induced RGC axonal injury.  The major questions are: 

1. Are astrocytes injured or activated in the early stages of RGC axonal injury? 

2. Is the response of astrocytes to all form of RGC axonal injury identical? 

 

III What are the cause-consequence relationships in glaucoma pathogenesis? 

Studies are performed to define the chronology of cytoskeleton, axonal transport, astrocyte, 

mitochondrial enzyme and NOS enzyme alteration following acute IOP elevation.  The major questions 

are: 

1. Does cytoskeleton protein alteration precede axonal transport retardation and astrocyte 

modification in the optic nerve head? 

2. Are mitochondrial and nitric oxide synthase systems activated in the optic nerve head 

following IOP elevation, and if so do they have a protective or deleterious effect on RGC 

axonal structure and function?  Furthermore, are these enzyme systems activated before or 

after IOP-induced axonal injury? 
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IV Does the human optic nerve head demonstrate structural adaptations that 

inherently serve to protect RGC axons from injury? 

Postmortem studies are performed to characterize pia mater morphology and cytoskeleton protein 

distribution in the human optic nerve. The major questions are: 

1. Does the pattern of cytoskeleton protein distribution have a functional consequence within the 

human optic nerve head? 

2. Is there a relationship between post laminar pia mater morphology and post laminar tissue 

pressure characteristics? 
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2.  Methodological overview 

2.1  Aim 

This chapter validates the use of porcine experimental models for studies of retinal ganglion cell (RGC) 

and central nervous system (CNS) disease.  The methodological details of animal models that were 

utilized to examine the effects of intraocular pressure-, ischemia- and axotomy-induced injury on RGC 

structure and function are also described in detail.  This chapter also provides the details of robust 

histological, microscopic and statistical techniques that were employed to analyse the RGC axonal 

response to different modes of injury. 
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2.2  The eye as an experimental model of CNS disease 

2.2.1  Optic nerve 
The optic nerve is a direct extension of the CNS and has been used in previous studies to simulate 

models of axonal injury in the brain.227 The accessibility of the optic nerve and the uni-directional 

projection of retinal ganglion cell axons within the nerve make it an ideal structure for use in 

experimental studies.  The optic nerve acquires a myelin and meningeal sheath behind the lamina 

cribrosa and by doing so shares a similarity to many axon pathways within the brain.127  RGC axons 

commence in the eye, which like the brain is also a rigid chamber with unique compartmental pressure 

properties.121, 122  In the same manner that parenchymal tissue pressure within the brain is raised 

following a rise in intracranial pressure (ICP), optic nerve tissue pressures are influenced by 

surrounding compartmental pressures 122 As stated previously, neural tissue pressure in the pre laminar 

region is determined by intraocular pressure while neural tissue pressure in the post laminar region is 

determined largely by CSF pressure.121, 122 The pressure difference between pre laminar and post 

laminar regions is greatest at the lamina cribrosa.122   

The intraocular and CSF compartments are readily accessible for cannulation thus allowing meticulous 

control and manipulation of pressures in the pre laminar and post laminar regions.   It thereby also 

provides a means by which the pressure gradient acting across optic nerve axons can be modulated.  A 

major shortcoming in many neuroscience studies that have aimed to investigate the effects of raised 

intracranial pressure and hydrocephalus on CNS structures is the experimental model by which 

absolute pressure and pressure gradients were altered.  A large number of these studies employed 

animal models of percussion brain injury which resulted in unreliable measures of pressure changes 

and, additionally, exerted a non-uniform pathogenic effect on brain structures.228  A large number of 

these limitations may be over come by using the optic nerve as an experimental model as it allows 

precise separation of the effects of absolute pressure increase and pressure gradient elevation on CNS 

structure and function. 

This thesis will provide findings from optic nerve experiments that will improve our understanding of 

pathogenic mechanisms underlying important CNS diseases such as hydrocephalus and traumatic brain 

injury. 
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2.2.2  Retina 
Myelin membrane proteins are putative determinants of neuron survival following CNS injury and 

modulate axonal activity through inhibitory, permissive and repulsive guidance cues.229 In vitro and in 

vivo studies have revealed that the reticulon family of membrane proteins in CNS myelin230 are 

predominantly responsible for the relative lack of regenerative potential in myelinated axons.  Various 

experimental models have shown that alteration or elimination of oligodendrocyte-derived myelin 

permit some degree of axonal regeneration in the CNS implying that, in the absence of extrinsic 

inhibition, the intrinsic response of neuronal tissue to injury is to restore axonal continuity and 

function.231, 232 Although these previous studies have greatly improved our understanding of myelin-

mediated inhibition of axon regeneration, the results of these experiments to some extent have been 

confounded by the influence of genetic deletions inducing unknown variations in the genetic 

background of experimental models and the iatrogenic effects of immunological techniques utilised for 

receptor antagonism and demyelination.  Studies utilising physiologically unmyelinated CNS axons to 

examine the neuronal response post-injury may remove some of these confounding factors thereby 

improving our understanding of biological processes involved in axonal regeneration and degeneration 

in the central nervous system.   

The intra-retinal portion of the retinal ganglion cell axon, in many animal species, is physiologically 

unmyelinated.  Consequently, experimental models of retinal axonal injury are a reliable means of 

examining the intrinsic response of neuronal elements to injury in the absence of CNS myelin 

inhibition.  Unlike unmyelinated axons in the peripheral nervous system, that remain modulated by 

Schwann cells,233 RGC axons in the retina are devoid of myelin-producing glia.  

This thesis will provide findings from retina experiments that will improve our understanding of the 

neuronal response to injury within an unmyelinated CNS environment.  In man, the pyramidal bundle 

is the largest of the CNS motor tracts comprising 30% of the spinal cord.234 Forty percent of the 

pyramidal tract is comprised of unmyelinated nerve fibres.  Findings from retinal experiments will 

therefore be particularly relevant to our understanding of degenerative and regenerative mechanisms 

involved in spinal cord disease. 

2.3  Utility of the porcine eye for experimental studies 

The pig and human eye share many structural similarities.235  The ultrastructure of porcine retina 

demonstrates a typical primate-like architecture with the exception that there is no fovea.236 Porcine 



58 
 

retina, similar to humans, is comprised of a photoreceptor layer, outer nuclear layer, outer plexiform 

layer, inner nuclear layer, inner plexiform layer, ganglion cell layer and nerve fibre layer.236 The 

thickness of individual retinal layers and the distribution of cytoskeleton proteins within these retinal 

layers parallel the human eye.236, 237  Porcine retinal ganglion cells are stratified into three distinct 

classes on the basis of somal size and demonstrate retinal density profiles that are analogous to primate 

eyes.238 Homeostatic activities of porcine retinal ganglion cells are principally supported by nerve fibre 

layer astrocytes and muller cells which extend complex processes that traverse the entire thickness of 

the retina.236 In the regard, the organization of glial cells in porcine retina also bears strong resemblance 

to the human eye.  Concerning vascular supply, the retinal circulation in the pig is holangiotic with 

major vessels being embedded in the superficial layers of the retina.239  Unlike the human eye, there is 

no central retinal artery present in the pig.239 

RGC axons, that comprise the porcine optic nerve, form organized fascicles as they leave the retina to 

enter the brain.235  The pattern of myelination in the porcine optic nerve is similar to humans, being 

myelinated posterior to the lamina cribrosa and unmyelinated within the intra-retinal portion of RGC 

axons.7   In this regard, the porcine RGC axon is structurally more similar to humans than rabbit or 

rodent eyes.  Unlike rabbit, dog and rodent which display a sparse number of laminar plates, the 

porcine lamina cribrosa is structurally well developed and morphologically similar to humans.240-242 

Both human and porcine optic nerves have a high concentration of astrocytes within laminar regions of 

the optic nerve head.243  Like human astrocytes, porcine glial cells are intimately involved in 

modulating axonal function and conferring biomechanical strength to the optic nerve head.43 The 

laminar region in both humans and pigs are supplied by vessels arising from the Circle of Zinn-Haller 

and from branches of the posterior ciliary arteries.239 

The clinical and histological appearance of a normal porcine optic nerve head is presented in Figure 

2.1.  A comparison of neuronal characteristics in the human optic nerve head and eyes of animals 

commonly employed for ophthalmic research are provided in Table 2.1.  Data presented in Table 2.1 

concerns the retrobulbar portion of the optic nerve.  A comparison of histomorphometric features of the 

human optic nerve head and eyes of animals commonly employed for ophthalmic research are provided 

in Table 2.2. 
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The pig experimental model was used for intraocular pressure, ischemia and axotomy experiments 

described in this thesis because of the many structural similarities shared between porcine and human 

RGC axons.  The close resemblance in the pattern of axonal myelination, cytoskeleton protein 

distribution and glial support, both within the intra-retinal and extra-retinal portion of the RGC axons, 

would also allow reliable extrapolation of experimentally-evoked biological findings to the human eye.  

Additionally, as the porcine RGC axon is part of the CNS it provides an excellent model for comparing 

the intrinsic response of CNS axons to injury in the presence, and absence, of myelin.  The porcine eye 

is also a readily accessible model that is useful for investigating the effects of pressure gradient 

changes on RGC axon and CNS function. 

 

 

Figure 2-1 Normal pig optic nerve head histology5 

(A) Fundus photograph of pig optic nerve head. (B) Longitudinal histological section labelled with Van 

Gieson’s stain illustrates the pre laminar (PL), lamina cribrosa (LC) and post laminar (PoL) regions 

of porcine optic nerve head.  The lamina cribrosa (demarcated by fenestrated line) is defined by the 

presence of dense, collagenous plates that bridge the diameter of scleral canal.  Scale Bar = 500 µm
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Table 2.1 Inter-species comparison of RGC axon and retrobulbar optic nerve 

morphology 

Results from previous quantitative studies are summarised 

 

 

 

 

Table 2.2 Inter-species comparison of lamina cribrosa histomorphometry 

Results from previous histomorphometric studies concerning the lamina cribrosa are summarised.  

Quantitative studies of monkey and rabbit lamina cribrosa structure are lacking.  

 

 

 

 

 

 

 

 Cross-sectional area of 
optic nerve Total axon count Density of axons 

Mean axonal 
diameter 

Human29, 123, 133 8.09 ± 1.38 mm2 1,158,000 ± 222,000 194.9 ± 26.5 per 1000µm2 1.18 ± 0.6 µm 
Monkey244, 245 5.6 mm2 1,067,926 ± 71,447 285,460 ± 5555 per mm2 0.8 ± 0.09 µm 

Horse246, 247 20.03 ± 1.04 mm2 506,098 ± 32,679 29.7 per 1000µm2 2.56 ± 1.45 
µm 

Pig240, 248 N/A 442629 N/A N/A 
Rat242, 249-251 0.272 ± 0.023 mm2 105,100 ± 6211 498,900 ± 56,900 per mm2 0.798 µm 
Rabbit252 0.87 mm2 394,000 ± 20,000 447 per 1000 µm2 1 µm 

 Total laminar 
area 

Total pore 
count 

Mean pore density 
(pores per mm2) 

Mean ± SD of 
individual pore area 

Human29, 123, 133 2.88 mm2 227 4000 ± 1000 79 µm2 
Horse246, 247 13.9 mm2 560 5282 ± 2089 43 µm2 
Pig240, 248 8.29 mm2 517 3752 ± 572 67 µm2 
Rat242, 249-251 0.05 mm2 20-30 20-1963           500 µm2 
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2.4  Animal details 

All experiments were conducted in accordance with the ARVO statement for the Use of Animals in 

Ophthalmic and Vision Research.  Experimental methods reported in this thesis were approved by the 

University of Western Australia Animal Ethics Committee.   Female white Landrace pigs, aged 

between 8-11 weeks and weighing between 18 -31 kilograms, were used.  All animals were acquired 

from a local pig farm. 

2.5  Anaesthesia 

Anaesthesia was induced with an intramuscular injection of tiletamine/zolazepam 4.4 mg/kg (Zoletil 

100mg/ml, Virbac, Peakhurst, NSW, Australia) and Xylazine 2.2 mg/kg (Xylazil 100mg/ml, Troy 

Laboratories, Smithfield, NSW, Australia).  Anaesthesia was maintained with a constant rate infusion 

of propofol 12 mg/kg/hr (Fresol 1%, Fresenius Kabi Austria GmbH, A-8055 Graz Austria) and a 

constant rate infusion of fentanyl citrate 30 μg/kg/hr (Fentanyl Injection 50μg/ml, Mayne Pharma Pty 

Ltd, Mulgrave, VIC, Australia).  Pancuronium (Pancuronium Injection BP 2mg/ml, AstraZeneca, North 

Ryde, NSW, Australia) was given at 0.2 mg/kg IV followed by a constant rate infusion of 0.3 mg/kg/hr 

IV to induce muscle relaxation. 

Following induction, pigs were placed in sternal recumbency, intubated and ventilated (Ohmeda 7000, 

BOC Health Care, Madison, WI, USA).  Ventilator settings were adjusted to maintain end-tidal carbon 

dioxide (PaCO2) tensions between 30 and 45 mmHg.  Oxygen and nitrogen flow rates were adjusted to 

maintain arterial oxygen tensions between 80 and 115 mmHg.  Inspired oxygen concentrations and 

end-tidal carbon dioxide tensions were monitored continuously (Capnomac Ultima, Datex, Helsinki, 

Finland).  The auricular artery and femoral artery were catheterised for continuous blood pressure 

measurements and to allow collection of arterial blood samples.  Arterial blood gas samples were 

collected every 60 minutes to permit measurement of pH, carbon dioxide and oxygen tensions using a 

model 238 pH/blood gas analyser (CIBA Corning Diagnostics, Halsted, England).  Heart rate was 

monitored via electrocardiogram (Cardiocap, Datex, Helsinki, Finland). 

To maintain diastolic pressure above 60 mmHg, a balanced isotonic fluid solution (Hartmann’s, Baxter 

Healthcare Pty Ltd, Toongabbie, NSW, Australia) was administered at 10 ml/kg/hr, supplemented 

when necessary with dobutamine 1-5 μg/kg/hr (Dobutamine Injection 12.5 mg/ml, Mayne Pharma Pty 

Ltd, Mulgrave VIC, Australia) and/or Dextrans 70 at 5-10 ml/kg/hr (Gentran 70 6% w/v, Baxter 

Healthcare Ltd, Thetford, Norfolk, England).  Intravenous fluids and drugs were administered via a 
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22G catheter (BD Insyte, Becton Dickinson Infusion Therapy Systems Inc., Sandy, Utah, USA) in the 

auricular vein. 

Rectal temperature was maintained between 37 and 39.5°C with a thermal blanket (Homeothermic 

Blanket Control Unit, Harvard Apparatus Limited, Edenbridge, Kent, England) beneath and above the 

pig.  Plastic bubble wrap was also used at extremities to reduce heat loss. 

2.6  Euthanasia 

Euthanasia, on completion of the experiment, was achieved with an anaesthetic overdose of 

intravenous Pentobarbitone sodium 160 mg/kg (300mg/mL, Lethabarb, Virbac Pty Ltd, Peakhurst, 

NSW, Australia).  

2.7  Experimental models of RGC axon injury 

2.7.1  IOP‐induced axon injury 
A total of 29 pigs were used for IOP elevation experiments.  Food was withheld for 12 hours and water 

for 0.5 hours prior to each experiment.  The animal model of IOP-induced axonal injury employed for 

these experiments were similar to that previously reported by Morgan et al.122  Schematic and 

photographic diagrams of experimental methodology are presented in Figures 2.2 and 2.3. 

Two cannulae were placed into the lateral ventricles of the brain using stereotaxic coordinates for 

positioning.253  One cannula was attached to a chart recorder via a pressure transducer so that CSF 

pressure could be continually monitored and recorded.  The second cannula was attached to an infusion 

of Ringers lactate held at eye level.  After lateral canthotomy, an eye ring was sutured to the peri-

limbal sclera of each eye.  Then two 25G cannulae were inserted into the anterior chamber.  One 

cannula was attached to a chart recorder through a pressure transducer so that IOP could be continually 

monitored and recorded.  The second cannula was connected to a variable height infusion of Ringers 

lactate so that IOP could be adjusted.  The right eye was used as the control eye with the IOP 

maintained between 10-15 mmHg, while the left eye was designed as a high IOP model with the IOP 

being between 40-45 mmHg.  Cannulating the anterior chamber of the eye and lateral ventricle of the 

brain not only allowed continual recording of pressures within the intraocular and subarachnoid space 

environments respectively, but it also allowed reliable calculation of the pressure gradient acting across 

the lamina cribrosa.  IOP was elevated for 3, 6, 9 or 12 hours before animal euthanasia.  Schematic 

illustration of experimentally-induced pressure distributions across control- and high-IOP optic nerve 

heads are illustrated in Figure 2.3. 
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All pressure transducers (P23 ID Gould Statham, Gould, Cleveland, OH) were calibrated prior to the 

experiment and held at eye level.  They were connected via a conditioning module (Analog Devices, 

Norwood, MA, USA) to a chart recorder (Yokogawa LR8100, Tokyo, Japan) to allow continuous 

recording of IOP, CSF pressure and blood pressure.  Typical in-vivo recordings of IOP, CSFp and 

blood pressures are provided in Figure 2.4.  
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Figure 2-2 Experimental model of IOP-induced axonal injury  

Schematic diagram illustrates the entire experimental setup.  Pig eyes were sutured to an eye ring 

following which the anterior chamber was cannulated with 25G needles for IOP control and 

modulation (Inset I).  The right eye was used as the control eye with the IOP maintained between 10-15 

mmHg, while the left eye was used as a high-IOP model with the IOP maintained between 40-45 

mmHg for all experiments.  Two cannulae were also placed into the lateral ventricles of the brain 

(Inset II).  One cannula allowed continual monitoring of CSF pressure while the second cannula 

allowed modulation of CSF pressure.  IOP and CSFp were modulated by altering the height of 

Ringer’s lactate burette infusions that were connected, via tubing, to the anterior chamber and lateral 

ventricle respectively.  Cannulation of the femoral artery (Inset IV) allowed continual monitoring of 

blood pressure and periodic collection of blood gases.  The setup of anaesthetic induction and 

monitoring equipment is also provided (Inset III).



65 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-3 Predicted optic nerve head pressure distributions in IOP experiments11 

(A) A cannula attached to a hydrostatic reservoir, inserted into the lateral ventricles of the brain 

allowed (CSFp) in the subarachnoid space (SaS) around the posterior part of the optic nerve to be 

modulated.  Cannula in the anterior chamber of the eye allowed modulation of intraocular pressure 

(IOP) in the anterior part of the optic nerve.  Morgan et al.121, 122 have previously shown that pre 

laminar (PL) pressure in the optic nerve is equivalent to IOP and post laminar pressure (PoL) is 

equivalent to CSFp in the subarachnoid space.  Trans-lamina cribrosa pressure gradient could 

therefore be determined by calculating the difference between IOP and CSFp.  (B) Schematic plot of 

mean pressures (dotted line), in normal-pressure and high-pressure nerves, are superimposed on a 

longitudinally sectioned Van Gieson’s stained image of the pig optic nerve head.  The lamina cribrosa 

region, which is characterised by dense laminar plates, is shaded in grey.  The absolute pressure and 

pressure gradient acting upon axons in the PL and LC respectively in high-pressure nerves is seen to 

be greater.        
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Figure 2-4 Experimental tracings of IOP, CSF and blood pressures 

Tracings from experiment 18 demonstrate the typical shape of IOP, CSFp and blood pressure curves.  

Separate tracings for control-IOP (Right eye), high-IOP (Left eye), femoral artery and auricular artery 

pressures are provided  
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2.7.2  Ischemia‐induced axon injury 
A total of 8 pigs were used for ischemia experiments.  Focal retinal ischemic lesions were induced by 

occlusion of a small branch of second or third order arterioles using photo-chemical thrombosis 

techniques previously reported in pigs.254  The experimental setup is illustrated in Figure 2.5.  Both 

eyes of each animal were treated and ischemia lesions were induced at two separate time points:  

(1) The first set of lesions was induced at the beginning of the experiment and remained ischemic for 6 

hours.  

(2) The second set of lesions were induced at a different retinal location, 5 hours after the first set, and 

remained ischemic for only one hour. 

Tropicamide 1% and Phenylephrine 10% were instilled topically at the beginning of each experiment 

to induce pupil dilatation.  Baseline fundus photographs and fluorescein angiography images of each 

eye were then captured using a Topcon TRC-50VT fluorescein angiography and retinal camera 

(Topcon Medical Systems, Inc., Paramus, NJ).  10% sodium fluorescein at a dose of 1 mL/10 kg 

(PharmaLab, NSW, Australia) was injected through the auricular vein for fluorescein angiogram 

studies.  After baseline fundus photography the retinal arterioles were occluded using laser 

photocoagulation.  Technique of photocoagulation consisted of an intravenous injection of Rose Bengal 

(Sigma, St. Louis), at a dose of 10 mg/kg, following which retinal arterioles were treated with argon 

green laser (532 nm, Iris Medical, USA) using a slit lamp delivery system (CSO SL-980) and a corneal 

contact lens (Goldmann 902S 1-mirror lens, Haag-Streit, Switzerland).  Laser parameters included a 

spot size of 75µm, exposure time of 1000 milliseconds and 190 mW of power.  Between 10 -15 laser 

spots were required to induce complete occlusion of each arteriole.  Colour fundus and fluorescein 

angiogram photos were acquired immediately after laser treatment to confirm total vessel occlusion.  A 

typical fundus and corresponding fluorescein angiogram image of an experimentally induced ischemic 

lesion is presented in figure 2.6.  For the first set of retinal lesions fundus and fluorescein images were 

also collected 5 and 6 hours after vessel occlusion.  For the second set of retinal lesions a repeat series 

of images were obtained 1 hour after vessel occlusion.  Histological analysis was only performed on 

those retinal lesions that had remained occluded and ischemic for the desired period of time.  Lesions 

that demonstrated evidence of reperfusion were not used for histological studies.    
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Figure 2-5 Experimental model of ischemia- and axotomy-induced axonal injury 

(A) Following pupil dilation, axotomy and ischemia lesions were induced using argon green laser 

(wavelength 532 nm) mounted to a slit lamp delivery system.   Invasive monitoring ensured that 

cardiovascular (B) and respiratory parameters (C) remained within the physiological range for the 

duration of the experiment.  
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Figure 2-6 Fluorescein angiography following retinal arteriolar occlusion8  

A colour fundus photograph (A) and corresponding fluorescein angiogram image (B) illustrate the pale 

discolouration and non-perfusion of ischemic regions following laser-induced arteriolar occlusion.  

Sites of laser application and regional ischemia are demarcated with dotted lines.   
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2.7.3  Axotomy‐induced axon injury 
A total of 8 pigs were used for axotomy experiments.  Food was withheld for 12 hours and water for 

0.5 hours prior to each experiment.  Previously published laser techniques were utilised to induce 

retinal ganglion cell axotomy.255  The experimental setup is illustrated in Figure 2.5.  Animals used for 

axotomy experiments were also used for ischemia experiments.  Both eyes of each animal were treated.  

Axotomy lesions were induced at two separate time points:  

(1) The first set of nerve fibre layer lesions were induced at the beginning of the experiment and 

remained axotomized for 6 hours.  

(2) The second set of lesions were induced at a different retinal location, 5 hours after the first set, and 

remained axotomized for only one hour. 

Tropicamide 1% and Phenylephrine 10% were instilled topically at the beginning of each experiment 

to induce pupil dilatation.  Baseline fundus photographs and fluorescein angiography images of each 

eye were then captured using a Topcon TRC-50VT fluorescein angiography and retinal camera 

(Topcon Medical Systems, Inc., Paramus, NJ).  Retinal burns were placed approximately one to two 

disk diameters away from the optic nerve head using an argon green laser (532 nm, Iris Medical, USA) 

adapted for a slit lamp delivery system (CSO SL-980).  Laser parameters included a spot size of 75µm, 

exposure time of 1000 milliseconds and 190 mW of power.  Approximately 10 laser burns were used to 

ensure total nerve fibre layer disruption.  Colour fundus and fluorescein angiogram photos were 

acquired immediately after laser treatment to confirm maintenance of retinal perfusion within laser 

treated areas.  For the first set of retinal lesions fundus and fluorescein images were collected 5 and 6 

hours after laser treatment.  For the second set of retinal lesions a repeat series of images were obtained 

1 hour after laser treatment.  Histological analysis was only performed on those retinal lesions that had 

remained perfused after laser treatment.  Regions of retina that were ischemic after laser treatment were 

excluded from histological analysis.  10% sodium fluorescein at a dose of 1 mL/10 kg (PharmaLab, 

NSW, Australia) was injected through the auricular vein for all fluorescein angiogram studies. 
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2.8  Tissue preparation 

2.8.1  IOP experiments 

Eyes were immediately enucleated after euthanasia.  The tissue was then carefully dissected to ensure 

complete removal of the dura from the optic nerve.  The retina and the proximal 8 mm of the optic 

nerve were then carefully exposed.  Dissected tissue was mounted in Optimal Cutting Temperature 

compound (Tissue-Tek 4583, Product No. 62550-12, Tokyo, Japan) and longitudinally sectioned into 

12 µm specimens on a cryotome set at -30 ºC.  To avoid the potential tilting of sections the optic nerve 

was aligned parallel to the blade on the cryostat.  Because the dura had been removed prior to 

sectioning, the optic nerve was able to be clearly defined and it was possible to align the tissue 

accurately and ensure that the sections cut were horizontal with no tilting.  In all pigs, optic nerves 

from both eyes were identically orientated prior to cryo-sectioning to allow accurate comparisons 

between pre laminar, lamina cribrosa and post laminar regions.  Longitudinal sections were cut along 

the horizontal plane beginning in the superior portion of each optic nerve and proceeding to the inferior 

part of the nerve.  By chronologically numbering each section that was cut from the superior to inferior 

portion of the optic nerve it was possible to ensure that the level of sections used for comparison 

between control- and high-IOP eyes were reliably matched.     

2.8.2  Ischemia experiments 
Eyes together with their optic nerves were immediately enucleated after euthanasia.  Following a 5 mm 

pars plana incision each globe was immersed in 4% paraformaldehyde solution for 2 hours.  The 

anterior segment and vitreous was then removed before immersing the remaining eye cup in a fresh 

solution of 4% paraformaldehyde for another 4 hours.  After fixation, a dissecting microscope and 

straight blade was used to divide the retina into segments.  All segments commenced at the optic disk 

and extended into peripheral retina.  Stringent measures were adopted on dissection to ensure that the 

boundary of each segment was aligned parallel to the direction of axonal fibres.  Colour photographs, 

fluorescein angiograms and fundus drawings were correlated with macroscopic tissue appearance to 

identify regions of retinal ischemia prior to dissection.  Dissected retinal segments were divided into 

two groups as illustrated in Figure 2.7: 

1. Untreated segments – These were segments of retina that were devoid of ischemia and laser 

lesions.   
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2. Treated segments - There were no laser lesions within these segments.  These segments 

consisted of a region of retinal ischemia with associated retinal tissue on the disk-side and 

peripheral-side of the ischemic region.  Treated segments were divided into 1 hour and 6 hour 

groups.   

After microscopic dissection, individual retinal segments were cryo-protected by immersion in 30% 

sucrose overnight at 4ºC.  Segments were then embedded in Optimal Cutting Temperature compound 

(Tissue-Tek 4583, Product No. 62550-12, Tokyo, Japan) and sectioned into 12 µm thickness sections 

on a cryotome set at -30 ºC.  Prior to sectioning segments were aligned such that the direction of axons 

in the nerve fibre layer ran parallel to the blade on the cryotome. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-7 Retinal macroscopy following RGC axonal ischemia8   

Images collected with the dissecting microscope demonstrate the gross morphology of untreated and 

treated segments which were dissected with a straight blade (fenestrated line).  Ischemic segments, 

distal to the point of laser-induced vessel occlusion, appeared pale and demonstrated prominent 

swelling in the boundary zone between ischemic and non-ischemic retina (arrowheads).  The direction 

of axonal projections within dissected segments was parallel to that of sectioning. 
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2.8.3  Axotomy experiments 
Eyes together with their optic nerves were immediately enucleated after euthanasia.  Following a 5 mm 

pars plana incision each globe was immersed in 4% paraformaldehyde solution for 2 hours.  The 

anterior segment and vitreous was then removed before immersing the remaining eye cup in a fresh 

solution of 4% paraformaldehyde for another 4 hours.  After fixation, a dissecting microscope and 

straight blade was used to divide the retina into segments.  All segments commenced at the optic disk 

and extended into peripheral retina.  Stringent measures were adopted on dissection to ensure that the 

boundary of each segment was aligned parallel to the direction of axonal fibres.  Colour photographs, 

fluorescein angiograms and fundus drawings were correlated with macroscopic tissue appearance to 

identify regions of RGC axotomy prior to dissection.  Dissected retinal segments were divided into two 

groups as illustrated in Figure 2.8: 

1. Untreated segments – These were segments of retina that were devoid of ischemia and laser 

burns.   

2. Axotomized segments - These segments followed the projection of axotomized RGC axons 

from the optic disk to peripheral retina.  The region of nerve fibre layer disruption was 

bounded by uninterrupted retinal tissue both on the disk-side and peripheral-side of laser 

application.  Axotomized segments were divided into 1 hour and 6 hour groups.  There were 

no ischemic regions within these segments. 

After microscopic dissection, individual retinal segments were cryo-protected by immersion in 30% 

sucrose overnight at 4ºC.  Segments were then embedded in Optimal Cutting Temperature compound 

(Tissue-Tek 4583, Product No. 62550-12, Tokyo, Japan) and sectioned into 12 µm thickness sections 

on a cryotome set at -30 ºC.  Prior to sectioning segments were aligned such that the direction of axons 

in the nerve fibre layer ran parallel to the blade on the cryotome.   
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Figure 2-8 Retinal macroscopy following RGC axotomy   

Images collected with the dissecting microscope demonstrate the gross morphology of axotomized and 

untreated segments which were dissected with a straight blade (fenestrated line).  Sites of axotomy 

were distinguished by pale coloured laser lesions.  There were no regions of ischemia within 

axotomized segments.   The direction of axonal projections within dissected segments was parallel to 

that of sectioning. 
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2.9  Tissue labelling 

2.9.1  Van Gieson’s stain 
Van Gieson's Stain is a mixture of Picric Acid and Acid Fuchsin and is a reliable means of 

differentiating collagen and other connective tissue structures on light microscopy.  Collagen appears 

red/pink on Van Gieson’s stained sections while nuclei appear brown/black.  For IOP experiments Van 

Gieson’s staining was applied to some sections in order to determine histomorphometric measurements 

such as pre laminar and lamina cribrosa thickness.  

Sections subject to Van Gieson’s staining underwent the following procedure: 

1) Stained with Weigert's iron hematoxylin for 5 minutes  

2) Rinsed with distilled water  

3) Placed in Van Gieson's stain for 5 minutes  

4) Rinsed in distilled water  

4) Rinsed rapidly in 70% Ethyl Alcohol for 2 minutes. 

6) Rinsed rapidly in 100% Ethyl Alcohol for 2 minutes. 

7) Mounted in glycerol and cover-slipped on glass slides 

2.9.2  Immunohistochemistry 
Conventional immuno-histochemical techniques were employed to label neuron-, astrocyte- and 

oligodendrocyte-derived antigens.  Details of antibodies utilized for specific experiments are provided 

in the methodological section of the relevant chapter. 
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2.10  Image acquisiton 

2.10.1  Dissecting microscope 
For ischemia and axotomy experiments low magnification images of experimental lesions were 

obtained prior to retinal dissection using a high resolution digital camera (Olympus DP11) attached to a 

dissecting microscope (Olympus SZ-STS).   

2.10.2  Light microscope 
Slides for light microscopy were digitised using a high resolution digital camera (Nikon, DXM 1200, 

Nikon Corp. Tokyo, Japan) attached to a microscope (Nikon, Eclipse E800, Nikon Corp. Tokyo, 

Japan). 

2.10.3  Confocal scanning laser microscope 
Digital images of labelled tissue were captured using a BioRad MRC 1000/1024 UV confocal laser 

scanning microscope controlled by COMOS image acquisition software.  Visualisation of sections was 

achieved either by, (1) laser excitation at a 488 nm line from an argon laser with emissions detected 

through a 522/35 nm band pass filter, (2) laser excitation at a 543 nm line from a green helium neon 

laser with emissions detected through a 580/32 nm band pass filter and/or (3) laser excitation at a 

351nm line from a UV laser with emissions detected through a 450 nm band pass filter.  Either a Plan 

10x dry lens (Nikon, NA 0.3), Plan-Apo 20x dry lens (Nikon, NA 0.75), 20x Fluor lens (Nikon, NA 

0.75), Plan 40x dry lens (Nikon, NA 0.7) or Plano-Apo 60x (Nikon, NA 1.4) oil immersion lens was 

used to view immunohistochemical-labelled specimens.  Details of laser wavelengths and lenses 

utilized for specific experiments are provided in the methodological section of the relevant chapter. 

2.10.3.1 Montages of confocal microscope images 

Montages of immunohistochemical labelled images were created using motorised hardware and image 

analysis programmes.  This allowed delineation of the spatial pattern of cellular change between 

regions of direct axonal injury and surrounding tissue.  Using a motorised stage and a macro written in 

MPL under COMOS a series of Z stacks were captured for each immunohistochemical slide   For IOP 

experiments these images commenced in the pre laminar region and extended into tissue 200µm behind 

the lamina cribrosa. For ischemia and axotomy experiments these images commenced in the optic 

nerve head and extended approximately 8 mm into peripheral retina.   Each z stack consisted of a depth 

of optical sections collected at 2 µm increments along the z plane. An average of 7 sequential images 

was collected separately by Kalman, averaging 2 frames per image on slow speed.  Images were 

collected in gray scale (on a scale of 0-255).  Z stacks were montaged using a plug-in for Image J (ver. 
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1.36; http:/rsb.info.nih.gov/ij/ developed by Wayne Rasband, National Institute of Health, Bethesda, 

MD) to give a montage of each slide.   

2.11  Statistical analysis 

All statistical analysis was performed with commercial software (SigmaStat, ver. 3.1; SPSS, Chicago, 

IL).  Prior to analysis, Kolmogorov-Smirnov testing was used to determine if data was normally 

distributed.  Normally distributed data was analysed using Analysis of Variance (ANOVA) with post 

hoc factor comparison performed using a paired Student’s t-test with Bonferroni correction.  Non-

normally distributed data was analysed using ANOVA on ranks with the Tukey test employed for post 

hoc paired analysis.  Unless otherwise stated, results are expressed as mean ± standard error. 

2.12  Image analysis  

Quantitative image analysis was performed using the program Image Pro Plus (Media Cybernetics, 

Version 5.1).  All images in this thesis were prepared using Adobe Photoshop (CS2, Adobe Systems 

Inc.) and Adobe Illustrator CS2 (version 12.0, Adobe Systems Inc.).  Confocal images included in this 

thesis were false coloured using Look Up Tables available on Image J (version 1.36, National Institute 

of Health, USA, http:/rsb.info.nih.gov/ij).  Colour intensity scale bars are provided where confocal 

images have been false-coloured. 
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3.  Axonal transport and cytoskeleton protein 

alterations induced by IOP elevation 

3.1  Aim 

Although it is known that motor proteins involved in axonal transport utilize the cytoskeleton 

framework for motility,145 there have been no studies that have made direct correlations between 

cytoskeleton protein change and axonal transport retardation in the optic nerve head.  Furthermore, 

there have been no investigations that have attempted to delineate the sequence of cytoskeleton protein 

subunit alteration following IOP elevation and as a result it is unknown if distinct cytoskeleton protein 

subunits are more vulnerable/resistant to IOP-induced injury than others.  The time frame within which 

cytoskeleton protein subunits alteration occurs, following IOP elevation, has also not been clarified. 

A number of descriptive studies have reported the functional consequences of IOP elevation on optic 

nerve head axonal transport processes.42, 256Although experimental glaucoma models have 

demonstrated axonal transport retardation within the optic nerve head42, 256 it still remains unknown if 

this process in only inhibited at the lamina cribrosa, or if pre laminar and post laminar regions are also 

involved.   Additionally, there are very few quantitative studies that have made comparisons of axonal 

transport change within temporal, central and nasal nerve bundles following IOP elevation. 

Consequently, important questions regarding the time-dependency and regional vulnerability of optic 

nerve head structures to axonal transport inhibition remain unanswered. 

It was the background of confusion concerning the relationship between axonal transport and 

cytoskeleton proteins that lead to the design of the following experiments.  Using an experimental 

model with continuous IOP, cerebrospinal fluid pressure and blood pressure monitoring axonal 

transport and cytoskeleton changes were simultaneously examined within the optic nerve head 

following 3, 6 and 12 hours of IOP elevation.  Time-dependent correlations were made between axonal 

transport and cytoskeleton protein subunit change in the pre laminar, lamina cribrosa, post laminar, 

central, nasal and temporal regions of the optic nerve head.  It was hoped that the results of the 

following acute IOP-induced experiments would lay the foundation for understanding the more long 

term pathogenic processes present in human glaucoma. 
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3.2  Methods 

3.2.1  Experimental design 
A total of 21 White Landrace pigs were used.  Details of anesthetic and surgical methodology 

employed for experimental IOP elevation are described in Chapter 2.  7 pigs were used for 3 hour IOP 

experiments, 6 pigs were used for 6 hour IOP experiments and 8 pigs were used for 12 hour IOP 

experiments.  

3.2.2  Axonal transport labelling with Rhodamine‐β‐Isothiocyanate  

Rhodamine-β-Isothiocyanate (RITC; Sigma-Aldrich, St. Louis, Mo) is a fluorescent tracer that is 

incorporated into proteins and transported in both anterograde and retrograde directions by axonal 

transport.257  It has the advantage of being visualised using fluorescent methods, hence allowing 

reliable quantitative analysis, and also permits labelling of other structures within the same tissue 

through immunohistochemical techniques.  For these reasons RITC was used to study axonal transport 

in these experiments. 

At the beginning of each experiment a 30 gauge needle was passed through temporal sclera and 100 µL 

of freshly prepared 3% Rhodamine-β-Isothiocyanate was injected into the vitreous of each eye.  

Following injection, both eyes were covered with black rubberized plastic (Thorlabs Inc., Newton, NJ, 

USA) to prevent bleaching of the fluorescent tracer.  Animals were euthanased 3, 6 or 12 hours after 

injection of RITC. 

3.2.3  Immunohistochemistry 

Optic nerves were prepared post-euthanasia using techniques described in Chapter 2. For both axonal 

transport and cytoskeleton antibody studies only sections from the central region of each optic nerve 

were used. Specimens to be used for axonal transport study were stored in the dark at -80 ºC 

immediately after sectioning and viewed the following day after mounting in glycerol.  Some sections 

were stained with Van Gieson’s stain immediately after cryosectioning to determine pre laminar and 

lamina cribrosa thickness.   Remaining slides were washed for 5 minutes in a wash solution composed 

of 0.01 M PBS and Tween 20 (Sigma-Aldrich, St. Louis, Mo.) before incubation with their primary 

antibody solution. Tissues from the control- and high-IOP eye were incubated with antibodies at the 

same time prepared from the same batch of reagents. 
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All primary antibodies were made into solution with 1% goat serum (G9023, Sigma-Aldrich, St. Louis, 

Mo.) and 1% Bovine serum albumin.  0.1% Triton X-100 (Sigma-Aldrich, St. Louis, Mo.) was also 

used for all primary antibody incubations to improve permeability.  Primary antibodies used in the 

present study were: polyclonal antibody NF-L directed against the neurofilament light subunit (1:500, 

AHP286, Serotec, Oxford, U.K.), monoclonal antibody NF-M directed against the neurofilament 

medium subunit (1:200, N5264, Clone NN18, Sigma-Aldrich, St. Louis, Mo.), monoclonal antibody 

NF-H directed against the phosphorylated and non-phosphorylated neurofilament heavy subunit (1:400, 

N0142, Clone N52, Sigma-Aldrich, St. Louis, Mo.), monoclonal antibody NF-Hp directed against the 

phosphorylated neurofilament heavy subunit (1:200, N5389, Clone NE14, Sigma-Aldrich, St. Louis, 

Mo.), monoclonal antibody Tub directed against isotypes I and II of β-Tubulin (1:200, T8535, Clone 

JDR.3B8, Sigma-Aldrich, St. Louis, Mo.) and anti-MAP antibody directed against microtubule 

associated protein subunit (1:200, M7273, Sigma-Aldrich, St. Louis, Mo.).  All primary antibodies 

were incubated for 24 hours except for anti-NFL and anti-MAP that were incubated for 48 hours. 

Following primary antibody incubation all specimens were given 4 washes over 20 minutes in a 4 ºC 

wash solution.  Slides were then incubated at room temperature with a secondary antibody for 6 hours.  

Secondary antibodies used included goat anti-mouse IgG (1:400, Alexo Fluor® 488, A11001, 

Molecular Probes, Portland, OR) or goat anti-rabbit IgG (1:400, Alexo Fluor® 488, A11008, 

Molecular Probes, Portland, OR). 

Following secondary antibody incubation all specimens were washed 4 times over 20 minutes in a 4ºC 

wash solution.  Slides were then mounted in glycerol and immediately viewed with the confocal 

microscope. 

3.2.4  Image acquisition 
Details of the confocal scanning laser microscope and light microscope used to view optic nerve 

sections are provided in Chapter 2.  Methodology employed for generation of montages is also 

provided in Chapter 2. 

Visualisation of sections labelled with cytoskeletal antibodies was achieved by laser excitation at a 488 

nm line from an argon laser with emissions detected through a 522/35 nm band pass filter.  

Visualisation of RITC labelled tissue was achieved by laser excitation at a 543 nm line from a green 

helium neon laser with emissions detected through a 580/32 nm band pass filter.  A Nikon Plano-Apo 

60x (NA 1.4) oil immersion lens was used to view slides labelled with cytoskeleton antibodies while a 
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Nikon 20x (NA 0.4) dry lens was used to view RITC labelled tissue.  Images of the control- and high-

pressure eye labelled with the same primary antibody were acquired immediately after each other using 

identical instrument settings being sure to avoid saturation of the brightest pixels. 

3.2.5  Image analysis 
3.2.5.1  Quantifying pre laminar and lamina cribrosa thickness 

Van Gieson’s stained slides were used to perform quantitative measurements of lamina cribrosa 

thickness in control-IOP and high-IOP eyes.  The lamina cribrosa was identified by transverse 

arrangement of laminar beams.  The anterior and posterior limits of the transverse beams were 

identified.  Tissue bound by these anterior and posterior limits, and by the scleral canal on each side 

was considered as laminar tissue.  The distance between anterior and posterior limits was taken as the 

thickness of the lamina cribrosa.  The distance from the inner limiting membrane to the anterior limit of 

the lamina was taken as the thickness of the pre laminar region.  For lamina cribrosa thickness, three 

measurements within each region were taken, being the temporal, adjacent to temporal scleral canal; 

central; and nasal, being adjacent to the nasal scleral canal. 

3.2.5.2  Quantifying cytoskeleton differences 

For quantifying cytoskeletal change each montaged Z stack was first deconstructed in grey scale into 

its original 7 slices.  Each one of these slices was then analysed separately.  A total of 7 sections for 

each antibody in each eye were therefore analysed.  All images were randomised such that the observer 

was masked to control- and high-IOP images as well as the cytoskeletal antibody being analysed.  For 

each analysis the image was divided into 3 regions – pre laminar, lamina cribrosa and post laminar.  

The entire pre laminar and lamina cribrosa regions and the proximal 200 µm of post laminar region 

were analysed.  Images from 3 hour and 12 hour experiments were also divided into nasal, central and 

temporal regions – giving a total of 9 regions per image.  Using a quantitative histogram function the 

average pixel intensity per 1 µm2 in each region was calculated by using a sample window of a 

constant size and sampling an equal number of random points.  The mean pixel intensity in each region 

was then used for statistical analysis.  Only neural tissue was sampled.  

3.2.5.3  Quantifying axonal transport differences 

For axonal transport analysis the average intensity of the Z stack projection of each montage was used.  

All images were analysed in grey scale.  Prior to analysis, images for axonal transport analysis were 

randomised such that the observer was masked to control- and high-IOP eyes.  Twelve nerve bundles in 
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each eye were then followed from the pre laminar region to 3 mm behind the lamina cribrosa.  Using a 

sample window of constant size the average pixel intensity per 1 µm2 of RITC was calculated at 

specific points along each nerve bundle.  Points sampled along the nerve bundle included the beginning 

of the pre laminar region (immediately after the inner limiting membrane), the midpoint of the lamina 

cribrosa and the point immediately after the lamina cribrosa.  The post laminar region was sampled at 

0.2 mm increments along the nerve bundle for the first millimetre and then at every millimetre for the 

next 2 millimetres.  All points sampled along the nerve bundle were normalised and expressed as a 

percentage intensity of the point in the pre laminar region.  Nerve bundles were divided into 4 nasal, 4 

central, and 4 temporal nerve bundles during sampling to allow analysis of regional differences in 

axonal transport.  A direct comparison of the RITC intensity between control and high-IOP eyes in 

different regions of the optic nerve was performed.  

Early studies of rapid axonal transport demonstrated that quantities of tracer reaching points down the 

axon decreased in a logarithmic fashion,258 suggesting that a relatively constant proportion was retained 

or utilized at each point along the axon, with the remaining constant proportion transported distally. 

Subsequent modelling work which discusses various assumptions, based upon experimental data also 

use exponential functions in describing tracer distribution along the nerve.259, 260  Hence, it was 

assumed that under normal circumstances, a homogeneously transporting axon would maintain 

constant proportions of transport from one point to the next.  These proportions were therefore 

calculated in order to identify regions where axonal transport may differ significantly. 

As an estimate of relative axonal transport activity within different segments of the nerve the 

proportional change in RITC intensity per mm of nerve in each segment was determined.  This was 

calculated by dividing the difference in RITC intensity between the sample point and that immediately 

preceding it by the distance separating these two points in millimetres.  This result was expressed 

relative to the mean RITC intensity of these two points.  A mathematical representation of this 

calculation is given as this formula. 

        

 

 

IB – RITC Intensity at distal point 
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IA – RITC Intensity at proximal point 

DB – Distance of distal point from inner limiting membrane (ILM) (mm) 

DA – Distance of proximal point from ILM (mm) 

 

This formula calculates the proportional change in RITC intensity per mm in that nerve segment.  This 

was used as an index of segmental axonal transport.  This method allowed study of the rate of change 

in RITC intensity from the pre laminar to the midpoint of the lamina cribrosa, from the midpoint of the 

lamina cribrosa to the immediate post laminar region, and at fixed intervals along the post laminar 

region.  The changes in RITC intensity in 9 separate segments in the control- and high-IOP eyes were 

studied.  Thus, in addition to comparing axonal transport rates between control and high IOP eyes it 

was also possible to compare axonal transport rates within the different laminar regions and between 

central, nasal and temporal nerve bundles of each eye. 

3.2.6  Measurement reproducibility 
To determine observer reproducibility, 32 cytoskeletal images and 2 axonal transport images from the 6 

hour group were quantified on 3 separate occasions, each at least 1 week apart, by the same masked 

observer who performed all the data analysis.  The pre laminar, lamina cribrosa and post laminar 

regions of each cytoskeletal image were quantified as described above.  A total of 6 pairs of images for 

NF-H and 2 pairs of images for each NF-Hp, NF-M, NF-L, TUB and MAP antibody were analysed.  

Twelve nerve bundles from each axonal transport image were also quantified as described previously 

with all points expressed as a percentage intensity of the pre laminar region.  Each pair of images that 

were used for reproducibility analysis of cytoskeleton and axonal transport data consisted of the 

control- and high-IOP image from the same animal.  Coefficient of variation was calculated for each 

cytoskeletal component and axonal transport data. Three-way analysis of variance was used to test 

whether the difference in mean NF-H intensity within each region for each measurement day was 

statistically significant.  Three-way ANOVA was also employed to test if there was a difference in 

mean co-efficient of variation between the control- and high-IOP eye within each region for each 

cytoskeletal antibody and axonal transport data. 

3.2.7  Statistical analysis 
ANOVA was utilized to identify statistical differences between control- and high-IOP eyes as 

described in Chapter 2. 
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3.2.7.1  Physiological and optic nerve head measurements 

Factorial ANOVA was used to assess the effect of IOP (control or high), time of IOP elevation (3, 6 

and 12 hours) and disk location (temporal, central and nasal) on parameters pre laminar thickness, 

lamina cribrosa thickness and the physiological variables (blood pressure, control IOP, high IOP, 

CSFp, pCO2, pO2 and pH).  This analysis determined if there were significant differences in optic 

nerve head measurements and physiological parameters between the 3 groups.  

3.2.7.2  Axonal transport  

Several different analyses were performed using axonal transport data. (1) Three-way ANOVA was 

used to assess the effects of high- or control-IOP, individual pig and position within the nerve on RITC 

intensity and segmental axonal transport in central, nasal and temporal nerve bundles (nerve bundle 

location).  3 hour, 6 hour and 12 hour experiments were analysed separately. (2) Three-way ANOVA 

was used to assess the effects of nerve bundle location and individual pig on segmental axonal 

transport, at different positions along the nerve in each of the high pressure and control IOP eyes.  3 

hour, 6 hour and 12 hour experiments were analysed separately. (3) Three-way ANOVA was used to 

assess the effects of different nerve positions and individual pig on segmental axonal transport in the 

central, nasal and temporal nerve bundles in each of the high-pressure and control-IOP eyes.  3 hour, 6 

hour and 12 hour experiments were analysed separately. (4) Axonal transport from the 3 hour 

experiments, 6 hour experiments and 12 hour experiments were analysed together.  The combined data 

was divided into two groups; control- and high-IOP eyes.  Each of these groups were further divided 

into central nerve bundles and peripheral (temporal and nasal combined) nerve bundles for analysis.  

Two-way ANOVA was used to determine the effects of time of IOP elevation (3, 6 or 12 hours) and 

position within the nerve on RITC intensity and segmental transport in central and peripheral nerve 

bundles of the control- and high-IOP eyes.  This analysis determined if axonal transport change was 

related to the duration of IOP elevation and if there were any differences in axonal transport change 

between central and peripheral nerve bundles.  

3.2.7.3  Cytoskeleton proteins 

Several different analyses were made using the cytoskeleton data. (1) For 3 hour and 12 hour data, 

three-way ANOVA was initially used to assess the effect of control- or high-IOP, disk location 

(temporal, central and nasal), and individual pig on each cytoskeletal antibody stain intensity.  Three 

hour experiments and 12 hour experiments were analysed separately.  (2) When significant differences 

were found using the previous analysis in 3 hour and 12 hour experiments a  separate three-way 
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ANOVA was used to assess the effect of control- or high-IOP, optic nerve region (pre laminar, lamina 

cribrosa and post laminar) and individual pig on each cytoskeletal antibody stain intensity within 

temporal, central and nasal nerve bundles.  This analysis was also performed on all 6 hour data and 

determined if there were any regional variations in cytoskeletal change within pre laminar, lamina 

cribrosa and post laminar regions. (3) For 3 hour and 12 hour data, three-way ANOVA was used to 

assess the effect of level of optic nerve slice, individual pig, and disk side (temporal, central and nasal) 

on each cytoskeletal antibody stain intensity in each of the high-IOP and control IOP eyes.  Because 

individual slices for cytoskeleton analysis were taken from a stack constructed in the z plane, this 

analysis determined if there was a difference in stain intensity among the different levels within the 

same eye.  Three hour experiments and 12 hour experiments were analysed separately. (4) For 6 hour 

data, three-way ANOVA was used to assess the effect of level of optic nerve slice, individual pig, and 

optic nerve region (pre laminar, lamina cribrosa and post laminar) on each cytoskeletal antibody stain 

intensity in each of the high-IOP and control IOP eyes.  This analysis determined if there was a 

difference in stain intensity among the different levels within the same eye.   

3.2.7.4  Measurement reproducibility 

Coefficient of variation (CV) results for observer reproducibility measurements were found to be non-

normal, so ANOVA on ranks was used to compare them and analyse the influence of various factors. 

Post hoc paired analysis used Tukey’s test. 

3.3  Results 

3.3.1  Physiological measurements 
Mean experimental data for individual pigs in each experimental group is presented in Table 3.1. 

3.3.1.1  Three hour experiments 

The mean systolic blood pressure in seven pigs was 89.9 ± 2.6 mmHg.  Average arterial pO2 was 104.0 

± 4.7 mmHg, pCO2 was 40.1 ± 1.2 mmHg, and pH was 7.5 ± 0.0.  The mean CSFp was 2.3 ± 1.4 

mmHg.  The average left- and right-eye IOP was 41.6 ± 0.5 and 13.2 ± 0.5 mmHg respectively.  The 

average differences between the IOP and CSFp in the left and right eyes were 39.2 ± 1.6 and 10.9 ± 1.5 

mmHg respectively. 

3.3.1.2  Six hour experiments 

The mean blood pressure in 6 pigs was 83.1 ± 5.9 mmHg.  Average arterial pO2 was 100.2 ± 3.1 

mmHg, pCO2 was 36.8 ± 0.8 mmHg and pH was 7.5 ± 0.0. The mean CSF pressure was 5.5 ± 1.8 

mmHg. The average left and right IOP for the animals were 43.7 ± 1.1 mmHg and 13.2 ± 0.9 mmHg 
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respectively. The average differences between the IOP and CSF pressure in the left and right eyes were 

37.7 ± 2.2 mmHg and 7.1 ± 1.1 mmHg respectively. 

3.3.1.3  Twelve hour experiments 

The mean systolic blood pressure in eight pigs was 84.7 ± 1.9 mmHg.  Average arterial pO2 was 98.0 ± 

3.4 mmHg, pCO2 was 37.0 ± 1.7 mmHg, and pH was 7.5 ± 0.0.  The mean CSFp was 7.5 ± 1.3 mmHg.  

The average left- and right-eye IOP was 43.5 ± 0.5 and 12.8 ± 0.6 mmHg respectively.  The average 

differences between the IOP and CSFp in the left and right eyes were 37.7 ± 1.6 and 6.9 ± 1.6 mmHg 

respectively. 

3.3.1.4  Comparison between 3, 6 and 12 hour experiments 

There were no statistical differences in blood pressure (P = 0.169), CSFp (P = 0.229), left-eye IOP (P = 

0.703), right-eye IOP (P = 0.842), pO2 (P = 0.546), pCO2 (P = 0.219) and pH (P = 0.882) between the 

three groups. 
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Table 3.1 Physiological measurements for axonal transport studies 

The mean ± standard error for each physiological variable for each animal utilized for axonal 

transport studies is provided.  All measurements apart from pH are in mmHg units.  The number 

denoted for each pig corresponds to the time of IOP elevation. 

  BP (L) IOP (R) IOP CSFp pO2 pCO2 pH 

Pig 3a 88.0 ± 2.3 44.1 ± 0.6 13.0 ± 0.6 -0.1 ± 0.8 81.4 ± 11.6 36.2 ± 0.5 7.5 ± 0.0 

Pig 3b 97.5 ± 2.3 40.8 ± 1.1 14.2 ± 0.6 9.7 ± 0.1 107.9  ± 18.5 37.5  ± 4.4 7.5 ± 0.0 

Pig 3c 87.6  ± 1.4 41.9  ± 0.7 13.5  ± 0.2 0.8  ± 0.8 95.8  ± 2.5 37.7  ± 1.2 7.5  ± 0.0 

Pig 3d 76.4  ± 1.8 40.2  ± 0.3 14.8  ± 0.2 -0.8  ± 1.1 116.1 ± 25.0 39.5 ± 0.6 7.5  ± 0.0 

Pig 3e 95.1  ± 2.7 40.8  ± 0.5 13.1  ± 0.2 4.3  ± 0.3 106.6 ± 0.2 45.2 ± 3.1 7.4 ± 0.0 

Pig 3f 92.1  ± 1.4 42.1  ± 0.4 10.8  ± 0.9 2.9  ± 0.3 103.5 ± 7.2 42.4 ± 1.9 7.4 ± 0.0 

Pig 3g 92.3  ± 1.5 41.0  ± 0.8 13.1  ± 0.3 -0.6  ± 0.4 117.0 ± 10.8 42.2 ± 1.4 7.5  ± 0.0 

Pig 6a 87.6 ± 2.2 45.0 ± 0.6 11.4 ± 0.4 3.5 ± 0.2 91.4 ± 5.5 33.3 ± 1.4 7.5 ± 0.0 

Pig 6b 81.1± 1.9 43.3 ± 0.7 11.6 ± 0.5 6.1 ± 0.7 93.6 ± 6.6 35.8 ± 1.8 7.5 ± 0.0 

Pig 6c 83.6 ± 1.4 41.5 ± 0.5 12.8 ± 0.4 6.7 ± 0.6 93.8 ± 6.3 38.3 ± 0.6 7.5 ± 0.0 

Pig 6d 86.0 ± 2 43.9 ± 0.5 14.2 ± 1.2 6.8 ± 0.4 111.2 ± 5.2 34.0 ± 0.6 7.5 ± 0.0 

Pig 6e 72.9 ± 1.5 43.4 ± 0.5 14.9 ± 0.5 5.9 ± 0.9 105.3 ± 11.6 40.8 ± 2.3 7.4 ± 0.0 

Pig 6f 90.9 ± 1.5 45.0 ± 0.8 14.2 ± 1.3 5.3 ± 0.5 110 ± 4.5 38.5 ± 1.4 7.5 ± 0.0 

Pig 12a 78.2 ± 1.1 43.2 ± 0.5 12.1 ± 0.2 7.2 ± 0.8 87.0 ± 2.5 28.2 ± 1.1 7.5 ± 0.0 

Pig 12b 79.5 ± 1.8 45.2 ± 1.1 14.9 ± 0.5 10.8 ± 0.7 86.9 ± 5.7 36.3 ± 1.6 7.5 ± 0.0 

Pig 12c 83.4 ± 1.1 44.9 ± 0.3 13.9 ± 0.5 9.7 ± 0.3 102.0 ± 5.2 38.5 ± 1.2 7.5 ± 0.0 

Pig 12d 91.2 ± 1.6 44.2 ± 0.3 14.2 ± 0.5 9.6 ± 1.1 110.4 ± 6 34.4 ± 1.2 7.5 ± 0.0 

Pig 12e 88.5 ± 1.1 42.8 ±0.3 12.8 ± 0.2 4.6 ± 0.5 106.8 ± 4.6 37.2 ± 0.6 7.5 ± 0.0 

Pig 12f 92.4 ± 1.1 44.6 ± 0.3 13.3 ± 0.3 9.8 ± 1.1 105.5 ± 10.7 35.7 ± 1.1 7.5 ± 0.0 

Pig 12g 80.7 ± 1.3 40.7 ± 0.4 10.0 ± 0.6 0.6 ± 0.6 88.2 ± 5.5 43.3 ± 1.5 7.4 ± 0.0 

Pig 12h 83.6 ± 1.2 42.7 ± 0.2 11.3 ± 0.3 -5.4 ± 1.2 97.2 ± 3.5 42.2 ± 1.5 7.4 ± 0.0 
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3.3.2  Laminar morphometric measurements 
Mean lamina cribrosa thickness measurements in the nasal, central and temporal region in the control- 

and high-IOP eye for each pig is presented in Table 3.2. 

3.3.2.1  Three hour experiments 

The mean pre laminar thickness from the seven pigs was 262.0 ± 14.6 µm.  The mean temporal, central 

and nasal lamina cribrosa thickness from the 3 hour experiments were 351.8 ± 13.4 µm, 376.7 ± 11.3 

µm and 349.4 ± 13.8 µm respectively.  There was no significant difference in pre laminar thickness (P 

= 0.80) or lamina cribrosa thickness (P = 0.762) between control- and high-IOP eyes. 

3.3.2.2  Six hour experiments 

The mean pre laminar thickness was 285.2 ± 23.7 µm.  The mean nasal, central and temporal lamina 

cribrosa thickness from 6 hour experiments were 358.4 ± 32.7, 380.7 ± 31.3 and 354.1 ± 33.7 µm 

respectively, with the average mid point of the lamina cribrosa being 475 µm from the internal limiting 

membrane.  There was no significant difference in the pre laminar thickness between control- and high-

IOP eyes (P = 0.40).   

3.3.2.3  Twelve hour experiments 

The mean pre laminar thickness for the 8 pigs was 259.6 ± 9.5 µm.  The mean temporal, central and 

nasal lamina cribrosa thickness measurements from the 12 hour experiments were 380.9 ± 9.3 µm, 

419.6 ± 12.2 µm and 392.3 ± 12.1 µm respectively. There was no significant difference in pre laminar 

thickness (P = 0.26) and lamina cribrosa thickness (P = 0.11) between control- and high-IOP eyes.  



89 
 

 
Table 3.2 Lamina cribrosa thickness measurements for axonal transport studies 

Mean lamina cribrosa thickness (µm) in nasal, central and temporal regions of control- and high-IOP 

eyes for each axonal transport experiment is provided. The number denoted for each pig corresponds 

to the time of IOP elevation.  

 

 Nasal Central Temporal 

Control-IOP High-IOP Control-IOP High-IOP Control-IOP High-IOP 

Pig 3a 335.4 293.9 413.1 355.2 347.5 300.6 

Pig 3b 428.1 437.6 421.3 424.6 415.9 408.8 

Pig 3c 344.3 350.7 359.5 372.6 351.2 368.2 

Pig 3d 391.3 414.6 399.9 421.1 400.7 426.8 

Pig 3e 361.3 350.6 394.6 402.5 349.9 342.4 

Pig 3f 303.6 332.2 338.1 372.8 308.1 326.3 

Pig 3g 289.9 291.7 296.4 302.1 245.6 299.6 

Pig 6a 328.6 333.5 340.1 368.7 331.2 329.4 

Pig 6b 331.3 323.1 344.4 339.5 326.6 308.4 

Pig 6c 348.2 356.1 396.3 382.4 353.1 348.7 

Pig 6d 368.1 390.4 388.7 411.3 374.3 392.6 

Pig 6e 338.2 351.7 356.8 394.4 339.7 330.0 

Pig 6f 411.7 420.0 424.3 453.2 403.7 411.9 

Pig 12a 346.8 402.7 353.9 413.1 344.6 385.9 

Pig 12b 412.1 469.4 492.3 424.5 376.8 434.0 

Pig 12c 328.3 338.2 355.3 390.2 359.1 376.5 

Pig 12d 393.8 414.1 416.8 428.9 360.0 391.5 

Pig 12e 435.9 478.6 479.7 496.6 424.6 437.4 

Pig 12f 411.4 433.6 426.3 482.1 419.7 417.9 

Pig 12g 342.1 330.4 346.4 374.6 338.7 312.1 

Pig 12h 360.1 379.2 410.1 423.0 351.6 364.3 
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3.3.2.4   Comparisons between 3, 6 and 12 hour experiments 

Mean lamina cribrosa thickness in control- and high-IOP eyes of 12 hour experiments was significantly 

higher than the 3 and 6 hour group (P < 0.001).  There was no difference in mean lamina cribrosa 

thickness between the 3 and 6 hour animals (P = 0.59).  The difference in lamina cribrosa thickness 

between control- and high-IOP eyes in the three groups was not significantly different (P = 0.16).  

There was no statistically significant difference in pre laminar thickness between the three groups (P = 

0.54). 

3.3.3  IOP‐induced axonal transport retardation 
3.3.3.1  Three hour experiments 

A representative image of axonal transport in control- and high-IOP eyes 3 hours after RITC injection 

into the vitreous cavity is provided in Figure 3.1.  The intensity of RITC was greatest in the pre laminar 

region of both control- and high-IOP eyes.  RITC was also visible in the lamina cribrosa with some 

stain seen in the proximal regions of the post laminar nerve in both eyes.  There was little difference in 

the pattern of RITC stain between control- and high-IOP eyes.  

Results of quantitative analysis of axonal transport in 3 hour experiments are provided in Figure 3.2.  

When segmental axonal transport at different points along the optic nerve between individual animals 

in the nasal, temporal and central nerve bundles were compared in the control eye, axonal transport in 

the lamina cribrosa of nasal and temporal nerve bundles were significantly less than that in central 

nerve bundles (P < 0.001).   Within nasal and temporal nerve bundles of the normal pressure eyes there 

were significant differences in segmental axonal transport rates between pre laminar, lamina cribrosa 

and post laminar regions (P < 0.001).  Post hoc testing revealed transport rates to be lowest in the 

lamina cribrosa region (P < 0.001).  Within the central nerve bundles of the control eye there was a 

significant difference in segmental axonal transport between the pre laminar and lamina cribrosa region 

only (P = 0.019).  Post-hoc testing revealed a significant decrease in segmental axonal transport within 

the lamina cribrosa portion of central nerve bundles of the normal pressure eye (P < 0.001). 

When segmental axonal transport at different points along the optic nerve between individual animals 

in the nasal, central and temporal nerve bundles were compared in high-IOP eyes, axonal transport in 

the lamina cribrosa of temporal and nasal nerve bundles were significantly less than central nerve 

bundles (P < 0.003).  Within nasal and temporal nerve bundles there were significant differences in 

axonal transport rates between pre laminar, lamina cribrosa and post laminar regions (both P < 0.001).  
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Post-hoc testing revealed that axonal transport was most reduced in the lamina cribrosa region (P < 

0.001). 

A comparison of RITC intensity between control- and high-IOP eyes revealed no statistically 

significant difference for temporal, central and nasal nerve bundles (P > 0.134).  When graphically 

representing data in Figure 3.2 the pre laminar point was denoted as being 0 µm from the ILM and the 

mid point of the lamina cribrosa being 442 µm from the ILM.  Statistical analysis revealed no 

significant differences in segmental axonal transport rates between control- and high-IOP eye at any 

point along the optic nerve in any of the 3 different nerve bundles (all P > 0.168). 
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Figure 3-1 Axonal transport changes following 3 hours of IOP elevation6 

(A) Confocal images of RITC transport.  Left: control-IOP eye; Right: high-IOP eye.  RITC was mostly 

seen in the pre laminar region of both eyes with some tracer evident in the lamina cribrosa.  There was 

no remarkable difference between the two eyes. (B) Van Gieson-stained sections taken from similar 

regions of the RITC-labelled optic nerve. Dotted lines demarcate the lamina cribrosa region in each 

image.  Scale bar = 400 µm.
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Figure 3-2 Quantitative analysis of axonal transport in 3 hour experiments6 

The left panel demonstrates the relationship between averaged RITC intensity and distance from the 

pre laminar region along the optic nerve in the temporal (A), central (B) and nasal (C) nerve bundles.  

RITC intensity is normalized and expressed as a percentage intensity of the pre laminar value.  There 

was no difference in RITC intensity between control- and high-IOP eyes at any point along the nerve 

(all P > 0.05).  The right panel demonstrates the proportional change in RITC intensity, which is an 

index of regional axonal transport, within different segments of the temporal (D), central (E), and 

nasal (F) nerve bundles.  There were no differences in regional axonal transport rates between 

control- and high-IOP eyes at any segment of the nerve (all P > 0.05). 
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3.3.3.2 Six hour experiments 

A representative image of axonal transport in control- and high-IOP eyes 6 hours after RITC injection 

into the vitreous cavity is provided in Figure 3.3.  The intensity of RITC was visibly greatest in the pre 

laminar region of both control- and high IOP eyes. The distribution of RITC in the control eye 

appeared more diffuse and homogeneous when compared to the high-IOP eye. Furthermore, RITC 

travelled further into post laminar tissue in the control eye with the intensity decreasing as the distance 

from the lamina cribrosa increased.  There was visibly less RITC staining in the post laminar tissue in 

the high-IOP eye when compared to the control eye. 

Results of quantitative analysis of axonal transport for central nerve bundles and peripheral nerve 

bundles (nasal and temporal combined) are provided in Figures 3.4 and 3.5 respectively.  When 

segmental axonal transport at different points along the optic nerve between nasal, temporal and central 

nerve bundles were compared in the control eye, the rate of axonal transport was found to be 

statistically different in the lamina cribrosa region (P < 0.001).  There was a significant difference in 

RITC intensity between the central, nasal and temporal regions within the lamina cribrosa region.  

Post-hoc testing revealed that the difference only existed between central and nasal (P < 0.01), and 

central and temporal (P < 0.001), but not temporal and nasal bundles (all P > 0.11) in this region.  Post-

hoc testing revealed a significant decrease in segmental axonal transport within the lamina cribrosa 

portion of the nasal and temporal nerve bundles of the control eye (P < 0.001).    Within the central 

nerve bundles of the normal pressure eye there were no significant differences in segmental axonal 

transport between pre laminar, lamina cribrosa and any of the post laminar regions (all P > 0.05). When 

the same analysis was performed on the nasal and temporal nerve bundles of normal pressure eyes the 

segmental axonal transport in pre laminar, lamina cribrosa and immediate post laminar regions were 

significantly different from each other (P < 0.001).  Post-hoc testing revealed a decrease in segmental 

axonal transport within the lamina cribrosa portion of the nasal and temporal nerve bundles of the 

normal pressure eye (P < 0.001). 

When segmental axonal transport at different points along the optic nerve in nasal, temporal and central 

nerve bundles were compared in high-IOP eyes, the rate of axonal transport was found to be 

statistically different in pre laminar, lamina cribrosa and the anterior 2 post laminar regions (P < 

0.001).  There was a significant difference in RITC intensity between nasal, central and temporal 
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locations within these regions. Post-hoc testing revealed that the difference only existed between 

central and nasal (P < 0.001), and central and temporal (P < 0.001), but not temporal and nasal bundles 

(all P > 0.08).  Post-hoc testing revealed a significant decrease in segmental axonal transport in these 

regions in the nasal and temporal nerve bundles of the high-IOP eye (P < 0.001).  Segmental axonal 

transport between points in pre laminar, lamina cribrosa and post laminar regions of central nerve 

bundles of the high-IOP eyes was found to vary significantly (P < 0.001).  Post hoc testing revealed a 

significant reduction in segmental axonal transport in the lamina cribrosa segment and also the 0.2 mm 

and 0.4 mm post laminar segments (all P < 0.001)   Segmental axonal transport between points in pre 

laminar, lamina cribrosa and post laminar regions of nasal and temporal nerve bundles of the high-IOP 

eyes were also found to vary significantly (P < 0.001).  Post hoc testing revealed a significant reduction 

in segmental axonal transport in the lamina cribrosa and the anterior 2 regions in the post laminar nerve 

(all P < 0.001).  In nasal, temporal and central nerve bundles of the high-IOP eye, axonal transport was 

most reduced at the lamina cribrosa portion of the nerve.  

Examining results from individual pigs revealed that 5 out of 6 animals had reduced segmental axonal 

transport rates in the nasal and temporal nerve bundles in comparison to central nerve bundles within 

the lamina cribrosa in the control eye with 3 of these differences reaching formal statistical significance 

(P < 0.019).  Again, 5 out of 6 animals had reduced axonal transport rates in the nasal and temporal 

nerve bundles in comparison to central nerve bundles in the pre laminar region, lamina cribrosa and 

anterior 0.4 mm post-laminar nerve in the high-IOP eye, with 3 of these differences reaching formal 

statistical significance (all P < 0.024).  Within the lamina cribrosa region all 6 animals had reduced 

segmental axonal transport rates in comparison to the pre laminar and immediate post laminar regions 

in both the control- and high-IOP eyes, with 5 of these differences reaching formal statistical 

significance (all P < 0.003).  In the high-IOP eye of 5 animals, the rate of segmental axonal transport in 

the 0.2 mm and 0.4 mm post laminar segments was significantly reduced compared to the pre laminar 

rate (all P < 0.011). 

When the intensity of RITC in control- and high-IOP eyes at points along the central nerve bundles 

were compared there was a statistically significant decrease in intensity in the high-IOP eye at all 

points between the lamina cribrosa and 2 mm of post laminar tissue (P < 0.001).  When a similar 

comparison with post hoc analysis was performed on the nasal and temporal nerve bundles the intensity 

of RITC was statistically lower in the lamina cribrosa and all points up to 3 mm of post laminar tissue 



96 
 

in the high-IOP eye (P < 0.001).  When graphically representing data in Figures 3.4 and 3.5, the pre 

laminar point was denoted as 0 µm from the ILM and the midpoint of the lamina cribrosa being 475 

µm from the ILM.  Because there was no significant difference between nasal and temporal data these 

data were pooled together and termed ‘peripheral’ as represented in Figure 3.5.   

When comparisons were performed between control- and high-IOP eyes a statistically significant 

difference in central bundle axonal transport rate only occurred in the lamina cribrosa region (P < 

0.001).  Peripheral axonal transport rates were significantly decreased in the high-IOP eye at points 

0.238 mm from ILM, 0.570 mm from ILM (lamina cribrosa region) and points 0.765 and 0.965 mm 

from ILM (all P < 0.001).    

Examining results from individual pigs revealed that all 6 had significantly (all P < 0.01) reduced 

segmental axonal transport rates in the high-IOP eye compared to the control eye within the anterior 

lamina region. Within the posterior lamina region all 6 had reduced segmental axonal transport rates in 

the high-IOP eye compared to the control eye with 4 differences reaching formal statistical significance 

(all P < 0.025). Within the anterior 0.2 mm post laminar region, again all 6 had reduced segmental 

axonal transport rates in the high IOP eye compared to the control eye with 2 differences reaching 

significance (all P < 0.001). Within the anterior 0.2 to 0.4 mm post laminar region, again all 6 had 

reduced segmental axonal transport rates in the high-IOP eye compared to the control eye with 3 

differences reaching significance (all P < 0.028). 
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Figure 3-3 Axonal transport changes following 6 hours of IOP elevation5 

(A) Confocal images of RITC transport.  Left: control-IOP eye; Right: high-IOP eye.  RITC has 

travelled well past the lamina cribrosa in the control eye while there is accumulation of tracer in the 

pre laminar and lamina cribrosa regions of the high-IOP eye with little transport past the lamina 

cribrosa. (B) Van Gieson-stained sections taken from similar regions of the RITC-labelled optic nerve.  

Dotted lines demarcate the lamina cribrosa region in each image.  Scale bar = 400 µm. 
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Figure 3-4 Quantitative analysis of central nerve bundle axonal transport in 6 hour 

experiments5 

(A) RITC intensity is normalised and expressed as a percentage intensity of the pre laminar value. 

There is significant reduction in RITC intensity at all points between the lamina cribrosa region and 2 

mm of post laminar tissue in the high-IOP eye when compared to the control eye. (B) Proportional 

change in RITC intensity within different segments of the central nerve. This is an index of regional 

axonal transport. Segmental axonal transport is significantly decreased at the midpoint of the lamina 

cribrosa in the high-IOP eye in comparison to the control eye. *Significant difference as determined by 

three-way ANOVA with post-hoc testing. 
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Figure 3-5 Quantitative analysis of peripheral nerve bundle axonal transport in 6 

hour experiments5 

(A) RITC intensity is normalised and expressed as a percentage intensity of the pre laminar value.  

Nasal and temporal data were combined.   There is significant reduction in RITC intensity at all points 

from the lamina cribrosa region up to 3 mm of post laminar tissue in the high-IOP eye when compared 

to the control eye. (B) Proportional change in RITC intensity within different segments of the 

peripheral optic nerve.  Segmental axonal transport is significantly decreased at the pre laminar 

region, midpoint of the lamina cribrosa and the anterior 2 post laminar points in the high -IOP eye in 

comparison to the control eye. *Significant as determined by three-way ANOVA with post-hoc testing. 
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3.3.3.3  Twelve hour experiments 

A representative image of axonal transport in control- and high-IOP eyes 12 hours after RITC injection 

into the vitreous cavity is provided in Figure 3.6.  In the normal pressure eye RITC travelled past the 

lamina cribrosa into distal post laminar tissue.  In the high-IOP eye the intensity of RITC was observed 

to be greatest in the pre laminar and lamina cribrosa region.  Tracer was also evident in post laminar 

tissue however the intensity of RITC was not as high as that seen in the control-IOP eye.  Furthermore, 

RITC was not seen to travel as far distally into the post laminar tissue in the high-IOP eye in 

comparison to control. 

Results of quantitative analysis of axonal transport in 12 hour experiments are provided in Figure 3.7.  

When segmental axonal transport at different points along the optic nerve between individual animals 

in the temporal, central and nasal nerve bundles were compared in the control eye there were no 

statistically significant differences found between the different nerve bundles at any point (P = 0.805).  

Within the temporal, central and nasal nerve bundles of the control eye segmental axonal transport 

between the pre laminar region and the lamina cribrosa were significantly different (all P <0.001).  Post 

hoc testing revealed a significant decrease in axonal transport in the lamina cribrosa in comparison to 

the pre laminar region in all 3 nerve bundles (P < 0.001).   

Within high-IOP eyes there were no differences in segmental axonal transport between individual 

animals in the temporal, central and nasal nerve bundles at any point along the optic nerve (P = 0.398).  

Within temporal, central and nasal nerve bundles of high-IOP eyes segmental axonal transport between 

pre laminar region, lamina cribrosa and post laminar regions were significantly different (all P < 

0.001).  Post-hoc testing revealed a significant reduction in axonal transport in the lamina cribrosa and 

the first 0.8 mm of post laminar tissue in comparison to the pre laminar region in all 3 nerve bundles (P 

< 0.001). 

When the intensity of RITC in control- and high-IOP eyes at points along the cental nerve bundles 

were compared there were statistically significant differences found between the 2 eyes at all points 

along the nerve (all P < 0.001).  Post-hoc analysis showed that the intensity of RITC was greater in the 

lamina cribrosa of the high-IOP eye (P < 0.001) but at all points in the post laminar region the intensity 

of RITC was lower in the high-IOP eye in comparison to control (all P < 0.017).  This suggests that 

axonal transport decrease in the lamina cribrosa of the high-IOP eye was causing the accumulation of 

tracer in this region.  When the intensity of RITC in temporal nerve bundles of control- and high-IOP 

eyes were compared there was a statistically significant difference found (P < 0.001).  Post-hoc 



101 
 

analysis showed that the intensity of RITC was significantly greater in the lamina cribrosa region of the 

high-IOP eye (P < 0.019), with no difference in RITC in the first 0.2 mm segment of post laminar 

tissue (P = 0.201), but at all points distal to this point the intensity of RITC was lower in the high-IOP 

eye in comparison to control (all P < 0.002).  The intensity of RITC in nasal nerve bundles was 

significantly different between control- and high-IOP eyes (P < 0.001).  Post-hoc testing revealed that 

the intensity of RITC at all points along the optic nerve after the lamina cribrosa was significantly 

lower in the high-IOP eye (all P < 0.004).  The intensity of RITC in the lamina cribrosa was not 

statistically different between the 2 eyes in the nasal nerve bundles (P = 0.084).  When graphically 

representing data in Figure 3.7 the pre laminar point was denoted as 0 µm from the ILM and the 

midpoint of the lamina cribrosa was denoted as 458 µm from the ILM. 

When the intensity of RITC in control- and high-IOP eyes at points along temporal nerve bundles were 

compared there was a statistically significant difference between the 2 eyes at the lamina cribrosa and 

the first 0.4 mm of post laminar tissue (P < 0.001).  Segmental axonal transport was lower in the high-

IOP eye.  Segmental axonal transport at the 0.8 mm segment from the lamina cribrosa region in 

temporal nerve bundles was also statistically different between control- and high-IOP eyes, with 

segmental transport being significantly lower in the high-IOP eye (P < 0.001).  Comparison of 

segmental axonal transport between control- and high-IOP eyes in central nerve bundles revealed 

significant differences at the lamina cribrosa and the first 0.6 mm of post laminar tissue (P < 0.022).  

Segmental axonal transport in the high-IOP eye was decreased in these regions.  Within nasal nerve 

bundles there was a difference in segmental axonal transport between control and high-IOP eyes in the 

lamina cribrosa and first 0.4 mm of post laminar tissue (P < 0.001).  Segmental axonal transport in the 

high-IOP eye was decreased. 
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Figure 3-6 Axonal transport changes following 12 hours of IOP elevation6 

(A) Confocal images of RITC transport.  Left: control-IOP eye; Right: high-IOP eye.  RITC was seen to 

travel well past the lamina cribrosa in the control eye.  In the high-IOP eye the tracer was mostly 

localised to the pre laminar and lamina cribrosa region with some tracer seen in the proximal region 

of post laminar tissue. (B) Van Gieson-stained sections taken from similar regions of the RITC-labelled 

optic nerve. Dotted lines demarcate the lamina cribrosa region in each image.  Scale bar = 400 µm. 
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Figure 3-7 Quantitative analysis of axonal transport in 12 hour experiments6 

The left panel demonstrates the relationship between averaged RITC intensity and distance from the 

pre laminar region along the optic nerve in temporal (A), central (B) and nasal (C) nerve bundles.  

RITC intensity is normalized and expressed as a percentage intensity of the pre laminar value.  RITC 

intensity was significantly higher in the lamina cribrosa region of the temporal and central nerve 

bundles in high-IOP eyes in comparison to control.  Distal to the lamina cribrosa the intensity of RITC 

was lower in the high-IOP eye at most points along the nerve in all nerve bundles.  The right panel 

demonstrates the proportional change in RITC intensity, which is an index of regional axonal transport, 

within different segments of the temporal (D), central (E), and nasal (F) nerve bundles.  Segmental 

axonal transport was significantly reduced in the high-IOP eye in the posterior region of the lamina 

cribrosa and the first 0.4 mm of post laminar tissue in temporal, central and nasal nerve bundles.  In the 

central nerve bundle, axonal transport was also reduced in the high-IOP eye in the 0.6 mm post laminar 

segment. *Significant difference as determined by three-way ANOVA with post hoc testing. 
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3.3.3.4  Comparisons between 3, 6 and 12 hour experiments  

3.3.3.4.1  Central nerve bundles 

Quantitative comparisons of central axonal transport rates between 3, 6 and 12 hour experiments are 

provided in Figure 3.8.  When the intensity of RITC in central nerve bundles of control-IOP eyes was 

compared there was a statistically significant difference between the three time points (all P < 0.001).  

The intensity of RITC increased at each point along the nerve as the duration of the experiment 

increased.  Post-hoc testing revealed that the differences lay at points including and distal to the lamina 

cribrosa to the first 2 mm of post laminar tissue (all P < 0.022).  Examining the intensity of RITC in the 

central nerve bundles of high-IOP eyes revealed that the difference was only significant between the 3 

vs. 12 hour animals and the 6 vs. 12 hour animals (both P < 0.001).  Post hoc testing revealed that these 

differences were only significant in the lamina cribrosa and the first 0.2 mm of post laminar tissue (all 

P < 0.021).  There was no difference between the 3 and 6 hour experiments (P = 0.171). 

When overall segmental axonal transport along the central nerve bundles of control-IOP eyes were 

compared there were no significant differences found between the different time points (P = 0.167).  

Within the central nerve bundles of high-IOP eyes there were no significant differences in overall 

segmental axonal transport between the 3 hour, 6 hour and 12 hour animals (P = 0.601). 

3.3.3.4.2  Peripheral nerve bundles 

Quantitative comparisons of peripheral axonal transport rates between 3, 6 and 12 hour experiments are 

provided in Figure 3.9.  When the intensity of RITC in peripheral nerve bundles of control-IOP eyes 

was compared there was a statistically significant difference between the three time points (all P < 

0.001).  Post hoc testing revealed that these differences were significant at all points from and 

including the lamina cribrosa up to the first 2 mm of post laminar tissue (all P < 0.036).  The intensity 

of RITC increased at each point along the nerve as the duration of the experiment increased.  

Examining the intensity of RITC in the peripheral nerve bundles of high-IOP eyes revealed that the 

difference was only significant between the 3 vs. 12 hour animals and the 6 vs. 12 hour animals (P < 

0.001).  Post hoc testing revealed that these differences were only significant in the lamina cribrosa and 

the first 0.6 mm of post laminar tissue (all P < 0.025).  There was no significant difference between the 

3 and 6 hour experiment (P = 0.083). 
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Comparison of overall segmental axonal transport between the peripheral nerve bundles of control-IOP 

eyes revealed no significant differences between the three groups (P = 0.135).  When overall segmental 

axonal transport rates within peripheral nerve bundles of high-IOP eyes, in the 3 groups, were 

compared there were significant differences found (P < 0.001).  These differences were significant 

between the 3 vs. 6 hour (P = 0.006) and the 3 vs. 12 hour group (P < 0.001).  The difference between 

the 6 and 12 hour group did not reach significance (P = 0.949).  Post hoc testing revealed that these 

differences were significant in the pre laminar region and the proximal 0.8 mm of post laminar tissue 

(all P < 0.028).  There was no difference in segmental axonal transport at the lamina cribrosa between 

the 3 groups (all P > 0.38).  
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Figure 3-8 Comparison of central axonal transport rates between 3, 6 and 12 hour 

experiments 

Averaged RITC intensity along the central nerve bundles at 3, 6 and 12 hours in control- (A) and high-

IOP (B) eyes is provided.  There was a significant difference between the 3, 6 and 12 hour animals in 

the control-IOP eye.  In the high-IOP eye the difference was only significant between the 3 vs. 12 hour 

and 6 vs. 12 hour experiments.  Comparisons of segmental axonal transport between 3, 6 and 12 hour 

animals in control (C) and high-IOP (D) eyes are also provided.  There were no differences in overall 

rates of axonal transport between the different time points in control- or high-IOP eyes.  *One or 

**two comparisons being significantly different as determined by post-hoc testing at points along the 

nerve. 



107 
 

 

Figure 3-9 Comparison of peripheral axonal transport rates between 3, 6 and 12 

hour experiments 

Averaged RITC intensity along peripheral nerve bundles at 3, 6 and 12 hours in control- (A) and high-

IOP (B) eyes are provided.  There was a significant difference between the 3, 6 and 12 hour animals in 

the control eye.  In the high-IOP eye the difference was only significant between the 3 vs. 12 hour and 

6 vs. 12 hour experiments.  Comparisons of segmental axonal transport between 3, 6 and 12 hour 

animals in control (C) and high-IOP (D) eyes are also provided.  There were no differences in overall 

rates of axonal transport between the different time points in the control eyes.  In the high-IOP eyes the 

differences between time points were significant.  *One or **two comparisons being significantly 

different as determined by post-hoc testing at points along the nerve. 
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3.3.4  IOP‐induced cytoskeleton protein alteration 
Montages of cytoskeleton labelled confocal microscope images for 3 hour, 6 hour and 12 hour 

experiments are presented in Figures 3.10, 3.12 and 3.14 respectively.  Results of quantitative analysis 

for 3 hour, 6 hour and 12 hour experiments are presented in Figures 3.11, 3.13 and 3.15 respectively. 

3.3.4.1  Cytoskeleton stain pattern in normal porcine optic nerve head 

In most animals, neurofilament protein subunits demonstrated a homogenous stain pattern in the 

control optic nerve head.  There was no difference in neurofilament stain pattern between temporal, 

central and nasal nerve bundles (all P > 0.050).  In some animals a patchy and scattered neurofilament 

stain pattern was observed within nerve bundles however this pattern appeared to equally involve the 

pre laminar, lamina cribrosa and post laminar regions of the optic nerve head.  For NF-L subunit, the 

intensity of stain was less in the post laminar region of control eyes when compared to pre laminar and 

lamina cribrosa regions (P < 0.001).   

Previous histological work have shown that MAP proteins have a similar sequence morphology to 

other structures in the central nervous system, in particular, collagen proteins.261  Consequently, 

antibodies against MAP proteins commonly demonstrate some cross reactivity to epitopes of collagen 

proteins that comprise connective tissue structures adjacent to neural tissue.261 Within the porcine optic 

nerve head of control-IOP eyes there was a small degree of variability in the appearance of MAP stain 

pattern.  Some MAP control sections demonstrated a more punctate stain pattern, in comparison to 

others, and this was most likely attributable to the difference in collagen content as a result of the 

variability in animal size and age.  Similar to neurofilament proteins there was no difference in stain 

pattern between temporal, central and nasal nerve bundles for MAP stained sections (P > 0.050). 
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3.3.4.2  Three hour experiments 

3.3.4.2.1  NF‐Hp staining 

In high-IOP eyes there was less stain visible in the pre laminar, lamina cribrosa and post laminar 

regions of temporal, nasal and central nerve bundles in comparison to control eyes.  Quantitative 

analysis revealed that the decrease in stain intensity in high-IOP eyes was statistically significant in all 

regions of the optic nerve head (all P < 0.001). 

3.3.4.2.2  NF‐H staining 

In high-IOP eyes there was less stain visible in pre laminar, lamina cribrosa and post laminar regions of 

temporal, nasal and central nerve bundles in comparison to control eyes.  Quantitative analysis revealed 

that the decrease in stain intensity in high-IOP eyes was statistically significant in all regions of the 

optic nerve head (all P < 0.001). 

3.3.4.2.3  NF‐M staining 

The intensity of NF-M was only decreased in temporal nerve bundles of high-IOP eyes (P < 0.010).  

Sub-analysis revealed that the decrease within temporal nerve bundles occurred in pre laminar, lamina 

cribrosa and post laminar regions (all P < 0.002).   

3.3.4.2.4  NF‐L staining 

There was no visible difference in staining between control- and high-IOP eyes.  There was also no 

statistically significant difference in the intensity of NF-L stain between high-IOP and control-IOP eyes 

in temporal, central or nasal nerve bundles (all P > 0.122). 

3.3.4.2.5  Tubulin staining 

There was no visible difference in staining between control- and high-IOP eyes.  There was also no 

statistically significant difference in intensity of tubulin stain between high-IOP and control-IOP eyes 

in temporal, central or nasal nerve bundles (all P = 0.926). 
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3.3.4.2.6  Microtubule Associated Protein staining 

There was no visible difference in staining between control- and high-IOP eyes.  There was also no 

statistically significant difference in intensity of MAP stain between high-IOP and control-IOP eyes in 

temporal, central or nasal nerve bundles (all P = 0.437). 
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Figure 3-10 Cytoskeleton protein changes following 3 hours of IOP elevation6 

Left panel: control-IOP eye; Right panel: high-IOP eye.  The pre laminar, lamina cribrosa and post 

laminar regions are labelled.  (A) NF-Hp, (B) NF-H, (C) NF-M, (D) NF-L, (E) Tubulin and (F) MAP 

stains. Scale bar = 100 µm. 
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Figure 3-11 Quantitative analysis of cytoskeleton protein changes in 3 hour 

experiments6 

Comparisons of average intensities of cytoskeletal proteins in (A) Pre laminar-temporal region, (B) 

Pre laminar-central region, (C) Pre laminar-nasal region, (D) Laminar-temporal region, (E) Laminar-

central region, (F) Laminar-nasal region, (G) Post laminar-temporal region, (H) Post laminar-central 

region, (i) Post laminar-nasal region of optic nerve head.  There is significant reduction in NF-Hp and 

NF-H stain across all 9 regions of the optic nerve head in high-IOP eyes.  Significant reduction of NF-

M occurred only in the temporal nerve bundles of high-IOP eyes.  There was no significant change in 

NF-L, Tubulin (TUB) and MAP in any region.  ** Significant difference as determined by three-way 

ANOVA with post hoc testing. 
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3.3.4.3  Six hour experiments 

3.3.4.3.1  NF‐Hp staining 

In high-IOP eyes there was less stain visible in all three laminar regions compared to the control eye.  

Statistical analysis revealed a significant decrease in NF-Hp stain intensity across the entire optic nerve 

head in high-IOP eyes after accounting for the effects of individual pig variation and optic nerve region 

(all P < 0.001).  Sub-analysis revealed significantly less stain in the pre laminar (P < 0.001), lamina 

cribrosa (P < 0.001) and post laminar (P < 0.001) regions in high IOP-eyes compared to control-IOP 

eyes.  Examining results from individual pigs revealed that all 6 pigs had significantly reduced stain 

intensity in the high-IOP eye compared to the control-IOP eye in the lamina cribrosa and post laminar 

regions (all P < 0.004).  In the pre laminar region 5 out of 6 animals demonstrated this difference (all P 

< 0.001). 

3.3.4.3.2  NF‐H staining 

NF-H stain was visibly less in high-IOP eyes in comparison to control-IOP eyes.  The decrease in NF-

H stain intensity across the entire optic nerve head in high-IOP eyes was significantly less after 

accounting for the effects of individual pig variation and optic nerve region variation (P < 0.001).  Sub-

analysis revealed significantly less stain in pre laminar (P < 0.001), lamina cribrosa (P < 0.001) and 

post laminar (P < 0.001) regions in high-IOP eyes in comparison to control-IOP eyes.  Examining 

results from individual pigs revealed that all 6 had significantly (all P < 0.024) reduced stain intensity 

in the high-IOP eye compared to the control-IOP eye within the pre laminar region.  In the lamina 

cribrosa and post laminar regions 5 out of 6 animals demonstrated this difference (all P < 0.001). 

3.3.4.3.3  NF‐M staining 

NF-M stain was visibly less in high-IOP eyes in comparison to control-IOP eyes.  The decrease in NF-

M stain intensity across the entire optic nerve head in high-IOP eyes was significantly less after 

accounting for the effects of individual pig variation and optic nerve region variation (P < 0.001).  Sub-

analysis revealed significantly less stain in pre laminar (P < 0.001), lamina cribrosa (P < 0.001) and 

post laminar (P < 0.001) regions in high-IOP eyes in comparison to control-IOP eyes.  Examining 

results from individual pigs revealed that all 6 had significantly (all P < 0.013) reduced stain intensity 
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in the high-IOP eye compared to the control-IOP eye within the pre laminar region.  In the lamina 

cribrosa and post laminar regions 5 out of 6 animals demonstrated this difference (all P < 0.027). 

3.3.4.3.4  NF‐L staining 

The intensity of NF-L staining appeared visibly similar in pre laminar, lamina cribrosa, and post 

laminar regions in both control- and high-IOP eyes.  There was no significant difference in NF-L stain 

intensity in any of the three regions of the optic nerve head in high-IOP eyes in comparison to control 

(all P > 0.05). 

3.3.4.3.5  Tubulin staining 

The pattern of tubulin staining was visibly similar in both high-IOP and control-IOP eyes.  Statistical 

analysis revealed no significant difference in tubulin stain intensity in any of the three regions of the 

optic nerve head in high-IOP eyes in comparison to control eyes (all P > 0.05). 

3.3.4.3.6  Microtubule Associated Protein staining 

The distribution of microtubule associated proteins was visibly similar in control- and high-IOP eyes.  

There were no statistically significant differences revealed in MAP stain intensity in any of the three 

regions of the optic nerve head when high-IOP eyes were compared to controls (all P > 0.05). 
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Figure 3-12 Cytoskeleton protein changes following 6 hours of IOP elevation5 

Left panel: control-IOP eye; Right panel: high-IOP eye.  The pre laminar, lamina cribrosa and post 

laminar regions are labelled.  (A) NF-Hp, (B) NF-H, (C) NF-M, (D) NF-L, (E) Tubulin and (F) MAP 

stains. Scale bar = 100 µm. 
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Figure 3-13 Quantitative analysis of cytoskeleton protein changes in 6 hour 

experiments5 

Comparisons of average intensities of cytoskeleton proteins in (A) pre laminar region (B) lamina 

cribrosa region and (C) post laminar region of optic nerve head.  There is significant reduction in NF-

H, NF-Hp and NF-M across all three regions in the high-IOP eye.  There was no difference in NF-L, 

Tubulin (TUB) and MAP in any of the regions (n = 42, **Significant difference as determined by three-

way ANOVA with post-hoc testing). 
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3.3.4.4  Twelve hour experiments 

3.3.4.4.1  NF‐Hp staining 

In high-IOP eyes there was less stain visible in the pre laminar, lamina cribrosa and post laminar 

regions of temporal, nasal and central nerve bundles in comparison to control eyes.  Quantitative 

analysis revealed that the decrease in stain intensity in high-IOP eyes was statistically significant in all 

regions of the optic nerve head (all P < 0.001). 

3.3.4.4.2  NF‐H staining 

In high-IOP eyes there was less stain visible in the pre laminar, lamina cribrosa and post laminar 

regions of temporal, nasal and central nerve bundles in comparison to control eyes.  Quantitative 

analysis revealed that the decrease in stain intensity in high-IOP eyes was statistically significant in all 

regions of the optic nerve head (all P < 0.002). 

3.3.4.4.3  NF‐M staining 

In high-IOP eyes there was less stain visible in the pre laminar, lamina cribrosa and post laminar 

regions of temporal, nasal and central nerve bundles in comparison to control eyes (all P < 0.001). 

3.3.4.4.4  NF‐L staining 

There was no visible difference in staining between control- and high-IOP eyes.  There was also no 

statistically significant difference in the intensity of NF-L stain between high-IOP and control-IOP eyes 

in temporal, central or nasal nerve bundles (all P > 0.122). 

3.3.4.4.5  Tubulin staining 

There was less tubulin stain visible in high-IOP eyes.  There was also a statistically significant decrease 

in stain intensity in temporal, central and nasal nerve bundles and pre laminar, lamina cribrosa and post 

laminar regions of the optic nerve head of high IOP eyes (all P < 0.001). 

3.3.4.4.6  Microtubule Associated Protein staining 

There was less stain visible in high-IOP eyes.  There was also a statistically significant decrease in 

stain intensity in temporal, central and nasal nerve bundles and pre laminar, lamina cribrosa and post 

laminar regions of the optic nerve head of high-IOP eyes (all P < 0.001). 
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Figure 3-14 Cytoskeleton protein changes following 12 hours of IOP elevation6 

Left panel: control-IOP eye; Right panel: high-IOP eye.  The pre laminar, lamina cribrosa and post 

laminar regions are labelled.  (A) NF-Hp, (B) NF-H, (C) NF-M, (D) NF-L, (E) Tubulin and (F) MAP 

stains. Scale bar = 100 µm. 
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Figure 3-15 Quantitative analysis of cytoskeleton protein changes in 12 hour 

experiments6 

Comparisons of average intensities of cytoskeleton proteins in (A) Pre laminar-temporal region, (B) 

Pre laminar-central region, (C) Pre laminar-nasal region, (D) Laminar-temporal region, (E) Laminar-

central region, (F) Laminar-nasal region, (G) Post laminar-temporal region, (H) Post laminar-central 

region, (i) Post laminar-nasal region of optic nerve head.  There is significant reduction in NF-Hp, 

NF-H, NF-M, Tubulin (TUB) and MAP across all 9 regions in the high-IOP eye.  ** Significant 

difference as determined by three-way ANOVA with post hoc testing. 
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3.3.5  Measurement reproducibility  
3.3.5.1  Axonal transport 

Mean CV of axonal transport RITC measurements was 4.4%, with significant variation along the nerve 

(one-way ANOVA on ranks, P < 0.001).  There was greater intensity variation in the region greater 

than 2 mm posterior to the lamina cribrosa (CV 12.1%) than the lamina cribrosa (CV 1.7%, P < 0.001) 

or the immediate post laminar region (CV 2.9%, P < 0.001), where the intensity tended to be greater.  

Two-way ANOVA on ranks revealed no difference in the CV between high-IOP and control-IOP eyes 

(P = 0.145). 

3.3.5.2  Cytoskeleton 

The mean CV for cytoskeletal antibody stains was small, at 3.3% (sd 1.9%), with no significant 

difference between that of the 3 regions (two-way ANOVA on ranks, P > 0.05).  Some difference in 

CV was found between different cytoskeletal stains (2 way ANOVA on ranks, P < 0.001) with NF-H 

(CV 5.3%) being significantly different from tubulin (CV 1.9%, P < 0.001), NF-M (CV 2.3%, P < 

0.001) and NF-L (CV 2.5%, P < 0.001).  Repeated measurements on 6 pairs of NF-H data found no 

relationship between day of measurement and stain intensity in any of the 3 laminar regions (3 way 

ANOVA, P > 0.05). Testing the influence of antibody type, disk location and whether high-IOP or 

control revealed no significant difference in coefficient of variation between high-IOP and control eyes 

(three-way ANOVA, P = 0.207). 
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3.4  Discussion 

3.4.1  Key findings 
These results exemplify some important relationships between axonal transport and cytoskeleton 

proteins in the optic nerve head after acute IOP elevation.  The major findings from these experiments 

are: (1) Acute IOP elevation induces non-homogenous, time-dependent axonal transport changes 

within the laminar regions of the optic nerve head. (2) Cytoskeleton proteins in the laminar regions of 

the optic nerve head are affected in a selective and time-dependent manner following acute elevation of 

IOP (3) Neurofilament changes precede axonal transport alteration following acute elevation of IOP. 

3.4.2  IOP elevation induces time‐dependent axonal transport retardation  
Axonal transport rates were most reduced in the lamina cribrosa region of control- and high IOP eyes 

in all experimental groups, implying that the lamina cribrosa region is an anatomical choke point for 

axonal transport even during normal physiological conditions.  This finding has been previously 

described by Hollander et al.262  

A rise in IOP induced time-dependent axonal transport retardation that was greatest in the lamina 

cribrosa region of the optic nerve head.  In addition, there were significant IOP-induced changes to 

axonal transport rates in post laminar segments in both 6 hour and 12 hour experimental groups.  The 

retardation of axonal transport in post laminar tissue was greatest within 0.4 mm of the lamina cribrosa.  

This is the first experimental study to identify IOP-induced alterations to axonal transport rates in optic 

nerve head regions other than the lamina cribrosa. 

In vivo tissue pressure measurements have revealed that the pressure gradient between intraocular and 

cerebrospinal fluid compartments extends across the lamina cribrosa, without evidence of extension 

into the post laminar region.263  It is unclear why IOP-induced axonal transport inhibition extends into 

post laminar nerve however it is likely than IOP elevation generates increased energy demands at the 

lamina cribrosa143 which in turn deprives adjacent optic nerve regions of vital energy substrates 

required to sustain the process of axonal transport.   

3.4.3  Peripheral nerve bundles are more susceptible to axonal transport 

inhibiton than central nerve bundles 
When axonal transport rates within central and peripheral nerve bundles of control- and high-IOP eyes 

were compared, the only group to show a statistically significant decrease in axonal transport over time 

was the peripheral nerve bundles of high-IOP eyes.  In high-IOP eyes, axonal transport was not altered 

in the post laminar region of central bundles following 6 hours of IOP elevation.  In 12 hour 
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experiments, axonal transport in post laminar tissue was altered in both central and peripheral nerve 

bundles of high-IOP eyes.  These results demonstrate that peripheral optic nerve tissue is more 

susceptible to dysfunction during states of IOP elevation.  Previous experiments involving rabbits and 

monkeys have reported similar findings.264, 265  Axonal transport blockade was reported to be most 

pronounced in the nasal and temporal quadrants of the optic nerve head during acute ocular 

hypertension in the monkey.264  Similarly, in a model of ocular hypertension in the albino rabbit the 

blockage in axonal transport was most marked in the marginal regions of the optic disc.266   

3.4.4  IOP elevation induces selective, time‐dependent alteration of cytoskeleton 

protein subunits 
This is the first set of experiments to report the temporal sequence of cytoskeleton subunit change 

following acute IOP elevation. After 3 hours of IOP elevation there was a dramatic decrease in 

phosphorylated NF-H in all laminar regions of high-IOP eyes.  Phosphorylation of NF-H protects it 

from proteolysis,267 therefore, it was not surprising that a decrease in total NF-H occurred in the same 

regions where NF-Hp reduction took place.  A decrease in NF-M also occurred within temporal nerve 

bundles after 3 hours of IOP elevation.  After 6 hours of IOP elevation there was a decrease in NF-H, 

NF-Hp and NF-M in all regions of the optic nerve head.  Twelve hours of IOP elevation resulted in a 

reduction of NF-H, NF-Hp, NF-M, Tubulin and MAPs in all laminar regions.  The temporal course of 

cytoskeletal change following a rise in IOP therefore appears to involve the neurofilament subtypes 

initially, with microtubules and MAPs becoming affected after prolonged periods of IOP elevation.  It 

is interesting that changes to microtubules and MAPs were observed only after significant changes to 

neurofilament proteins had already occurred.  Neurofilaments have a role in controlling tubulin 

polymerization,268 with a modification of this regulatory ability when neurofilaments are 

dephosphorylated.269  This may possibly explain why a reduction in microtubules and MAPs only 

occurred after a significant change to neurofilaments had taken place. 

As stated in Chapter 1, the neurofilament protein is a triplet heteropolymer composed of a core filament 

backbone with sidearms that extend perpendicularly from the core filament.71  The hyper-variable 

carboxy-terminal tail domains of NF-M and NF-H are responsible for forming the neurofilament 

sidearms while the core filaments are composed of the amino-terminal head and conserved helical 

domains of all neurofilament subtypes, in particular, NF-L.270  The neurofilament protein structure 

therefore confers some degree of intrinsic protection to the NF-L subtype, with NF-M and NF-H 

subtypes being more vulnerable to the activity of kinase and phosphatase enzymes in conditions of 
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altered cellular physiology.  This may explain why there were no changes to NFL proteins in high-IOP 

eyes despite marked changes to NF-H and NF-M proteins.   

3.4.5  Neurofilament changes precede axonal transport retardation following 

IOP elevation 
This is the first set of experiments to concurrently study changes to cytoskeleton proteins and axonal 

transport processes following IOP elevation.  Many experimental studies have shown that microtubules 

and microtubule associated proteins play an important role in conferring structural stability to cytosolic 

structures utilized by motor proteins during axonal transport,271-273 however, the function of 

neurofilament proteins in supporting axonal transport processes remains controversial 

Three hours of IOP elevation induced dramatic changes to neurofilament protein subunits with no 

associated modification to axonal transport rates.  Following 6 and 12 hours of IOP elevation there was 

a concurrent reduction in both cytoskeleton protein subunits and axonal transport rates within the optic 

nerve head.  The results of these experiments do not definitively clarify the role of neurofilament 

proteins in axonal transport modulation.  They however do suggest that neurofilament proteins are 

useful, surrogate markers of early axonal injury that may also underlie biological processes responsible 

for axonal transport retardation in IOP elevated states.  Further work will be required to investigate the 

correlation between neurofilament change and axonal transport alteration.   
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4.  Temporal sequence of astrocyte damage in the optic 

nerve head following IOP elevation 

4.1  Aim 

Having established that axonal transport and cytoskeleton proteins are modified in a time-dependent 

manner upon IOP elevation, a series of histological experiments were designed to examine the response 

of astrocytes within regions of axonal transport retardation and cytoskeleton alteration. 

Experimental glaucoma models have demonstrated that reactive astrocytes contribute to RGC axonal 

damage and optic nerve head remodelling,43, 220 however, the glial cell responses in the early stages of 

IOP elevation has not been delineated.  Consequently, it is unknown if astrocyte changes precede, 

occur concurrently with, or follow changes to RGC axons.  Are astrocytes activated prior to axonal 

injury thereby mediating neuronal damage or is astrocytic activation the consequence of IOP-mediated 

axonal damage?   

In this chapter, glial fibrillary acidic protein, a type III intermediate filament and a major constituent of 

astrocytes, is used to examine the temporal sequence of astrocytes after 3, 6, 9 and 12 hours of IOP 

elevation.  Correlations are also made between astrocyte changes and IOP, cerebrospinal fluid pressure, 

blood pressure and trans-laminar pressure gradient measurements in order to determine which 

physiological parameters, when altered, result in axonal and astrocyte alteration. 

The results of this chapter determine if astrocytes are activated or injured in the early stages of IOP 

elevation.  The aim of this chapter is to improve our understanding of the pathogenic role of astrocytes 

in IOP-mediated optic nerve head damage.  Because the optic nerve is an excellent model for 

investigating pathogenic mechanisms underlying CNS disease, extrapolation of results from this 

chapter also have direct application for delineating cellular mechanisms concerning astrocyte-mediated 

axonal damage in intracranial disorders with altered tissue pressures. 
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4.2  Methods 

4.2.1  Experimental design 
A total of 25 White Landrace pigs were used.  Details of anesthetic and surgical methodology 

employed for experimental IOP elevation are described in Chapter 2.  7 pigs were used for 3 hour IOP 

experiments, 6 pigs were used for 6 hour IOP experiments, 3 pigs were used for 9 hour IOP 

experiments and 9 pigs were used for 12 hour IOP experiments.  Most of the animals used for these 

experiments were also used for axonal transport and cytoskeleton studies described in Chapter 3.  Six 

adult pig eyes from the local abattoir were also used for triple labelling immunohistochemical studies.   

4.2.2  Immunohistochemistry 

Optic nerves were prepared post-euthanasia using techniques described in Chapter 2.  Only sections 

from the central region of each optic nerve were examined.  Slides were washed for 5 minutes in a 

wash solution composed of 0.01 M PBS and Tween 20 (Sigma-Aldrich, St. Louis, Mo.) before 

incubation with their primary antibody solution.  Mouse monoclonal antibody to GFAP derived from 

porcine immunogen was used as the astrocyte marker (1:500, G3893, Clone G-A-5; Sigma-Aldrich).   

Rabbit polyclonal antibody NF-L directed against the neurofilament light subunit was used as a marker 

of RGC axons (1:500, AHP286, Serotec, Oxford, U.K.).  Nuclear staining was achieved with the use of 

Hoescht 33342 (1:1000, B2261;Sigmal-Aldrich).  Primary antibodies were made into solution with 1% 

goat serum (G9023; Sigma-Aldrich) and 1% bovine serum albumin.  Triton X-100 (0.1%; Sigma-

Aldrich) was also used to improve permeability.  Hoescht 33342 was made into solution by diluting in 

water.  All primary antibodies were incubated for 24 hours.  Slides were then given 4 washes over 20 

minutes in a 4ºC wash solution (0.01M PBS, pH 7.4 and Tween 20) and then incubated overnight with 

their secondary antibody.  Secondary antibodies that were used included goat anti-mouse IgG (1:400, 

Alexo Fluor® 488, A11001, Molecular Probes, Portland, OR) or goat anti-rabbit IgG (1:400, Alexo 

Fluor® 488, A11008, Molecular Probes, Portland, OR).  After secondary antibody incubation all 

specimens were washed four times over 20 minutes in a 4ºC wash solution. When nuclear staining was 

performed Hoescht 33342 solution was applied to slides for 30 minutes and washed again.  Slides were 

then mounted in glycerol and immediately viewed with the confocal microscope.  Tissues from the 

control- and high-IOP eye for each animal were incubated with antibodies at the same time prepared 

from the same batch of reagents. 
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Some sections from each eye were stained with Van Gieson’s stain immediately after cryosectioning to 

determine lamina cribrosa thickness.    

4.2.3  TUNEL labelling 
Optic nerve sections from IOP elevation experiments were examined for markers of apoptosis.  

Sections adjacent to where astrocyte analysis was performed were used.  Terminal Transferase, 

recombinant (Roche) and Biotin16-dUTP (Roche) labelled with Fluorescein Avidin D (Vector 

Laboratories) were used to identify DNA fragmentation. Tissues were fixed in 4% paraformaldehyde 

for 20 minutes, rinsed and incubated in permeabilisation solution (0.1% Triton X-100 in 0.1% sodium 

citrate) for 2 minutes on ice.  After rinsing, the TUNEL reaction mixture was applied to these slides 

which were then cover-slipped and incubated at 37˚C for 120 minutes. These sections were then rinsed 

again and incubated in 1:50 Fluorescein Avidin D in PBS for 60 minutes.  Following this, sections 

were rinsed a final time in 0.01M PBS, dried and mounted before visualisation under the confocal 

microscope.  Positive control slides were incubated with DNAse I, recombinant grade I (Roche) for 10 

minutes at room temperature prior to application of the TUNEL reaction mixture.   

4.2.4  Image acquisition 
Details of the confocal scanning laser microscope and light microscope used to view optic nerve 

sections are provided in Chapter 2.  Methodology employed for generation of montages is also 

provided in Chapter 2. 

Visualisation of sections was achieved by laser excitation at a 488 nm line from an argon laser with 

emissions detected through a 522/35 nm band pass filter, a 543 nm line from a green helium neon laser 

with emissions detected through a 580/32 nm band pass filter and a 351nm line from a UV laser with 

emissions detected through a 450 nm band pass filter.  For study of normal astrocyte morphology and 

distribution within abattoir eyes a Nikon 20x Fluor lens (NA 0.75) was used with a zoom of x2.0.  

Sequential images were acquired from each laser line and then merged together using Image J 

software.  A Nikon Plano-Apo 60x (NA 1.4) oil immersion lens was used to view all GFAP and 

TUNEL labelled slides from IOP elevation experiments.  Confocal microscope images of the control 

and high pressure eye from IOP elevation experiments were acquired immediately after each other 

using identical instrument settings being sure to avoid saturation of the brightest pixels. 
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4.2.5  Image analysis 
4.2.5.1  Quantifying lamina cribrosa thickness 

Van Gieson’s stained slides were used to quantify lamina cribrosa thickness in control- and high-IOP 

eyes of experimental groups using the same technique described in Chapter 3. 

4.2.5.2  Quantifying GFAP intensity change 

GFAP intensity in control- and high-IOP eyes was quantified in a masked fashion.  The average 

projection of each montaged z-stack in gray scale was used for analysis.  Each image was first divided 

into pre laminar, lamina cribrosa and post laminar regions.  Each of these regions was then subdivided 

into temporal, central and nasal portions.  Thus a total of 9 regions were analysed within each image.  

Using a quantitative histogram function, the average pixel intensity per µm2 in each region was 

calculated by using a sample window of a constant size and sampling an equal number of random 

points.  The mean pixel intensity in each region was then used for statistical analysis.   

An analysis was also performed to determine if there was a significant difference in the percentage of 

tissue that was positive for GFAP stain between control- and high-IOP eyes.  This was achieved by 

first calculating the total area of tissue in each of the laminar regions and then by setting the intensity 

scale on the histogram above the background intensity value of the image the analysis programme was 

automatically able to calculate the percentage area of tissue that was positive for GFAP stain.  This 

value was automatically calculated by image analysis software on Image Pro.   

4.2.5.3  Quantifying astrocyte morphology change 

The images used to quantify GFAP intensity (described in subsection 4.2.5.2) were also used for this 

analysis.  Again, each image was divided into 9 regions for analysis.  Previous studies that have used 

GFAP antibody to examine astrocyte morphology have described a fine, delicate and lattice type 

appearance to astrocytes within the different laminar regions of the rodent, human and primate optic 

nerve head.125, 128, 179, 274  Descriptions of GFAP cytoarchitecture provided by authors for each of these 

species is relatively consistent.  Preliminary observation of porcine histology from abattoir eyes 

revealed astrocyte morphological appearances that were consistent with previous reports.   

Consequently, for purposes of quantifying morphological astrocyte changes in IOP elevation 

experiments, ‘normal’ tissue was defined as regions of the optic nerve where the lattice-like structure 

of astrocytes was preserved. 

Alterations in astrocyte morphology, in particular astrocytic swelling, have been reported by previous 

authors following changes to the neuronal biochemical environment.190-193, 275  Pathological changes to 
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neural tissue have also been shown to cause structural changes to astrocytes, with a swollen and 

oedematous astrocyte structure being reported in histological studies of hydrocephalic human brains.276  

Preliminary assessment of experimental data revealed an alteration in astrocyte morphology in high-

IOP eyes.  This appearance was similar to the changes in astrocyte morphology reported in the above 

work.  For quantifying change in astrocyte morphology in IOP elevation experiments, regions of 

astrocyte change was identified as being any portion of tissue where the normal lattice like GFAP 

pattern was lost.  To determine the proportion of tissue within each laminar region demonstrating 

astrocyte morphological change the following measurements were made:  

i. The total GFAP stained area in each laminar region of analysis was determined in µm2; 

ii. The total area of astrocyte morphological change within each region of analysis was calculated 

by delineating each segment of tissue where the delicate GFAP pattern was lost and then 

calculating the sum.  This result was also expressed in µm2;  

iii. The total area of astrocyte morphological change within each laminar region was expressed as a 

proportion by dividing the total area with astrocyte morphological change by the total GFAP 

stained area.  This result was defined as the percentage area of astrocyte morphological change. 

During this analysis the total neural area in each of the laminar regions and the total number of neural 

bundles analysed within the laminar and post laminar regions of the control- and high-IOP eyes were 

also recorded. 

4.2.6  Statistical analysis 
ANOVA was utilized to identify statistical differences between control- and high-IOP eyes as 

described in Chapter 2. 

4.2.6.1  Physiological and optic nerve head measurements  

Factorial ANOVA was used to assess the effect of IOP (control or high), time of IOP elevation (3, 6, 9 

and 12 hours) and disk location (temporal, central and nasal) on parameter lamina cribrosa thickness 

and the physiological variables (blood pressure, control-IOP, hig- IOP, CSFp, pCO2, pO2 and pH).  

This analysis determined if there were significant differences in optic nerve head measurements and 

physiological parameters between the 4 groups.  

4.2.6.2  GFAP intensity and astrocyte morphological change  

A separate ANOVA for each time point was used to assess the effects of IOP (control or high), 

individual pig, nerve bundle location (temporal, central and nasal) and position along the nerve (pre 

laminar, lamina cribrosa, post laminar) on the parameters total neural area, total number of nerve 
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bundles, GFAP intensity, percentage area of tissue positive for GFAP stain and percentage area of 

astrocyte morphological change.  When comparing astrocyte morphological change between 3, 6, 9 

and 12 hour groups the control- and high-IOP data were analysed separately.  ANOVA was used to 

assess the effects of time of IOP elevation (3, 6, 9 or 12 hours), nerve bundle location and position 

along the nerve on the parameter percentage area of astrocyte morphological change for each of the 

control- and high-IOP eyes. 

4.2.6.3  Linear mixed regression analysis 

Because the experimental design consisted of continuous intraocular and CSF pressure monitoring for 

the duration of each experiment it was possible to examine the influence of different physiological 

variables on astrocyte morphological change using a linear mixed (regression) model.  The control- and 

high-IOP data were pooled together for the different time points and the pre laminar, lamina cribrosa 

and post laminar regions analysed separately.  The specific variables IOP, CSFp, IOP – CSFp, BP, and 

time of IOP elevation were used as predictors of percentage area of astrocyte morphological change.  

The co-efficient and P value for each significant variable was determined. 

4.2.7  Measurement reproducibility 
To determine observer reproducibility of GFAP intensity measurements, 12 GFAP stained images (six 

pairs) from 6 animals were quantitated on 3 separate occasions each at least 1 week apart, by the same 

masked observer who performed all the data analysis.  Each pair consisted of the control-IOP and high 

IOP-image from the same animal.  ANOVA was used to assess the effects of eye (control or high-IOP), 

laminar region and measurement day on GFAP intensity.  

To calculate reproducibility of the technique used to measure astrocyte morphology change a total of 

10 images (five pairs) from five animals were quantified on 3 separate occasions, each at least a week 

apart by the same masked observer who performed all the data analysis.  ANOVA was used to assess 

the effects of eye (control- or high-IOP), measurement day and pig number on the parameter 

percentage area of astrocyte morphological change.  These same 10 images were also analysed for 

astrocyte morphological change in an identical and masked fashion by a second observer.  ANOVA 

was used to assess the effects of observer, effects of eye (control or high-IOP) and laminar region on 

percentage area of astrocyte morphological change.  This determined if there was any inter-observer 

variability in quantifying astrocyte morphological change. 
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4.3  Results 

4.3.1  Physiological measurements 
Mean experimental data for each time point is presented in Table 4.1.  The mean systolic blood 

pressure for all 25 pigs was 85.6 ± 1.4 mmHg.  Average arterial pO2 was 99.3 ± 2.1 mmHg, pCO2 was 

38.0 ± 0.7 mmHg, and pH was 7.5 ± 0.0.  The mean CSFp was 6.3 ± 0.6 mmHg.  The average left- and 

right-eye IOP was 43.1 ± 0.3 and 13.0 ± 0.3 mmHg respectively.  The average differences between the 

IOP and CSFp in the left and right eyes were 38.4 ± 0.8 and 8.3 ± 0.7 mmHg respectively.  There were 

no statistical differences in blood pressure, CSFp, left-eye IOP, right-eye IOP, pO2, pCO2 and pH 

between the 3, 6, 9 and 12 hour groups (all P > 0.183). 

 

Table 4.1 Physiological measurements for astrocyte studies 

The mean ± standard error for each physiological variable in each experimental group is provided.  

All measurements apart from pH are in mmHg units.   

 

 

 

 

 

 

 

 

 

 

  
BP (L) IOP (R) IOP CSFp pO2 

 
pCO2 pH 

  

3 Hour 89.9 ± 2.6 41.6 ± 0.5 13.2 ± 0.5 2.3 ± 1.4 104.0 ± 4.7 40.1 ± 1.2 7.5 ± 0.0 

6 Hour 83.0 ± 5.9 43.7 ± 1.1 13.2 ± 0.9 5.5 ± 1.8 100.2 ± 3.1 36.8 ± 0.8 7.5 ± 0.0 

9 Hour 80.5 ± 5.4 44.7 ± 0.2 12.7 ± 0.9 4.5 ± 2.3 92.3 ± 6.2 37.8 ± 0.9 7.5 ± 0.0 

12 Hour 83.4 ± 1.8 43.5 ± 0.5 12.9 ± 0.5 7.4 ± 1.1 96.9 ± 3.2 37.2 ± 1.5 7.5 ± 0.0 
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4.3.2  Laminar morphometric measurements 
Mean lamina cribrosa thickness measurements in the nasal, central and temporal region in the control 

and high-IOP eye for each time point is presented in Table 4.2.  The mean temporal, central and nasal 

lamina cribrosa thickness from all twenty five animals were 366.9 ± 5.9 µm, 399.4 ± 6.2 µm and 370.2 

± 6.2 µm respectively.    There was no significant difference in lamina cribrosa thickness between 

control- and high-IOP eyes in any of the time points (all P > 0.110). 

 

Table 4.2 Lamina cribrosa thickness measurements for astrocyte studies 

The mean ± standard error for lamina cribrosa thickness (µm) in nasal, central and temporal regions 

of control- and high-IOP eyes for each experimental group is provided.  

 

 

 

 

 

 

 Nasal Central Temporal 

 Control 
IOP High IOP Control 

IOP High IOP Control 
IOP High IOP 

3 Hour 350.6 ± 18.2 353.0 ± 21.1 374.7 ± 17.2 378.7 ± 16.2 345.6 ± 21.5 353.2 ± 19.0 

6 Hour 354.3 ± 12.9 362.5 ± 14.9 375.1 ± 13.6 391.6 ± 15.8 354.8 ± 12.0 353.5 ± 16.5 

9 Hour 382.1 ± 17.4 386.5 ± 12.4 428.2 ± 8.2 421.0 ± 11.5 396.3 ± 13.5 393.9 ± 19.5 

12 Hour 375.5 ± 12.8 400.0 ± 18.1 411.7 ± 17.6 427.1 ± 13.1 370.9 ± 10.4 388.3 ± 13.0 
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4.3.3  Astrocyte arrangement in normal porcine optic nerve head 
A normal porcine optic nerve section that has been triple immunolabelled with astrocyte, axonal and 

nuclei markers is presented in Figure 4.1.  GFAP stain was evident in all regions of the porcine optic 

nerve head and similar to the human eye 179 there was some heterogeneity in the intensity pattern of 

stain. The most intense immunoreactivity was seen in the region that separated the optic nerve from the 

vitreous humor and also in the neural tissue that bordered the collagen plates of the lamina cribrosa. 

Astrocyte cytoarchitecture was characterised by a delicate network of radial and longitudinal processes 

interdigitating with each other.  Within the pre laminar region, the distribution of astrocyte stain was 

seen in all regions where neuronal staining was also present.  In addition to coinciding with regions 

where neural tissue was present GFAP staining was also evident in tissue spaces between axonal 

bundles and along the inner limiting membrane where neuronal staining was not evident.   Arranged 

into longitudinal rows within these spaces in the pre laminar region were nuclei.  Previous work has 

demonstrated that glial cells are the most numerous cell type in the optic nerve head and for this reason 

it was assumed that nuclear staining in these specimens represented that of glial cell bodies.128, 166.  

From glial cell bodies arose astrocytic processes that enveloped ganglion cell axons as they travelled 

towards the lamina cribrosa.   

Within the lamina cribrosa and post laminar tissue the fasciculation of nerve fibre bundles by astrocytic 

processes was evident.  In these regions the distribution of GFAP stained astrocytes was also closely 

correlated with the distribution of nerve bundles.  Occasionally, a thick astrocyte process was seen to 

extend transversely to bridge one nerve bundle to the other.  However, unlike pre laminar tissue where 

spaces between neural bundles stained positive for GFAP, the laminar plates were mostly devoid of 

astrocyte stain.  Most of the glial cell bodies within the lamina cribrosa were located along the 

peripheral margins of the laminar plates and along the boundaries of the nerve fibre bundles.  Only a 

few nuclei were seen to be located directly over neural tissue in the lamina cribrosa region.  In the post 

laminar region, connective tissue that lay between adjacent nerve bundles was also largely devoid of 

GFAP stain with glial cell bodies in this region located either between or within axonal bundles. 
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Figure 4.1 Astrocyte distribution in normal porcine optic nerve head - overleaf9 

A Van Gieson stained section of tissue with dotted lines demarcating the lamina cribrosa (A).  The 

dense collagen laminar plates dividing the pre laminar and post laminar regions are clearly visible in 

red stain within this image.  Confocal microscope images illustrate the distribution of astrocytes (B), 

neural bundles (C) and nuclei (D) within the same region of the optic nerve head.  Images B, C and D 

were used to create merged images of astrocytes and nuclei (E), astrocytes and neural bundles (F), 

nuclei and neural bundles (G) and astrocytes, nuclei and neuronal bundles (H).  This demonstrated the 

relationship between these 3 structures.  Although GFAP stain was visible throughout the optic nerve 

head there was increased immunostaining in the region between the vitreous humor and the neural 

tissue and also around the margins of the laminar plates (B, arrows).  Astrocyte cell bodies were 

arranged to form glial columns between neural bundles in the pre laminar region (Inset I).  Although 

the distribution of GFAP stain corresponded closely with that of neuronal bundles in the optic nerve 

head, in the pre laminar region GFAP staining was also seen to occupy the spaces between neural 

bundles (Inset II). The laminar plates in the lamina cribrosa region were mostly devoid of astrocyte 

stain (stars; Inset III) but transverse astrocytic processes were seen to bridge adjacent neural bundles 

(arrow heads; Inset III).  The nuclei in the lamina cribrosa were located mostly around the margins of 

neural bundles (Inset IV) with very little nuclei within the nerve bundles.  Scale bar = 100 µm (A-H) 

and 50µm (Insets I-IV). 
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4.3.4  GFAP intensity change following IOP elevation 
Typical images illustrating GFAP intensity change in the optic nerve head following 3, 6, 9 and 12 

hours of IOP elevation are provided in Figure 4.2.  Results of quantitative analysis of GFAP intensity 

change for 3 hour, 6 hour, 9 hour and 12 hour experiments are presented in Figure 4.3. 

After 3 hours of IOP elevation there was no difference in the pattern and intensity of GFAP stain 

between control- and high-IOP eyes.  Statistical analysis also did not identify differences in GFAP 

stain intensity between control- and high-IOP eyes in the temporal, central and nasal nerve bundles of 

the 3 hour group (P = 0.235).  

After 6, 9 and 12 hours of IOP elevation the intensity of GFAP stain was less in high-IOP eyes.  There 

was diffuse loss of GFAP stain in temporal, central and nasal nerve bundles.  Statistical analysis 

revealed a significant decrease in GFAP stain intensity in high-IOP eyes within the temporal, central 

and nasal nerve bundles of all 3 time points (all P < 0.001).  Sub analysis revealed significantly less 

stain in the pre laminar, laminar and post laminar regions of these nerve bundles in the high-IOP eye of 

all 3 groups (all P < 0.001). 

When the percentage of tissue that was positive for GFAP stain was analysed there was no difference 

between control- and high-IOP eyes for the 3, 6 and 9 hour time points (all P > 0.271).  Following 12 

hours of IOP elevation the percentage of tissue that was positive for GFAP stain was decreased in all 

laminar regions of high-IOP eyes (P < 0.001).  In control-IOP eyes 96.2 ± 0.4% of tissue was GFAP 

positive while in the high-IOP eyes 91.5 ± 1.1% was GFAP positive. 
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Figure 4.2 Time-dependent pattern of GFAP intensity change after IOP elevation9 

GFAP intensity in control (left panel) and high-IOP eyes (right panel) after 3 hours (A), 6 hours (B), 9 

hours (C) and 12 hours (D) of IOP elevation.  There was no difference in stain intensity between 

control- and high-IOP eyes in the 3 hour group.  In the remaining groups there was a significant 

decrease in GFAP stain intensity across all regions of the high-IOP eye.  Colour intensity scale bar is 

provided.  Scale bar  = 100 µm   
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Figure 4.3 Quantitative analysis of GFAP intensity changes after IOP elevation 

Comparison of GFAP intensity in each region of the optic nerve for the 3, 6, 9 and 12 hour 

experiments. (A) Pre laminar-temporal region, (B) Pre laminar-central region, (C) Pre laminar-nasal 

region, (D) Laminar-temporal region, (E) Laminar-central region, (F) Laminar-nasal region, (G) Post 

laminar-temporal region, (H) Post laminar-central region, (I) Post laminar-nasal region.  There was a 

significant reduction in GFAP intensity across all 9 regions in the high-IOP eye of the 6, 9 and 12 hour 

experiments.  There was no significant change after 3 hours of IOP elevation.  ** significant difference 

as determined by three-way ANOVA with post hoc testing.   
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4.3.5  Astrocyte morphology change following IOP elevation 
Typical images illustrating astrocyte morphology in control optic nerve heads and following 6 hours, 9 

hours, and 12 hours of IOP are presented in Figures 4.4, 4.5, 4.6 and 4.7 respectively.  Quantitative 

analysis of tissue that demonstrated morphological change in temporal, central and nasal nerve bundles 

in control- and high-IOP eyes for each time group is illustrated in Figure 4.8.  Quantitative analysis of 

tissue that demonstrated morphological change in each of the laminar regions is illustrated in Figure 

4.9.  

GFAP stained astrocytes were seen to lose their reticulated and skein-like pattern after IOP elevation, 

demonstrating a disorganized architecture with round and ovoid changes to cell morphology.  These 

circular enlargements varied in size, ranging from 5 – 50 µm in diameter.  This change in structure was 

evident in pre laminar, lamina cribrosa and post laminar tissue.  The change in astrocyte morphology 

was observed to be heterogeneous in distribution.  Morphological changes were often seen to involve 

only discreet regions of tissue within the optic nerve head, with normal astrocyte architecture evident in 

regions adjacent to where morphological changes were observed.  Additionally, variable degrees of 

morphological change were seen in the high-IOP eye of different animals after the same duration of 

IOP elevation.   

Within the pre laminar region, changes in astrocyte morphology were seen to involve tissue 

surrounding major vasculature and also tissue located away from any major vessel.  In the lamina 

cribrosa and post laminar regions most changes to GFAP structure were seen around the peripheries of 

neural bundles.  Nodular enlargements in astrocyte morphology were however seen within the centre of 

nerve bundle regions of some eyes.   

After 12 hours of IOP elevation some eyes demonstrated a total change in GFAP structure.  The fine 

and delicate stain pattern, normally seen, was replaced by an amorphous appearance in astrocyte 

morphology.  Within these regions there was a homogeneous GFAP stain pattern with total loss of 

tissue architecture.  Nodular enlargements to astrocyte structure were also evident within this 

amorphous appearance.  When this amorphous change in astrocyte structure was observed it was seen 

in all laminar regions of high-IOP eyes, with the greatest changes being observed in the lamina 

cribrosa.   These changes were not only visible in regions where neural tissue was located, but also 

over the laminar plates.  This is in contrast to the nodular changes which only occurred in regions 

where neural tissue was located.   
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Astrocyte morphological changes were seen in eyes as early as 3 hours after IOP elevation.  The area of 

tissue demonstrating astrocyte morphology change was significantly different between control- and 

high-IOP eyes for all time groups (all P < 0.001).  In the 3 hour group, sub-analysis revealed that the 

difference was only significant in the lamina cribrosa region (P = 0.002) and in the central nerve 

bundles (P = 0.043).  For the 6, 9 and 12 hour groups the difference between control- and high-IOP 

eyes was significant in all laminar regions (all P < 0.001) and also in the temporal, central and nasal 

nerve bundles (all P < 0.001).  Within high-IOP eyes the changes in astrocyte morphology involved the 

temporal, central and nasal nerve bundles equally following variable periods of IOP elevation (P = 

0.985).  The change in astrocyte morphology was significantly different between the different laminar 

regions of high-IOP eyes (P = 0.006), with post-hoc analysis confirming that the greatest change was 

seen in the lamina cribrosa region (P < 0.018).  The change in astrocyte morphology within high-IOP 

eyes increased with time (P < 0.001), with sub-analysis revealing that the greatest change was seen 

after 12 hours of IOP elevation.  Within the control eyes the difference in astrocyte morphology 

between the 3, 6, 9 and 12 hour groups was not significantly different (P = 0.219).  There was no 

difference in the number of neural bundles studied between control- and high-IOP eyes for any time 

point (all P > 0.421).  There was no difference in the total neural area sampled between control- and 

high-IOP eyes for the 3, 6 and 9 hour groups (all P > 0.365).  In the 12 hour group the mean neural area 

studied in the high-IOP eyes was greater than control (P = 0.005; control-IOP = 58029 ± 2683 µm2 and 

high-IOP = 70209 ± 4854 µm2). 
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Figure 4.4 Astrocyte morphology in normal porcine optic nerve head 

GFAP stained control optic nerve head illustrates the reticulated and skein-like morphology of normal 

astrocyte processes.  Insets I and II provide high magnification images of the lamina cribrosa and post 

laminar regions, respectively.  Scale bar = 100 µm
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Figure 4.5 Astrocyte morphology after 6 hours of IOP elevation 

Circular enlargements (arrows) ranging from 5-50 µm, and predominantly involving the peripheral region of 

nerve bundles, was evident after 6 hours of IOP elevation.  Normal astrocyte architecture was evident in 

regions adjacent to where morphological changes were observed.  Insets I and II provide high magnification 

images of the lamina cribrosa region.  Scale bar = 100 µm  



142 
 

  

 

Figure 4.6 Astrocyte morphology after 9 hours of IOP elevation 

An increase in number and size of nodular enlargements (arrows) was evident after 9 hours of IOP elevation.  

Changes within central nerve bundles, as well as peripheral nerve bundles, were evident within this time point.  

Insets I and II provide high magnification images of the lamina cribrosa and post laminar region respectively.  

Scale bar = 100 µm.  
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Figure 4.7 Astrocyte morphology after 12 hours of IOP elevation9 

After 12 hours of IOP elevation there was a total change in GFAP structure.  The fine and delicate stain pattern 

normally seen was replaced by an amorphous appearance in astrocyte morphology (arrows).  Within these 

regions there was a homogeneous GFAP stain pattern with total loss of tissue architecture.  Nodular 

enlargements were also evident within this amorphous appearance. Insets I and II provide high magnification 

images of the lamina cribrosa.  Scale bar = 100 µm  



144 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Astrocyte morphological comparisons between temporal, central and nasal 

bundles  

The change in high-IOP eyes was significantly greater in all regions in the 6, 9 and 12 hour groups.  At 3 hours, 

the change was significantly higher in the central nerve bundles only of high-IOP eyes.  **significant difference 

as determined by three-way ANOVA. 
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Figure 4.9 Astrocyte morphological comparisons between laminar regions  

The change in high-IOP eyes was significantly greater in all regions in the 6, 9 and 12 hour groups.  At 3 hours, 

the change was significantly higher in the lamina cribrosa only of the high-IOP eyes.  **significant difference 

as determined by three-way ANOVA. 
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4.3.6  Physiological determinants of astrocyte alteration 
Control- and high-IOP data were pooled together in order to examine the influence of time of IOP elevation and 

the different physiological variables (CSFp, IOP, IOP – CSFp, blood pressure) on percentage area of astrocyte 

morphological change.  A separate analysis was performed for each of the pre laminar, lamina cribrosa and post 

laminar regions.  In the pre laminar region, IOP (0.002, P = 0.01) and time of IOP elevation (0.010, P = 0.002) 

were significantly associated with astrocyte morphological change.  Cerebrospinal fluid pressure (0.009, P < 

0.001) and IOP – CSFp (0.004, P < 0.001) were the significant associates of astrocyte morphological change in 

the lamina cribrosa.  In the post laminar region, IOP – CSFp was the only associate of astrocyte morphological 

change (0.001, P < 0.001). 

4.3.7  Apoptosis  
Typical images of TUNEL stained slides after 12 hours of IOP elevation are presented in Figure 4.10.  Positive 

control slides that were incubated with DNAse prior to TUNEL labelling demonstrated numerous TUNEL 

positive cells in the optic nerve head.  TUNEL positive cells were not detected in the optic nerve heads of 

control- and high-IOP eyes for all time groups.  

 

Figure 4.10 Optic nerve head TUNEL staining after IOP elevation9  

The left panel is a control positive slide pre-treated with DNAse. On this slide numerous TUNEL positive cells 

are seen. The right panel is an eye that was subject to high IOP for 12 hours with no evidence of apoptosis 

detected with TUNEL stain.  Scale bar = 50 µm. 
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4.3.8  Measurement reproducibilty 
4.3.8.1  GFAP intensity change 

The mean coefficient of variation for GFAP intensity was small, at 3.5% (sd 1.9%), with no significant 

difference between control- and high-IOP eyes (P = 0.874).  Repeated measurements on 6 pairs of GFAP data 

found no relationship between day of measurement and stain intensity in any of the 3 laminar regions (P = 

0.976).    

4.3.8.2  Astrocyte morphology change 

The mean CV for astrocyte morphological change was 20.2% (sd 43.5%), with the CV being greater in high-

IOP eyes (P = 0.009).  Repeated measurements on 5 pairs of images found no relationship between day of 

measurement (P = 0.585), with the difference between control- and high-IOP eyes being consistently significant 

for each measurement day (all P < 0.001).  From the 10 images that were quantitated by 2 separate observers 

there was no significant inter-observer variability (P = 0.351) with both observers finding change in high-IOP 

eyes to be greater than control (P < 0.001). 
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4.4  Discussion 

4.4.1  Key findings 
The major findings from these experiments are: (1) Astrocyte changes precede functional changes to RGC axons 

but occur concurrently with axonal cytoskeleton changes. (2) Acute IOP elevation causes a diffuse decrease in 

GFAP intensity in regions of axonal injury. (3) A rise in IOP causes a time-dependent change in cellular 

morphology that is consistent with astrocyte swelling. (4) The greatest change to astrocytes following IOP 

elevation occurs in the lamina cribrosa region with the physiological variables IOP, CSFp, and IOP-CSFp 

exerting different influences on each of the laminar regions. 

4.4.2  Human and porcine optic nerve astrocyes perform a comparable function 
Like the human eye, all regions of the normal porcine optic nerve head demonstrate immunoreactivity to GFAP 

antibody.  In the pre laminar region, the glial cell bodies of porcine eye are arranged into columns that function 

to partition RGC axons into discrete nerve bundles.  A similar glial cell distribution has been reported in human 

eyes.  In the lamina cribrosa region the majority of glial cell bodies are found along the boundaries of the 

laminar plates, at the interface with nerve fibre bundles.   These findings, taken together with previous work that 

has demonstrated inter-species similarities in the expression of endothelin-1 receptor in ocular astrocytes 

suggest that optic nerve glial cells in humans and pigs perform a comparable role.277 

4.4.3  Acute IOP elevation depresses GFAP expression 
The results of this chapter demonstrate a decrease in GFAP intensity in all regions of the porcine optic nerve 

head following 6 or more hours of IOP elevation.  Regions of GFAP depression corresponded to sites of 

cytoskeleton alteration and axonal transport retardation.  The astrocyte response identified in these experiments 

are analogous to that following optic nerve crush, where a decrease in GFAP stain also occurs at the site of 

axonal injury.198 Work that has examined the glial response during Wallerian degeneration in the human spinal 

cord has also shown a gradual decrease in GFAP stain in degenerating nerve tissue.189Unlike chronic IOP 

elevation where reactive astrocytosis is believe to exacerbate IOP-mediated axonal damage, the acute phase of 

IOP elevation appears to cause glial injury and hence it is unlikely that astrocytes are predominant contributors 

of neuronal death in the early stages of glaucoma.  

4.4.4  Acute IOP elevation induces astrocyte injury 
There have been few studies that have examined changes in astrocyte morphology following IOP elevation.  The 

results of this chapter demonstrate a heterogeneous change in astrocyte morphology as early as 3 hours after IOP 

elevation with the degree of morphological change being proportional to the duration of IOP rise.  The delicate 
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cytoskeletal network within astrocytes was replaced by a nodular appearance in astrocyte morphology, in most 

eyes, with all laminar regions being involved.  

Neural injury can cause changes to astrocyte morphology as a result of cell volume alteration.190  Astrocyte 

swelling has been well demonstrated following CNS ischemia and following metabolic disturbances such as 

hypoglycaemia and liver failure.178  Furthermore, in vivo studies have shown that alterations in cellular 

osmolality, glutamate, calcium, potassium, lactate and oxygen concentrations can result in astrocyte swelling.190-

193 Morphological and immunohistochemical findings in this chapter are similar to a previous report192 that 

documented astrocyte swelling following exposure to glutamate.  It is therefore likely that astrocytes within the 

optic nerve head undergo swelling, secondary to injury, following acute IOP elevation. 

Astrocyte swelling is believed to represent the earliest response to CNS injury.184  The initial phase of swelling 

seen in astrocytes is thought to be a compensatory response by these cells as they attempt to preserve neuronal 

function.  Prolonged periods of swelling however can compromise the astrocytes ability to regulate neural 

homeostasis and at this point the astrocyte could potentially be responsible for initiating and propagating 

neuronal damage.184 Previous work has shown that astrocytes also undergo morphological changes during 

apoptosis.278  It is unlikely that apoptosis was the cause of the morphological changes as there were no TUNEL 

positive cells in the optic nerve heads of experimental eyes. 

It is interesting that changes in astrocyte morphology, in the 3 hour group, occurred before alteration to GFAP 

intensity. This finding however is consistent with previous work which has demonstrated the ability of 

astrocytes to undergo rapid morphological changes by redistribution of cytoskeletal proteins without any 

quantitative alteration to GFAP levels.279 

4.4.5  Physiological perturbations have non‐uniform optic nerve head influences 
Linear regression analysis revealed that raised IOP was the most significant predictor of astrocyte change in the 

pre laminar region.  While in the lamina cribrosa and post laminar tissue a rise in IOP - CSFp i.e. the trans-

laminar pressure gradient, was the most significant predictor.  An increase in CSFp was also predictive of 

astrocyte change in the lamina cribrosa.  These findings imply that cells in each of the laminar regions are 

influenced by each of the ocular physiological variables to different extents.   
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5.  Expression of nitric oxide synthase (NOS) isoforms 

following IOP elevation 

5.1  Aim 

Experimental results from chapters 3 and 4 demonstrate significant IOP-mediated axonal and glial injury in the 

acute stages of intraocular pressure elevation.  The immediate responses of biochemical systems to such severe 

optic nerve head injury remains unknown.   Does acute optic nerve head injury induce a metabolic response that 

functions to minimise and reverse axonal damage?  Or, is the response such that there is upregulation of neuro- 

and glia-derived toxic metabolites that serve to perpetuate axonal injury? 

Nitric oxide synthase (NOS) isoforms are a closely related family of enzymatic proteins that synthesise and 

regulate nitric oxide levels in the visual system.155 Three isoforms of NOS enzyme have been identified: 

neuronal nitric oxide synthase (nNOS) or NOS-1, immunologic nitric oxide synthase (iNOS) or NOS-2 and 

endothelial cell nitric oxide synthase (ecNOS) or NOS-3.  Ophthalmic and neuroscience studies have both 

revealed that iNOS and nNOS have neuro-toxic properties while ecNOS serves to preserve/restore neuronal 

function.44, 163, 280, 281      

The behaviour of NOS isoforms following acute IOP elevation has not been investigated.  This chapter 

delineates the temporal sequence of NOS isoform expression after acute IOP elevation and correlates these 

alterations with axonal and glial changes documented in chapters 3 and 4.  The aim of this chapter is to clarify 

the role of NOS isoforms in IOP-induced neuro-degenerative and neuro-regenerative mechanisms in the optic 

nerve head. 
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5.2  Methods 

5.2.1  Experimental design 
A total of 12 White Landrace pigs were used.  Details of anesthetic and surgical methodology employed for 

experimental IOP elevation are described in Chapter 2.  6 pigs were used for 6 hour IOP experiments and 6 pigs 

were used for 12 hour IOP experiments.  Most of the animals used for these experiments were also used for 

axonal transport, cytoskeleton and astrocyte studies described in Chapters 3 and 4. 

5.2.2  Immunohistochemistry 
Optic nerves were prepared post-euthanasia using techniques described in Chapter 2.  Only sections from the 

central region of each optic nerve were used.  Slides were washed for 5 minutes in a wash solution composed of 

0.01 M PBS and Tween 20 (Sigma-Aldrich, St. Louis, Mo.) before incubation with their primary antibody 

solution. 

The distribution of nitric oxide synthase isoforms in the porcine eye has been previously described.159 The 

immunohistochemical staining protocol for this work was adopted from this previous report.  Primary antibodies 

for NOS enzyme labelling include inducible NOS antibody (1:10, Product No. 610328, Transduction Labs, 

Lexington, USA), neuronal NOS antibody (1:25, Product No. 610308, Transduction Labs, Lexington, USA) and 

endothelial NOS antibody (1:100, Product No. 610296, Transduction Labs, Lexington, USA).  The specificity of 

all primary antibodies were characterised by routine testing and stained a single band of molecular weight 130 

kDa, 155 kDa and 140 kDa for iNOS, nNOS and ecNOS respectively on western blot analysis.   

All primary antibodies used for this work were made into solution with 1% goat serum (G9023; Sigma-Aldrich) 

and 1% bovine serum albumin.  Triton X-100 (0.1%; Sigma-Aldrich) was also used for all primary antibody 

incubations to improve permeability.  All primary antibodies were incubated for 24 hours.  Slides were then 

given 4 washes over 20 minutes in a 4ºC wash solution (0.01M PBS, pH 7.4 and Tween 20) and then incubated 

overnight with a goat anti-mouse IgG secondary antibody (1:400, Alexa Fluor 488, A11029; Invitrogen-

Molecular Probes, Eugene, OR).  After secondary antibody incubation all specimens were washed four times 

over 20 minutes in a 4ºC wash solution.  Slides were then mounted in glycerol and immediately viewed with the 

confocal microscope.   

Previous work has demonstrated that conjunctiva, iris, ciliary body and ciliary processes of the normal porcine 

eye have a high concentration of all three NOS enzymes.159 For this reason the anterior segment of the eye was 

used as positive control.  Negative controls for this work consisted of replacing the primary antibody solution 
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from optic nerve and anterior segment sections with 0.01M PBS with the remainder of the staining protocol 

being the same.  Two optic nerve negative control sections were used for each experiment. 

5.2.3  Image acquisition 
Details of the confocal scanning laser microscope and light microscope used to view optic nerve sections are 

provided in Chapter 2.  Methodology employed for generation of montages is also provided in Chapter 2. 

Visualisation of sections was achieved by laser excitation at a 488 nm line from an argon laser with emissions 

detected through a 522/35 nm band pass filter.  A Nikon 20x (NA 0.4) dry lens was used to view all slides.  

Confocal microscope images of the control and high pressure nerve labelled with the same primary antibody 

were acquired immediately after each other using identical instrument settings being sure to avoid saturation of 

the brightest pixels.  To allow for background correction during image analysis two negative control slides were 

also montaged with the confocal microscope. 

After slides were montaged using the confocal microscope, a light microscope image of the same section was 

captured using a high resolution digital camera (DXM 1200; Nikon) attached to a microscope (Eclipse E80; 

Nikon).  The light microscope image was used as the reference image during image analysis to accurately 

demarcate each of the optic nerve regions in the accompanying confocal microscope image. 

5.2.4  Image analysis 
5.2.4.1  Image randomisation and segmentation 

Prior to analysis all images were randomised such that treatment and time groups were unknown by the 

observer.  Confocal images were analysed in gray scale (0 – 255 pixel intensity) with the average projection of 

each montaged Z stack being used for analysis.  Each image was divided into 4 regions – pre laminar, lamina 

cribrosa, proximal 400 µm of immediate post laminar tissue and a second region of post laminar tissue that 

commenced 1 mm behind the lamina cribrosa and extended 400 µm posteriorly.  A light microscope image of 

the section that was viewed with the confocal microscope was used to delineate each of the optic nerve regions 

prior to image analysis.  Figure 5.1 demonstrates the method used to divide each confocal image prior to 

quantitative analysis. 
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Figure 5.1 Methodology for optic nerve head NOS quantification10 

NOS stain was quantitated in four different regions of the optic nerve. A light microscope image (A) of the same 

section that was viewed with the confocal microscope (B) was used to accurately divide each confocal image 

into pre laminar region, lamina cribrosa region, immediate post laminar region (which commenced 

immediately after the posterior boundary of the lamina cribrosa and extended 400µm posteriorly) and 1 mm 

post laminar region (which commenced 1 mm behind the posterior boundary of the lamina cribrosa and 

extended 400µm posteriorly).  Dotted lines demarcate each of the four regions that were analysed.  Confocal 

microscope image in this figure is stained with ecNOS.  All confocal images were false coloured following 

analysis using a colour look up table. 
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5.2.4.2  Quantifying NOS enzyme change 

To detect NOS enzyme differences between normal-pressure and high-pressure nerves previously reported 

techniques were used for quantifying pixel intensity with back ground correction from NOS microscope 

images.282 The mean value of pixels per µm2 of tissue in each of the laminar regions in each confocal image was 

determined and used for statistical analysis.  The mean value of pixels per µm2 in each of the laminar regions 

was determined using the following steps: 

i. Each confocal image was divided into 4 optic nerve regions (pre laminar, lamina cribrosa, immediate post 

laminar and 1 mm post laminar) and each region was analysed separately. 

ii. The total area of each laminar region (in µm2) was determined.   

iii. The area occupied (in µm2) by each pixel value (from 0 – 255) within each laminar region was 

determined. 

iv. Each pixel value (0 – 255) was multiplied by the area it occupied, and the sum of these 256 

measurements calculated.  This determined the total pixel intensity in each of the laminar regions and was 

used as a measure of the total amount of fluorescence. 

v. The mean fluorescence in each laminar region was then calculated by dividing the total pixel intensity 

within the laminar region (step iv) by the total area of that laminar region (step ii).  This result was 

defined as the mean pixel intensity per µm2 of tissue. 

vi. Steps (i) to (v) were performed on confocal images from normal-pressure, high-pressure and negative 

control optic nerve slides from the same animal.  

vii. To correct for background intensity, the mean pixel intensity per µm2 of tissue in the negative control 

slide was subtracted from the mean pixel intensity per µm2 of tissue in the treated slide (normal-pressure 

or high-pressure) for each laminar region.   

viii. The final result was used for statistical analysis. 

5.2.5  Statistical analysis 
ANOVA was utilized to identify statistical differences between control- and high-IOP eyes as described in 

Chapter 2. 

ANOVA was used to determine if mean pixel intensity (of NOS enzyme) per µm2 of tissue was significantly 

different between normal-pressure and high-pressure nerves and also between 6 hour and 12 hour groups.  

ANOVA was also used to determine if the area of optic nerve tissue analysed in normal-pressure eyes was 

significantly different from high-pressure eyes.  The latter analysis determined if there was more/less optic 

nerve tissue in one group with respect to the other. 
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5.2.6  Measurement reproducibility 
To determine observer reproducibility, the different laminar regions of 12 ecNOS images (6 pairs) were 

quantified as described above (sub-section 5.2.5) on 3 separate occasions, each at least 1 week apart, by the 

same masked observer who performed all the data analysis.  Three way ANOVA was used to test whether the 

mean pixel intensity per µm2 of tissue and total area within each laminar region for each measurement day was 

statistically significant.  ANOVA was also used to determine if the co-efficient of variation between normal-

pressure and high-pressure eyes was different. 

 
5.3  Results 

5.3.1  Physiological measurements 
The mean systolic blood pressure for all 12 pigs was 85.2 ± 1.6 mmHg.  Average arterial pO2 was 101.3 ± 2.3 

mmHg, pCO2 was 37.7 ± 0.9 mmHg, and pH was 7.5 ± 0.0.  The mean CSFp was 5.3 ± 1.2 mmHg.  The 

average left-eye and right-eye IOP was 43.5 ± 0.4 and 12.9 ± 0.4 mmHg respectively.  The average differences 

between the IOP and CSFp in the left and right eyes were 38.2 ± 1.1 and 7.6 ± 1.0 mmHg respectively.  Mean 

data for the 6 and 12 hour groups are presented in Table 5.1.  There was no statistical difference in blood 

pressure, CSFp, left-eye IOP, right-eye IOP, pO2, pCO2 and pH between the 6 and 12 hour groups (all P > 

0.350). 

 

Table 5.1 Physiological measurements for NOS studies 

The mean ± standard error for each physiological variable in each experimental group is provided.  All 

measurements apart from pH are in mmHg units.   

     
 BP (L) IOP (R) IOP CSFp pO2 pCO2 pH 

6 hour 83.1 ± 5.9 43.7  ± 1.1 13.2  ± 0.9 5.5  ± 1.8 100.2  ± 3.0  36.8  ± 0.8 7.5  ± 0.0 

12 hour 86.6 ± 2.1 43.3 ± 0.7 12.6 ± 0.7 4.8 ± 2.8 101.7 ± 3.6 38.6 ± 1.6  7.5 ± 0.0 
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5.3.2  NOS isoform expression in normal porcine eye 
NOS enzyme staining in optic nerve, positive control and negative control tissues is presented in Figure 5.2.  

Strong staining for nNOS, iNOS and ecNOS was present in the anterior segment ciliary processes of positive 

control tissue.  There was no nNOS or iNOS staining in the optic nerve head but strong immunoreactivity for 

ecNOS was found.  Although specific co-labelling was not performed, the expression pattern of ecNOS was 

consistent with previous reports that have described the normal distribution of retinal, choroidal and optic nerve 

vascular endothelium in the pig eye.239, 283  

 

Figure 5.2 NOS enzyme staining in normal porcine eye10 

Confocal images of endothelial nitric oxide synthase (ecNOS), neuronal nitric oxide synthase (nNOS) and 

inducible nitric oxide synthase (iNOS) labelled positive control (anterior segment ciliary processes) and normal 

pig optic nerve tissue.  There was strong immunostaining of all NOS enzymes in ciliary processes (A, B and C).  

No staining was seen in anterior segment negative control tissue when primary antibodies were replaced with 

PBS solution (D, E and F).  The vascular endothelium in the optic nerve vessels showed strong 

immunoreactivity to ecNOS (G).  There was no detectable nNOS (H) or iNOS (I) staining in optic nerve tissue.  

Scale bar = 100 µm.   
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5.3.3  NOS isoform changes following IOP elevation 
nNOS and iNOS was not detected in normal-pressure and high-pressure nerves in any of the experiments.  

Typical images illustrating ecNOS intensity change in the optic nerve head following 6 and 12 hours of IOP 

elevation are provided in Figures 5.3 and 5.5 respectively.  Results of quantitative analysis of ecNOS intensity 

change for 6 hour and 12 hour experiments are presented in Figures 5.4 and 5.6 respectively. 

After 6 hours there was no visible difference in the intensity of ecNOS stain between normal pressure and high-

pressure nerves.  Quantitative analysis revealed no difference in mean pixel intensity per µm2 in any of the 

laminar regions between the normal-pressure and high-pressure nerves after 6 hours (P = 0.879).   

After 12 hours of pressure elevation, the intensity of ecNOS staining was visibly greater in the pre laminar and lamina 

cribrosa regions of high-pressure nerves.  The expression pattern of increased ecNOS staining was consistent with the 

expression pattern of optic nerve endothelium.  Quantitative analysis revealed a significant difference in mean pixel 

intensity per µm2 between normal-pressure and high-pressure nerves (P < 0.001).  Post-hoc analysis revealed this 

difference was significant in the pre laminar (P = 0.013) and lamina cribrosa (P < 0.001) regions.  Although the mean 

pixel intensity per µm2 of tissue in the immediate post laminar region of high pressure nerves was greater that normal-

pressure nerves this difference did not reach statistical significance (P = 0.569).  There was no difference between the 

normal- and high-pressure nerves in the post laminar region 1mm behind the posterior boundary of the lamina cribrosa 

(P = 0.982).   

When 6 hour and 12 hour data were compared there was a statistical difference in mean pixel intensity per µm2 

between the two groups (P = 0.018), with post-hoc analysis revealing that the difference was greatest at the 

lamina cribrosa (P = 0.032).  The intensity of ecNOS was greater in high-pressure eyes.  The total area of optic 

nerve that was analysed for NOS enzyme changes was not different between normal and high-pressure eyes (P 

= 0.051).   
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Figure 5.3 ecNOS stain pattern following 6 hours of IOP elevation10 

Confocal and corresponding light microscope images illustrate ecNOS staining pattern in normal-pressure (A 

and C) and high-pressure nerves (B and D).  There was no visible difference in ecNOS stain pattern in pre 

laminar (PL), lamina cribrosa (LC) and post laminar (PoL) regions.  Colour intensity scale bar is provided on 

the right of the image.  Scale bar = 300µm.   
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Figure 5.4 Quantitative analysis of ecNOS change after 6 hours of IOP elevation10 

There was no difference between normal-pressure and high-pressure nerves in pre laminar (PL), lamina 

cribrosa (LC), immediate post laminar (IPoL) and 1mm post laminar (1mmPoL) segments.  
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Figure 5.5 ecNOS stain pattern following 12 hours of IOP elevation10 

Confocal and corresponding light microscope images illustrate ecNOS staining pattern in normal-pressure (A 

and C) and high-pressure nerves (B and D).  There was visibly more stain in the pre laminar (PL) and lamina 

cribrosa (LC) regions of the high-pressure nerve. There was no visible difference in ecNOS stain pattern in post 

laminar (PoL) regions.  Colour intensity scale bar is provided on the right of the image.  Scale bar = 300µm.   
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Figure 5.6 Quantitative analysis of ecNOS change after 12 hours of IOP elevation10 

ecNOS intensity was greater in the pre laminar (PL) and lamina cribrosa (LC) regions of the high-pressure 

nerve after 12 hours of pressure elevation.  There was no difference between normal-pressure and high-

pressure nerves in immediate post laminar (IPoL) and 1mm post laminar (1mmPoL) segments.  ** statistically 

significant difference as determined by ANOVA. 
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5.3.4  Measurement reproducibility 
The mean co-efficient of variation for ecNOS stain intensity measurement was small, at 10.7% (SD 8.6%), with 

no significant difference in the CV between the different optic nerve regions (P = 0.099).  Testing the influence 

of individual pig, optic nerve region and whether high-pressure or normal-pressure revealed no significant 

difference in CV between the two nerves (P = 0.953).  Repeated measurements on six pairs of ecNOS intensity 

data found no relationship between day of measurement and stain intensity in any of the optic nerve regions (P 

= 0.681).  With regard to the area of the laminar regions measured for ecNOS images, the mean CV was 14.4% 

(SD 9.0%) with no difference in the CV between the different optic nerve regions (P = 0.713).  Testing the 

influence of individual pig, optic nerve region and whether high-pressure or normal-pressure revealed no 

significant difference in CV for area between the two nerves (P = 0.756).  Repeated measurements on 6 pairs of 

ecNOS area data found no relationship between day of measurement and regional area in any of the optic nerve 

regions (P = 0.991). 
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5.4  Discussion 

5.4.1  Key findings 
The major findings from these experiments are: (1) Endothelial cell nitric oxide synthase is the only NOS 

isoform to be physiologically expressed in the normal porcine optic nerve. (2) A rise in IOP does not result in a 

detectable increase in iNOS or nNOS levels in the first 12 hours. (3) Pressure-induced neuronal and glial cell 

injury in the form of cytoskeleton alteration, axonal transport retardation and astrocyte swelling precede changes 

to ecNOS levels. (4)  The magnitude of ecNOS elevation following pressure rise is proportional to the degree of 

axonal and astrocyte injury.  

5.4.2  Acute IOP elevation induces ecNOS upregulation 
IOP elevation resulted in a time-dependent increase in ecNOS expression in pre laminar and laminar cribrosa 

regions with no detectable induction of iNOS or nNOS isoenzymes.  Histological studies of human glaucoma 

eyes have revealed increased levels of iNOS isoenzymes within the various laminar regions.  These enzymes are 

believed to be produced by neuro-toxic glial cells.44, 281 The results from human studies have been reiterated in 

rodent models of ocular hypertension where increased levels nNOS and iNOS have also been demonstrated after 

3 months of IOP elevation.163, 280  

This is the first series of experiments to document NOS isoenzyme expression after acute IOP elevation. The 

results of this chapter, in comparison to previous work, demonstrate a marked difference in NOS enzyme 

expression between settings of acute and chronic IOP elevation.  An increase in ecNOS expression, in the 

absence of nNOS and iNOS changes, suggests a compensatory response within the optic nerve head during the 

acute stages of IOP elevation.  Unlike chronic IOP elevation where NOS subtypes have detrimental effects on 

axonal structure, the expression of ecNOS isoform during acute IOP elevation most likely serves to preserve 

RGC axonal function.  It is possible that nNOS and iNOS changes occurred immediately after pressure elevation 

and returned to normal levels by 6 hours.  However this is unlikely as both iNOS and nNOS are known to 

remain elevated for extended periods of time following induction.284  

5.4.3  ecNOS induction is proportional the magnitude of optic nerve head  injury  
The greatest increase in ecNOS occurred at the lamina cribrosa.  Results from experiments reported in chapters 

3 and 4 demonstrated that the lamina cribrosa is the site of greatest axonal and astrocyte injury following IOP 

elevation.  Taken together with the findings from previous chapters, it appears that ecNOS expression is 

increased most in regions where axonal transport inhibition, neuronal cytoskeleton and glial cell injury are 

greatest.   
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This chapter did not aim to investigate molecular signals that are responsible for increasing regional ecNOS 

expression.  Previous work however has shown that cytoskeleton proteins, axonal transport, astrocytes and 

pressure changes can all regulate local ecNOS expression by modifying intracellular calcium levels.164, 285, 286 

Because astrocyte, axonal and pressure changes had all preceded changes in ecNOS levels it was not possible to 

isolate a single causative factor.  It is interesting that a significant increase in ecNOS level in the post laminar 

region of the optic nerve did not occur despite the presence of axonal and astrocyte injury.  The magnitude of 

axonal injury in the post laminar region is less than pre laminar and lamina cribrosa regions and may not have 

been enough to stimulate an increase in ecNOS levels after 12 hours.  It is possible that an increase in ecNOS 

levels may occur in this region following a longer duration of IOP elevation.  Alternatively, the reason why 

ecNOS levels did not change in post laminar tissue may have been because there was no associated change in 

pressure in this region.  If this is correct it suggests that an absolute pressure increase and pressure gradient 

change plays an early and significant role in modulating ecNOS levels in the optic nerve. 

 

 



165 
 

6.  Effects of IOP elevation on mitochondrial enzyme 

expression  

6.1  Aim 

Mitochondrial behaviour is intricately related to the biology of optic nerve disease.150  Experiments performed in 

chapters 3-5 provided evidence of axon-glial injury in the early stages of IOP elevation with associated 

induction of biochemical compensatory mechanisms.  Do mitochondria have a deleterious impact on neuronal 

structures after acute IOP elevation or do they respond by upregulating oxidative activity in an effort to increase 

local energy supplies?  If the latter were true, mitochondrial activity together with ecNOS systems may favour 

repair and regeneration of injured optic nerve head structures. 

Cytochrome c oxidase is the terminal complex (complex IV) of the electron transport chain and is a major 

regulation site for oxidative phosphorylation.149  An increase in CcO expression typically reflects reparative 

mitochondrial activity while a decrease in CcO is regarded as a hallmark of neuro-degeneration.287  In this 

chapter the temporal sequence of CcO expression in the different laminar regions of the optic nerve head are 

correlated with findings presented in chapters 3-5.  This chapter investigates if CcO expression is increased or 

decreased following IOP elevation and also identifies sites within the optic nerve head where mitochondrial 

changes occur.   

The results of these experiments illustrate the differential effects of absolute pressure elevation and pressure 

gradient elevation on mitochondrial activity.  As the optic nerve is a central white matter tract these findings 

also have relevance for understanding pathogenic mechanisms underlying neurological diseases such as 

hydrocephalus and traumatic brain injury. 
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6.2  Methods 

6.2.1  Experimental design 
A total of 17 White Landrace pigs were used.  Details of anesthetic and surgical methodology employed for 

experimental IOP elevation are described in Chapter 2.  6 pigs were used for 3 hour IOP experiments, 6 pigs 

were used for 6 hour IOP experiments and 5 pigs were used for 12 hour IOP experiments.  Most of the animals 

used for these experiments were also used for axonal transport, cytoskeleton, astrocyte and NOS studies 

described in Chapters 3, 4 and 5.  Four eyes from freshly killed pigs at the local abattoir were also used for 

determining the expression of COX in the different regions of the normal porcine optic nerve head and also for 

determining the kinetics of the COX enzyme reaction. 

6.2.2  Diaminobenzidine cytochrome c oxidase (DAB CcO) histochemistry  
Optic nerves were prepared post-euthanasia using techniques described in Chapter 2.  Only sections from the 

central region of each optic nerve were used. 

DAB CcO histochemistry used for this work followed the protocol outlined for the visual system previously 

described by Wong-Riley.288  In brief, optic nerve sections were incubated at 37°C in the dark in a solution 

containing 50mg 3,3’diaminobenzidine hydrochloride (Sigma, St. Louis MO, USA), 30mg Cytochrome c 

(Sigma, St Louis MO, USA, Product No. C7752) and 4g of sucrose in 90ml 0.1M phosphate buffer (pH 7.4).  

CcO activity was terminated after 40 minutes by washing the slides three times in phosphate buffered solution.  

To determine the optimal DAB CcO incubation time the linearity of this reaction in the different laminar regions 

of the pig optic nerve was first calculated.  The details of these linearity experiments are described below under 

a separate subheading.  Slides were then dehydrated in a graded ethanol series (50%, 75% and 100%) followed 

by immersion in xylene.  Following this they were cover-slipped and allowed to dry overnight.  For all 

experiments normal-pressure and high-pressure sections from the same animal were incubated simultaneously 

for the same period of time using the same set of freshly prepared reagents.  Appropriate negative controls were 

also used for all experiments. 

6.2.3  Image acquisition  
Digital images of each slide was captured using a Photonic Science monochrome cooled CCD camera (model 

CV12/HI; Photonic Science Ltd, Robertsbridge, UK) attached to an Olympus BH-2 upright microscope.  Image 

Pro Plus software (ver. 5.1; Media Cybernetics, Silver Spring, MD) was used to drive the CCD camera and 

analyse images.  Previous work has reported the utility of different interference filters in photographically 

increasing DAB reaction product contrast.289  Findings from this previous work were employed and a filter that 
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transmits between 420-490nm was placed between the field diaphragm and the condenser of the microscope to 

provide greater optical density for DAB reaction product and to improve contrast between DAB reaction 

product and non-stained tissue.  Images of the entire pre laminar, lamina cribrosa and proximal 400µm of post 

laminar tissue in each slide was captured using a 10x objective (Olympus, NA 0.30).  An image of the slide 

where there was no tissue was also obtained from each section.  This was the ‘background image’ and was 

acquired so that it would be possible to correct for background intensity during quantitative analysis.  All 

images for determining the DAB CcO linearity were captured in a darkened room on the same day using 

identical microscope and camera settings.  All images for pressure elevation experiments were also obtained on 

the same day using identical microscope and camera settings in a darkened room.   

6.2.4  Image analysis  
The intensity of the DAB CcO reaction product within neural tissue was quantitated and used as a measure of 

cytochrome oxidase activity.  The method for quantitating the DAB CcO histochemical reaction in these 

experiments was a modified technique of optical densitometry that has been previously reported.290  

Quantitation of all images was performed using computer software (Image Pro Plus, ver. 5.1; Media 

Cybernetics, Silver Spring, MD).  Prior to quantitative analysis, a background correction for each image was 

performed by subtracting the ‘background image’ acquired from each slide from the optic nerve image to be 

analysed from that same slide.  Neural tissue from each slide was then divided into three regions for analysis; 

the pre laminar region, lamina cribrosa region and proximal 400µm of post laminar tissue.  Using a quantitative 

histogram function the average pixel intensity per 1 µm2 in each of the laminar regions of each image was 

calculated by using a sample window of a constant size and sampling an equal number of random points.  These 

values were averaged and the mean pixel intensity in each region was used for statistical analysis.  For pressure 

experiments, all images were blind coded such that treatment and time groups were unknown by the observer. 

6.2.5  Analysis of DAB CcO enzyme kinetics  
The enzyme kinetics of the DAB CcO reaction is different for each organ system (Perotti et al. 1983).  

Techniques employed by previous authors290 were used to determine the linearity of the DAB CcO reaction in 

the porcine optic nerve.  The optimal period of time that specimens from pressure elevation experiments should 

be incubated with the DAB CcO reaction was subsequently determined using the linearity data.  The following 

constraints were applied to the linearity data when determining the optimal incubation period:  

(i) A sufficient length of reaction time that would allow DAB CcO precipitate to be readily identified 

within neural tissue and;  
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(ii) (ii) A length of reaction time before which the kinetics of the DAB CcO reaction demonstrated 

evidence of slowing down and approaching saturation.   

Four abattoir pig eyes were used for linearity studies.  Optic nerves were cryosectioned from superior to inferior 

regions and each section sequentially allocated to one of six time groups.  The minimum DAB CcO reaction 

time was 10 minutes and increased in 10 minute increments up to a maximum length of 60 minutes.  Ten slides 

were allocated to each time group with each section being prepared in an identical fashion to specimens from 

pressure elevation experiments.  Slides were incubated with the DAB CcO reaction simultaneously and were 

exposed to the same set of freshly prepared reagents.  

Following incubation the DAB CcO reaction product in each of the pre laminar, lamina cribrosa and post 

laminar regions was quantitated using the technique described above.  The mean pixel intensity of the DAB 

CcO reaction product for each time point was then plotted graphically and the line of best fit for this data 

determined using commercial software (SigmaPlot, ver. 9.0; SPSS, Chicago, IL).  Analysis of variance 

(ANOVA) was used to determine if difference in stain intensity between subsequent time points within each of 

the laminar regions was significant.  ANOVA was also used to determine if stain intensity between the 3 

laminar regions was different for each time point.   

6.2.6  Statistical analysis   
ANOVA was utilized to identify statistical differences between control- and high-IOP eyes as described in 

Chapter 2. 

ANOVA was used to assess the effect of time of IOP elevation (3, 6 and 12 hours) on parameters blood 

pressure, normal-pressure, high-pressure, CSFp, pCO2, pO2 and pH.  ANOVA was used to assess the effects of 

pressure (normal or high), individual pig and laminar region (pre laminar, lamina cribrosa and post laminar) on 

the intensity of the DAB CcO reaction product.  Use of a three-way ANOVA accounted for the inter-animal 

variability in CcO expression in normal optic nerves when determining the effects of pressure elevation on CcO 

expression.  A separate analysis was performed for each of the 3, 6 and 12 hour groups. 

6.2.7  Measurement reproducibility 
To determine observer reproducibility, the pre laminar, lamina cribrosa and post laminar regions of 12 images (6 

pairs) were quantified as described above on 3 separate occasions, each at least 1 week apart, by the same 

masked observer who performed all the data analysis.  Three-way ANOVA was used to test whether the 

difference in mean intensity within each region for each measurement day was statistically significant. 

To determine if there was a consistent difference between normal-pressure and high-pressure nerves within each 

animal 2 reliably matched pairs of normal-pressure and high-pressure sections from the central optic nerve in 12 
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animals were examined.  This analysis included animals from 3 hour (n=6), 6 hour (n=3) and 12 hour (n=3) 

experiments.  ANOVA was used to determine if the difference between normal and high-pressure nerves from 

multiple sections were significantly different within the same animal. 

6.3  Results 

6.3.1  Physiological measurements 
The mean systolic blood pressure for all 17 pigs was 87.0 ± 1.6 mmHg.  Average arterial pO2 was 103.8 ± 2.1 

mmHg, pCO2 was 38.5 ± 0.8 mmHg, and pH was 7.5 ± 0.0.  The mean CSFp was 5.0 ± 0.9 mmHg.  The 

average left- and right-eye IOP was 42.7 ± 0.1 and 13.1 ± 0.3 mmHg respectively.  The average differences 

between the IOP and CSFp in the left and right eyes were 37.7 ± 0.7 and 8.1 ± 0.8 mmHg respectively.  Mean 

physiological data for the 3 hour, 6 hour and 12 hour group is presented in Table 6.1.  There was no statistical 

difference in blood pressure, CSFp, left-eye IOP, right-eye IOP, pO2, pCO2 and pH between the 3, 6 and 12 hour 

groups (all P > 0.109).   

 

Table 6.1 Physiological measurements for CcO studies 

The mean ± standard error for each physiological variable in each experimental group is provided.  All 

measurements apart from pH are in mmHg units.   

 

 BP (L) IOP (R) IOP CSFp pO2 pCO2 pH 

3 hour 90.2 ± 3.1 41.1 ± 0.3 13.2 ± 0.6 2.7 ± 1.6 107.8 ± 3.3  40.8 ± 1.2 7.5 ± 0.0 

6 hour 83.1 ± 5.9 43.7  ± 1.1 13.2  ± 0.9 5.5  ± 1.8 100.2  ± 3.0  36.8  ± 0.8 7.5  ± 0.0 

12 hour 87.2 ± 2.3 43.4 ± 0.8 12.8 ± 0.8 6.9 ± 1.9 102.6 ± 3.8 37.8 ± 1.5  7.5 ± 0.0 
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6.3.2  CcO distribution in normal porcine optic nerve head  
In the normal porcine optic nerve head the brown reaction product of the DAB CcO reaction was greatest in the 

pre laminar and lamina cribrosa regions as demonstrated in Figure 6.1.  There was significantly less CcO 

labelling in post laminar tissue. On statistical analysis there was no difference in the intensity of stain between 

the pre laminar and lamina cribrosa region (P = 0.996) but the post laminar region was significantly different to 

these 2 regions (both P < 0.001).   

Figure 6.1 Mitochondrial CcO stain 

pattern in normal porcine optic nerve 

head11 

A Van Gieson stained section of tissue (A) and 

an adjacent section from the same eye stained 

for mitochondria with DAB CcO (B).  CcO 

activity is greatest in the pre laminar and 

lamina cribrosa regions and decreases 

dramatically after the posterior boundary of 

the lamina cribrosa where the optic nerve 

acquires a myelin sheath.  Dotted lines 

demarcate the lamina cribrosa region in both 

images.  Scale bar = 300 µm. 
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6.3.3  Kinetics of DAB CcO reaction 
The pattern of optic nerve head CcO stain following different lengths of incubation time and the linearity of the 

DAB CcO reaction in each laminar region is presented in Figures 6.2 and 6.3 respectively.   

A longer DAB CcO incubation time resulted in a darker reaction product.  Because darker colours have a pixel 

intensity value closer to 0 and brighter colours closer to full white have larger pixel intensity values on 

quantitative analysis a darker reaction product resulted in a lower mean pixel intensity value.  The difference in 

stain intensity was significant between subsequent time points until 60 minutes of reaction time in the pre 

laminar region and lamina cribrosa regions (all P < 0.024).  In the post laminar region the difference in stain 

intensity was significantly different between subsequent time points until 40 minutes of the reaction (all P < 

0.046).  The difference in stain intensity between 40 minutes and 50 minutes of reaction time in the post laminar 

region was not different (P = 0.067) suggesting that the enzymatic reaction was much slower and reaching 

saturation point. There was no difference in the intensity of stain between pre laminar and lamina cribrosa tissue 

for any time point (all P > 0.153) but the intensity of stain was different between the post laminar tissue and 

these 2 regions for all time points (all P < 0.009).   

When the line of best fit was plotted through the mean DAB CcO intensity values for each time point in each of 

the laminar regions the change in intensity was found to be strongly linear in the pre laminar (r = 0.997) lamina 

cribrosa (r = 0.995) and post laminar (r = 0.981) regions.  After 40 minutes, the slope of the DAB CcO reaction 

appeared to change in the post laminar region.  To further evaluate linearity of the reaction in this region, linear 

regression analysis was performed with the data points truncated to 40, 50 and 60 minutes.  This analysis 

showed that the slope of the regression line in the post laminar region changed from -3.933 at 40 minutes, to -

3.355 at 50 minutes and -3.129 at 60 minutes implying that the reaction was starting to slow down after 40 

minutes.  On the basis of this analysis sections from pressure elevation experiments were incubated for 40 

minutes with DAB CcO reaction. 
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Figure 6.2 CcO stain appearance with 

increasing DAB reaction time11 

A progressive increase in the brown DAB reaction 

product was seen in all regions of the nerve after 10 

minutes (A), 30 minutes (B) and 60 minutes (C) of 

reaction time.  Because pixel intensity values are closer 

to 0 for darker colours, an increase in the amount of 

DAB CcO reaction product resulted in a lower mean 

pixel intensity value following quantitative analysis.  

Dotted lines demarcate the lamina cribrosa region in 

DAB CcO stained light microscope images.  Scale bar = 

300 µm. 
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Figure 6.3 Enzyme kinetics of DAB CcO reaction11 

The mean pixel intensity and standard error of the DAB CcO reaction product for each time point in the pre 

laminar (A), lamina cribrosa (B) and post laminar (C) regions are presented.  The line of best fit (dotted line) is 

also plotted through data points for each laminar region and demonstrates that the reaction in each region is 

strongly linear. 
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6.3.4  IOP‐induced changes in CcO expression 
Morphological appearance of stain and the results of quantitative analysis of DAB CcO reaction product in 

normal and high-pressure nerves following 3, 6 and 12 hours of pressure elevation are presented in Figures 6.4 

and 6.5 respectively.  There was no observable difference in the intensity of stain between normal- and high-

pressure nerves after 3 and 6 hours of IOP elevation.  ANOVA with post-hoc testing also did not reveal a 

statistical difference in stain intensity between the 2 eyes for any of the laminar regions after 3 and 6 hours of 

IOP elevation (both P > 0.244).  After 12 hours of IOP elevation the intensity of the DAB reaction product was 

observed to be significantly darker in the lamina cribrosa region of the high-IOP eyes.  Statistical analysis of 12 

hour data revealed that there was a significant difference between normal- and high-pressure nerves at this time 

point (P = 0.018).  Post hoc analysis revealed that this difference was only significant in the lamina cribrosa 

region (P < 0.010). 

6.3.5  Measurement reproducibility 
Repeated image analysis measurements on 6 pairs of images found no relationship between day of measurement 

and stain intensity in any of the 3 laminar regions (P = 0.961).  The mean co-efficient of variation for all the 

laminar regions was small at 1.48%.  There was also no difference in the co-efficient of variation between the 

pre laminar, lamina cribrosa and post laminar regions (P = 0.461).   

The choice of section did not significantly alter the differences found between normal-pressure and high-

pressure nerve (P = 0.770). 
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Figure 6.4 Time-dependent 

pattern of CcO change after IOP 

elevation11  

Light microscope images of DAB CcO 

stained images in normal and high-

pressure nerves after 3 hours (A and B), 

6 hours (C and D) and 12 hours (E and 

F) of pressure elevation.  There was no 

visible difference in stain intensity 

between normal- and high-pressure 

nerves in the 3 hour or 6 hour group.  

After 12 hours of IOP elevation, more 

DAB CcO stain was seen in the lamina 

cribrosa region of high-pressure eyes.  

Dotted lines demarcate the lamina 

cribrosa region in light microscope 

images.  Scale bar = 300 µm. 
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Figure 6.5 Quantitative analysis 

of CcO change after IOP 

elevation11  

There was no difference between 

normal- and high-pressure nerves after 

3 hours (G) and 6 hours (H) but after 12 

hours there was significantly more stain 

in the lamina cribrosa region of high-

IOP eyes (I) suggesting greater 

cytochrome c oxidase activity in this 

region of tissue.  ** Significant 

difference as determined by ANOVA.   
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6.4  Discussion 

6.4.1  Key findings 
The major findings from these experiments are: (1) Pattern of CcO expression in normal pig optic nerve head is 

identical to humans. (2) The concentration of mitochondrial cytochrome c oxidase increases in a time-dependent 

manner in the lamina cribrosa region after IOP elevation. (3) Pressure-induced neuronal and glial cell injury 

precedes upregulation of mitochondrial CcO. 

6.4.2  Mitochondrial CcO expression increases at sites of pressure gradient elevation 
This study is the first to isolate and concurrently compare the effects of absolute pressure rise and pressure 

gradient elevation on mitochondrial activity in the central nervous system.  There was no difference in CcO 

levels between pre laminar and lamina cribrosa regions in normal-pressure nerves.  However, after 12 hours of 

IOP elevation the only region of the optic nerve head where mitochondrial CcO expression increased was the 

lamina cribrosa - the site of maximal pressure gradient.  These findings imply that pressure gradient change has 

a greater influence on mitochondrial CcO expression than absolute pressure change.  Furthermore, the results of 

this chapter suggest that a physiological pressure gradient is not enough to upregulate CcO expression, rather, a 

pathological increase in pressure gradient change is required.  It will be useful to elucidate molecular 

mechanisms that underlie increased CcO expression following pressure gradient change.  

6.4.3  Upregulation of CcO expression follows axon and glial injury  
Experiments documented in chapters 3 and 4 demonstrate that IOP-induced optic nerve head injury is greatest at 

the lamina cribrosa.  They also demonstrate that optic nerve head injury occurs as early as 3 hours after 

intraocular pressure elevation.  The results of the present chapter reveal that mitochondrial changes are induced 

only after significant structural and functional alterations have taken place within the optic nerve head.   An 

increase in CcO levels following neuronal and astrocyte injury suggests that a change in CcO levels may be a 

compensatory response by mitochondria to limit and potentially reverse optic nerve head damage.  Increased 

levels of CcO may allow the generation of greater amounts of energy, such as ATP, which in turn may sustain 

reparative and homeostatic processes within the lamina cribrosa.  The net effect of this response may be to 

reverse or minimise optic nerve head damage.  In a similar manner, hydrocephalus experiments have revealed 

that an increase in neuronal pressure gradients within the brain results in a compensatory response by 

mitochondria to increase metabolic activity.291  The pattern of CcO expression has not been studied in chronic 

IOP elevation.  However, such experiments would be useful for determining if this compensatory process is 

sustained and also if/when this compensatory process fails.  This may have relevance for understanding 

molecular pathways relevant in the pathogenesis of glaucomatous optic neuropathy. 
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7.  RGC axonal cytoskeleton alterations induced by ischemia  

7.1  Aim 

There are two major theories concerning the pathogenesis of glaucomatous axonal loss: (1) a mechanical theory 

of intraocular pressure-induced axonal injury208 and, (2) a vascular theory of ischemia-induced axonal injury.211  

Experimental results from chapters 3-6 demonstrate that axonal, glial and biochemical systems within the optic 

nerve head respond in a distinct manner following acute IOP elevation.  These experiments revealed that the 

sequence and magnitude of cytoskeleton protein alteration was significantly different to previous reports that 

documented neurofilament behaviour following optic nerve crush, transection and stretch.40, 100, 103 As 

cytoskeleton proteins are inherently linked to neuronal function,62 alterations to neurofilaments and 

microtubules may reflect regional perturbations to homeostatic mechanisms.  An examination of cytoskeleton 

subunit responses following various modes of RGC axonal injury may therefore provide important information, 

that otherwise would not be directly attainable, about pathogenic mechanisms responsible for RGC death in 

different ocular diseases. 

Utilising a well established pig model of focal retinal ischemia, this chapter documents the temporal sequence of 

change to neurofilament subunits, microtubules and microtubule associate proteins within RGC axons. Markers 

for apoptosis and astrocytes are also utilised to determine if cell death and glial alteration are precursors of 

cytoskeleton change following an ischemic insult.  The aim of this chapter is to delineate the sequence of 

cytoskeleton and astrocyte change following axonal ischemia.  Comparisons are also made between the effects 

of an ischemia-induced insult and IOP-induced insult (reported in chapters 3 and 4) to the RGC axon.  It is 

hoped that the latter comparison will improve our understanding of ischemic contributors to the process of 

glaucomatous axonal loss. 
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7.2  Methods 

7.2.1  Experimental design 
A total of 8 White Landrace pigs were used.  Details of anaesthetic and surgical methodology employed for 

experimental arteriolar occlusion and focal ischemia are described in Chapter 2.  Four eyes from freshly killed 

pigs at the local abattoir were also used for determining normal retinal astrocyte and neurofilament distribution. 

7.2.2  Immunohistochemistry 
Sections from all segments were used for cytoskeleton antibody staining.  For astrocyte antibody staining only 

sections from untreated and 6 hour treated segments were used.  Flat mounted retinal specimens from 4 pig eyes 

obtained from the local abattoir were also used for astrocyte antibody staining.   

All primary antibodies were made into solution with 1% goat serum (G9023, Sigma-Aldrich, St. Louis, Mo.) 

and 1% Bovine serum albumin.  0.1% Triton X-100 (Sigma-Aldrich, St. Louis, Mo.) was also used for all 

primary antibody incubations to improve permeability.  Primary antibodies used to study the cytoskeleton were: 

polyclonal antibody NF-L directed against the neurofilament light subunit (1:500, AHP286, Serotec, Oxford, 

U.K.), monoclonal antibody NF-M directed against the neurofilament medium subunit (1:200, N5264, Clone 

NN18, Sigma-Aldrich, St. Louis, Mo.), monoclonal antibody NF-H directed against the phosphorylated and 

non-phosphorylated neurofilament heavy subunit (1:400, N0142, Clone N52, Sigma-Aldrich, St. Louis, Mo.), 

monoclonal antibody NF-Hp directed against the phosphorylated neurofilament heavy subunit (1:200, N5389, 

Clone NE14, Sigma-Aldrich, St. Louis, Mo.), monoclonal antibody Tub directed against isotypes I and II of β-

Tubulin (1:200, T8535, Clone JDR.3B8, Sigma-Aldrich, St. Louis, Mo.) and anti MAP-1 antibody (1:200, 

M4278, Sigma-Aldrich, St. Louis, Mo.).  Mouse monoclonal antibody to GFAP, derived from porcine 

immunogen, was also used as an astrocyte marker (1:500, G3893, Clone G-A-5; Sigma-Aldrich).  Following 

primary antibody incubation, slides were washed and then incubated with either a goat anti-mouse IgG (1:400, 

Alexo Fluor® 488, A11001, Molecular Probes, Portland, OR) or goat anti-rabbit IgG (1:400, Alexo Fluor® 488, 

A11008, Molecular Probes, Portland, OR) secondary antibody.  Following this, sections were washed and 

mounted in glycerol prior to study under the confocal microscope.  

7.2.3  TUNEL labelling 
Sections from untreated and 6 hour treated segments were used for TUNEL staining.  Terminal Transferase, 

recombinant (Roche) and Biotin16-dUTP (Roche) labelled with Fluorescein Avidin D (Vector Laboratories) 

was used to identify DNA fragmentation. Tissues were fixed in 4% paraformaldehyde for 20 minutes, rinsed 

and incubated in permeabilisation solution (0.1% Triton X-100 in 0.1% sodium citrate) for 2 minutes on ice.  

After rinsing, the TUNEL reaction mixture was applied to these slides which were then cover-slipped and 
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incubated at 37˚C for 120 minutes. These sections were then rinsed again and incubated in 1:50 Fluorescein 

Avidin D in PBS for 60 minutes.  Following this, sections were rinsed a final time in 0.01M PBS, dried and 

mounted before visualisation under the confocal microscope.  Untreated segments that were incubated with 

DNAse I, recombinant grade I (Roche) for 10 minutes at room temperature prior to application of the TUNEL 

reaction mixture were used as positive control.   

7.2.4  Image acquisition 
Details of the confocal scanning laser microscope and light microscope used to view retinal sections are 

provided in Chapter 2.  Methodology employed for generation of montages is also provided in Chapter 2. 

Visualisation of all sections was achieved by laser excitation at a 488 nm line from an argon laser with 

emissions detected through a 522/35 nm band pass filter.  Lenses used to view retinal sections included a Plan 

10x (Nikon, NA 0.3), Plan 40x (Nikon, NA 0.7) and Plan-Apo 20x (Nikon, NA 0.75) dry lens.   

7.2.5  Image analysis 
Methodology employed for quantitative analysis is provided in Figure 7.1.  Sections labelled with cytoskeleton 

and astrocyte antibodies were quantified as follows: 

(a) For each image, the point of intersection between the optic disk and retina was used as a reference 

point (0 µm) for distance. 

(b) The mean pixel intensity of the nerve fibre layer was determined at 200 µm intervals, commencing at 

the optic disk and extending into peripheral retina.  The dimension of the ‘region of interest’ (ROI) 

used for pixel intensity measurements was adjusted such that it corresponded with the thickness of the 

nerve fibre layer at the point of sampling.  This method of quantification accounted for the change in 

axon number and nerve fibre layer thickness across the retina in untreated tissue.  It also accounted for 

changes in nerve fibre layer thickness due to retinal oedema in treated tissue.   The nerve fibre layer 

was quantified from the reference point to approximately 8 mm into peripheral retina.   

(c) Mean pixel intensity within each ROI was normalised and expressed as a percentage of the pixel 

intensity of the ROI closest to the optic disk. 

Normalised pixel intensity values were used for all statistical analysis.   
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Figure 7.1 Quantifying cytoskeleton protein expression within RGC axons8 

Digital images of antibody labelled slides (A) were quantified by determining mean pixel intensity of the nerve 

fibre layer, at 200 µm intervals, commencing at the optic disk and extending to peripheral retina.  The 

dimensions of the ‘region of interest’ at each point of sampling corresponded to the thickness of the nerve fibre 

layer at that location (A, white boxes).   Raw values were standardised and expressed as a percentage of the 

pixel intensity of the first point that was sampled (B).  Scale bar = 300 µm.   
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7.2.6  Statistical analysis 
ANOVA was utilized to identify statistical differences between treated and untreated segments as described in 

Chapter 2. 

To determine if treated segments were significantly different from untreated segments the following calculations 

were performed prior to statistical analysis: 

1. Regions of axonal ischemia in treated tissue were paired with points on untreated tissue that were an 

identical distance from the optic disk.  The mean intensity of these points in treated and untreated tissue 

was determined. 

2. Points on the disk-side and peripheral-side of ischemic regions were paired with points on untreated 

tissue that were an identical distance from the optic disk.  Only points within 2 mm of the ischemic 

boundary on the disk-side and peripheral-side of ischemic regions were paired for analysis.  The mean 

intensity of disk-side region and peripheral-side region within treated and untreated tissue was 

determined. 

Three-way ANOVA was used to assess the effects of pig number, insult (untreated and treated) and location 

(disk-side, ischemia and peripheral-side) on parameter mean of normalised pixel intensity. 

7.3  Results 

7.3.1  Physiological measurements 
Mean experimental data for individual pigs in each experimental group is presented in Table 7.1.  The mean 

systolic blood pressure for all 8 pigs was 102.4 ± 2.3 mmHg.  Average arterial pO2 was 109.3 ± 2.8 mmHg, 

pCO2 was 40.8 ± 1.2 mmHg, and pH was 7.5 ± 0.0.  Mean heart rate was 100.1 ± 4.8 beats per minute and mean 

respiratory rate was 13.8 ± 0.3 breaths per minute.   
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Table 7.1 Physiological measurements for RGC axonal ischemia studies 

The mean ± standard error for each physiological variable for each animal is provided.  All measurements 

apart from pH are in mmHg units.   

 

 

 

Pig HR BP PaO2 PaCO2 RR pH 

1 105.3 ± 8.6 90 ± 2.9 126.5 ± 3.4 40.5 ± 1.7 14.5 ± 0.1 7.5 ± 0.0 

2 102.5 ± 2.1 105.8 ± 2.2 103.7 ± 4.2 41.4 ± 1.5 14.1 ± 0.1 7.5 ± 0.0 

3 92.0 ± 2.5 97.4 ± 1.2 113.3 ± 2.1 34.2 ± 1.8 14.1 ± 0.1 7.5 ± 0.0 

4 99.9 ± 2.7 106.9 ± 2.2 105.8 ± 5.0 43.5 ± 0.6 14.0 ± 0.1 7.5 ± 0.0 

5 84.3 ± 1.3 103.9 ± 1.9 101.4 ± 2.1 43.4 ± 1.3 13.0 ± 0.0 7.5 ± 0.0 

6 82.3 ± 1.8 111.1 ± 1.3 108.1 ± 3.9 40.2 ± 1.0 12.0 ± 0.0 7.5 ± 0.0 

7 113.4 ± 4.1 105.7 ± 3.6 106.5 ± 9.7 44.5 ± 2.6 14.2 ± 0.2 7.5 ± 0.0 

8 121.6 ± 32 98.5 ± 1.0 108.9 ± 2.5 38.9 ± 0.8 14.0 ± 0.0 7.5 ± 0.0 
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7.3.2  Tissue sections 
A total of 39 retinal segments were examined.  This consisted of 16 untreated segments and 23 treated retinal 

segments.  Of the 23 treated segments there were 8 from the 1 hour group and 15 from the 6 hour group.  Mean 

nerve fibre layer thickness within regions of ischemia in the 1 hour group was 128.3 µm ± 64.7 µm and in the 6 

hour group was 198.2 µm ± 92.4 µm.  Mean nerve fibre layer thickness in control sections at an equivalent 

distance from the optic disc as ischemic lesions was 88.7 ± 51.4 µm. 

7.3.3  Axon and astrocyte morphology in normal porcine retina 
Typical RGC axonal morphology following neurofilament labelling is presented in Figure 7.2.  Unmyelinated, 

porcine RGC axons within the nerve fibre layer followed a linear trajectory from peripheral retina to optic disk. 

Axons appeared to group together to form distinct nerve bundles that ran parallel to one another.  Similar to 

human and non-human primate retinae neurofilament antibody staining revealed the presence of numerous bulb 

shaped varicosities along the course of RGC axons.292  These varicosities are believed to be regional 

accumulations of mitochondria.292  

Flat mount porcine retinal sections stained with GFAP is demonstrated in Figure 7.3  Astrocyte morphology in 

the nerve fibre layer was similar to human,179 being mostly stellate in shape and possessing a complex 

arborization of cellular processes.  GFAP labelling revealed that astrocytic processes followed the course and 

direction of axons in the nerve fibre layer.  Astrocyte processes also formed well developed bundles similar to 

that of RGC axons.  Intense GFAP staining was seen around the superficial retinal vasculature where dense 

astrocyte processes encircled vessel profiles. 
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Figure 7.2 Normal porcine intra-retinal RGC axon morphology  

Flat mount staining of untreated segments with neurofilament medium demonstrates the linear trajectory of 

unmyelinated retinal ganglion cell axons. Numerous bulb shaped varicosities (arrow), representing regional 

collections of mitochondria,292 are evident along the course of the axon.   Images A, B and C are of different 

magnification.  Scale bar = 100 µm. 
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Figure 7.3 Normal porcine nerve fibre layer astrocyte morphology8  

Low magnification (A) and high magnification (B) images of flat mounted normal, untreated pig retina 

demonstrate the dense network of astrocytic processes in the nerve fibre layer.  Astrocyte processes were most 

prominent around vascular structures and ran parallel to the direction of retinal ganglion cell axons.   Scale 

bar = 200 µm. 
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7.3.4  Cytoskeleton protein distribution in the retinal compartment of RGC axons  
The pattern of distribution of cytoskeleton protein subunits along the trajectory of RGC axons is presented in 

Figure 7.4.  

7.3.4.1  NF‐H 

There was intense NF-H staining in the nerve fibre layer (NeFL) of pig retina.  Less intense NF-H staining was 

seen in the ganglion cell layer (GCL), inner plexiform layer (IPL) and outer plexiform layer (OPL).  There was 

no NF-H labelling in the inner nuclear layer (INL), outer nuclear layer (ONL), inner segment (IS) photoreceptor 

layer and outer segment (OS) photoreceptor layer.  In the nerve fibre layer the intensity of axonal NF-H staining 

was greater in peripheral retina in comparison to the optic disk region (P < 0.001).   

7.3.4.2  NF‐Hp 

There was very little NF-Hp antibody labelling in the GCL however there was intense staining seen in the 

NeFL.  Weak NF-Hp staining was also seen in the IPL and OPL layers of the retina.  There was no difference in 

the intensity of nerve fibre layer NF-Hp staining between the optic disk region and peripheral retinal regions (P 

= 0.200).   

7.3.4.3  NF‐M 

NF-M staining was greatest in the nerve fibre layer of pig retina.  There was no difference in the intensity of 

nerve fibre layer NF-M staining between the optic disk region and peripheral retinal regions (P = 0.415).   

7.3.4.4  N‐FL 

The greatest amount of NF-L stain was seen in the nerve fibre layer.  NF-L stain was also present in the GCL, 

IPL, INL, OPL, IS and OS layers of the pig retina.  NF-L stain was uniformly distributed along the course of 

RGC axons in the nerve fibre layer with no difference in the intensity of stain between the optic disk region and 

peripheral retinal regions (P = 0.085).   

7.3.4.5  TUB 

Microtubule staining was observed in all layers of the pig retina apart from the outer segment photoreceptor 

layer.  Intensity of stain was greatest in the nerve fibre layer.  There was no difference in the intensity of nerve 

fibre layer TUB staining between the optic disk region and peripheral retinal regions (P = 0.082).   

7.3.4.6  MAP‐1 

Microtubule associated protein-1 staining was seen in all layers of the pig retina.  The intensity of stain was 

greatest in the nerve fibre layer and inner segment layer of photoreceptors.  There was only weak staining in the 

ONL.  There was no difference in the intensity of nerve fibre layer MAP-1 staining between the optic disk 

region and peripheral retinal regions (P = 0.125).   
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Figure 7.4 Cytoskeleton protein distribution in normal pig retina8  

Confocal microscope montages illustrate the distribution of NF-H (A), NF-Hp (B), NF-M (C), NF-L (D), TUB 

(E) and MAP-1 (F) from peripheral retina to optic disk.  Insets (I-VI) provide high magnification images of the 

distribution of these proteins within the different layers of the retina.  Nerve fibre layer (NeFL), ganglion cell 

layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear 

layer (ONL), inner segment of photoreceptors (IS), outer segment of photoreceptors (OS), and choroid (Ch) are 

marked on insets.  Colour intensity scale bar is also provided.  Scale bar = 200 µm. 
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7.3.5  Ischemia‐induced effects on axonal cytoskeleton proteins 
7.3.5.1  1 hour experiments 

Typical images illustrating cytoskeleton protein change following 1 hour of axonal ischemia is presented in 

Figure 7.5.  Results of quantitative analysis for 1 hour experiments are presented in Figure 7.6. 

Following 1 hour of ischemia there was no difference in the intensity of NF-Hp, NF-M, NF-L and MAP-1 stain 

between treated and untreated axons (all P > 0.569).  There was a decrease in TUB and NF-H stain within 

regions of ischemia and on the peripheral-side of ischemic regions in treated axons (P < 0.001).  Post hoc 

analysis revealed that this decrease was significant in 5 out of 8 eyes. 

7.3.5.2  6 hour experiments 

Typical images illustrating cytoskeleton protein change following 6 hours of axonal ischemia is presented in 

Figure 7.7.  Results of quantitative analysis for 6 hour experiments are presented in Figure 7.8. 

After 6 hours of ischemia there was a significant decrease in the intensity of all cytoskeleton proteins in the 

ischemic region when compared to untreated axons (all P < 0.033).  Post hoc analysis revealed that this decrease 

was significant in all animals.  There was a significant decrease in TUB and MAP-1 stain in the deeper layers of 

the nerve fibre layer with very little change in the intensity of these proteins at the inner limiting membrane and 

vitreous border.  NF-H proteins were also decreased on the peripheral-side of the ischemic region (P = 0.003).  

In addition to regions of ischemia, TUB proteins were also decreased on the disk-side and peripheral-side of the 

ischemic region (both P < 0.010). 

7.3.5.3  Time‐dependent analysis of cytoskeleton change 

When comparisons were made between RGC axons exposed to 1 hour and 6 hour of regional ischemia there 

was a significant difference in cytoskeleton antibody intensity for all proteins, apart from NF-H, in the region of 

ischemia (all P < 0.049).  The intensity of cytoskeleton proteins following 6 hours of ischemia was less than the 

1 hour group.  Statistical analysis did not reveal a time-dependent change in cytoskeleton protein intensity on 

the disk-side or the peripheral side of the ischemic region when the two time points were compared (all P > 

0.104).  
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Figure 7.5 Cytoskeleton changes 1 hour after RGC axonal ischemia  

Montaged confocal microscope images illustrate cytoskeleton protein expression in ischemic regions and within 

retinal tissue on the disk-side and peripheral-side of ischemic regions.  Specimens that have been stained for 

NF-H (A), NF-Hp (B), NF-M (C), NF-L (D), TUB (E) and MAP-1 (F) are provided.  Insets I and II provide 

high magnification comparisons of cytoskeleton protein staining on the disk-side of the ischemic region and 

ischemic region respectively for each of these antibodies.  Most cytoskeleton proteins did not demonstrate an 

observable difference in stain intensity in regions of ischemia despite the presence of nerve fibre layer swelling.  

Scale bar = 200 µm. 
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Figure 7.6 Quantitative analysis of 

cytoskeleton changes 1 hour after ischemia8  

Comparisons of NF-H (A), NF-Hp (B), NF-M (C), NF-L 

(D), TUB (E) and MAP-1 (F) staining between 

untreated axons and treated axons that experienced one 

hour of ischemia demonstrated significant differences in 

TUB and NF-H staining.  Mean of disk-side axon and 

peripheral-side axon was determined by pooling 10 

ROI measurements in each of these regions.  Mean for 

ischemic region was determined by pooling all ROI 

measurements within this region.  **significant 

difference as determined by ANOVA. 
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Figure 7.7 Cytoskeleton changes 6 hours after RGC axonal ischemia8  

Montaged confocal microscope images illustrate cytoskeleton protein expression in ischemic regions and within 

retinal tissue on the disk-side and peripheral-side of ischemic regions.  Specimens that have been stained for 

NF-H (A), NF-Hp (B), NF-M (C), NF-L (D), TUB (E) and MAP-1 (F) are provided.  Insets I and II provide 

high magnification comparisons of cytoskeleton protein staining on the disk-side of the ischemic region and 

ischemic region respectively for each of these antibodies.  All cytoskeleton proteins demonstrated an observable 

decrease in stain intensity in regions of ischemia.  Scale bar = 200 µm. 
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Figure 7.8 Quantitative analysis of 

cytoskeleton changes 6 hours after 

ischemia8  

Comparisons of NF-H (A), NF-Hp (B), NF-M (C), 

NF-L (D), TUB (E) and MAP-1 (F) staining 

between untreated axons and treated axons that 

experienced six hours of ischemia demonstrated 

significant differences involving all cytoskeleton 

proteins.  Mean of disk-side axon and peripheral-

side axon was determined by pooling 10 ROI 

measurements in each of these regions.  Mean for 

ischemic region was determined by pooling all 

ROI measurements within this region.  

**significant difference as determined by 

ANOVA. 
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7.3.6  Ischemia‐induced effects on astrocytes 
Montages of GFAP labelled confocal microscope images for 6 hour experiments are presented in Figure 7.9.   

Analysis of normal retinal cross-sections demonstrated a high intensity of GFAP stain in the nerve fibre layer.  

Less intensely stained GFAP positive processes, most likely those of Muller cell inner processes and end-feet, 

were observed to extend from the inner limiting membrane to the outer retinal layers.  There was no difference 

in the intensity of nerve fibre layer GFAP staining between the optic disk region and peripheral retinal regions 

(P = 0.303).   

In comparison to untreated nerve fibre layer, there was no significant decrease in the overall intensity of GFAP 

stain following 6 hours of ischemia (P = 0.063).  Post-hoc analysis revealed that there was no difference in the 

intensity of stain within regions of ischemia (P = 0.345). 

 

Figure 7.9 GFAP changes after RGC axonal ischemia8  

Confocal microscope montages illustrate the distribution of GFAP in untreated retina (A) and following 6 hours 

of retinal ischemia (B).  High magnification inset (AI) of normal, untreated retina demonstrates the projection 

of Muller cell innrer processes and end feet.  Inset BI reveals an absence in GFAP intensity change in regions of 

ischemia despite the presence of nerve fibre layer swelling.  Nerve fibre layer (NeFL), ganglion cell layer 

(GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer 

(ONL), inner segment of photoreceptors (IS) and outer segment of photoreceptors (OS) are marked on inset 

(CI). Colour intensity scale bar is also provided.  Scale bar = 200 µm. 
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7.3.7  Apoptosis 
Typical images of untreated and treated eyes stained for TUNEL are presented in Figure 7.10. 

Positive control slides that were incubated with DNAse prior to TUNEL labelling demonstrated numerous 

TUNEL positive cells in the inner and outer nuclear layers of the retina.  In these sections positive TUNEL 

staining was also seen in the nerve fibre layer.   

There was no TUNEL labelling in untreated segments.   

There were also no TUNEL positive cells found in the nerve fibre layer of specimens that experienced 6 hours 

of ischemia.  

Figure 7.10 TUNEL staining after RGC axonal ischemia8  

Confocal microscope montages illustrate the results of TUNEL staining in positive control slides (A) and after 6 

hours of ischemia (B).  High magnification inset AI demonstrates the presence of TUNEL positive cells in the 

nerve fibre layer of positive control slides (arrows).  Under high magnification (Inset BI) there were no TUNEL 

positive cells seen in the nerve fibre layer after 6 hours of ischemia.  Nerve fibre layer (NeFL), ganglion cell 

layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear 

layer (ONL), inner segment of photoreceptors (IS) and outer segment of photoreceptors (OS) are marked on 

inset (I).  Colour intensity scale bar is also provided.  Scale bar = 200 µm. 



196 
 

7.4  Discussion  

7.4.1  Key findings 
The major findings from these experiments are: (1) Cytoskeleton protein subunits, apart from NF-H, are 

uniformly distributed along the intra-retinal projection of RGC axons. (2) Focal retinal ischemia induces acute, 

time-dependent changes to cytoskeleton protein subunits in the absence of detectable astrocyte alteration. (3) 

Localised RGC axonal ischemia induces selective cytoskeleton protein changes within retinal tissue on the disk-

side and peripheral-side of regions of ischemia. (4) Ischemia-induced injury provokes a sequence of 

cytoskeleton and astrocyte change that is markedly different to IOP-induced injury. 

7.4.2  Cytoskeleton proteins are uniformly distributed in the retinal compartment of 

RGC axons 
The morphology of porcine RGC axons is highly similar to human eyes making it a useful experimental model 

to examine biological processes underlying retinal ganglion cell disease.  The presence of periodical axonal 

varicosities along the projection of RGC axons suggests that, similar to humans,292 porcine eyes are reliant upon 

local mitochondrial collections to support the high energy demands required for unmyelinated action potential 

transmission.   

With the exception of NF-H, all cytoskeleton proteins examined in the present set of experiments were 

uniformly distributed along the intra-retinal pathway of RGC axons.  The experiments were not designed to 

investigate the reason for the decrease in NF-H concentration in axonal tissue closer to the optic disk.  However, 

some studies have demonstrated an inverse relationship between axonal diameter and NF-H concentration61 and 

the increase in RGC axonal diameter between cell soma and optic disk293 may explain the corresponding 

decrease in NF-H concentration between these two regions.  It is also possible that the change in NF-H 

concentration may reflect the change in axon direction at the optic nerve head.  

7.4.3  Focal axonal ischemia induces time‐dependent cytoskeleton alteration  
The present series of experiments demonstrate that cytoskeleton protein disruption is an early marker of 

ischemic axonal injury.  There were significant differences in the magnitude of cytoskeleton protein change 

between 1 hour and 6 hour experiments providing evidence of time-dependency in the pattern of cytoskeleton 

protein alteration following ischemic injury.  Individual cytoskeleton protein subunits were not modified in a 

uniform manner, with significant discrepancies evident in the degree of neurofilament and microtubule 

modification.  Cytoskeleton proteins are integral determinants of axonal architecture and also provide the 
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scaffolding along which motor proteins travel during axonal transport.294 Changes to cytoskeleton proteins 

during ischemia may therefore underlie the development of previously reported ischemia-induced intra-axonal 

structural changes such as vacuolation and intra-axonal functional changes such as axonal transport 

retardation.295, 296  

The experiments documented in this chapter also demonstrate that focal ischemic injury to the RGC axon 

induces selective change to NFH and microtubule proteins outside regions of ischemia.  In this regard, the 

behaviour of the RGC axon following ischemic injury is similar to other neurons in the central nervous system.  

Experimental work has demonstrated significant differences in neurofilament and microtubule associated 

protein alteration between the ischemic core and peri-lesional non-ischemic rim following focal cerebral 

ischemia.297 Regional ischemia results in increased nitric oxide production in surrounding tissue298 and the 

resultant elevation in oxidative stress may account for some of the cellular changes within retinal tissue on the 

disk-side and peripheral-side of ischemic regions.  Alternatively, cytoskeleton protein alteration in regions on 

the disk-side and peripheral-side of ischemic tissue may have been the consequence of neurotrophic deprivation 

secondary to axonal transport retardation within ischemic regions.296   

7.4.4  Cytoskeleton and astrocyte behaviour following ischemia‐ and IOP‐induced 

injury are dissimilar   
Similar to an IOP-induced insult, cytoskeleton protein change following an ischemic insult evolves in a time-

dependent manner.  However, an important difference between ischemic- and IOP-induced insults is the 

sequence of cytoskeleton subunit alteration.  Experiments reported in chapter 3 demonstrated that IOP elevation 

induces early modification of all neurofilament protein subunits with microtubule disruption evident only after 

extended periods of IOP rise.  This sequence of cytoskeleton protein change contrasts significantly to that 

occurring in ischemia where microtubules are affected before most neurofilament proteins.  Cellular enzyme 

systems have strong influence over cytoskeleton protein structure299 and the order in which biochemical 

reactions are activated following injury may have some correlation to the sequence of cytoskeleton protein 

subunit alteration.  Previous experimental work has shown that IOP elevation results in acute kinase enzyme 

activation300 whilst ischemia predominantly activates caspase enzyme systems during the early stages of 

injury.301 The experiments in this chapter were not designed to investigate the biochemical modulators of 

cytoskeleton protein change however these results may provide the basis for understanding some of the histo-

pathological manifestations of ischemic axonal injury.295, 296, 302   



198 
 

Comparisons between results in this chapter and those reported in Chapter 4 also demonstrate marked 

differences in the magnitude and time-sequence of astrocyte change following ischemia- and IOP-induced 

injury.  IOP elevation induced a significant decrease in GFAP staining with regions of cytoskeleton alteration 

while no detectable changes in GFAP staining occurred following ischemic injury.  Apoptosis was not evident 

following both modes of injury.  This suggests that glial dysfunction may exacerbate neuronal injury during 

acute IOP elevation whilst astrocyte-mediated mechanisms may not be important in the pathogenesis of early 

ischemia-induced axonal injury. 
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8.  RGC axonal cytoskeleton alterations induced by axotomy 

8.1  Aim 

The mechanical theory of glaucomatous neuronal loss suggests that RGC injury and death is the consequence of 

IOP-mediated axonal disconnection at the lamina cribrosa.208, 303  Cytoskeleton protein perturbation is an acute 

marker of axonal injury and conveys important information about the mode of neuronal insult.62 Comparisons 

between experimental results from chapters 3, 4 and 7 reveal important distinctions in the sequence, and 

magnitude, of cytoskeleton protein alteration following ischemia- and IOP-mediated injury.  These results 

implicate pathogenic mechanisms other than ischemia in the process of IOP-induced axonal loss.  Is 

glaucomatous axonal death therefore the consequence of IOP-mediated axotomy as the mechanical theory 

suggests?   

This chapter delineates the temporal sequence of cytoskeleton and astrocyte change following laser-induced 

axotomy of intra-retinal RGC axons.  Results from the present series of experiments are compared to results 

from previous chapters to provide a detailed outline of the similarities and differences in the behaviour of 

cytoskeleton proteins, astrocytes and apoptotic systems following IOP-, ischemia- and axotomy-induced insults 

to the RGC axon.  By doing so, it is hoped that the experiments reported in this chapter clarify the role of axonal 

disconnection in the process of IOP-induced neuronal loss.  

This chapter aims to improve our understanding of fundamental pathogenic mechanisms involved in glaucoma.  

As the porcine retinal ganglion cell axon is a physiologically unmyelinated, mature CNS axon, these 

experiments also provide insight into the post-transectional behaviour of cytoskeleton proteins in the absence of 

myelin.  There is a paucity of knowledge regarding the response of CNS axons to injury in an environment 

devoid of the extrinsic inhibitory effects of myelin. Consequently, the results presented in this chapter have 

important relevance for the field of CNS regeneration and improve our understanding of mechanisms underlying 

debilitating diseases such as spinal cord and traumatic brain injury. 

.   
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8.2  Methods 

8.2.1  Experimental design  
A total of 8 White Landrace pigs were used.  Details of anaesthetic and surgical methodology employed for 

experimental RGC axotomy are described in Chapter 2. 

8.2.2  Immunohistochemistry and TUNEL labelling 
Sections from all segments were used for cytoskeleton antibody staining.  For astrocyte antibody and TUNEL 

staining only sections from untreated and 6 hour treated segments were used.   

Immunohistochemical and TUNEL labelling techniques employed for these experiments were identical to those 

described in Chapter 7. 

8.2.3  Image acquisition 
Details of the confocal scanning laser microscope and light microscope used to view retinal sections are 

provided in Chapter 2.  Methodology employed for generation of montages is also provided in Chapter 2. 

Visualisation of all sections was achieved by laser excitation at a 488 nm line from an argon laser with 

emissions detected through a 522/35 nm band pass filter.  Lenses used to view retinal sections included a Plan 

10x (Nikon, NA 0.3), Plan 40x (Nikon, NA 0.7) and Plan-Apo 20x (Nikon, NA 0.75) dry lens.   

8.2.4  Image analysis 
Figure 8.1 illustrates the methodology employed for image quantification.  The following technique was used: 

(d) For each image, the point of intersection between the optic disk and retina was used as a reference 

point (0 µm) for distance. 

(e) The mean pixel intensity of the nerve fibre layer was determined at 200 µm intervals, commencing at 

the optic disk and extending into peripheral retina.  The dimension of the ‘region of interest’ (ROI) 

used for pixel intensity measurements was adjusted such that it corresponded with the thickness of the 

nerve fibre layer at the point of sampling.   

(f) Mean pixel intensity within each ROI was normalised and expressed as a percentage of the pixel 

intensity of the ROI closest to the optic disk. 

Normalised pixel intensity values were used for all statistical analysis.   
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8.2.5  Statistical analysis 
8.2.5.1  Axotomy experiments 

ANOVA was utilized to identify statistical differences between treated and untreated segments as described in 

Chapter 2. 

To determine if axotomized segments were significantly different from untreated (control) segments the 

following calculations were performed prior to statistical analysis: 

3. Points which lay between the margins of laser-induced nerve fibre layer disruption (axotomized region) 

were paired with points on untreated (control) tissue that were an identical distance from the optic disk.  

The mean intensity of these points in axotomized and untreated tissue was determined. 

4. Points on the disk-side axon and peripheral-side axon of axotomized segments were paired with points 

on untreated (control) tissue that were an identical distance from the optic disk.  The average intensity, 

per 600 µm of nerve fibre layer tissue, on disk-side and peripheral side regions of tissue was calculated 

for both control and axotomized images by averaging the values of 3 ROI that were each 200 µm apart.  

This resulted in the partitioning of disk-side and peripheral-side nerve fibre layer into 600 µm 

subdivisions. 

ANOVA was used to decide differences between untreated and axotomized tissue.  When significant 

differences in mean intensity were found, post-hoc analysis was performed to determine which subdivisions 

on disk-side and peripheral-side axon were different from control.  Specifically, post-hoc analysis 

determined the distances from the point of axotomy that nerve fibre layer cytoskeleton and astrocyte 

changes occurred.   
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Figure 8.1 Quantifying cytoskeleton protein expression after RGC axotomy  

Schematic illustrations (A) and (B) demonstrate the methodology employed for quantitative analysis of 

untreated and axotomized segments respectively.  Images were quantified by determining mean pixel intensity of 

the nerve fibre layer, at 200 µm intervals, commencing at the optic disk and extending to peripheral retina.  The 

dimensions of the region of interest at each point of sampling corresponded to the thickness of the nerve fibre 

layer at that location (bold boxes).  The two boundaries of laser-induced axotomy were used to divide RGC 

axons in the nerve fibre layer into disk-side axon, axotomized region and peripheral-side axon prior to 

statistical analysis.  Arrow head demarcates the disk-side boundary of axotomy and arrow demarcates the 

peripheral-side boundary of axotomy.  
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8.2.5.2  Comparisons between axotomy and ischemia experiments 

Data from Chapter 7 was used to identify differences in cytoskeleton and astrocyte behaviour following 

axotomy and ischemic injury.  Differences were determined using the following analysis: 

1. Data from treated segments (axotomy or ischemia) were first normalized.  This was achieved by 

determining the difference in mean normalised pixel intensity between ischemic/axotomized 

region (region of direct axonal injury) and the matching region in the paired untreated segment.  A 

separate calculation was performed for each segment in these experiments and those in chapter 7. 

2. A similar calculation, between treated segments and untreated segments, was performed for the 

disk-side and peripheral-side regions.  

3. ANOVA was used to assess the effect of mode of injury (axotomy or ischemia) and location (disk-

side, region of direct axonal insult and peripheral-side) on parameter difference in mean of 

normalised pixel intensity.  A separate analysis was performed on 1 hour and 6 hour data. 

8.3  Results 

8.3.1  Physiological measurements 
Mean values for physiological parameters are identical to the experiments reported in Chapter 7. 

8.3.2  Tissue sections 
A total of 41 retinal segments were examined.  These consisted of 16 untreated segments and 25 axotomized 

retinal segments.  Of the 25 axotomized segments there were 9 from the 1 hour group and 16 from the 6 hour 

group.   

8.3.3  Histological changes following laser‐induced axotomy 
Histological images of normal porcine retina and retina treated with argon laser axotomy are provided in Figure 

8.2. Light microscopy confirmed disruption of the nerve fibre layer in regions of laser application with the retina 

at each boundary of nerve fibre layer disruption being folded upwards.  This resulted in two well demarcated 

points, disk-side and peripheral-side, of nerve fibre layer discontinuity. 
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Figure 8.2 Retinal histology following RGC axotomy  

A and B represent untreated and axotomized retinal regions, respectively, viewed with the light microscope.  

The ordered architecture of the nerve fibre layer underwent significant disruption following laser induced 

axotomy.  The nerve fibre layer was disrupted on both sides (arrows), disk-side and peripheral-side, of argon 

laser application.  Schematic lines demarcate the unmyelinated nerve fibre layer in untreated and axotomized 

retina.   
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8.3.4  Axotomy‐induced effects on cytoskeleton proteins 
8.3.4.1  1 hour experiments 

Typical images illustrating cytoskeleton protein change 1 hour after RGC axotomy is presented in Figure 8.3.  

Results of quantitative analysis for 1 hour experiments are presented in Figure 8.4. 

1 hour after RGC axotomy there was no difference in the intensity of NF-H, NF-Hp, and NF-M stain between 

axotomized and untreated axons for all regions (all P > 0.078).  There was an increase in NF-M staining in 

peripheral-side region of axotomized axons in comparison to controls (102.58 vs. 88.24) however this increase 

did not reach statistical significance (P = 0.114).  In comparison to controls there was a significant increase in 

nerve fibre layer neurofilament light staining within the region of axotomy (226.25 vs. 101.99; P < 0.001) and 

also within nerve fibre layer tissue on the disk-side (119.10 vs. 100.56; P < 0.001) and peripheral side (108.58 

vs. 97.85; P < 0.013) of the region of axotomy.  Post-hoc analysis of disk-side and peripheral-side tissue 

revealed that an increase in NF-L staining only occurred in tissue that was within 600 µm of the point of 

axotomy (both P < 0.001).  Remaining regions of nerve fibre layer tissue on the disk-side and peripheral-side of 

axotomized region was not different from control (all P > 0.212).  There was a decrease in TUB and MAP-1 

within regions of axotomy (both P = 0.002) but not on the disk-side and peripheral-side of axotomized regions 

(all P > 0.104).   
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Figure 8.3 Cytoskeleton changes 1 hour after RGC axotomy  

Montaged confocal microscope images illustrate cytoskeleton protein expression within axotomized regions and 

within retinal tissue on the disk-side and peripheral-side of axotomized regions.  Specimens that have been 

stained for NF-H (A), NF-Hp (B), NF-M (C), NF-L (D), TUB (E) and MAP-1 (F) are provided.  Insets provide 

high magnification images of cytoskeleton protein staining within axotomized regions.  The appropriate colour 

intensity scale for false coloured cytoskeleton stained images are also provided.  Scale bar = 200 µm.
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Figure 8.4 Quantitative analysis of cytoskeleton 

changes 1 hour after axotomy  

Comparisons of NF-H (A), NF-Hp (B), NF-M (C), NF-L (D), TUB 

(E) and MAP-1 (F) staining between untreated retinal segments 

and segments after one hour of RGC axotomy demonstrated 

significant differences in NF-L, TUB and MAP-1 staining.  Mean 

of disk-side axon and peripheral-side axon was determined by 

pooling 10 ROI measurements in each of these regions.  Mean for 

axotomized region was determined by pooling all ROI 

measurements within this region.  **significant difference as 

determined by ANOVA. 



208 
 

8.3.4.2  6 hour experiments 

Typical images illustrating cytoskeleton protein change 6 hours after RGC axotomy is presented in Figure 8.5.  

Results of quantitative analysis for 6 hour experiments are presented in Figure 8.6. 

There was no difference in the intensity of NF-H, NF-Hp, and NF-M stain between axotomized and untreated 

axons for all regions (all P > 0.212).  There was an increase in NF-M staining in peripheral-side region of 

axotomized axons in comparison to controls (104.37 vs. 88.11) however this increase did not reach statistical 

significance (P = 0.065).  In comparison to controls there was a significant increase in nerve fibre layer 

neurofilament light staining within the region of axotomy (247.60 vs. 98.07; P < 0.001) and also within nerve 

fibre layer tissue on the disk-side (106.14 vs. 100.76; P = 0.027) and peripheral-side (108.92 vs. 97.19; P = 

0.013) of the region of axotomy.  Post-hoc analysis of disk-side and peripheral-side tissue revealed that an 

increase in NF-L staining only occurred in tissue that was within 600 µm of the point of axotomy (both P < 

0.017).  Remaining regions of nerve fibre layer tissue on the disk-side and peripheral-side of axotomized region 

was not different from control (all P > 0.417).  At 6 hours TUB stain was reduced within regions of axotomy (P 

= 0.008) and also the peripheral-side of axotomized regions (P < 0.001).  Post-hoc analysis of peripheral-side 

tissue revealed that a decrease in TUB staining occurred in nerve fibre layer tissue that was within 1200 µm of 

the point of axotomy (P < 0.022) and also within nerve fibre layer tissue that was between 3000 µm to 4200 µm 

from the point of axotomy (P < 0.010).  MAP-1 was only decreased within axotomized regions (P = 0.004). 

8.3.4.3  Time‐dependent analysis of cytoskeleton change 

When comparisons were made between 1 hour and 6 hour groups there was no difference in cytoskeleton stain 

intensity measurements for NF-H, NF-M, and MAP-1 proteins (all P > 0.290).  There was a significant decrease 

in NF-Hp intensity in the 6 hour group (P < 0.001).  Post hoc analysis revealed that this decrease occurred in the 

disk-side (P = 0.014), peripheral-side (P < 0.001) and region of axotomy (P = 0.024).  Staining of TUB also 

decreased in the 6 hour group in comparison to the 1 hour group (P < 0.001) with this decrease occurring in the 

peripheral-side of axotomized regions only (P < 0.001).  There was also a significant decrease in NFL staining 

in the disk-side region in the 6 hour group (P = 0.006).    
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Figure 8.5 Cytoskeleton changes 6 hours after RGC axotomy  

Montaged confocal microscope images illustrate cytoskeleton protein expression within axotomized regions and 

within retinal tissue on the disk-side and peripheral-side of axotomized regions.  Specimens that have been 

stained for NF-H (A), NF-Hp (B), NF-M (C), NF-L (D), TUB (E) and MAP-1 (F) are provided.  Insets I and II 

provide high magnification comparisons of cytoskeleton protein staining on the axotomized region and 

peripheral-side of axotomized region respectively for each of these antibodies.  The appropriate colour intensity 

scale for false coloured cytoskeleton stained images are also provided.  Scale bar = 200 µm. 
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Figure 8.6 Quantitative analysis of 

cytoskeleton changes 6 hours after 

axotomy  

Comparisons of NF-H (G), NF-Hp (H), NF-M (I), 

NF-L (J), TUB (K) and MAP-1 (L) staining between 

untreated retinal segments and segments after six 

hours of RGC axotomy demonstrated significant 

differences in NF-L, TUB and MAP-1 staining.  Mean 

of disk-side axon, peripheral-side axon and 

axotomized region was determined by calculating the 

average of all ROI measurements in each of these 

regions.  Mean for axotomized region was 

determined by pooling all ROI measurements within 

this region.  **significant difference as determined by 

ANOVA. 
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8.3.5  Cytoskeleton comparisons between axotomy and ischemia experiments  
8.3.5.1  1 hour experiments 

Quantitative analysis of cytoskeleton differences between ischemia and axotomy experiments after 1 hour is 

presented in Figure 8.7.  There was no significant difference in NF-H, NF-Hp and NF-M staining between 

axotomy and ischemia groups after 1 hour (all P > 0.137).  NF-L staining was greater in the 1 hour axotomy 

group (P < 0.001) but this only occurred within the region of direct axonal injury (P < 0.001).  TUB staining 

was also greater in the 1 hour axotomy group however this difference only occurred on the peripheral-side of 

direct axonal injury (P < 0.001).  MAP-1 staining was lower within the region of direct axonal injury in the 1 

hour axotomy group in comparison to the ischemic group (P = 0.004). 

8.3.5.2  6 hour experiments 

Quantitative analysis of cytoskeleton differences between ischemia and axotomy experiments after 6 hours is 

presented in Figure 8.8.  After 6 hours NF-H, NF-Hp, NF-M and NF-L staining were reduced in ischemia 

segments in comparison to axotomized segments.  Post-hoc analysis revealed that the difference in staining 

occurred in the region of axonal insult only for all these antibodies (all P < 0.023).  There was no difference 

between axotomized and ischemic segments on the disk-side and peripheral side of regions of axonal insult for 

neurofilament subunits (all P > 0.05).  After 6 hours there was no difference in MAP-1 and TUB staining 

between ischemic and axotomized segments (both P > 0.102). 
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Figure 8.7 Cytoskeleton comparisons between 

1 hour axotomy and ischemia experiments   

Comparisons of NF-H (A), NF-Hp (B), NF-M (C), NF-L 

(D), TUB (E) and MAP-1 (F) staining between axotomized 

and ischemic axons demonstrated significant differences 

in NF-L, TUB and MAP-1 staining.  **significant 

difference as determined by ANOVA. 
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Figure 8.8 Cytoskeleton comparisons 

between 6 hour axotomy and ischemia 

experiments  

Comparisons of NF-H (A), NF-Hp (B), NF-M (C), NF-

L (D), TUB (E) and MAP-1 (F) staining between 

axotomized and ischemic axons demonstrated 

significant differences in staining of all four 

neurofilament subunits after 6 hours.  **significant 

difference as determined by ANOVA. 
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8.3.6  Axotomy‐induced effects on astrocytes  
Montages of GFAP labelled confocal microscope images for 6 hour experiments are presented in Figure 8.9.  

Results of quantitative analysis for 6 hour experiments are presented in Figure 8.10. 

After 6 hours there was a significant decrease in the intensity of nerve fibre layer GFAP staining within regions 

of axotomy.  However, the intensity of GFAP was relatively well preserved around vascular structures within 

axotomized regions. 

Quantitative analysis revealed a significant decrease in GFAP stain in the region of axotomy (P < 0.001) and 

peripheral-side of the region of axotomy (P = 0.012).  Post-hoc analysis of peripheral-side tissue revealed that a 

decrease in GFAP staining occurred in nerve fibre layer tissue that was within 3000 µm of the point of axotomy 

(all P < 0.045). 

 

Figure 8.9 Astrocyte changes after RGC axotomy 

Low magnification image of GFAP stained retina (A) demonstrates the decrease in GFAP staining in the nerve 

fibre layer within axotomised regions (Inset I) and the peripheral-side of the region of axotomy. The 

appropriate colour intensity scale for false coloured GFAP stained images are also provided.  Scale bar = 200 

µm. 
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Figure 8.10 Quantitative analysis of GFAP changes following RGC axotomy 

Quantitative analysis of GFAP stain demonstrated a significant decrease in axotomized regions and peripheral-

side of the region of axotomy in comparison to untreated tissue.  **Significant difference as determined by 

ANOVA. 

 

8.3.7  Astrocyte comparisons between axotomy and ischemia experiments 
When comparisons were made between axotomy and ischemia data there was significantly less GFAP stain 

present in the axotomy group (P = 0.010).  Post-hoc analysis revealed that this only occurred at the site of direct 

axonal insult (P < 0.001). 
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8.3.8  Apoptosis 
Typical image of an axotomized segment stained for TUNEL is presented in Figure 8.11. 

Examination of 6 hour specimens demonstrated TUNEL positive cells within axotomized regions.  There were 

no TUNEL positive cells identified within the nerve fibre layer on the disk-side or peripheral-side of axotomy 

regions. 

 

Figure 8.11 TUNEL staining after RGC axotomy 

TUNEL positive cells were only seen within regions of axotomy.  Inset (I) provides a high magnification image 

of the region of axotomy illustrating the presence of TUNEL positive cells in the nerve fibre and ganglion cell 

layers of the retina (arrows).  The appropriate colour intensity scale for false coloured TUNEL stained images 

are also provided.   Scale bar = 200 µm. 
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8.4  Discussion 

8.4.1  Key findings 
The major findings from these experiments are: (1) RGC axotomy induces a decrease in TUB and MAP-1 

staining and an increase in NFL staining within regions of axonal disconnection. (2) RGC axotomy induces 

selective cytoskeleton protein changes within retinal tissue on the disk-side and peripheral-side of regions of 

axotomy. (3) RGC axotomy induces astrocyte and apoptotic changes in areas that coincide with regions of 

cytoskeleton protein alteration. (4) The sequence and magnitude of cytoskeleton and glial changes provoked by 

axotomy is different to IOP-induced and ischemia-induced injury. 

8.4.2  Axotomy increases neurofilament light expression  
There were no significant differences in NF-H or NF-M staining, between control and axotomized tissue, in the 

time points examined in these experiments.  Interestingly NF-L staining increased within axotomized regions of 

tissue and also within 600 µm of axonal tissue immediately adjacent to the disk-side and peripheral-side of 

transection.  These findings were demonstrated in both the 1 hour and 6 hour groups.  Although functional 

studies were not performed to investigate the consequences of increased NF-L expression, the neurofilament 

changes demonstrated in these experiments are most likely a compensatory attempt to restore axonal connection.  

These findings are consistent with results from peripheral nervous system and lamprey spinal studies which 

have also shown that NF-L up-regulation occurs during axonal regeneration.304, 305 An important difference 

between the present results and those from previous reports is the time sequence of events.  Both myelinated and 

lamprey axons have been shown to decrease neurofilament expression in the acute phase following injury before 

increased expression occurs within regenerating axons.305-307 An increase in NF-L staining in RGC axons, which 

was not preceded by a decrease in NF-L stain, suggests that mammalian CNS axons are more likely to initiate 

an early regenerative response in the absence of myelin.   

8.4.3  Microtubule and neurofilament behavior are different 
Neurotrophins, such as brain derived neurotrophic factor, have been shown to promote stability of microtubules 

and inhibit degradation of microtubules through activation of microtubule associated protein.308 Previous studies 

have demonstrated that RGC axotomy is accompanied by a deficit in trophic support from axonal targets and 

also the non-neuronal environment that typically supports retinal ganglion cells.309 In the present set of 

experiments the reduction in neurotrophin supply, secondary to axonal transport disruption at sites of axonal 

transection,310 may explain the decrease in TUB and MAP staining within the axotomized region in 1 and 6 hour 

groups.   
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A time-dependent decrease in TUB staining occurred in the peripheral-side region of transected axons.  This 

suggests that, following axotomy, retrograde transport of neurotrophins from brain targets are impaired to a 

greater extent than anterograde transport of neurotrophins that are synthesized by retinal ganglion cells 

themselves.  This finding is similar to the results of IOP elevation experiments where greater impairment of 

retrograde axonal transport occurs in comparison to anterograde axonal transport.311  Alternatively, the decrease 

in TUB staining in peripheral-side axon may be related to the time-dependent decrease in NF-Hp which also 

occurred in the same region.  Neurofilament dephosphorylation has been shown to suppress microtubule 

polymerization through kinase-mediated dissociation312, 313 and it is possible that TUB changes in peripheral-

side region were secondary to NF-Hp changes. 

8.4.4  The sequence of IOP‐, ischemia‐ and axotomy‐induced cellular changes are 

distinctive  
Collating data from chapters 3-7 with the current set of experimental results allowed useful comparisons to be 

made regarding the nature of cytoskeleton and astrocyte change following IOP-, ischemia- and axotomy-

induced injury.  RGC axotomy induces earlier disruption to microtubule associated proteins than IOP-induced 

and ischemia-induced insults.  This suggests that the scaffolding utilised for axonal transport is more vulnerable 

to mechanical disconnection than ischemia and intraocular pressure induced interruption.  Conversely, it appears 

that neurofilament proteins are relatively resistant to mechanical trauma and are more sensitive to IOP- and 

ischemia-induced insults.  The disparity in neurofilament modification following different modes of axonal 

injury may reflect the influence of injury-induced biochemical314 and mitochondrial66 systems on neurofilament 

behaviour.  Deleterious biochemical cascades are thought to be initiated at earlier time points following 

ischemia-301 and pressure-induced315 axonal injury than following axotomy.316  This may explain why the former 

insults induced greater neurofilament modification. Alternatively, accumulation of mitochondria within and at 

the boundaries of axotomized segments,317 resulting in a steady supply of energy for neurofilament assembly, 

may explain the relative preservation of neurofilament proteins within axotomized regions.   

A common feature shared by IOP-, ischemia- and axotomy-induced axonal injury is the non-localised form of 

cytoskeleton modification.  Experiments documented in chapter 3 revealed that cytoskeleton proteins in the pre-

laminar and post-laminar regions of the optic nerve head, in addition to the lamina cribrosa, are modified 

following intraocular pressure elevation.  Experiments reported in chapter 7, and the current set of results, 

demonstrate that axotomy- and ischemia-induced insults to the RGC axon provokes cytoskeleton protein 

modification in the disk-side and peripheral-side of regions of direct axonal injury.  Non-localised changes to 
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cytoskeleton proteins may therefore be indicative of specific intracellular signalling mechanisms that are 

initiated by different modes of axonal injury.318 

IOP elevation initiated a concurrent reduction in neurofilament and GFAP staining, however, such a relationship 

was not evident following axotomy-induced neuronal injury.  The effects of ischemia, again, had a different 

effect on astrocyte behaviour in comparison to axotomy and induced a relative preservation of GFAP staining in 

the face of significant neurofilament and microtubule disruption.  These findings taken together suggest that 

astrocyte responses are also specific to the mode of neuronal injury.  They further implicate cellular processes, 

other than astrocytes, in cytoskeleton protein regulation.   
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9.  Cytoskeleton proteins in the human optic nerve head 

9.1  Aim 

Experiments reported in Chapters 3, 7 and 8 delineate the acute response of cytoskeleton proteins following 

different modes of RGC axonal injury.  If experimental results from reliable animal models are to be 

extrapolated to man, a detailed understanding of the distribution of cytoskeleton proteins in the normal human 

optic nerve head is first required.  To date, such a study has not been performed.   

As stated in the Introduction, cytoskeleton protein behaviour is shaped by physiological variables such as 

absolute tissue pressure and pressure gradients.64 Additionally, structural determinants of regional cytoskeleton 

protein concentration include myelin proteins and the pattern of mitochondrial distribution.66, 319 The variation in 

mitochondrial organelle, myelin protein content and neural tissue pressure along the length of the human retinal 

ganglion cell axon could potentially influence the regional concentration of cytoskeleton protein subunits.  This 

may help explain why the optic nerve head is injured in an asymmetrical fashion in many diseases including 

glaucoma.209   

This chapter is a detailed examination of the distribution of axonal cytoskeleton proteins within the 

unmyelinated and myelinated portions of the normal human optic nerve head.  The patterns of cytoskeleton 

protein distribution in the sagittal and coronal planes are documented.  Delineations are also performed 

regarding the relationship between mitochondria, myelin and neurofilament protein distribution.  The aim of 

performing this work is to improve our understanding of cytoskeleton protein organization in the human optic 

nerve head and the roles they may play in physiological conditions and neurodegenerative disease. 
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9.2  Methods 

9.2.1  Tissue acquisition 
All human tissue was handled according to the tenets of the Declaration of Helsinki.  The research reported in 

the chapter was approved by the University of Western Australia Human Ethics Committee. 

A total of 23 human eyes from 14 donors were used.  All eyes were obtained from the Lions Eye Bank of 

Western Australia (Lions Eye Institute, Western Australia) after removal of corneal buttons for transplantation.  

Donor eyes used for this research had no documented history of eye disease.  The demographic data and medical 

co-morbidities of each optic nerve donor is presented in Table 9.1.     

9.2.2  Tissue preparation 
Prior to enucleation a scleral suture was placed at the 12 o’clock position to allow orientation of the optic nerve 

during tissue processing.  When a stitch was not placed the extra-ocular muscles and position of the macula 

were used to orient the nerve.  Following the removal of corneal buttons the eye was carefully dissected to 

expose the optic disk and the first centimetre of optic nerve.  Tissue used for mitochondrial studies were 

immediately sectioned without any fixation.  Tissue used for remaining studies was fixed in 4% 

paraformaldehyde and cryoprotected in 30% sucrose prior to sectioning.    Tissue for all studies was mounted in 

Optimal Cutting Temperature compound (Tissue-Tek 4583, Product No. 62550-12, Japan) and longitudinally 

sectioned into 12 µm specimens on a cryotome set at -30 ºC.  To avoid the potential tilting of sections the optic 

nerve was aligned parallel to the blade on the cryostat during sectioning.  Longitudinal sections were cut along 

the sagittal plane beginning in the superior portion of each optic nerve and proceeding to the inferior part of the 

nerve.  Specimens were numerically labelled as they were sectioned so that it was possible to retrospectively 

determine which region of the optic nerve they were derived from.  Specimens were used for Van Gieson 

staining, cytochrome c oxidase staining or immunohistochemical labelling of cytoskeleton proteins and myelin.  

Slides used for myelin labelling were fixed for 10 minutes in 4% paraformaldehyde prior to staining.  The donor 

eyes used for each of the different stains is presented in Table 9.1. 
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Table 9.1 Human optic nerve donor data for cytoskeleton studies  

The sex (M = male or F = female), Age (years) and eye side (R = right or L = left) are presented.  The cause of death and 

post mortem time to tissue enucleation for each donor is also provided. The middle portion of the optic nerve from all donors 

was used for cytoskeleton studies.  Subjects whose optic nerves were also divided into superior and inferior sections for 

cytoskeleton studies are designated (*).  Donor eyes that were used for mitochondrial studies are designated with (#) and 

those eyes stained with myelin for co-localization studies are designated (▲). 

Patient 
ID Sex Age Eye Co-morbid conditions Time to 

enucleation (hrs) 

A# F 42 R+L Intracranial haemorrhage 
Pulmonary Emboli 5 

B# M 38 R+L Ischaemic Heart Disease 15 

C# M 25 R+L Becker's Muscular Dystrophy 
Cardiomyopathy 15 

D M 22 R+L Depression 13 

E M 38 R Epilepsy 12 

F M 46 R+L Ischaemic Heart Disease 12 

G# M 60 L Intracranial haemorrhage 
Ischaemic Heart Disease 5 

H* M 62 R+L Ischaemic Heart Disease 
Rheumatoid Arthritis 14 

I* M 23 R+L 
Lung transplant rejection 

Cystic Fibrosis 
Chronic Renal Failure 

12 

J* F 55 R+L Ischaemic Heart Disease 
Hypertension 12 

K* M 68 R+L Ischaemic Heart Disease 9 

L#▲ M 49 R Depression 
Epilepsy 16.5 

M#▲ M 67 L Idiopathic Cardiomyopathy 7 

N#▲ M 49 L Ischaemic Heart Disease 7 
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9.2.3  Tissue labelling 
9.2.3.1  Van Gieson Stain 

In all eyes, optic nerve sections adjacent to that used for immunohistochemical and cytochrome c oxidase 

labelling were stained using the Van Gieson protocol described in Chapter 2.  

9.2.3.2  Immunohistochemistry 

Antibody labelling was used to study the distribution of cytoskeleton proteins and myelin within the optic nerve.  

The middle portion of the optic nerve in all 23 eyes was used to study the axonal cytoskeleton.  In 8 eyes from 4 

patients the superior and inferior sections of the optic nerve were also stained in order to determine regional 

differences in axonal cytoskeleton proteins.  The middle portion of 3 optic nerves was dual stained with 

neurofilament light and myelin so that the distribution and relationship between these 2 proteins could be 

studied.  

All slides used for immunohistochemistry were washed for 5 minutes in a wash solution composed of 0.01 M 

PBS and Tween 20 (Sigma-Aldrich, St. Louis, Mo.) before incubation with their primary antibody solution.  All 

primary antibodies were made into solution with 1% goat serum (G9023, Sigma-Aldrich, St. Louis, Mo.) and 

1% Bovine serum albumin (BSA).  0.1% Triton X-100 (Sigma-Aldrich, St. Louis, Mo.) was also used for all 

primary antibody incubations to improve permeability.  Primary antibodies used in the present study were: 

polyclonal antibody NF-L directed against the neurofilament light subunit (1:500, AHP286, Serotec, Oxford, 

U.K.), polyclonal antibody NF-M directed against the neurofilament medium subunit (1:200, AB1987, 

Chemicon International.), monoclonal antibody NF-H directed against the phosphorylated and non-

phosphorylated neurofilament heavy subunit (1:400, N0142, Clone N52, Sigma-Aldrich, St. Louis, Mo.), 

monoclonal antibody NF-Hp directed against the phosphorylated neurofilament heavy subunit (1:200, N5389, 

Clone NE14, Sigma-Aldrich, St. Louis, Mo.), monoclonal anti-MAP1 antibody directed against Microtubule 

Associated Protein-1 (1:200, MAB362, Chemicon International) and polyclonal anti-MBP directed against 

myelin basic protein (1:500,.MCA184S, Serotec, Oxford, U.K).  All primary antibodies were incubated for 24 

hours except for anti-NFL which was incubated for 48 hours. 

Following primary antibody incubation all specimens were given 4 washes over 20 minutes in a 4 ºC wash 

solution.  Slides were then incubated at room temperature with a secondary antibody for 6 hours.  Secondary 

antibodies used included goat anti-mouse IgG (1:400, Alexa Fluor® 488, A11001, Invitrogen, Eugene, OR), 

goat anti-mouse IgG (1:400, Alexa Fluor® 546, A11003, Invitrogen, Eugene, OR) or goat anti-rabbit IgG 
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(1:400, Alexa Fluor® 488, A11008, Invitrogen, Eugene, OR).  Following secondary antibody incubation all 

specimens were washed 4 times over 20 minutes in a 4ºC wash solution.  Slides were then mounted in glycerol 

and immediately viewed with the confocal microscope.  For those eyes that were dual stained with a 

combination of anti-NFL and anti-MBP antibodies the concentration of antibodies, incubation times and wash 

protocol were identical to that described above. 

Previously described immunohistochemistry protocols were also used to study the actin cytoskeleton within 

optic nerves.320  Slides were first washed for 5 minutes in a 4 ºC wash solution.  They were then incubated for 

30 minutes with 0.5% Triton X-100 in PBS following which they were pre-incubated for another 30 minutes 

with 3% BSA and 0.3% Triton X-100 in PBS solution.  Slides were then incubated for 3 hours with Alexa Fluor 

488-Phalloidin (A12379, Invitrogen, Eugene, OR) which was made up in a solution of 3% BSA and 0.3% 

Triton X-100 to give a final concentration of 0.2 – 0.3 µM.  Following this, slides were washed 4 times in a 4º C 

wash solution before mounting in glycerol. 

9.2.3.3  Diaminobenzidine Cytochrome c Oxidase (DAB CcO) Histochemistry 

Mitochondrial distribution within optic nerves was studied using DAB CcO histochemistry.  The middle section 

of 10 optic nerves from 7 donors was used for this part of the study.  DAB CcO histochemistry used for this 

work followed the protocol outlined for the visual system previously described by Wong-Riley.288 In brief, 

sections were incubated at 37°C in the dark in a solution containing 50mg 3,3’diaminobenzidine hydrochloride 

(Sigma, St. Louis MO, USA), 30mg Cytochrome c (Sigma, St Louis MO, USA, Product No. C7752) and 4g of 

sucrose in 90ml 0.1M phosphate buffer (pH 7.4).  CcO activity was terminated by washing the slides three times 

in phosphate buffered solution.  Slides were then dehydrated in a graded ethanol series (50%, 75% and 100%) 

followed by immersion in xylene.  Slides were then cover-slipped and allowed to dry overnight. 

9.2.4  Image acquisition  
9.2.4.1  Light Microscopy 

Van Gieson stained slides were digitized using a high resolution digital camera (Nikon, DXM 1200, Nikon 

Corp. Tokyo, Japan) attached to a microscope (Nikon, Eclipse E800, Nikon Corp. Tokyo, Japan).  Separate 

images of the optic nerve commencing in the pre laminar region and extending 3 mm behind the lamina cribrosa 

were captured using a 4x objective lens (Nikon Plan Apo, NA 0.75) and stitched together using Adobe 

Photoshop (version 8.0, Adobe Systems Inc.).  Creating a montage of each VG stained section allowed accurate 

determination of optic nerve dimensions.     
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Images of mitochondrial stained slides were captured using instruments and settings identical to that reported in 

Chapter 6.  Images of the entire pre laminar, lamina cribrosa and proximal 3 mm of post laminar tissue in each 

slide was captured in a dark room using a 10x objective (Olympus, NA 0.30).  Individual images were then 

stitched together to create a montage of each slide. 

9.2.4.2  Confocal scanning laser microscopy 

Details of the confocal scanning laser microscope used to view optic nerve sections are provided in Chapter 2.  

Visualisation of sections labelled with Alexa Fluor® 488 secondary antibody  was achieved by laser excitation 

at a 488 nm line from an argon laser with emissions detected through a 522/35 nm band pass filter.  

Visualisation of sections labelled with Alexa Fluor® 546 secondary antibody was achieved by laser excitation at 

a 543-nm line from a green helium neon laser with emissions detected through a 580/32-nm band pass filter.  

When sections were labelled with multiple antibodies, images were captured sequentially using each laser line 

in turn.  A Nikon 20x (NA 0.4) dry lens was used to view all slides.  Montages were created utilising techniques 

described in Chapter 2.  Each montage commenced in the pre laminar region and extended 3mm behind the 

lamina cribrosa.  Creating a montage allowed the study of spatial changes in the pre laminar, lamina cribrosa 

and post laminar regions of the optic nerve in detail. 
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9.2.5  Image analysis 
Quantitation of all images was done on Image Pro Plus (Media Cybernetics, Version 5.1).  For quantitative 

analysis, immunohistochemical and mitochondria labelled sections were divided into pre laminar, anterior 

lamina cribrosa, posterior lamina cribrosa and post laminar regions with the aid of Van Gieson stained slides 

that were acquired from adjacent sections of optic nerve.  Definitions provided in Chapter 1 were used to divide 

the optic nerve head into different laminar regions.  Van Gieson stained slides were also used to determine 

peripheral pre laminar thickness and lamina cribrosa thickness for each eye. 

9.2.5.1  Quantifying cytoskeleton protein distribution in the optic nerve head 

The methodology used to partition optic nerves prior to quantitative analysis is illustrated in Figure 9.1.  

Confocal microscope images of cytoskeleton proteins were analysed in gray scale (0 – 255 pixel intensity) with 

the average projection of each montaged Z stack being used for analysis.  Confocal images of cytoskeleton 

proteins from the superior, middle and inferior sections of the optic nerve were analysed in the same manner.  

Prior to analysis each confocal image was divided into: (1) Temporal, central and nasal regions (by dividing the 

inner neural canal into equal thirds).  (2) Pre laminar, anterior lamina cribrosa, posterior lamina cribrosa, 

proximal 400 µm of immediate post laminar tissue, a second region of post laminar tissue that commenced 1 

mm behind the lamina cribrosa and extended 400 µm posteriorly and a third region of post laminar tissue that 

commenced 2 mm behind the lamina cribrosa and extended 400 µm posteriorly.  Thus a total of 18 regions were 

analysed within each confocal microscope image.  A Van Gieson stained image of a section adjacent to that 

used for cytoskeleton labelling was used to demarcate each of the laminar regions on the confocal image.  

Following the division of each confocal image into 18 regions a quantitative histogram function was utilised to 

calculate the average pixel intensity per 1 µm2 in each of the 18 regions.  This was determined by using a 

sample window of a constant size and sampling an equal number of random points within each region.  Only 

neural tissue was sampled.  The mean pixel intensity in each region was then used for statistical analysis.  To 

standardize measurements within each image the mean pixel intensity value within each of the 18 regions was 

expressed as a percentage of the mean pixel intensity value within the pre laminar region of that image. This 

value was defined as the standardized cytoskeletal antibody intensity.  As measurements had been taken from 

superior, middle and inferior sections as well as temporal, central and nasal regions of nerve it was also possible 

to make comparisons between 9 segments in the coronal plane (supero-temporal, supero-central, supero-nasal, 

middle-temporal, middle-central, middle-nasal, infero-temporal, infero-central and infero-nasal) in each of the 

pre laminar, lamina cribrosa, immediate post laminar, 1 mm post laminar and 2 mm post laminar regions. 

 



227 
 

9.2.5.2  Quantifying CcO concentration in the optic nerve head 

Prior to quantitation of cytochrome c oxidase activity in the optic nerve head each CcO stained montage was 

divided into pre laminar region, anterior lamina cribrosa region, posterior lamina cribrosa region, proximal 400 

µm of immediate post laminar tissue, a second region of post laminar tissue that commenced 1 mm behind the 

lamina cribrosa and extended 400 µm posteriorly and a third region of post laminar tissue that commenced 2 

mm behind the lamina cribrosa and extended 400 µm posteriorly.   Thus, a total of 6 regions were analysed for 

each section of optic nerve.  Van Gieson stained images were used to delineate each of the laminar regions.  

Using a quantitative histogram function the average pixel intensity per 1 µm2 in each of the 6 regions was 

calculated by using a sample window of a constant size and sampling an equal number of random points.  These 

values were averaged and the mean pixel intensity in each region was used for statistical analysis.  To 

standardize measurements within each image, the mean pixel intensity value within each of the 6 regions along 

the sagittal plane was expressed as a percentage of the mean pixel intensity value within the pre laminar region 

of that image.  This value was defined as the standardized DAB CcO intensity.  A darker DAB reaction product 

and hence a greater amount of mitochondrial stain resulted in a lower pixel intensity value during quantitative 

analysis.  The inverse of the ratio between the measured value and pre laminar mean was used in all graphical 

representations so that pixel intensity value was positively correlated with the amount of mitochondrial stain. 

9.2.5.3  Co‐localization of cytochrome c oxidase, myelin basic protein and neurofilament light 

In 3 eyes the middle section of the optic nerve was dual stained with antibodies to NF-L and myelin basic 

protein.  An adjacent section to that used for dual labelling was also stained with DAB CcO.  This permitted the 

relationship and distribution of myelin, mitochondria and neurofilament proteins in each of the laminar regions 

to be examined. 
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Figure 9.1 Human optic nerve head segmentation for cytoskeleton analysis - overleaf7 

(A) Three dimensional schematic diagram illustrating the regions of human optic nerve that was examined for 

cytoskeleton protein studies.  Sections along the sagittal plane from the superior, middle and inferior regions of 

the optic nerve were studied (B).  Each section was divided into pre laminar, anterior lamina cribrosa (ALc), 

posterior lamina cribrosa (PLc), immediate post laminar, a region 1mm behind the posterior boundary of the 

lamina cribrosa and a region 2mm behind the posterior boundary of the lamina cribrosa prior to analysis.  

Temporal, central and nasal measurements from each of the superior, middle and inferior sections allowed 

comparisons between 9 regions in the coronal plane (supero-temporal, supero-central, supero-nasal, middle-

temporal, middle-central, middle-nasal, infero-temporal, infero-central and infero-nasal) within each of the 

regions in the sagittal plane (C).  Van Gieson stained sections (D) were used to divide confocal microscope 

images (E) for analysis. 
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9.2.6  Statistical analysis 
ANOVA was utilized to identify statistical differences as described in Chapter 2. 

The following 2 analyses were performed on cytoskeleton and mitochondria data: 

(1)  To determine gross regional differences in cytoskeleton protein and mitochondrial stain between the pre 

laminar, lamina cribrosa, immediate post laminar, 1 mm post laminar and 2 mm post laminar segments of the 

optic nerve.  ANOVA was used to assess the effect of individual donor eye, eye (right or left), optic disk side 

(temporal, central and nasal), section of optic disk (superior, middle, inferior) and optic disk region along the 

sagittal plane on the parameters standardized cytoskeletal antibody intensity (a separate analysis being 

performed for each of the 6 antibodies) and standardized DAB CcO intensity.   

(2)  To determine detailed differences within the pre laminar, anterior and posterior lamina cribrosa regions with 

regards to cytoskeleton protein and mitochondrial distribution.  Critical changes are known to occur in the 

anterior portion of the optic nerve and the second analysis was performed in an effort to correlate regional 

cytoskeleton and mitochondrial variation in the anterior optic nerve with previously reported glial,126 axonal136, 

321 and connective tissue changes.125  ANOVA was employed for the second analysis using cytoskeleton protein 

and mitochondria data from pre laminar, anterior lamina cribrosa and posterior lamina cribrosa regions only. 
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9.3  Results 

9.3.1  Human donor demographics 
The mean age of donors was 46.0 ± 4.2 years (age range, 22 – 68 years).  11 right eyes and 12 left eyes from a 

total of 12 male and 2 female donors were examined.  The average post mortem time before eyes were 

enucleated was 11.0 ± 1.0 hours.  The mean peripheral pre laminar thickness from all eyes was 714.4 ± 39.4 µm 

and the mean lamina cribrosa thickness was 540.7 ± 26.4 µm. 

9.3.2  Cytoskeleton protein distribution in the human optic nerve head 
Confocal images illustrating the pattern of cytoskeleton protein distribution in the human optic nerve is 

demonstrated in Figure 9.2.  Quantitative analysis of cytoskeleton protein distribution along the course of the 

optic nerve is provided in Figure 9.3.  Analysis of cytoskeleton protein distribution between superior, middle 

and inferior sections is provided in Figure 9.4.  Magnified confocal microscope images illustrating the pattern of 

cytoskeleton protein distribution in the pre laminar, anterior lamina cribrosa, posterior lamina cribrosa and 

immediate post laminar regions are provided in Figure 9.5.  Quantitative comparisons between the different 

laminar regions are provided in Figure 9.6. 

9.3.2.1  NF‐H 

The intensity of NF-H was visibly greatest in the pre laminar and lamina cribrosa region of the optic nerve head 

with a gradual decrease in intensity of stain along the distal course of the nerve.  Statistical analysis revealed a 

significant difference in the intensity of stain between the different laminar regions (P < 0.001).  Sub-analysis 

revealed that the intensity was greatest in the pre laminar region and lowest in the region 2 mm distal from the 

lamina cribrosa.  There was no significant difference between 1 mm post laminar and 2 mm post laminar regions 

(P = 0.428).  The intensity in the immediate post laminar region was significantly different from both the lamina 

cribrosa and 1 mm post laminar segment (both P < 0.001).  There were no significant differences found between 

right or left eyes (P = 0.166).  There were no significant differences found between temporal, central and nasal 

nerve bundles (P = 0.096).  The intensity of stain was different between superior, middle and inferior sections 

(P = 0.008) with inferior sections having greater stain than middle and superior sections (both P < 0.045).  

When comparisons were made between the pre laminar region, anterior lamina cribrosa region and posterior 

lamina cribrosa region there were no significant differences (P = 0.167).    When each of the 6 regions along the 

sagittal plane of the optic nerve was analysed, there were no significant differences between the 9 segments in 

the coronal plane in any region of nerve (all P > 0.051).  
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9.3.2.2  NF‐Hp 

NF-Hp stain was greatest in the pre laminar and lamina cribrosa regions of the optic nerve with a decrease in 

stain intensity in the post laminar regions.  There was no difference in stain intensity between the 1 mm and 2 

mm post laminar segments (P = 0.925) but the immediate post laminar region was significantly different from 

all other regions (all P < 0.003).  There was a difference between superior, middle and inferior sections (P = 

0.001) with superior sections having greater stain than inferior and middle sections (both P < 0.006).  There was 

also a difference between temporal, central and nasal regions of nerve (P = 0.004) with nasal sections having 

greater stain than central section (P = 0.003).  There was also no difference observed between right and left eyes 

(P = 0.213). 

Comparison between pre laminar and lamina cribrosa regions revealed a difference (P < 0.001) with post hoc 

analysis revealing that the intensity of stain in the anterior lamina cribrosa region was less than the posterior 

lamina cribrosa (P < 0.001) and pre laminar region (P = 0.013).  When each of the 6 regions along the sagittal 

plane of the optic nerve was analysed, there were no significant differences between the 9 segments in the 

coronal plane in any region of nerve (all P > 0.067).   

9.3.2.3  NF‐M 

The intensity of NF-M antibody was greater in the right eye in comparison to the left eye (P < 0.001).  The 

intensity decreased along the course of the optic nerve with the greatest stain visible in the pre laminar region.  

All regions along the proximo-distal course of the optic nerve were significantly different from each other (P < 

0.001) apart from the 1 mm vs. 2 mm post laminar segments (P = 0.989).  Intensity of stain was significantly 

different between pre laminar, anterior lamina cribrosa and posterior lamina cribrosa regions (all P < 0.002).  

There was no difference between superior, middle and inferior sections of optic nerve (P = 0.164) or between 

temporal, central and nasal regions of the nerve (P = 0.272).  When each of the 6 regions along the sagittal plane 

of the optic nerve was analysed separately there was no significant difference between the 9 segments in the 

coronal plane in the pre laminar and lamina cribrosa regions (both P < 0.049). 

9.3.2.4  NF‐L 

The intensity of NF-L stain was greater in the right eye (P < 0.001).  Similar to the other neurofilament 

antibodies the intensity was greatest in the pre laminar and lamina cribrosa regions of the optic nerve head.  

Statistical analysis revealed that all regions along the course of the optic nerve were different from each other (P 

< 0.001) apart from the 1 mm vs. 2 mm post laminar segments of the optic nerve (P = 0.158).  The intensity of 

NF-L antibody was significantly different between the pre laminar and lamina cribrosa regions (P < 0.001) with 
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the posterior lamina cribrosa region being greater than both the anterior lamina cribrosa (P < 0.001) and pre 

laminar (P = 0.039) regions.  There was no difference between central, temporal and nasal regions of the optic 

nerve head (P = 0.060) or between superior, middle and inferior sections of the optic nerve head (P = 0.066).  

When each of the 6 regions along the sagittal plane of the optic nerve was analysed, there was no significant 

difference between the 9 segments in the coronal plane in the lamina cribrosa and post laminar regions (all P > 

0.268). 

9.3.2.5  Microtubule Associated Protein‐1 

Axonal staining with MAP-1 antibody was strongest in the optic nerve head with a gradual decrease in the 

intensity of stain along the course of the optic nerve.  Some MAP-1 staining was observed in non-neural tissue 

within the optic nerve head.  This was most evident in connective tissue that comprised the laminar plates 

between nerve bundles.  Previous work has shown that antibodies against MAP proteins have some cross 

reactivity to the epitopes of collagen proteins.261  Within neural tissue, the intensity of MAP-1 stain was 

significantly different between regions along the course of the nerve (P < 0.001) with the exception of the 1 mm 

vs. 2 mm post laminar segment (P = 0.990).  When the different laminar regions were compared the intensity of 

stain in the pre laminar region was significantly greater than the posterior lamina cribrosa region (P = 0.040) but 

there was no difference between the pre laminar region and the anterior lamina cribrosa region (P = 0.973).  The 

intensity of stain was greater in the right eye than the left (P = 0.003).  The intensity of stain between the various 

sides of the optic nerve was different (P < 0.001) with the temporal side having more stain than the central 

portion of nerve (P = 0.014).  There was also a significant difference between superior, middle and inferior 

sections (P < 0.001) with the inferior portion of nerve having more stain than superior (P = 0.040) and middle 

portions (P < 0.001).  When each of the 6 regions along the sagittal plane of the optic nerve was analysed, there 

was no significant difference between the 9 segments in the coronal plane in any region of nerve (all P > 0.072). 

9.3.2.6  Actin 

Actin staining was different between the right and left eyes with the right eyes having a greater amount of stain 

(P = 0.049).  The greatest amount of stain was seen in the region of the lamina cribrosa region of the optic nerve 

head.  In addition to staining of neural tissue, actin staining was also observed in laminar plates.  On statistical 

analysis, the intensity of stain in the different laminar regions of the optic nerve was significantly different (P < 

0.001).  The intensity of stain in the lamina cribrosa was greater than all other regions (all P < 0.001).  The 

intensity of stain was greater in the posterior lamina cribrosa region in comparison to the anterior lamina 

cribrosa (P < 0.001) and pre laminar (P < 0.001) regions.  There was no difference between pre laminar vs. 

immediate post laminar segment (P = 0.792), and 1 mm vs. 2 mm post laminar segments (P = 0.732).  All other 
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regions were significantly different from each other.  There was no difference between superior, middle and 

inferior sections of the optic nerve (P = 0.604).  When the temporal, central and nasal regions of the optic nerve 

head were examined there were no significant differences (P = 0.425).  When each of the 6 regions along the 

sagittal plane of the optic nerve separately, there was no significant difference between the 9 segments in the 

coronal plane in any region of nerve (all P > 0.245). 

Figure 9.2 Cytoskeleton 

protein distribution 

along the sagittal plane 

of human optic nerve7  

Montaged confocal 

microscope images of human 

optic nerves stained with 

antibodies to (A) NF-H (B) 

NF-Hp (C) NF-M (D) NF-L 

(E) MAP-1 and (F) Actin.  For 

all cytoskeleton antibodies the 

greatest intensity of stain was 

seen in the anterior portion of 

the optic nerve.  Dotted lines 

demarcate the boundaries of 

the lamina cribrosa.  Scale bar 

= 200 µm. 
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Figure 9.3 Quantitative analysis of cytoskeleton protein distribution along sagittal plane7 

The mean standardized pixel intensity (± SE) within each region of the optic nerve for (A) NF-H (B) NF-Hp (C) 

NF-M (D) NF-L (E) MAP-1 and (F) Actin are presented.  A spline curve has been used to connect data points.  

Pixel intensity values at points along the nerve were normalised and expressed as a percentage intensity of the 

pre laminar value.  There was no difference in the intensity of stain between the 1 mm and 2 mm post laminar 

segments for any antibody (P > 0.05).  Intensity in the lamina cribrosa region for each antibody is the mean of 

anterior lamina cribrosa and posterior lamina cribrosa measurements.  The mean pre laminar and lamina 

cribrosa thickness were used to determine distances from the inner limiting membrane 
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Figure 9.4 Quantitative analysis of cytoskeleton protein distribution along coronal plane7 

The standardized mean pixel intensity (± SE) in superior, middle and inferior sections along the temporal, 

central and nasal regions of the optic nerve for (A) NF-H (B) NF-Hp (C) NF-M (D) NF-L (E) MAP-1 and (F) 

Actin are provided.  Significant differences between superior, middle and inferior sections were only seen for 

NF-H, NF-Hp, and MAP-1 antibodies.  **Significant difference with P < 0.05 as determined by three-way 

ANOVA with post hoc testing. 
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Figure 9.5 Pattern of cytoskeleton protein distribution in laminar regions7  

Magnified confocal microscope images of the pre laminar (PL), anterior lamina cribrosa (ALc), posterior 

lamina cribrosa (PLc) and immediate post laminar (PoL) regions of human optic nerves that are stained with 

(A) NF-H (B) NF-Hp (C) NF-M (D) NF-L (E) MAP-1 and (F) Actin.  There was a heterogeneous distribution of 

cytoskeleton protein stain between pre laminar and lamina cribrosa regions for all antibodies except NFH.  

Dotted lines demarcate the boundaries of the ALc and PLc.  Scale Bar = 200µm 
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Figure 9.6 Comparisons of cytoskeleton protein distribution between laminar regions7 

The mean standardized pixel intensity (± SE) in each region for antibodies (A) NF-H (B) NF-Hp (C) NF-M (D) 

NF-L (E) MAP-1 and (F) Actin are presented.  Differences in stain between the pre laminar and lamina 

cribrosa (LC) regions were found for all antibodies except NF-H.  **Significant difference with P < 0.05 as 

determined by three-way ANOVA with post hoc testing. 
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9.3.3  CcO distribution in the human optic nerve head 
The pattern and quantitative analysis of cytochrome c oxidase distribution in the human optic nerve is 

demonstrated in Figure 9.7.  In all 10 human eyes the greatest amount of mitochondrial stain was visible in the 

pre laminar and lamina cribrosa regions of the optic nerve head.  Post laminar regions had significantly less stain 

than the anterior optic nerve head.  On quantitative analysis there was a significant difference in the amount of 

mitochondrial stain along the length of the optic nerve (P < 0.001).  Post hoc analysis revealed that there was no 

difference between pre laminar, anterior lamina cribrosa and posterior lamina cribrosa regions (P = 0.600), 

however, these three regions had significantly greater levels of mitochondrial stain in comparison to all post 

laminar regions (all P < 0.001).  Although there was a gradual decrease in the amount of mitochondrial stain 

along the distal course of post laminar nerve, there was no significant statistical difference between the 

immediate post laminar segment, 1 mm distal post laminar segment and 2 mm distal post laminar segment (all P 

> 0.351). 
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Figure 9.7 Mitochondrial CcO stain pattern in normal human optic nerve head7 

Van Gieson stained images (A) were used to divide DAB CcO images (B) into different laminar regions.  

Mitochondrial stain was visibly greater in the anterior portion of the optic nerve.  Quantitative analysis 

revealed that the amount of stain was significantly greater in the pre laminar and lamina cribrosa regions in 

comparison to all post laminar regions (C).  A spline curve has been used to connect data points.  Pixel intensity 

values at points along the nerve were normalised and expressed as a percentage intensity of the pre laminar 

value.  Inverse of pixel intensity was used for graphs so that pixel intensity value was positively correlated with 

the amount of mitochondrial stain.  There was no difference in the amount of stain between pre laminar, 

anterior lamina cribrosa and posterior lamina cribrosa regions (D).  Dotted lines demarcate the boundaries of 

the lamina cribrosa.  Scale Bar = 200µm 
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9.3.4  Relationships between CcO, myelin and neurofilament light  

The relationship between MBP, CcO and NF-L within the human optic nerve is demonstrated in Figure 9.8.  In 

all 3 eyes that were studied the intensity of NF-L proteins was closely correlated with the intensity of 

mitochondrial stain.  NF-L staining was greatest in regions where there were greater amounts of DAB CcO 

stain.  Myelination of the human optic nerve commenced behind the posterior boundary of the lamina cribrosa 

however the onset of myelination was not uniform across the optic nerve.  Myelination commenced sharply after 

the posterior lamina cribrosa boundary in most regions, however, in some regions the optic nerve was 

unmyelinated for a variable distance after the posterior laminar boundary before myelin staining was seen.   

Both NF-L and mitochondrial staining were inversely related to myelin staining demonstrating a dramatic 

decline in stain after the onset of optic nerve myelination.  In regions of post laminar optic nerve that was 

unmyelinated, a significantly higher level of NF-L and mitochondrial stain was found when compared to regions 

of post laminar nerve that was myelinated. 
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Figure 9.8 Relationship between CcO, myelin and NF-L in human optic nerve head7 

The distribution of neurofilament light (NF-L; A) and cytochrome c oxidase (B) demonstrated a similar pattern 

and was most concentrated in the pre laminar and lamina cribrosa regions.  Optic nerve myelination (C) 

commenced behind the lamina cribrosa but not all portions of the nerve acquired a myelin sheath immediately 

after the posterior boundary.  The intensity of NF-L stain and the onset of myelination demonstrated a 

reciprocal relationship with unmyelinated regions of nerve demonstrating a greater amount of NF-L stain.  

Dotted lines demarcate the boundaries of the lamina cribrosa.  Scale Bar = 500 µm 
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9.4  Discussion  

9.4.1  Key findings 
The major findings from this detailed histological study are as follows: (1) Significant differences exist between 

the pattern of distribution of neurofilament protein subunits, actin and MAP-1 within the same sagittal plane of 

the optic nerve. (2) Cytoskeleton proteins are heterogeneously distributed along the sagittal plane of the optic 

nerve and are found in highest concentrations in the anterior portion. (3)  Within each region along the sagittal 

plane of the optic nerve, most cytoskeleton protein subunits are homogeneously distributed along the coronal 

plane. (4) The distribution of mitochondrial cytochrome c oxidase along the optic nerve correlates closely to the 

distribution of NF-L and is inversely correlated to optic nerve myelination. 

9.4.2  Cytoskeleton proteins confer structural integrity to RGC axons  
Each one of the different cytoskeleton protein subunits plays an important role in strengthening axonal structure 

and determining axonal caliber.61 NF-M increases axonal diameter by forming cross-bridges between adjacent 

neurofilament proteins thereby regulating inter-neurofilament spacing.322, 323In contrast,  NF-L reduces inter-

neurofilament distances and previous work has demonstrated that an increase in NF-L is associated with a 

decrease in axonal caliber.61 A decrease in NF-M proteins that is associated with a reciprocal increase in NF-L 

proteins between the pre laminar and posterior lamina cribrosa regions may account for the gradual decrease in 

RGC axonal diameter as it travels from the pre laminar region to the posterior lamina cribrosa region of the 

optic nerve head.126 

Axonal cytoarchitecture is known to be shaped locally by external compressive forces and actin proteins play an 

important role in tolerating cytoplasmic shear-stress and in maintaining cellular architecture during states of 

elevated neural tissue pressure.34, 64 This may be one explanation for an increase in actin protein concentration in 

the anterior and posterior lamina cribrosa regions where the pressure gradient acting upon axons is known to be 

greater than other portions of the optic nerve.122 

9.4.3  Axonal transport rates in the optic nerve head are influenced by patterns of 

cytoskeleton protein distribution  
Neurofilaments are synthesised in the cell body and are actively transported by molecular motors towards the 

axonal synapse.324 Speed of axonal transport is regulated by neurofilament phosphorylation with previous work 

demonstrating that an increase in C-terminal neurofilament phosphorylation is associated with a decrease in 

optic nerve axonal transport.262 An increase in the amount of NFHp in the posterior lamina cribrosa region of the 

human optic nerve head implies that this is the slowest region of axonal transport and is consistent with previous 

reports which have demonstrated that the lamina cribrosa acts as a physiological choke point for axonal 
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transport.262  MAP-1,272 which is an integral component of the structural tracks that are utilised by molecular 

motors for axonal transport is also reduced in the posterior region of the lamina cribrosa.  This may provide a 

structural explanation why axonal transport is reduced in this region during normal physiological conditions.   

9.4.4  Axonal vulnerability to injury is determined by regional cytoskeleton protein 

concentration  
Previous work has shown that the earliest changes to axonal transport following a rise in IOP occurs in the 

superior region of the optic disk.219 The decrease in the concentration of MAP-1 that is couped with an increase 

in concentration of NFHp at the superior portion of the optic disk may provide a structural explanation for 

axonal transport vulnerability in this location.  Although there was marked heterogeneity of stain along the 

sagittal plane of the optic nerve, there was a relatively homogeneous distribution of stain along the coronal plane 

for most cytoskeleton proteins.  NFM, which is a major determinant of axonal diameter,322 was the only 

neurofilament protein that demonstrated an uneven distribution of stain between the superior, inferior, middle 

and temporal, nasal and central portions of the lamina cribrosa region.  This may be reflective of the difference 

in laminar pore size and axonal diameters in this region.29, 55 

9.4.5  Cytoskeleton proteins influence the rate of non‐saltatory action potential 

conduction in RGC axons  
Previous studies have demonstrated that the speed of action potential conduction is greater in myelinated nerve 

and is directly proportional to axonal diameter in unmyelinated nerve.325, 326 The diameter of RGC axons in the 

primate optic nerve is known to be greatest in the unmyelinated portion with an abrupt decrease in axonal 

diameter occurring upon optic nerve myelination.126  Neurofilament proteins are major determinants of axonal 

diameter61 and one purpose served by having a greater concentration of neurofilament protein subunits in the 

unmyelinated portion of the optic nerve may be to increase the speed of action potential conduction.   

Unmyelinated nerve also requires greater amounts of energy for electrical conduction.54 This is the most likely 

reason for an increased amount of mitochondria in the pre laminar and lamina cribrosa regions where more ATP 

is required for electrical conduction.  It is interesting that a decrease in the concentration of both NF-L and 

mitochondria correlated very closely with the onset of optic nerve myelination.  Increasing the concentration of 

mitochondria and cytoskeleton proteins may therefore be a physiological adaptive mechanism that compensates 

for the absence of myelin and increases the speed of electrical conduction by increasing axonal diameter and 

energy supplies within unmyelinated regions of the optic nerve head. 
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10.  Histomorphometric and pia mater measurements in 

human and dog optic nerve  

10.1  Aim 

Histological studies reported in Chapter 9 demonstrate important cyto-architectural adaptations that confer 

mechanical strength to RGC axons and protect them from injury within the optic nerve head.  Are there any 

non-neuronal modifications within the human optic nerve head that similarly provide tolerance to axonal injury 

in the setting of physiological or altered tissue pressures? 

It is currently not possible to perform in vivo pressure measurements of structures in the human optic nerve 

head.  For this reason, physiological optic nerve tissue pressures, which are important determinants of axonal 

function, remain unknown in man.114, 327  To date, the most invasive documentation of optic nerve tissue 

pressures have been performed in the dog.  Morgan et al. have demonstrated that neural tissue pressure anterior 

to the lamina cribrosa is determined by intraocular pressure while post-laminar neural tissue pressure is largely 

determined by CSF pressure in the subarachnoid space.121, 122  If the dog and human optic nerve head shared 

similar histomorphometric characteristics it may be possible to extrapolate previously determined tissue 

pressure measurements in the dog to provide estimates of laminar pressures in the human eye. 

This chapter commences by documenting the histomorphometric characteristics of the normal human optic 

nerve head and comparing it to the dog.  A detailed analysis of the quantitative and qualitative characteristics of 

optic nerve pia mater is also performed.  Once similarities are established between the two species, estimations 

are made of tissue pressures in the various laminar regions of the human optic nerve head.  It is hoped that the 

results of these investigations will improve our understanding of extra-neuronal mechanisms that serve to 

modulate tissue pressures in the human optic nerve.  Furthermore, it is hoped that these investigations will 

identify optic nerve adaptations that minimise RGC axonal injury during states of IOP perturbation.    
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10.2  Methods 

10.2.1  Tissue acquisition 
All experiments were conducted and all laboratory animals were treated in accordance with the ARVO 

statement for the Use of Animals in Ophthalmic and Vision Research.  All human tissue was handled according 

to the tenets of the Declaration of Helsinki.  The study was approved by the University of Western Australia 

Animal Ethics and Human Ethics Committees.     

A total of 34 normal human eyes from 20 donors were used.  The demographic data and medical co-morbidities 

of each human optic nerve donor are presented in Table 10.1.  All human eyes were obtained from the Lions 

Eye Bank of Western Australia (Lions Eye Institute, Western Australia) after removal of corneal buttons for 

transplantation.   

The left eye of 10 adult dogs that had been humanely euthanased for other purposes was also used.  

10.2.2  Tissue preparation and labelling 
Prior to enucleation of human eyes a scleral suture was placed at the 12 o’clock position to allow orientation of 

the optic nerve during tissue processing.  When a stitch was not placed the extra-ocular muscles and position of 

the macula were used to orientate the nerve.  This step allowed identification of the temporal and nasal sides of 

the human optic nerve.  Measures were not taken to allow orientation of the dog optic nerve following 

enucleation, instead, each side of the optic nerve was designated periphery 1 and periphery 2.   

Following enucleation all eyes were carefully dissected to expose the optic disk and the first centimetre of optic 

nerve.  Human tissue was fixed in 4% paraformaldehyde (for 1-12 hours) and cryo-protected in 30% sucrose 

prior to cryo-sectioning.  Dog tissue was fixed in 10% buffered formaldehyde solution immediately after 

enucleation, embedded in paraffin and then sectioned on a microtome.  To avoid the potential tilting of sections, 

the optic nerve was aligned parallel to the blade on the cryostat or microtome prior to sectioning.  Longitudinal 

sections were cut along the sagittal plane beginning in the superior portion of each optic nerve and proceeding to 

the inferior part of the nerve.  Only sections from the middle of the optic nerve were used in this study. Van 

Gieson protocol was used to stain all slides.  In 30 out of the 34 human eyes two consecutive optic nerve 

sections from the middle of the nerve were stained so that repeatability and variation in measurements between 

adjacent sections could be assessed. 
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Table 10.1 Human optic nerve donor data for histomorphometry studies  

The sex (M = male or F = female), Age (years) and eye side (R = right or L = left) are presented.  The cause of 

death and post mortem time to tissue enucleation for each donor is also provided 

 

 

Patient 
ID Sex Age R/L Cause of Death Co-Morbidities 

Time to 
enucleation 

(hrs) 

A M 64 R+L Myocardial Infarction Ischaemic Heart Disease 
14 

B M 15 L Chest trauma Asthma 6.5 

C M 51 R+L Hanging Ischaemic Heart Disease 16 

D F 42 R+L Intracranial haemorrhage Pulmonary Emboli 5 

E M 38 R+L Myocardial Infarction Nil 15 

F M 36 R+L Seizure ADHD, Hypertension 12 

G M 25 R+L Heart transplant failure Becker's Muscular Dystrophy, 
Cardiomyopathy 15 

H M 38 L Myocardial Infarction Hypertension 12 

I F 49 R Unknown Migraine 5.5 

J M 22 R+L Motor Vehicle Accident Depression 13 

K M 38 R Status epilepticus Epilepsy 12 

L M 43 R+L Myocardial Infarction Ischaemic Heart Disease 14.5 

M M 46 R+L Myocardial Infarction Ischaemic Heart Disease 12 

N M 60 R+L Intracranial haemorrhage Ischaemic Heart Disease 5 

O M 62 R+L Myocardial Infarction Rheumatoid Arthritis 14 

P M 23 R+L Lung transplant rejection Cystic Fibrosis, 
Chronic renal failure 12 

Q F 55 R+L Myocardial Infarction Hypertension 12 

R M 47 L Myocardial Infarction Nil 18 

S M 58 R Hanging Ischaemic Heart Disease 10 

T M 48 R+L Hanging Nil 9 



248 
 

10.2.3   Image acquisition 

Van Gieson stained slides were digitised using a high resolution digital camera (Nikon, DXM 1200, Nikon 

Corp. Tokyo, Japan) attached to a microscope (Nikon, Eclipse E800, Nikon Corp. Tokyo, Japan).  Separate 

images of the optic nerve commencing in the pre laminar region and extending 5 mm behind the lamina cribrosa 

were captured using a 4x objective lens (Nikon PlanApo, NA 0.75) and subsequently stitched together using 

Adobe Photoshop (version 8.0, Adobe Systems Inc.) to create a montage of each optic nerve.  Creating a 

montage of each optic nerve allowed accurate determination of spatial measurements of optic nerve structures.   

10.2.4  Image analysis 

Quantitation of all images was done on Image Pro Plus (Media Cybernetics, Version 5.1).  A schematic 

illustration of the landmarks used for histomorphometric measurements in human and dog optic nerve heads is 

presented in Figure 10.1.  Definitions provided in Chapter 1 were used to identify and demarcate optic nerve 

head structures prior to histomorphometric analysis. 

After identifying optic nerve head landmarks in each Van Gieson stained section the following measurements 

were determined: 

i. Total lamina cribrosa thickness in five locations: in humans measurements were obtained from the 

centre, the temporal periphery, the nasal periphery and the intermediary positions between centre and 

temporal/nasal periphery.  In dog eyes measurements were obtained from periphery 1, paracentral 1, 

central, paracentral 2 and periphery 2. 

ii. Posterior lamina cribrosa thickness in five locations in human eyes: measurements were obtained 

from the centre, the temporal periphery, the nasal periphery and the intermediary positions between 

centre and temporal/nasal periphery. 

iii. Distance from the posterior boundary of the lamina cribrosa to the inner limiting membrane (ILM).  

Taken from temporal and nasal sides in humans and from periphery 1 and periphery 2 in dogs.  

iv. Pre-laminar thickness. The distance between the anterior boundary of peripheral lamina cribrosa and 

inner limiting membrane overlying pre laminar tissue was used to determine pre laminar thickness.  

Multiple measurements of the minimum distance between a fixed point on the anterior boundary of 

peripheral lamina cribrosa and points along the inner limiting membrane were made before assigning 

the largest value as pre laminar thickness.  Taken from temporal and nasal sides in humans and from 

periphery 1 and periphery 2 in dogs.  
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v. Shortest distance between the anterior lamina cribrosa surface and subarachnoid space.  Taken from 

temporal and nasal sides in humans and from periphery 1 and periphery 2 in dogs.  

vi. Shortest distance between the ILM and the inner surface of the pia mater in contact with the 

subarachnoid space.  Taken from temporal and nasal sides in humans and from periphery 1 and 

periphery 2 in dogs.  

vii. Pia mater thickness along the length of the optic nerve taken at intervals of 10 µm, 50 µm, 100 µm, 

250 µm, 500 µm, 1000 µm, 2000 µm and 4000 µm from the termination of the subarachnoid space.  

Taken from temporal and nasal sides in humans and from periphery 1 and periphery 2 in dogs.  

viii. Diameter of the internal neural canal opening and the diameter of the optic nerve 1 mm behind the 

posterior boundary of the lamina cribrosa. 

In 30 out of 34 human eyes histomorphometric measurements were attained from two adjacent optic nerve 

sections in order to assess measurement repeatability. 
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Figure 10.1 Histomorphometric analysis of the optic nerve head12 

Van Gieson stained images of the human optic nerve head (A) and dog optic nerve head (B) were used to 

determine pre laminar thickness (a), total lamina cribrosa thickness (b), shortest distance between the anterior 

lamina cribrosa surface and subarachnoid space (SAS) (c), shortest distance between the inner limiting 

membrane and the inner surface of the pia mater in contact with the SAS (d), optic nerve diameter at internal 

neural canal (e) and optic nerve diameter 1mm behind the posterior boundary of the lamina cribrosa (f).  

Posterior lamina cribrosa thickness (g) was also determined in human eyes.  Thick fenestrated lines demarcate 

the anterior and posterior boundaries of the entire lamina cribrosa (LC) in each image.  A thin fenestrated line 

demarcates the anterior boundary of the posterior lamina cribrosa in the human eye.  The Pre Laminar (PL) 

and Post Laminar (PoL) Regions are also labelled. Scale bar = 400 µm. 
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10.2.5  Statistical analysis 
ANOVA was utilized to identify statistical differences as described in Chapter 2. 

ANOVA was used to assess the effect of donor ID (or dog number) and optic disk side on parameters total 

lamina cribrosa thickness, posterior lamina cribrosa thickness, pre laminar thickness, distance from ILM to 

posterior limit of lamina cribrosa, shortest distance between ILM and the inner surface of the pia mater and 

shortest distance from anterior lamina cribrosa surface to subarachnoid space.  ANOVA was also used to 

assess the effect of distance from termination of subarachnoid space on parameter pia mater thickness.  ANOVA 

was also used to assess the effect of optic nerve region (internal neural canal and 1 mm behind lamina cribrosa) 

on parameter tissue diameter.  For all of the above a separate analysis was performed for each species. To 

determine if there was greater variation in dog optic nerve histomorphometric measurements in comparison to 

human ANOVA was used to assess the effect of species (human or dog) on the standard error measurement for 

each of the optic nerve head parameters. 

To determine differences between human and dog eyes ANOVA was used to assess the effect of species (human 

or dog) and optic disk side on each of the histomorphometric parameters that was determined in the present 

series of experiments.  To ensure that the difference in pia mater thickness between human and dog eyes was not 

due to the different fixation protocols pia mater thickness measurements were standardised at all points along 

the optic nerve for each species by expressing each measurement as a percentage of the pia mater thickness at 

point 10 µm from the termination of the subarachnoid space.  These standardised values were then used for 

ANOVA analysis. 

10.2.6 Measurement reproduciblity 
For the eyes where multiple sections were examined ANOVA was used to assess the effect of optic nerve 

section (A or B), donor ID and optic disk side on each of the histomorphometric measurements. 
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10.2.7 Mathematical predictions of human optic nerve pressures 

The mean post-laminar tissue pressure value of 3.7 mmHg, previously determined in the dog by Morgan et al. 

when CSF pressure was 0 mmHg,121 was used in conjunction with mean histomorphometric measurements 

determined in the present series of experiments to predict mean pia mater tension in the dog optic nerve.  

LaPlace’s law for cylinders, as described below in Equation 1, was used to predict pia mater tension: 

 

)(760
)(325.101

mmHgW
kPaRPT

×
××

=      (Equation 1) 

Where T = mean optic nerve pia mater tension (kPa)  

P = mean pressure difference across pia mater (mmHg)  

R = mean radius of optic nerve trunk (µm) 

W = mean width of pia mater (µm) 

 

In making this estimation it is assumed that post-laminar optic nerve is cylindrical in shape.  By using LaPlace's 

law for cylinders it is also assumed that pia thickness and composition is homogeneous and that pia mater has 

linear mechanical properties with no bending stiffness.  The estimation of mean pia mater tension in the dog 

optic nerve was then used to predict the pressure difference across the pia mater in the human optic nerve.  

Several assumptions were made when estimating the pressure difference across human pia mater.  It was 

assumed that the mechanical characteristics and tension of the human pia mater was similar to the dog.  It was 

also assumed that human pia mater, like the dog, buffers post-laminar tissue pressure to minimise the increase in 

the lamina cribrosa pressure gradient when CSF pressure is low.  The pressure difference across the pia mater 

for individual human optic nerves was calculated.  These individual estimates were then used to determine a 

group mean and standard deviation.  Pressure difference across the pia mater for individual human optic nerves 

was determined by re-arranging LaPlace’s formula for cylinders as described in Equation 2: 
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Where T = mean pia mater tension in the dog (determined using Equation 1 and a constant for all calculations) 

 W = mean width of distal pia mater for individual optic nerve 

 R = mean radius of individual optic nerve 

P = pressure difference across pia mater for individual human optic nerve.  Because a CSF pressure of 

0 mmHg was chosen, P was equal to post-laminar tissue pressure. 

 

After predicting the pressure difference across the pia mater for each human optic nerve used in this study the 

pressure gradient acting across the lamina cribrosa when IOP was 15 mmHg and CSF pressure was 0 mmHg 

was estimated.  Because it remains unclear if the pressure difference between the intraocular space and CSF 

space in the human eye falls across the entire width of the lamina cribrosa or only across the dense collagen 

plates of the posterior lamina cribrosa, two lamina cribrosa pressure gradient estimates were determined for each 

human optic nerve used in this study.  The first estimate used total lamina cribrosa thickness in its computation 

while the second estimate used posterior lamina cribrosa thickness in its computation.  These individual 

estimates were then used to determine a group mean and standard deviation.  The pressure gradient across the 

lamina cribrosa, which was defined as the trans-laminar pressure gradient, was determined using the formula as 

described in Equation 3:  

 

100×⎥⎦
⎤

⎢⎣
⎡ −

=
LC

PLTPIOPTLPG     (Equation 3) 

 

Where TLPG = trans-laminar pressure gradient (mmHg per 100µm) 

 IOP = intraocular pressure (a constant of 15 mmHg for all calculations) 

PLTP = post-laminar tissue pressure for individual optic nerves was equivalent to the predicted 

pressure difference across the pia mater for the same nerve (as determined by Equation 2). 

LC = mean lamina cribrosa thickness (total thickness used for first estimate and posterior lamina 

cribrosa thickness used for second estimate) for individual optic nerve (µm)  
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In applying Equation 3 to human histomorphometric data it was assumed that the trans-laminar pressure 

gradient is evenly distributed across the lamina cribrosa.218 The influence of lamina sheet variation and laminar 

pores on the shape of the trans-laminar pressure was not accounted for in gradient curve estimations. 

10.3  Results 

10.3.1  Human donor demographics and dog details 
The mean age of human donors was 43.0 + 3.1 years (age range 15 to 64 years).  17 right eyes and 17 left eyes 

from a total of 17 male and 3 female donors were examined.  The average post mortem time before human eyes 

were enucleated was 11.6 ± 0.8 hours.  Dog eyes were obtained from a cohort of animals that consisted of Bull 

Terriers, Blue Heelers, Kelpie and Alsation.  The mean weight of dogs was 20 kg (range 15 to 22 kg). 

10.3.2  Human histomorphometric and pia mater measurements 
10.3.2.1 Optic nerve head 

The mean values for human histomorphometric measurements are presented in Table 10.2.  The mean total 

lamina cribrosa thickness in the central, mid-peripheral (mid-nasal and mid-temporal) and peripheral (nasal and 

temporal) regions of the human optic nerve head were 539.0 ± 26.5 µm, 537.2 ± 17.4 µm and 513.1 ± 17.0 µm 

respectively.  The mean posterior lamina cribrosa thickness in the central, mid-peripheral (mid-nasal and mid-

temporal) and peripheral (nasal and temporal) regions of the human optic nerve head were 337.6 ± 11.9 µm, 

315.1 ± 12.3 µm and 341.5 ± 16.5 µm respectively.  The mean peripheral pre laminar thickness was 632.8 ± 

25.9 µm.  The average for the shortest distance between the anterior lamina cribrosa surface and subarachnoid 

space was 551.6 ± 18.1 µm.  The mean for the shortest distance between the ILM and the inner surface of the 

pia mater in contact with the subarachnoid space was 1088.3 ± 38.6 µm.  There was no difference between 

temporal, mid-temporal, central, mid-nasal and nasal values for any of the measurements (all P > 0.077).  The 

diameter of the optic nerve at the internal neural canal was 1347.4 ± 46.0 µm and 2590.9 ± 80.6 µm at a point 1 

mm behind the lamina cribrosa.  The optic nerve diameter was on average 1.95 ± 0.05 times greater at the distal 

point in comparison to the measurement at the internal neural canal.  The difference in the diameter of the optic 

nerve between these two regions was significant (P < 0.001).  Kolmgorov-Smirnov normality test indicated that 

the only optic nerve head parameter that was not normally distributed in humans was the shortest distance from 

the anterior lamina cribrosa surface to the subarachnoid space (P < 0.001).   

10.3.2.2 Pia mater 

Human pia mater morphology in terminal and proximal optic nerve is presented in Figure 10.2.  Average pia 

mater thickness at each point measured along the proximal 4000 µm of post-laminar optic nerve is presented in 

Figure 10.3.   
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Pia mater thickness was greatest (143.9 ± 6.7 µm) at the most proximal measurement site which was 10 µm 

from the termination of the subarachnoid space.  There was a gradual and significant decrease in pia mater 

thickness between points in the first 500 µm of nerve (P < 0.001).  After 500 µm the change in pia mater 

thickness was insignificant (P > 0.05) with a mean thickness of approximately 60 µm.  There was no difference 

in pia mater thickness between temporal and nasal measurements at any point along the nerve (P = 0.341). 
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Table 10.2 Human and dog optic nerve histomorphometric measurements  

The mean ± standard error for each histomorphometric measurement is provided.  P values following ANOVA 

comparisons between the two species are also provided. Outcome of Kolmogorov-Smirnov normal distribution 

testing for each optic nerve head parameter in dog and human eyes is also presented with results expressed as 

either Yes (Y) or No (N). 

  
Human Mean ± SE Dog Mean ± SE P value 

Normally 
Distributed 

Human Dog 

Pre laminar thickness (µm) 
 

 

  
Temporal/Periphery 1 642.4 ± 36.0 332.1 ± 27.1 

<0.001 Y Y 
Nasal/Periphery 2 623.2 ± 33.3 346.0 ± 25.4 

Posterior Lamina Cribrosa thickness (µm)     

Temporal/Periphery 1 322.4 ± 15.9 - 

- Y - 
Mid-temporal/Paracentral 1 338.2 ± 15.9 - 
Central 341.5 ± 16.2 - 
Mid-nasal/Paracentral 2 336.9 ± 17.4 - 
Nasal/Periphery 2 307.8 ± 18.2 - 

Total Lamina Cribrosa thickness (µm)     

Temporal/Periphery 1 529.5 ± 23.0 466.3 ± 13.8 

0.356 Y Y 
Mid-temporal/Paracentral 1 540.7 ± 23.9 479.9 ± 15.6 
Central 539.0 ± 26.5 508.9 ± 17.2 
Mid-nasal/Paracentral 2 533.7 ± 24.7 472.7 ± 15.6 
Nasal/Periphery 2 496.7 ± 24.1 464.7 ± 13.3 

Distance from posterior boundary of lamina 
cribrosa to inner limiting membrane (µm) 

    

     

Temporal/Periphery 1 1160.9 ± 43.5 842.9 ± 40.8 
<0.001 Y Y 

Nasal/Periphery 2 1117.6 ± 42.1 840.3 ± 37.3 

Shortest distance between anterior lamina 
cribrosa surface and subarachnoid space 
(µm) 

    

     

Temporal/Periphery 1 598.9 ± 24.5 1140.4 ± 60.9 
<0.001 N Y 

Nasal/Periphery 2 499.1 ± 22.1 1062.5 ± 65.1 

Shortest distance between inner limiting 
membrane and inner surface of pia mater in 
contact with the subarachnoid space (µm) 

    

     

Temporal/Periphery 1 1147.4 ± 52.5 1479.3 ± 61.9 
<0.001 Y Y 

Nasal/Periphery 2 1024.6 ± 39.5 1343.4 ± 82.8 

Optic Nerve Diameter (µm) 
    
     

Internal neural canal 1347.4 ± 46.0 1315.5 ± 45.1 0.726 
Y Y 

1mm behind lamina cribrosa 2590.0 ± 80.6 1825.8 ± 59.7 <0.001 
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Figure 10.2 Human pia mater morphology12 

(A) Pia mater was thickest at the termination of subarachnoid space (SAS).  (B) Images taken 2 mm from the 

termination of SAS demonstrate uniform pia mater thickness.  Scale bar = 100 µm.
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Figure 10.3 Human pia mater thickness measurements12 

Mean and standard error for pia mater thickness measurements along the human optic nerve is provided.  There 

was a significant decrease in pia mater thickness in the first 500 µm of nerve with measurements reaching an 

asymptote of approximately 60 µm. 
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10.3.3 Dog histomorphometric and pia mater measurements 

10.3.3.1 Optic nerve head 

The mean values for dog histomorphometric measurements are presented in Table 10.2. 

The mean lamina cribrosa thickness in the central, mid-peripheral and peripheral regions of the optic nerve head 

in the dog was 508.9 ± 17.2 µm, 476.3 ± 10.8 µm and 465.5 ± 9.3 µm respectively.  Lamina cribrosa thickness 

was significantly different between the different regions of the optic nerve (P < 0.001).  Post-hoc analysis 

revealed that central lamina cribrosa thickness was significantly greater than all other regions (P < 0.003).  The 

mean peripheral pre laminar thickness was 339.0 ± 18.2 µm.  The average for the shortest distance between the 

anterior lamina cribrosa surface and subarachnoid space was 1101.4 ± 44.3 µm.  The distance from anterior 

lamina cribrosa surface to the subarachnoid space was significantly different between the two sides of the optic 

disk (P = 0.029).  The mean for the shortest distance between the ILM and the inner surface of the pia mater in 

contact with the subarachnoid space was 1411.4 ± 57.7 µm.  The diameter of the optic nerve at the internal 

neural canal in the dog was 1315.5 ± 45.1 µm and 1825.8 ± 59.7 µm at a point 1 mm behind the lamina cribrosa.  

The optic nerve diameter was on average 1.40 ± 0.09 times greater at the distal point in comparison to the 

measurement at the internal neural canal.  The difference in the diameter of the optic nerve between these two 

regions was significant (P < 0.001).  Kolmgorov-Smirnov normality test indicates that the measurements of all 

optic nerve head parameters determined in the dog eye was normally distributed (all P > 0.096). 

10.3.3.2 Pia mater 

Dog pia mater morphology in terminal and proximal optic nerve is presented in Figure 10.4.  Average pia mater 

thickness at each point measured along the proximal 4000 µm of post-laminar optic nerve is presented in Figure 

10.5.   

Pia mater thickness was greatest (131.8 ± 11.1 µm) at a point 10 µm from the termination of the subarachnoid 

space.  There was a gradual and significant decrease in pia mater thickness between points in the first 1000 µm 

of nerve (P < 0.001).  After 1000 µm the change in pia mater thickness was insignificant (P > 0.201) with a 

mean thickness of approximately 30 µm.  There was no difference in pia mater thickness between the two sides 

of the optic nerve (P = 0.240). 
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Figure 10.4  Dog pia mater morphology12 

(A) Pia mater was thickest at the termination of subarachnoid space (SAS).  (B) Images taken 2 mm from the 

termination of SAS demonstrate uniform pia mater thickness.  Scale bar = 100 µm. 
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Figure 10.5 Dog pia mater thickness measurements12 

Mean and standard error for pia mater thickness measurements along the dog optic nerve is provided.  There 

was a significant decrease in pia mater thickness in the first 1000 µm of nerve with measurements reaching an 

asymptote of approximately 30 µm. 
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10.3.4  Comparisons between human and dog eyes  
10.3.4.1 Optic nerve head 

There was no significant difference in lamina cribrosa thickness between dog and human eyes (P = 0.356).  

Thickness of the pre laminar region and the distance from posterior boundary of lamina cribrosa to the ILM was 

significantly greater in human eyes in comparison to dogs (both P < 0.001).  The shortest distance between the 

anterior lamina cribrosa surface and subarachnoid space and the shortest distance between ILM and inner 

surface of pia mater in contact with the subarachnoid space were both significantly greater in the dog than the 

human (both P < 0.001).  The difference in the diameter of the optic nerve was significant between the two 

species (P < 0.001).  Post-hoc analysis revealed that the measurements were not different at the internal neural 

canal (P = 0.726).  However, the diameter of the human optic nerve 1 mm behind the lamina cribrosa was 

greater than the dog (P < 0.001).  There was no difference in the standard error of measurement between dog 

and human eyes for any of the optic nerve head parameters that were studied (P = 0.889).   

10.3.4.2 Pia mater 

Comparisons between human and dog pia mater thickness along the course of the optic nerve is presented in 

Figure 10.6   

Pia mater thickness was significantly different between human and dog eyes (P < 0.001).  Post-hoc analysis 

revealed that there was no difference in pia thickness at any point along the first 500 µm of nerve (all P > 

0.135).  However, pia mater thickness measurements at 1000 µm, 2000 µm and 4000 µm from the termination 

of subarachnoid space was significantly greater in human eyes (all P < 0.004). 
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Figure 10.6 Comparisons between human and dog pia mater thickness12  

Thickness of pia mater between human and dog eyes were compared after standardising all points and 

expressing it as a percentage of pia mater thickness at point 10 µm from the termination of subarachnoid space 

(SAS).  There was no difference in standardised thickness in the first 500 µm of nerve.  Thickness of pia mater 

was significantly greater in the human eye at point 1000µm, 2000µm and 4000µm from the termination of SAS.  

An exponential curve of best fit is plotted to all data (dotted line, all graphs r2 > 0.98). 
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10.3.5 Measurement reproducibility  
When histomorphometric measurements from two adjacent sections of the same human eye were compared, 

there were no significant differences revealed for any of the parameters (all P > 0.099). 

10.3.6  Human optic nerve pressure gradient estimates  
Predicted human optic nerve pressures and pressure gradients at an IOP of 15 mmHg and a CSF pressure of 0 

mmHg are illustrated schematically in Figure 10.7. 

Using Equation 1 and values of P = 3.7 mmHg,121 R = 913 μm and W = 30 μm, a tension of 15.00 kPa in the pia 

mater of the dog optic nerve was calculated.  Using this value and Equation 2 a mean pressure difference of 4.8 

± 2.2 (SD) mmHg (range 1.9 to 11.0 mmHg) across the human pia mater when CSF pressure is 0 mmHg is 

predicted.   

Assuming that the pressure difference between the intraocular space and CSF space falls across the total 

thickness of the lamina cribrosa the mean trans-laminar pressure gradient in the human eye when IOP is 15 

mmHg and CSF pressure is 0 mmHg is predicted to be 2.0 ± 0.8 (SD) mmHg/100 µm (range 0.9 to 5.3 

mmHg/100 µm) as determined by Equation 3.  If it is assumed that this pressure difference only falls across the 

thickness of the posterior lamina cribrosa the mean trans-laminar pressure gradient in the human eye when IOP 

is 15 mmHg and CSF pressure is 0 mmHg is predicted to be 3.3 ± 1.4 (SD) mmHg/100 µm (range 1.5 to 9.1 

mmHg/100 µm).   
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Figure 10.7 Predicted tissue pressure distributions in human laminar compartments12  

Schematic diagrams illustrate the predicted distributions of tissue pressure across the optic nerve head (A) and 

pia mater (B) of a normal human eye with an intraocular pressure of 15 mmHg and a CSF pressure of 0 mmHg.  

It remains unknown if pressure changes in the optic nerve head fall across the total thickness of the lamina 

cribrosa or the posterior lamina cribrosa only so an estimated plot for tissue pressure distribution across each 

of these regions is provided as plots (i) and (ii) respectively.  Total lamina cribrosa thickness and pia mater 

thickness have been shaded in A and B respectively.  Pre laminar (PL), anterior lamina cribrosa (ALc), 

posterior lamina cribrosa (PLc), post laminar (PoL) and subarachnoid space (SAS) have also been identified 

where relevant.  Scale bar  = 100µm. 
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10.4  Discussion 

10.4.1  Key findings 

The major findings from these experiments are: (1) Dog tissue pressure measurements can be reliably 

extrapolated to the human eye due to the many morphometric optic nerve head similarities between the two 

species. (2) Pia mater thickness is greatest at the termination of the optic nerve subarachnoid space and declines 

in thickness along the proximal 500 µm of nerve in humans and proximal 1000 µm of nerve in dogs. (3) In more 

distal optic nerve, pia thickness is stable with human pia mater (~60 μm) being twice as thick as that of dogs 

(~30 μm).  

10.4.2  Age is an important determinant of lamina cribrosa thickness 

This is the first series of experiments to document the histomorphometric characteristics of young, un-diseased 

human optic nerve heads.  Some of the histomorphometric measurements provided in this chapter vary from that 

previously determined by Jonas et al.139  This is possibly due to some difference in the definitions used for 

delineating optic nerve head structures and boundaries.  Definitions from the detailed studies of the human optic 

nerve head previously performed by Anderson et al.128-130 were used to identify optic nerve head landmarks in 

this chapter.  The mean age of optic nerve donors in the present series of histomorphometric studies was also 

most likely to be lower than those used in the studies published by Jonas et al.139 whose control donors did not 

vary in age from glaucoma donors.  Age is known to influence lamina cribrosa thickness328 and the likely 

difference in mean age between donor groups may account for the some histomorphometric differences between 

the present study and that by Jonas et al.139 

10.4.3  Optic nerve pia mater performs a stress absorbing function 
Optic nerve pia mater thickness determined in this series of experiments is greater than fixed human spinal cord 

pia (12 μm).329 In the central nervous system the pia mater is the major stress absorbing component between the 

CSF space and neural tissue.  This property of pia mater has been demonstrated in spinal cord studies where the 

Young’s modulus of elasticity of pia has been estimated to be approximately 460 times greater in magnitude 

than the Young’s modulus of elasticity of neural tissue.329 In the absence of pia mater, a defined amount of 

stress will therefore induce a greater amount of neural tissue strain and injury in the central nervous system.  

One reason why pia mater may be thicker in the optic nerve is because it has to support a larger pressure 

difference than the spinal cord.  The stress absorbing function of optic nerve pia mater may be important for 
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maintaining optic nerve internal structure during extraocular muscle contraction, IOP fluctuation and globe 

motility.330, 331  

10.4.4  Optic nerve pia mater structure is not uniform  

Pia mater thickness in both human and dog eyes was greatest at the termination of SAS and declined in 

thickness along the course of the optic nerve. The variation in pia mater thickness is unlikely to support a 

varying tissue pressure because neural tissue would tend to deform with minimal axial pressure gradient 

formation in response to volume change.  Previous work by Morgan et al.121 failed to demonstrate a measurable 

pressure gradient between points along the post-laminar optic nerve thereby supporting the above hypothesis.  

The variation in pia mater thickness at the termination of the optic nerve subarachnoid space is most likely 

reflective of the critical functional role of this region in regulating CSF outflow through the subarachnoidal-

scleral-orbital outflow pathway.332, 333 IOP induced stresses on the pia mater are also modelled to be greatest at 

the termination of the CSF space and may be an additional explanation for the increased thickness of pia mater 

in this region.331    

10.4.5  Retro laminar tissue pressure is buffered by pia mater 
Mechanically, the most important role of pia mater may be its elastic characteristic which allows post-laminar 

tissue pressure to be maintained at moderate levels in the face of low optic nerve subarachnoid space pressure. 

The mean CSF pressure lying in the lateral decubitus position is 10 mmHg,334 with optic nerve subarachnoid 

space pressure (ONSASp) being 10 mmHg in the dog at that pressure.121  The CSF pressure drops to mean -5 

mmHg in the sitting position,335 with a drop in ONSASp to -1.5 mmHg in the dog at this pressure. If the pia 

mater made no difference to pressure transmission from the optic nerve subarachnoid space to the post-laminar 

tissue then the post-laminar tissue pressure decrease would be 11.5 mmHg when CSF pressure decreases by 15 

mmHg.  This dramatic change in post-laminar tissue pressure would in turn exert a large effect upon the trans-

laminar pressure gradient. However, work from dogs demonstrates that the post-laminar tissue pressure is 10 

mmHg at CSFp 10 mmHg, dropping only to 3.7 mmHg when CSFp drops to -5 mmHg. The change in post-

laminar tissue pressure in dogs is just 6.3 mmHg despite a 15 mmHg change in CSF pressure, demonstrating 

that at low CSF pressures a pressure buffer is in place to prevent a dramatic increase in the trans-laminar 

pressure gradient.   By doing so, this pressure buffer may prevent retinal ganglion cell axons from injury at the 

lamina cribrosa.   In dogs the pressure difference between ONSAS and post-laminar tissue occurs entirely across 

the pia mater. It is assumed that this property also occurs in humans and hence the results of this chapter are 
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used to speculate that pia mater is important during physiological conditions and buffers post-laminar tissue 

pressure during posture-associated changes in CSF pressure. 
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11.  General discussion  

Diseases involving the retinal ganglion cell axon are a major cause of visual morbidity worldwide.  Yet, there is 

only rudimentary understanding of pathogenic inter-relationships that eventuate in RGC death following axonal 

injury.  An in-depth understanding of the cause-consequence relationships underlying RGC disease biology is 

critical for several reasons: (1) It may clarify important disease mechanisms and pathogenic factors that are 

involved in RGC death, (2) it may allow isolation of cellular biomarkers that signify clinical disease hence 

permitting a novel means of diagnosing and monitoring disease progression and (3) it may identify therapeutic 

targets, which if exploited, could halt or reverse disease progression. 

This thesis employs state-of-the-art technology to document the organisation of the RGC axon, and its 

surrounding cellular environment, during physiological conditions.  The behaviour of structural, metabolic and 

supportive elements following axonal insult is also delineated.  Examining the temporal sequence of axonal and 

astrocyte change, at comparable time-points, after IOP-, ischemia- and axotomy-induced injury has permitted 

the documentation of cause-consequence relationships in the early stages of IOP elevation.  It has also provided 

insights into vascular and mechanical elements involved in glaucoma pathogenesis.  

This thesis is the first to document the pattern of cytoskeleton protein distribution along the retinal and optic 

nerve head compartments of the RGC axon.  Examination of human and pig eyes has revealed that the pattern of 

cytoskeleton protein distribution holds strong correlations with metabolic, physiological and structural 

properties of the axonal micro-environment.  A fundamental role served by cytoskeleton proteins is to maintain 

axonal structure and it may be the paucity of cytoskeleton proteins within distinct optic nerve head localities, 

such as the lamina cribrosa, which predispose RGC axons to injury at this site. 

Animal experiments presented in this thesis demonstrate early and dramatic modification of cytoskeleton protein 

subunits following IOP-, ischemia and axotomy-induced axonal injury.  Cytoskeleton changes were 

demonstrated to precede axonal transport retardation suggesting an intimate co-dependency between structural 

change and functional compromise.  Furthermore, this thesis demonstrates that axonal injury and dysfunction 

provokes compensatory mechanisms within the optic nerve head that attempt to up-regulate regional energy 

supplies and preserve axonal function.  In contrast to previous studies that have demonstrated a deleterious role 

played by mitochondria and nitric oxide synthase systems in glaucomatous optic nerve heads, the experiments 

provided in this thesis demonstrate a supportive up-regulation of these enzyme systems.  Finally, results from 

axotomy experiments presented in this thesis implicate neurofilament light as a critical mediator of axonal re-
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connectivity and regeneration post injury.  This may be a potentially important therapeutic target for promoting 

axonal repair. 

11.1  Cytoskeleton protein distribution and function in RGC axons 

The scientific literature is replete with detailed analyses of surface proteins such as receptors and ion channels in 

the eukaryotic cell.  For instance, there are estimated to be 5.0 x 105 surface asialoglycoprotein receptors in the 

hepatocyte.336 Much fewer investigations have reported the structure and organisation of intracellular proteins.   

The cytoskeleton is comprised of a scaffolding of proteins and collectively accounts for a significant proportion 

of the estimated 7.9 x109 protein molecules within each eukaryotic cell.337  This thesis provides a thorough 

documentation of the pattern of cytoskeleton protein distribution within the intra-retinal and optic nerve head 

compartments of RGC axons in human and pig eyes.  Comparisons between human and pig eyes demonstrate 

important similarities between the two species suggesting that the porcine eye is a reliable experimental model 

for extrapolating cytoskeleton-mediated disease mechanisms involved in human RGC disease.   

A major finidng in this thesis is that the pattern of cytoskeleton protein distribution within RGC axons is 

location-specific.  Apart from NF-H, all other cytoskeleton proteins are uniformly distributed within the intra-

retinal pathway of RGC axons.  In contrast, there is significant heterogeneity in the pattern of distribution of 

cytoskeleton protein subunits within the pre laminar, lamina cribrosa and post laminar portions of the optic 

nerve head.  These differences are reflective of the contrasting physiological environments that support the 

intra-retinal and optic nerve compartments of the RGC axon.  Unlike the retina, there is dramatic alteration in 

the pattern of myelin and mitochondria distribution as the RGC axon exits the eye to enter the intra-cranial 

environment of the brain.  Cytoskeleton proteins are most concentrated in unmyelinated optic nerve.  By 

increasing axonal diameter, cytoskeleton proteins most likely serve an important functional role in the non-

saltatory conduction of the action potential impulse.  

Cytoskeleton proteins are important determinants of neuronal architecture and their pattern of distribution along 

RGC axonal arborizations is such that certain components are concentrated in regions of greatest mechanical 

stress.  The high concentration of neurofilament proteins in the pre laminar and lamina cribrosa regions of the 

optic nerve head most likely permit RGC axons to tolerate the physiological pressure gradient acting upon 

structures in this site.  Classically, this role was believed to be performed solely by the dense collagenous plates 

of the lamina cribrosa.  The results of this thesis suggest that cytoskeleton proteins provide intra-axonal 

structural support to RGC axons, which together with extra-axonal structural support provided by the lamina 

cribrosa, protect RGC axons from injury at the optic nerve head.  The variation in cytoskeleton protein 
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distribution within the optic nerve head is arguably correlated to anatomical sites that are predisposed to IOP-

induced injury.  For instance, NFM has been shown to increase axonal diameter by forming cross-bridges 

between adjacent neurofilament proteins thereby regulating inter-neurofilament spacing.322, 323  The reduction in 

the concentration of NF-M protein in the posterior lamina cribrosa region of the optic nerve head may provide 

one explanation why RGC axons are susceptible to glaucomatous injury at this site.   

11.2  Cytoskeleton protein changes following RGC axonal injury 

This thesis demonstrates that the cytoskeleton framework is selectively damaged in the early stages of axonal 

injury and furthermore demonstrates that the pattern of cytoskeleton protein subunit alteration is highly specific 

to the mode of RGC axonal injury.  This thesis also demonstrates that, following injury, the sequence and 

magnitude of cytoskeleton alteration is time-dependent and location-dependent. 

IOP elevation experiments demonstrated a reduction in all optic nerve head neurofilament proteins, apart from 

NF-L, after 3 hours of IOP rise.  These changes were sustained until the final time point studied which was 12 

hours.  In the same experiments, a reduction in tubulin and MAP proteins did not occur until 12 hours of IOP 

elevation. 

In contrast, ischemia experiments revealed a decrease in NF-H and TUB staining after 1 hour of RGC axonal 

ischemia following which there was a reduction in all cytoskeleton protein subunits. 

Following RGC axotomy, there was a reduction in TUB and MAP-1 at 1 hour with an associated increase in 

NF-L.  These changes were sustained until the final time point studied which was 6 hours.  

A common feature shared by the three modes of axonal injury was the non-localised nature of RGC 

cytoskeleton change.  All three modes of axonal injury induced cytoskeleton protein changes away from the site 

of direct axonal insult.  In IOP elevation experiments cytoskeleton protein changes occurred in the pre laminar 

and post laminar regions of the optic nerve head, in addition to the lamina cribrosa.  In ischemia and axotomy 

experiments, cytoskeleton protein changes were evident in the disk-side and peripheral-side regions of 

ischemia/axotomy.  Cellular changes at sites away from direct axonal trauma are almost certainly due to the 

activity of intracellular signalling mechanisms that are initiated by axonal injury.47 

The magnitude of cytoskeleton protein alteration induced by each mode of axonal injury most likely holds a 

close correlation with the biochemical and metabolic cascades that are activated by each insult.  For instance, 

deleterious biochemical cascades that alter axonal structure are known to be initiated at earlier time points 

following ischemia-45 and pressure-induced46 axonal injury than following axotomy.38  This may explain why a 
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greater number of cytoskeleton protein subunits were altered by the former two insults in comparison to the 

latter mode of injury.   

Additionally, the sequence of cytoskeleton protein alteration may reflect regional perturbations in energy supply 

that are induced by each mode of axonal injury.  Axonal nutrient deprivation is an immediate consequence of 

ischemia- and IOP-induced injury however this effect is not as instantaneous following axotomy.118, 338  A large 

number of phosphate bonds are contained within the complex network formed by neurofilament proteins339 and 

for this reason the cytoskeleton framework may behave as a potential source of energy during periods of nutrient 

deprivation.  Mobilisation of neurofilament phosphate bonds, by phosphatase enzymes,340 may allow organelles 

such as mitochondria to generate ATP following axonal compromise.  In this regard, the cytoskeleton 

framework most likely plays an important role in supporting cellular homeostasis in the early stages of axonal 

disease.  It is plausible that IOP- and ischemia-induced reductions in neurofilament proteins, demonstrated in 

this thesis, are indicative of a regional compensatory response that serves to restore local energy levels at the 

expense of neurofilament phosphorylation.  In contrast, the lack of energy deprivation in the immediate period 

after axotomy may explain the absence of neurofilament reduction in these experiments. 

Interestingly, the behaviour of NF-L proteins following axotomy was vastly different to that following IOP- and 

ischemia-induced axonal injury.  An increase in NF-L staining in RGC axons is most likely indicative of a 

regenerative response, suggesting that CNS axons attempt to restore axonal connection, following transection, in 

the absence of myelin.  These findings imply that therapies which target NF-L expression may prove to be 

useful in the management of neuro-degenerative conditions such as glaucoma. 

11.3  Astrocyte changes following RGC axonal injury 

In a similar manner to cytoskeleton proteins, the behaviour of supportive astrocytes is distinct to the mode of 

RGC axonal injury.  IOP elevation experiments revealed that astrocytes are modified in a time-dependent 

manner following intraocular pressure rise.  Morphological alterations, consistent with previous descriptions of 

astrocyte swelling, were detected in the optic nerve head after 3 hours while a decrease in GFAP expression 

occurred after 6 hours of IOP elevation.  There was an increase in astrocyte swelling over time with the greatest 

change evident in the region of the lamina cribrosa.  TUNEL positive cells were not co-localised within regions 

of glial alteration suggesting that GFAP and morphological changes were due to astrocyte injury and not 

astrocyte death.  
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RGC axotomy also induced a reduction in GFAP expression at sites of axonal transection.  However, TUNEL 

positive cells were co-localised within regions of axotomy suggesting that GFAP changes was due to the 

combination of astrocyte injury and astrocyte death.  

There were no astrocyte changes induced by RGC axonal ischemia however the longest time point examined in 

these experiments was 6 hours. 

Taken together, these findings demonstrate that astrocytes are unlikely mediators of RGC axonal dysfunction in 

the immediate stages after axonal injury.  These experimental findings are contrary to results from chronic 

experiments where an increase in GFAP expression, by reactive astrocytes, has been co-localized to regions of 

axonal damage.341  The decrease in GFAP expression, demonstrated in this thesis, suggests that astrocyte and 

axonal injury occurs concurrently.   

GFAP changes in IOP and axotomy experiments were not strictly localised to regions of direct axonal insult, 

and like cytoskeleton proteins, were also evident in adjacent tissue.  In IOP elevation experiments, GFAP 

decrease occurred in the pre laminar and post laminar regions of the optic nerve head, in addition to the lamina 

cribrosa.  In axotomy experiments, GFAP reduction occurred at the site of axonal transection as well as the 

peripheral-side of axotomy.  Astrocyte alterations away from the site of primary axonal injury are most likely 

attributable to the process of trans-cellular communication, a mechanism by which individual astrocytes are able 

to relay stress signals over great distances in an effort to limit the extent of axonal injury.  This suggests that 

organization of astrocytes as a syncytium is important for preserving RGC axonal function.  

11.4  Causeconsequence  relationships  in elevated  IOPinduced axonal 

damage 

Although there have been a vast number of biologic factors implicated in glaucoma pathogenesis the sequence 

of structural, functional and biochemical optic nerve head changes that culminate in RGC death remains 

undetermined.  Furthermore, there is little understanding of compensatory mechanisms in the optic nerve head 

that minimise, protect or reverse axonal damage following IOP elevation. 

Experiments reported in this thesis demonstrate that neurofilament and astrocyte changes are the earliest 

alterations to occur in the optic nerve head following IOP rise.  Astrocyte swelling and a reduction in 

neurofilament subunit expression was evident after 3 hours of IOP elevation and preceded axonal functional 

changes.  After 6 hours of IOP rise there was retardation of axonal transport in the optic nerve head which was 

associated with a reduction in GFAP expression in astrocytes.  Following 12 hours of IOP elevation there was a 
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reduction in MAP and TUB staining in the optic nerve head as well as an increase in mitochondrial cytochrome 

c oxidase expression and endothelial cell nitric oxide synthase expression. 

Taken together these results suggest that cytoskeleton protein changes are critically involved in glaucoma 

pathogenesis.  As stated earlier, a reduction in neurofilament staining may have been the manifestation of 

neurofilament phosphate-bond mobilisation, a process whereby the cytoskeleton framework collectively 

attempts to counterbalance regional deficiencies in energy supply.  These results also suggest that cytoskeleton 

modification may be an important prerequisite for axonal transport retardation as motor proteins are derailed by 

molecular track disturbances.  It is firmly established that the process of axonal transport occurs along the 

cytosolic framework comprised of TUB and MAP proteins however the results in this thesis suggest that 

neurofilament subunits may serve a similar role.   

This thesis also identifies important optic nerve head compensatory mechanisms that are initiated during the 

acute stages of IOP elevation.  Astrocytes, which play a critical role in maintaining axonal homeostasis, undergo 

a process of swelling immediately after IOP rise.  Additionally, there is depression of GFAP expression.  

Similar changes have been demonstrated in other regions of the central nervous system as astrocytes detoxify 

disease-induced metabolites in the extra-neuronal environment.342  It therefore appears that in the early stages of 

IOP elevation astrocytes play an important role in buffering the axonal biochemical environment which, in their 

absence, would have more profound effects on axonal function and homeostasis.   

Enzyme systems in the optic nerve head also attempt to offset local energy depletion, induced by IOP elevation, 

by increasing ATP production and regional blood flow.  An increase in mitochondrial cytochrome c oxidase 

expression and endothelial cell nitric oxide synthase, after IOP-induced axonal transport retardation becomes 

manifest, provides evidence of metabolic compensation which is most likely provoked by energy substrate 

deficiency. 

Consistent with previous reports,3 studies in this thesis reaffirm that the lamina cribrosa is the site of greatest 

RGC axonal injury following IOP elevation.  Axonal dysfunction, in the form of axonal transport retardation, 

was most profound in the lamina cribrosa as was the magnitude of astrocyte swelling and injury.  Induced 

compensatory mechanisms such as mitochondrial CcO expression and ecNOS expression were also greatest in 

the lamina cribrosa.  Interestingly, intraocular pressure experiments revealed that IOP-induced injury was not 

confined to the lamina cribrosa.  Cytoskeleton, astrocyte, axonal transport and endothelial cell nitric oxide 

synthase changes were identified in surrounding regions, not solely the lamina cribrosa.  Although cytoskeleton 

and astrocyte changes in pre laminar and post laminar regions may be partially explained by the processes of 
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intra- and trans-cellular signalling, via toxins, metabolites and conventional biochemical pathways, these 

mechanisms alone are unlikely explanations for axonal transport retardation in all laminar regions of the optic 

nerve head.  An increase in ecNOS expression in the pre laminar region, after 12 hours, also suggests that IOP 

elevation induces energy compromise in optic nerve head compartments other than the lamina cribrosa.  These 

findings implicate additional physiological variables, other than the trans-laminar pressure gradient, in RGC 

axonal modulation.  Indeed, linear regression analysis of data presented in chapter 4 revealed that absolute 

values of IOP and CSFp hold important correlations to the magnitude of cellular injury. 

Cytoskeleton and astrocyte changes are important surrogate markers of axonal injury and convey important 

information regarding the mechanisms underlying neuronal dysfunction.  This thesis demonstrates important 

distinctions in the magnitude and sequence of neurofilament, microtubule, microtubule associated protein and 

astrocyte alteration following IOP-, ischemia- and axotomy-induced axonal injury.  It also identifies axonal 

modifications that are universal to the three modes of injury implying that the causative mechanisms underlying 

IOP-induced axonal injury is most likely multi-factorial.  Glaucomatous axonal degeneration is therefore likely 

to be the consequence of a complex interplay of mechanical- and vascular-mediated pathogenic factors.   

11.5   Clinical relevance and future directions 

A major finding in this thesis is that cytoskeleton protein change is an early marker of RGC axonal injury.  

Because cytoskeleton proteins are rapidly altered following a range of neuronal insults, modalities that enable 

in-vivo examination of the axonal cytoskeleton may have useful clinical applications for the identification of 

early neuronal injury in a variety of ocular diseases.  The neuronal cytoskeleton is a major contributor of retinal 

nerve fibre layer birefringence43 and measures of birefringence using scanning laser polarimetry have already 

been utilised by investigators to identify and monitor RGC injury following optic nerve transection44 and 

glaucoma.45  The results in this thesis suggest that measures of nerve fibre layer birefringence may also have 

utility for identifying threatened RGC populations in IOP and retinal vascular diseases.  Future work that aims 

to correlate experimentally induced histological changes with clinically identifiable signs may provide the basis 

for understanding the utility of evolving imaging devices for detecting early RGC axonal injury.  

Treatment modalities that maintain cytoskeleton integrity and promote NF-L expression may also be of potential 

benefit in the management of RGC axonal diseases such as glaucoma.  This thesis demonstrates that 

cytoskeleton disorganization is an early pathogenic event in RGC axonal disease, therefore preventing 

cytoskeleton derangement in the first instance may preserve axonal transport and the myriad of functional 



276 
 

processes that ensure RGC longevity.  The behaviour of cytoskeleton proteins following therapeuric 

intervention of RGC disease was not explored in this thesis and requires investigation.  

Relative to other tracts in the CNS, the optic nerve has a disproportionately high density of axonal fibres.  

Approximately 1.15 million RGC axonal fibres comprise the optic nerve - the dynamic and structural properties 

of which are largely determined by cytoskeleton proteins.  Immunohistochemical techniques were employed for 

many of the experiments reported in this thesis and for this reason much of the new information provided in this 

dissertation concerns cytoskeleton structure and morphology.  Although it has been possible to make reliable 

speculations about functional consequences on the basis of these structural changes, experiments that directly 

investigate the functional effects of IOP-induced cytoskeleton alteration are still required.  Additionally, another 

limitation of the studies described in this thesis is the restricted number of cytoskeleton protein subunits that 

were labeled with immunohistochemical markers.  Only 6 cytoskeleton protein subunits were examined in the 

majority of studies described in this thesis and experiments which are designed to examine the behaviour of 

actin and MAP subtypes, other than MAP-1 and MAP-2, are still necessary to completely understand the 

collective biological responses of the axonal cytoskeleton to injury.   

This thesis provides evidence to support the notion that CSF pressure is important in the generation of pressure 

effects upon the optic nerve head, especially the lamina cribrosa.  CSF pressure was strongly associated with 

post laminar and lamina cribrosa astrocyte changes.  Additionally, the difference between CSF pressure and IOP 

determined the lamina pressure gradient across the site of most cellular changes.  Recent evicence is 

demonstrating the strong association between glaucoma and CSF pressure.205, 343  My pia mater measurement 

experiments suggest that the thicker pia mater at the termination of the optic nerve subarachnoid space may act 

to buffer the post laminar optic nerve from CSF pressure perturbations.  These measurements were also key to 

modeling the likely human trans-laminar pressure gradient.      

Important questions that were not addressed in this thesis but require investigation concern the reversibility of 

IOP-induced structural and functional changes in the optic nerve head.  Although IOP elevation results in 

profound cellular alteration it is very likely that many of these changes are reversible.  A transient rise in IOP is 

commonly encountered in the clinical setting, very often post-operatively.  In most instances the long term 

visual consequences of such a brief spike in intraocular pressure are negligible.  This suggests that 

compensatory mechanisms within the optic nerve head, such as the astrocyte syncytium, mitochondrial CcO and 

ecNOS systems are capable of buffering the perturbed extra-neuronal environment in order that axonal function 

remains supported until IOP returns to the physiological range.  The duration of IOP elevation after which these 
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compensatory systems fail and RGC axonal alteration are deemed irreversible requires ascertainment.  

Furthermore, the tolerability of RGC axons to different magnitudes of IOP elevation also requires investigation.    

Finally, a post-mortem analysis of human glaucomatous optic nerve heads with the aim of delineating the effects 

of chronic IOP elevation on cytoskeleton protein subunits would significantly aid our understanding of 

glaucoma pathogenesis.  Correlation between sites of RGC axonal loss, perimetry and cytoskeleton subunit 

alteration may isolate protein molecules that are critical to the process of neuronal loss/preservation in the optic 

nerve head. 

Although IOP elevation is an important risk factor for glaucoma pathogenesis there are important limitations 

with the acute IOP elevation model employed in this thesis.  Namely it doesn’t replicate the chronic and mild 

elevations in IOP encountered in clinical glaucoma.  Consequently, the results of this thesis should be 

extrapolated to human glaucoma with reservation as there are likely to be some discrepancies in the pathogenic 

processes involved in the two processes.  

11.6  Summary 

This thesis presents data that demonstrates the sequence of optic nerve head cellular change in the acute stages 

of IOP elevation.  It also provides insights into pathogenic mechanisms involved in IOP-induced axonal loss.  

Although RGC axonal structure and function are rapidly modified by IOP rise, this thesis provides evidence that 

important compensatory responses from supporting astrocytes, mitochondria and nitric oxide synthase systems 

are initiated in an effort to preserve axonal homeostasis.  Cytoskeleton proteins appear to play a key role in 

maintaining axonal function during physiological conditions and are rapidly modified by a range of RGC axonal 

insults.  This suggests that cytoskeleton protein subunits are critical pathogenic mediators in RGC axonal 

disease. 
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