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ABSTRACT 

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

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

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

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

1.1. Glaucoma and its significance 

Glaucoma is a progressive neuropathy of the retinal ganglion cells (RGC) and their axons, 
resulting in a distinct appearance of the optic disc, characterised by cupping, and a specific 
pattern of visual field loss.1 Visual loss in glaucoma is usually slow and may take decades to 
develop, but is irreversible. The pathophysiology and the site of the primary insult are not yet 
known in full detail. Nevertheless, there is consensus that glaucoma is a neurodegenerative 
disease2 and RGC death occurs by apoptosis.3 It is likely that the character of the primary insult 
varies because there are morphologically different types of glaucomas.4 Nevertheless, currently, 
the only modifiable contributing factor is the intraocular pressure (IOP), and reduction of eye 
pressures remains the mainstay of treatment. The risk of progression of glaucomatous optic 
nerve damage increases with increasing IOP.5, 6 However, the vulnerability to IOP-related 
damage varies between individuals and and a large proportion of patients with ocular 
hypertension never suffer loss of neuronal fibres.  

 

1.1.1. Formal classification of glaucoma7 

The glaucomas are classified as primary and secondary forms. Leaving aside the congenital 
forms of glaucoma, which present with angle dysgenesis, the primary glaucomas are further 
categorized as open-angle or angle-closure glaucomas, depending on the gonioscopic 
appearance of the angle. By far the most common type is primary open-angle glaucoma (POAG). 
By definition, the appearance of the angle is normal and any secondary form of glaucoma has 
been ruled out. The resistance to aqueous humour drainage is found at the level of the trabecular 
meshwork or beyond.8 Based on their IOP level, POAG can be further subdivided into high-
pressure or low-pressure. The second most common type is primary angle-closure glaucoma, 
which can present as acute, intermittent or chronic. Here, the peripheral iris obstructs the 
trabecular meshwork through apposition of the iris or peripheral anterior synechiae. The 
secondary glaucomas can present in a wide variety of forms, are associated with specific 
ophthalmological, extraocular or systemic conditions and can, based on the appearance of the 
angle, again be sub-classified as open- or closed-angle.  

 

1.1.2. Optic nerve head morphology 

Characteristic optic disc changes in glaucoma are as follows: thinning of neuroretinal rim, 
progressive cupping, asymmetric cupping, optic disc haemorrhage, retinal nerve fibre layer loss, 
acquired pit of the optic disc or notching.1 

As the disease progresses, the thickness of the neuroretinal rim diminishes and the diameter of 
the cup increases. In many patients, thinning of the rim is most pronounced and progresses faster 
in the superior and inferior parts of the optic nerve, producing vertical enlargement of the cup.9 
Whereas pallor of the optic nerve head is seen in most optic neuropathies, this thinning of the 
neuroretinal rim, cupping, is very characteristic of glaucoma and rarely occurs in other optic nerve 
pathologies.  
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1.1.3. Field defects 

Generally, glaucoma is a bilateral, but often asymmetrical, condition.1 Only late in the disease the 
visual acuity is affected by glaucomatous damage and nerve fibre loss first becomes manifest in 
the peripheral field of vision. The regional glaucoma injury produces a specific pattern of visual 
field loss. Characteristic visual field changes are as follows10: nasal step, arcuate scotoma, 
paracentral scotoma, generalised depression. Paracentral scotomas are more frequent in low-
tension glaucoma whereas nasal step and arcuate field defects are primarily encountered with 
high-pressure glaucoma. 

Standard automated perimetry is most commonly used for diagnosing glaucoma and for 
monitoring progression;11 however, this method is insensitive at the initial stages of glaucoma.12 
Selective perimetry, which tests specific RGC populations, identifies neuronal damage earlier.13  
A blue stimulus is presented on a yellow background in short-wavelength automated perimetry to 
test RGCs that target the koniocellular layer.14 Frequency doubling perimetry is equally effective 
in detecting early glaucoma and tests ganglion cells that target the magnocellular layer.15 

 

1.1.4. Significance of glaucoma 

Glaucoma affects more than 66 million people worldwide and is the cause for bilateral blindness 
in at least 6.8 million individuals,16 which makes it the second leading cause of vision loss in the 
world. Close to 80 million people worldwide will be affected by 2020.17 The prevalence of 
glaucoma correlates with age and is approximately 0.2% in whites between 40 and 60 years of 
age,18 and over 10% in Black people at 80 years of age.5 The diagnosis of glaucoma resides on 
evidence of nerve fibre layer loss, which is not always easy to document and evident only 
relatively late in the disease, after a significant amount of neural tissue has been irreversibly 
damaged.19 Hence, the number of individuals suspected of having glaucoma is far higher than 
the number of diagnosed cases.  

 

1.1.5. Risk factors for POAG 

The strongest recognised risk factors for the progression of POAG are IOP6, 20, 21 and age.18, 22-24 
To date, IOP is the only modifiable risk factor.20, 25-27 Ethnicity is another, non-modifiable risk 
factor.28, 29 High myopia, thin corneas and a family history of glaucoma are significantly 
associated with glaucomatous optic neuropathy as well.30-32 Another set of risk factors seems to 
be linked to perfusion abnormalities: systemic hypertension, cardiovascular disease, peripheral 
vasospasm and migraine headache.1  However, the association of these vascular factors with 
development or progression of glaucoma is weaker. 

Genetically, POAG is mostly of multifactorial aetiology. However, it has been estimated that in 3-
4% of POAG patients the disease is associated with mutations at the GLC1A locus (myocilin 
gene), for which more than 43 mutations have been described.33 
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1.2. Current treatment of glaucoma 

 

1.2.1. General Principles 

The goal of glaucoma care is to preserve visual function and quality of life without causing 
unwanted side effects and morbidity.7 At present, this means lowering IOP, which is the only 
modifiable risk factor. IOP reduction significantly improves the prognosis, but does not avoid 
damage in all patients.34 Treatment modalities include topical and systemic drug therapy, laser, 
and incisional surgery, in order of priority. In most cases of POAG the treatment goals can be 
achieved with the available topical glaucoma drugs. 

Management and interventions are guided by the target IOP. The target pressure is chosen 
arbitrarily for each patient and should be modified according to the observed progression. 
Following the general consensus, the initial aim is to reduce the IOP at which damage occurred 
by 20-50%; but target IOP and treatment should be individualised based on age, stage of 
glaucoma, estimated progression and life expectancy of the patient.7 As mentioned, the target 
IOP is not a fixed IOP reading but should be continuously modified, based on hints for 
progression at the optic nerve head or in the visual fields. 

The challenge for the clinician is to achieve the target IOP with the least number of substances 
and minimal side-effects.7 Clinically, progression is monitored based on optic disc photographs, 
nerve fibre layer measurements and visual fields. Initial therapy is usually a monotherapy with a 
first-choice agent, commonly a prostaglandin analogue. If IOP reduction is ≥ 20% from baseline, 
the treatment is considered effective. If the drug is not effective, the substance should be 
switched within or outside the agent class. If the drug is effective but IOP reduction is not 
sufficient to reach the target, another substance is added. Combinations of three drugs are 
judged maximum medical therapy. Using a fourth topical agent has been shown not to lower IOP 
further and is not warranted. Aside from the option of laser treatment, incisional surgery is in 
general the only remaining treatment choice.35 

 

1.2.2. First-choice glaucoma drug classes 

The equilibrium between secretion and drainage of aqueous humour determines IOP. Aqueous is 
produced by the non-pigmented epithelium of the ciliary body. Interestingly, there is no such thing 
as hypersecretion glaucoma and aqueous humour secretion is fairly constant.36 Without medical 
topical or systemic influence, equilibrium pressure is determined by the global outflow resistance. 
Aqueous outflow is composed of trabecular and uveoscleral outflow. Physiologically, 85-90% of 
drainage is via the trabecular pathway and 10-15% via the uveoscleral pathway.37 The different 
substance classes of drugs act to variable extents via one or several of these mechanisms. 

Prostaglandin analogues, prostamides and decosanoids reduce IOP by increasing the 
uveoscleral outflow. These agents supposedly activate matrix metalloproteinases which remodel 
the extracellular matrix of the ciliary body and reduce outflow resistance.38 This class of drugs is 
generally used as the first line treatment. Application is only once a day and the systemic side-
effects are minimal with great IOP lowering effect.39 

Alpha2-adrenergic agonists diminish secretion of aqueous humour and enhance uveoscleral 
outflow.40 Interestingly, brimonidine tartrate has been shown to have neuroprotective properties in 
animal models41 and human clinical trials.42 The main drawback of this drug class is an 
association with allergic conjunctivitis.43  
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Carbonic anhydrase inhibitors lower aqueous secretion and are the only drug class for which 
systemic agents are available.44 The use of these substances in eyes with a compromised 
corneal endothelium can result in further deterioration of the corneal endothelium function.45 

Beta-adrenoceptor antagonists were among the first topical agents available and are therefore 
still widely used. They also reduce aqueous humour secretion.46 Their systemic absorption can 
cause significant cardiovascular and respiratory side effects. However, this risk is lower for the 
newer, more selective substances such as betaxolol. One fifth of first time beta-blockers users 
are non-responders.8 Also, after long-term use of beta-blockers, reduced efficacy 
(tachyphylaxis)47 can occur. Topical beta-adrenoceptor antagonists are, understandably, less 
effective in patients taking systemic beta-blockers.48 

 

1.2.3. Second-choice drug classes 

These drugs are not used as first-line agents, but may be of benefit under special circumstances. 
This group includes parasympatheticomimetics, non-selective adrenoceptor agonists and 
systemic carbonic anhydrase inhibitors.8 

 

1.2.4. Laser procedures and surgical interventions 

The most widely used laser treatment for glaucoma is laser trabeculoplasty.49 Trabeculoplasty 
increases the aqueous humour outflow by remodelling of the trabecular meshwork resulting in 
decreased outflow resistance.50 Different wavelengths have been used with similar 
effectiveness.51 Initially argon laser trabeculoplasty was the most commonly used modality. Here, 
an argon laser beam with 50 μm spot size is aimed at the trabecular meshwork. Use of this argon 
laser trabeculoplasty is recommended only once because it results in significant scarring. 
Selective laser trabeculoplasty specifically targets pigmented cells of the trabecular meshwork, is 
less damaging and histologically does not result in scar formation. Selective laser trabeculoplasty 
can therefore be repeated.52 Both argon laser trabeculoplasty and selective laser trabeculoplasty 
have good initial response rates and the magnitude of the effect corresponds approximately to 
that of a prostaglandin analogue.53 Unfortunately, the effect gradually decreases over time. 

If drug treatment in combination with laser treatment fails to adequately control IOP in eyes with 
useful visual function, surgical intervention is indicated. A filtering procedure is considered the 
treatment of choice in most cases. The next step after failure of this approach is tube 
implantation.54 

Laser diode cyclophotocoagulation results in destruction of the ciliary body and reduction of 
aqueous humour secretion. Because of the risk of phthisis, it represents a last resort of treatment 
and is only used when medical and surgical treatment has failed.55 
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1.3. Injury hypothesis in glaucoma 

There are two major hypotheses for the pathogenesis of glaucomatous optic neuropathy: a 
mechanical and a vascular theory.2 However, this separation is most likely artificial and, in reality, 
mechanical and vascular mechanisms are intimately interconnected.56 IOP-related mechanics 
determine the biomechanical situation which influences blood flow and cellular responses. 
Reciprocally, biomechanics are determined by the anatomy and tissue properties, both of which 
are in turn affected by remodelling and compositional changes.57 Despite many decades of 
research, there remain many unanswered questions and the exact mechanisms have not yet 
been elucidated. It is likely that a multitude of insults at the optic nerve head with the same 
downstream effects can result in glaucomatous optic neuropathy, and the clinical picture of 
glaucoma represents the morphological end result of a number of distinct, different optic nerve 
head injuries. Hence, the mechanics behind the initial insult would differ between individuals, and 
so would the contribution of the mechanical and vascular component in each individual case. 
There might well exist other, as yet unknown, contributors to the injury. 

 

1.3.1. Mechanical hypothesis 

Glaucomatous excavation is a morphological hallmark of glaucomatous optic neuropathy. The 
biomechanical paradigm proposes that the phenotype of glaucomatous axon damage is 
determined by the configuration of IOP-related stress and strain, independent of the exact axonal 
injury mechanism and level of IOP.57 From several forms of glaucomas, which are always 
associated with raised IOP, such as angle-closure glaucoma or secondary glaucoma, we know 
that increased IOP is sufficient to cause glaucomatous optic neuropathy. IOP-related forces are 
significant in the connective tissue of the optic nerve head, even at low IOP58 and, according to 
the mechanical hypothesis, are thought to underly both optic nerve head aging and the 
pathophysiology of glaucomatous damage. The mechanical paradigm postulates that the primary 
site of IOP-related axonal damage is within the lamina cribrosa and peripapillary sclera.59 Of note, 
the optic nerve head represents a discontinuity in the corneo-scleral shell58 and discontinuities 
commonly cause stress concentrations in mechanical systems. IOP-induced stress, deformation 
and strain in these tissues eventually lead to a multitude of cellular events, which result in 
degeneration of RGC axons.  

The stress in the corneo-scleral shell is determined by the IOP, which is slowly fluctuating 
diurnally,60 and by the ocular pulse amplitude, a rapidly pulsatile component produced by the 
ocular, mainly choroidal, blood flow.61 In particular the pulsating component of the wall stress 
carries the potential to cause fatigue with direct failure of connective tissue fibres as well as 
changes in connective tissue composition. Currently, data suggest that the optic nerve head of 
glaucomatous eyes experiences more mechanical stress than the optic nerve head of non-
glaucomatous eyes.62 Both the ocular pulse amplitude63 and the magnitude of diurnal IOP 
variation are increased in glaucoma patients.64 Changes in the biomechanical properties of the 
sclera will affect the forces at the optic nerve head and likely have an effect on development and 
progression of glaucomatous optic neuropathy. 

 

1.3.1.1. Structure of the optic nerve head 

Connective tissues, and in particular the sclera, serve as the load-bearing structure of the eye. 
The sclera is composed of multiple layered dense sheets of collagen.65 The scleral structure is 
specially organised in a well-circumscribed area at the back of the globe, the lamina cribrosa, to 
provide support for the axons as they pass through the connective tissues.66 Importantly, the 
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extracellular matrix structures are covered by astrocytes, which provide axons with neurotrophic 
factors.67  

The principal constituents of the sclera are collagen, elastin, and glycosaminoglycans. Collagens 
I and III provide tensile strength to the sclera.68 Elastin confers elastic properties as deformation 
and recovery,69 which seem to be crucial given the variable character of ocular wall stress. Both 
human research and laboratory work in primates has found altered elastin in glaucomatous 
eyes,70-75 which suggests that alterations of the surrounding connective tissues caused by elastin 
degradation are of relevance in the pathogenesis of glaucoma. However, it is not clear whether 
these changes are a result of glaucoma or actually a reason for the development of glaucoma. Of 
note, exfoliation syndrome is associated with polymorphisms in the lysyl oxidase-like 1 gene and 
the protein coded contributes to the properties of elastin.76 In the mouse, the density of the elastin 
fibres has been shown to be highest in the peripapillary area where they surround the optic nerve 
head like a ring. With increasing distance from the optic nerve head the content of elastin in the 
sclera diminishes.68 The distribution of elastin is similar in human eyes. Elastin has a very slow 
turnover rate and lasts many decades, but shows degenerative changes. 

 

1.3.1.2. Biomechanics at the optic nerve head 

Given the assumed significance of the optic nerve head in glaucoma, study of the biomechanics 
of this anatomical region, and the lamina cribrosa in particular, seems important and has attracted 
a lot of attention in recent years. The biomechanical properties of the peripapillary sclera and the 
microarchitecture of the laminar beams strongly determine the mechanical stress the cells in the 
lamina cribrosa are exposed to.62 Since this region of the eye is not easily accessible in vivo for 
measurement of forces and deformations, modelling techniques77, 78 have been used in 
combination with data from in vivo studies in primates.57, 79, 80 

Some studies have used the displacement of the vitreoretinal interface as a surrogate marker for 
lamina cribrosa movement.81, 82 However, IOP-induced movement of the optic nerve head surface 
may not be an appropriate parameter to measure actual lamina cribrosa deformation because of 
the plasticity of the overlying neural tissues. Therefore, it is of interest to quantify deformations of 
the connective tissues directly. However, this was hitherto not possible, because appropriate non-
invasive imaging technologies were not available and the lamina cribrosa inaccessible. Modelling 
has therefore become an important tool for studying optic nerve head biomechanics. Analytical 
and numerical modelling approaches can be distinguished. For analytical models, the stresses 
and strains need to be represented as mathematical expressions, which requires substantial 
simplification. Analytical models have been used to describe and investigate ocular rigidity.83, 84 
However, because of the complexity of the geometry and the variety of tissue-determined 
mechanical constants, they are not suitable for the study of the optic nerve head. Numerical 
models have proven to be more helpful. The most popular numerical methods for tissue 
biomechanics are finite element analyses. They permit the computation of the response of 
complex structures to mechanical loading if the material properties and the geometry of the 
objects are established. The more complex eye-specific models were mostly determined using 
three-dimensional reconstructions of human and monkey eyes. Material properties were derived 
from human donor eyes and laboratory animals.78, 80, 85, 86 The most important determinants of 
optic nerve head biomechanics are as follows: compliance of the sclera, size of the eye, IOP, 
compliance of the lamina cribrosa, and the thickness of the sclera.87  

Of relevance for lamina cribrosa deformation is the translaminar pressure gradient,88, 89 not IOP 
per se. The translaminar pressure gradient is equal to the difference between retrolaminar 
pressure and IOP. The cerebrospinal fluid pressure is supposed to be a good surrogate marker 
for the retrolaminar pressure.90 



7 

1.3.1.3. Configuration of the lamina and explanation for sectoral damage 

Visual field loss in glaucoma usually manifests as a nasal step, which then progresses into an 
arcuate scotoma and later a complete hemi field defect. This pattern of visual field loss, together 
with corresponding defects of the neural rim, is pathognomonic for glaucoma.91 Glaucomatous is 
the term to describe this unique pattern of optic nerve head damage involving characteristic 
neural and connective tissue changes. Mechanical failure and backward bowing of the lamina 
cribrosa is characteristic at later stages of glaucomatous optic neuropathy.92 It is hypothesized 
that the explanation of the highly predictable pattern of axonal loss outlined above is explained by 
the structure of the lamina cribrosa and the resulting pattern of mechanical failure, independent of 
the level of IOP.93 The stress distribution in load-bearing structures can be predicted. Deformation 
and progressive mechanical failure is ultimately dictated by the material properties. Once a 
portion of the lamina cribrosa mechanically fails, the forces that this portion was resisting are 
transferred to nearby trabeculae, which increases their load despite an unchanged level of IOP. 
Hence, even at a steady IOP, neighbouring trabeculae may gradually fail if the local load 
redistribution results in supra-threshold stress.57 As mechanical failure progresses, the same 
overall IOP-induced mechanical load needs to be born by a permanently diminishing cross-
sectional area. Therefore, cup progression can take place at stable or even lower IOP levels.  

The morphological study of human optic nerve head cross sections has disclosed regional 
anatomical variations of the lamina cribrosa pores.94 The size of the pores is larger in the superior 
and inferior parts of the lamina cribrosa. It has been postulated that the larger pores and less 
mechanical support by the connective tissue in these regions renders these areas of the lamina 
cribrosa more susceptible to deformation and failure secondary to mechanical stress.95, 96 In fact, 
as glaucoma progresses, the normally almost round pores become more elongated and 
elongated pores have been related to visual field deterioration.97, 98 Hence, the mechanical 
properties and susceptibility to stress of the lamina cribrosa can explain the specific patterns of 
visual field loss and neural rim changes in human glaucoma.91 This finding provides strong 
evidence that the optic nerve head, and more specifically the lamina cribrosa, is the site of the 
primary axonal insult and that mechanical factors are significant contributors. 

 

1.3.1.4. Glia and extracellular matrix 

A key point to consider in the understanding of how ocular biomechanics are transduced into 
pathological changes are the biological pathways activated. Ultimately, several principal 
mechanisms might cause axon damage:99 (1) axonal ischemia (vascular hypothesis), (2) physical 
compression of axons caused by the deformation of the lamina cribrosa (mechanical hypothesis), 
and (3) spontaneous compression mediated by tissue pressure differences through the 
uncompromised lamina cribrosa.100 Regardless of the mechanism of the insult, astrocytes and 
glia may mediate the effects.99 

Mechanical and other stress can influence cellular behaviour in many ways. Mechanosensitivity is 
common in many cell types.101 In primary human lamina cribrosa cells subjected to cyclic stretch, 
a plethora of genes have been shown to be up- or downregulated,102 including genes coding for 
proteins that form or modify the extracellular matrix. The stiffness of the substrate on which the 
cells reside has been shown to affect cell migration, proliferation and apoptosis.103, 104 Cells 
continually probe the stiffness of the surrounding matrix and react to changes.105 The composition 
of the extracellular matrix of the lamina cribrosa has been shown to change in glaucoma,72, 74, 75, 

106 which influences the stiffness and potentially affects the behaviour of resident lamina cribrosa 
cells. Active remodelling of the lamina cribrosa and peripapillary sclera has been demonstrated in 
experimental primate glaucoma models and illustrates that the connective tissue at the optic 
nerve is mechanically important.107-109 Unconnected to these events, IOP-related strain may 
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compromise capillary blood flow by compression. Axonal nutrition relies on diffusion of nutrients 
through the basement membrane of endothelial calls and pericytes, extracellular matrix and 
across the basement membranes of the astrocytes, which then supply the nutrients to the axons 
via their processes. Age- or stress-related cellular changes and basement membrane alterations 
may affect diffusion even independently of capillary flow. 

In summary, mechanical changes at the optic nerve head potentially trigger substantial cascades 
of cellular events which affect the local environment: blockage of pro-survival factors,110 glial 
(astrocytes and microglia) reactivity67, 111 with compositional changes in the extracellular matrix, 
and death of oligodendrocytes.112 

 

1.3.2. Vascular hypothesis 

Increased IOP is clearly sufficient for the development of glaucoma. However, normal pressure 
glaucoma represents more than 70% of cases with POAG in certain populations.22 Moreover, 
ocular hypertension, that is chronically elevated IOP without evidence of optic nerve damage, is 
more frequent than frank glaucoma.25 Therefore, other factors than IOP and mechanical failure 
must be involved in the pathogenesis of glaucomatous optic neuropathy. The vascular theory 
proposes that glaucomatous optic neuropathy results from insufficient perfusion secondary to 
either increased IOP or other pathologic changes which compromise blood supply.2 Normal 
pressure glaucoma is a clinical example of a glaucomatous optic neuropathy where perfusion 
plays a major role in the pathogenesis. Nevertheless, lowering IOP can still be of benefit and 
reduce the risk of progression and optic damage.25 These observations substantiate the concept 
of glaucoma as a IOP-sensitive disease, potentially influenced by many other, mostly yet 
unknown variables.113 

Multiple lines of evidence suggest that ischemia-reperfusion injury at the optic nerve head due to 
compromised vascular circulation is a component of glaucomatous optic neuropathy.114 To 
characterise blood supply, the optic nerve head is best divided into 4 zones: (1) Superficial nerve 
fibre layer, (2) Prelaminar portion, (3) Lamina cribrosa, and (4) Retrolaminar portion. The 
superficial layer of the optic nerve head receives blood supply from small branches of the central 
retinal artery. The prelaminar region, just anterior to the lamina cribrosa, is supplied by branches 
from the choroidal arterioles and the short posterior ciliary arteries.115 The retrolaminar portion 
receives blood from pial vessels of the optic nerve. Venous drainage is through the central retinal 
vein. Interestingly, the capillaries of the optic nerve head lack blood-brain barrier properties.116   

Retinal blood flow is characterised by auto-regulated low-flow and high extraction. Autoregulation 
occurs through local factors, since there is no autonomic innervation. The choroid, fed by the 
posterior ciliary arteries, is a non-autoregulated high-flow system with low oxygen extraction.117 
The extent of auto-regulation in the optic nerve head remains unclear. It seems to be less efficient 
than in the retina but better than in the choroid.118 

Risk factors for arteriosclerosis are not closely associated with open-angle glaucoma, and 
arteriosclerosis does not seem to be a major contributor to perfusion disturbances at the optic 
nerve head. Rather, there is evidence that vascular dysregulation and insufficient autoregulation 
is the main pathology.119 Increased levels of circulating endothelin-1 go along with increased 
sensitivity to IOP-mediated damage at the optic nerve head due to impaired autoregulation.120-126 
Also, it has been shown that progression in patients with vasospastic syndrome is more closely 
related to IOP than in non-vasospastic glaucoma patients.127 
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1.4. Animal models of glaucoma 

Glaucoma is a difficult disease to research in humans because of the inaccessibility of the optic 
nerve and the lack of sensitive clinical techniques to detect early glaucomatous changes. Hence, 
animal models have always played an important role in glaucoma research, particularly with 
regards to the pathophysiology. In an ideal animal model one would wish to see focal axonal 
injury at the optic nerve head and corresponding regional RGC loss in the retina. A multitude of 
animal models have been developed and used over the last few decades. Each of the models 
has advantages and disadvantages. A single model, in general, cannot faithfully replicate all 
aspects of a disease. Hence, a wise choice of the appropriate model for the question to be 
answered is crucial, depending on the mechanism of the condition to be investigated. 

Primate models have the advantage that these animals are genetically very close to humans, 
possess a lamina cribrosa structurally similar to humans, and the disease kinetics are similar. 
They have proven to be helpful for the development and testing of IOP-lowering treatments. 
However, since much effort has and is being put into finding neuroprotective agents, rodent 
models have gained greater importance. Such studies require large numbers of experimental 
animals because, to date, determining RGC survival is terminal for the individual animal. Rodent 
models are attractive because of their short life span, low cost and relatively low ethical cost. 
Mouse models offer the opportunity of genetic engineering, but are less suitable for surgical 
manipulations due to the small size of the animal and the eye. Rats are more suitable for surgical 
interventions and even though there is no lamina cribrosa per se, they do have cellular structures 
that resemble a lamina cribrosa.  

A model can be characterised by the success rate of the manipulation to achieve satisfactory IOP 
elevation, as well as the kinetics of onset and the sustainability of the IOP elevation. Furthermore, 
models differ in their technical difficulty and their training requirements. Another issue that needs 
to be considered when choosing a model is the availability of the equipment required.  

Interventional models possess certain advantages over spontaneous models. Foremost, 
unilateral intervention gives the opportunity to use the fellow eye as a control to correct for inter-
animal variability. Second, the predictable onset of the injury allows the study of sequential 
events. 

 

1.4.1. Acute models 

Acute and subacute angle-closure is characterized by a fairly sudden, very substantial and 
sometimes repeated rise in IOP. If the IOP surpasses the intraluminal pressure of the capillaries, 
transient disruption of blood flow ensues. Hence, ischemia of the inner retinal layers is a 
substantial part of the injury mechanism and RGC undergo ischemia stress-mediated apoptosis. 
This type of injury is reproduced in the laboratory by experimental elevation of the IOP by 
cannulating the anterior chamber and connecting the intraocular space to an infusion which can 
be raised to a certain level above the eye.128 Typically, the IOP is elevated above systolic blood 
pressure for variable time periods.129 This model has been used in mice and rats. Swelling of 
RGC with disruption of mitochondria and neurotubular degeneration is observed on histological 
examination.130 Although there is some early necrosis, most cells die by apoptosis in delayed cell 
death and protein p53131 and caspase132, 133 levels are elevated. The injury is also accompanied 
by elevated glutamate levels and increased inducible nitric oxide synthase (iNOS) messenger 
ribonucleic acid expression.134, 135  
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1.4.2. Chronic models 

Since elevated IOP is the most prominent risk factor for glaucoma, and in some patients probably 
the only cause for glaucomatous optic neuropathy, experimental models based on chronic 
elevation of IOP have always been regarded as highly suitable to study the disease. Most animal 
models employ experimental elevation of IOP. An ideal glaucoma model would exhibit the 
following characteristics:136 (1) Prompt, and chronically-maintained, increase in IOP; (2) Lack of 
complications; (3) Selective death of RGC; (4) Ease and low cost of implementation. 

Primates possess a solid lamina cribrosa that is structurally very similar to humans; unlike 
rodents which sensu stricto do not have a lamina cribrosa. Primate models involving argon laser 
photocoagulation of the trabecular meshwork are hence very representative of glaucomatous 
optic neuropathy in humans and have been used for the development of many pressure-lowering 
agents on the market today. However, as mentioned previously, they are expensive, both 
financially and ethically. Therefore, various methods to raise the IOP in rat eyes have 
subsequently been developed and used to study pathophysiological mechanisms in the retina 
and optic nerve. All these techniques aim to elevate IOP by obstructing the aqueous outflow. 
Manipulations that have been used comprise cauterization of the episcleral veins, injection of 
hypertonic saline into the episcleral veins, laser photocoagulation of the trabecular meshwork, 
and injection of particles into the anterior chamber. Mouse models based on chronic experimental 
elevation of the IOP have only recently been introduced. 

 

1.4.2.1. Laser photocoagulation of the trabecular meshwork 

This technique is generally only used in nonpigmented animals. In pigmented eyes the energy 
uptake is too high, producing significant inflammation, which influences the cellular response in 
the retina and the optic nerve head. Argon laser photocoagulation models have been successfully 
applied in mice and rats since the late 1990s. Laser techniques have been used to damage the 
trabecular meshwork and elevate IOP in primates for a quarter of a century.137The first published 
techniques in rodents utilized injections of India ink into the anterior chamber prior to the laser 
application to enhance energy absorption and localize scar formation at the trabecular 
meshwork.138 Despite weekly laser treatment, IOP elevation was only moderate, although it could 
be maintained for 12 weeks. The use of pigment has subsequently been abandoned and more 
energy has been used for the laser burns. In general, the results from the laser photocoagulation 
methods have been consistent and the models are considered to be reproducible, reliable and 
efficient. The animals can be lasered by a single technician, no surgical instruments are needed 
and the intervention does not need to be performed under sterile conditions. However, access to 
a suitable continuous wave laser is necessary. 

Essentially two techniques of laser application have been described in the literature. One 
approach consists of lasering the limbal vessels. Alternatively, investigators aim the laser burns at 
the trabecular meshwork itself in a tangential manner. None of the methods has been shown to 
be noticeably superior, and as Morrison has argued, the two techniques quite possibly work via 
the same principle, namely damage to the anterior chamber angle.139  Laser application directed 
at the limbal vasculature certainly does cause ‘collateral damage’ at the level of the trabecular 
meshwork due to the proximity of the two anatomical structures.  

In the limbal vessels approach the laser beam is aimed perpendicularly at the limbal vessels. 
130-150 laser burns (spot size 50-100 μm, power 1W, exposure 0.2 sec) were applied to the 
limbal episcleral veins within 0.5-0.8 mm from the limbus. The treatment was repeated after 1 
week. This resulted in a mean IOP elevation of 10-17 mmHg for at least 2 months. The 
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corresponding ganglion cell loss was progressive, 6.1% after 4 days, 19.4% after 10 days, 26.5% 
after 15 days and 44.2% after 60 days.140 

Levkovitch-Verbin141 modified the laser application by increasing the intensity and aiming the 
laser beam directly at the anterior chamber angle. Different settings were compared. It was found 
that 360 degree lasering of the trabecular meshwork with 60-80 spots (spot size 50 μm, power 
0.6W, exposure 0.5 sec) combined with 4-7 laser burns (spot size 100 μm, power 0.6W, 
exposure 0.5 sec) to each of the three radial episcleral veins each yielded the best result and was 
most suitable to mimic chronic ocular hypertension. IOP elevation was maintained for up to 3 
weeks. 

Complications of laser photocoagulation were corneal oedema due to corneal decompensation, 
corneal ulcers, corneal opacity, and cataracts. Hyphaemas have been described as a common 
event during the lasering, in up to 40% of animals, but most of them resolve spontaneously within 
48 hours.141 

Similar models with application of laser to the limbal vessels have been successfully used in 
several mouse strains.112, 142-144  

 

1.4.2.2. Sclerosing of the trabecular meshwork 

In the laboratory rat, the most significant portion of drainage of aqueous humour occurs through 
the trabecular meshwork into Schlemm’s canal. Numerous collector channels then drain the fluid 
into a venous plexus, which encircles the entire limbus and connects to multiple episcleral radial 
veins.145 Morrison et al. developed a model based on injection of a mild sclerosant into this 
aqueous humour outflow pathway.146 A glass micro needle with a diameter between 30 and 50 
μm at the tip is inserted into one radial aqueous vein in the superior quadrant to inject 50 μl 
micro-filtered 1.75 M hypertonic saline. This causes sclerosis of the trabecular meshwork and the 
anterior chamber angle, which, after 7-10 days, produces persistent elevation of the IOP for a 
duration between 1 and 5 weeks. However, in some rats, this was only achieved by repeated 
injections. The drawbacks of this model are the considerable variability between individual rats, 
the difficult surgical injection technique that requires skills and training, and the need for a lateral 
canthotomy. In favour of this model is that IOP elevation tends to be longer than in the laser 
model. Optic nerve degeneration and cellular response have been shown to correlate with mean 
IOP, peak IOP elevation and cumulative pressure exposure.147, 148 Gene expression patterns 
alterations have been documented in the optic nerve head and in the retina.149, 150 To date, this 
model has almost exclusively been used in rats. One group recently reported successful 
application in mice.151  

 

1.4.2.3. Cautery of episcleral vessels 

While the previously described model increases outflow resistance at the level of the trabecular 
meshwork, cautery models are supposed to block drainage at the level of the episcleral veins.152 
However, the mechanism of pressure rise with this method is controversial and the treatment 
protocols in the literature vary considerable between different groups. Similarly variable are the 
pressure rises reported. While some groups report normalization of IOP after two weeks,153 
others claim pressure elevation for several months, even without retreatment.154, 155 Some 
authors feel that the vessels that are cauterised are in fact vortex veins.156These vessels collect 
blood from the choroid, the anterior uvea and the base of the optic nerve in rats,157, 158 and 
closure would result in complex alterations in the ocular perfusion, affecting several 
compartments of ocular tissues. The extent of optic nerve damage induced by this model ranges 
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from nothing153, 156 to a maximum of 40%.159, 160 This is in contrast to the laser models and the 
model of episcleral saline injection, where up to twice this much damage can be observed. This 
apparent neuroprotective effect can possibly be explained by the fact that choroidal veins are 
connected to the veins surrounding the optic nerve, and congestion of the choroidal vasculature 
might increase perfusion around the optic nerve head and protect the nerve fibres. The episcleral 
vein cautery model has also been used in mice.161 Complications of cauterization of the episcleral 
veins were damage to the sclera, intraocular inflammation and ocular surface damage.  

 

1.4.2.4. Microbeads 

In search of a less acute experimental glaucoma model with sustained, moderate pressure 
elevation over several weeks, number of groups136, 162-164 have recently reported the use of 
models based on injection of microparticles into the anterior chamber to occlude the trabecular 
meshwork in mice and rats. However, succesful application of this technique seems variable 
between different laboratories and the method is not yet considered very reliable for comparing 
results between various research groups.  

Microbead models have the advantage that they can be used in pigmented animals and access 
to laser facilities is not necessary. Similar attempts have been made previously in rats165 and 
primates166 but in rodents the microbead approach has so far been neglected in favour of the 
laser models. Injection of microspheres into the anterior chamber of rats produces a moderate 
elevation of the IOP in the order of 30-40% above baseline for about 2 weeks. This time can be 
extended to approximately 8 weeks when a second injection is given between day 14 and 17.164 
Samsel et al. used paramagnetic microbeads and were able to direct the beads towards the 
trabecular meshwork to reduce the risk of visual axis occlusion.163 The microbead approach is 
also applicable in mice to achieve sustained IOP elevation of about 30% for 3 weeks and up to 8 
weeks with repeated injections.164, 167 It has been shown that the susceptibility to experimental 
glaucoma is both strain and age dependent.167  

 

1.4.2.5. S-antigen 

Ocular hypertension is also observed after injection of S-antigen in rat eyes.168 However, this 
model provokes an intense inflammatory reaction of the anterior and posterior segment. Hence, it 
has been postulated as suitable to study uveitic glaucoma and is not widely used. 

 

1.4.2.6. Genetic rodent models of glaucoma 

Although some rat strains with elevated IOPs have been described, their use in research is not 
common. Genetic mouse models, on the other hand, are very popular. Mouse systems offer the 
possibility to conduct complex genetic manipulations,169 and are easy to breed. Such rodent lines 
are highly suitable to investigate molecular mechanisms and biochemical pathways. Some 
models involve mutations of glutamate receptors on RGC or other genes and are not associated 
with increased IOP.170 Others present with anterior chamber abnormalities and are models of 
congenital glaucoma.171 However, the most popular mouse models exhibit glaucomatous optic 
nerve atrophy that is associated with elevated IOP. 

Several mouse strains (DBA/2J, DBA/2Nnia, AKXD-28/Ty) have been bred which spontaneously 
develop raised IOP secondary to pigment dispersion.172-174 The DBA/2J mouse is the most 
frequently used model and has been well characterized.175 Pigment dispersion causes iris 
atrophy, iris transillumination and anterior synechiae.176 However, the mice develop elevation of 
IOP only after 8-9 months of age. Measurable RGC loss and a decrease of the inner plexiform 
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layer thickness is noticed at the age of 10-14 months.177 Despite the absence of extracellular 
matrix plates178, a typical pattern of sectoral RGC death has been described. A robust network of 
astrocytes is present in the region corresponding to the human lamina cribrosa and has been 
called glial lamina179. The sectoral nerve fibre damage supports the hypothesis that the primary 
site of injury in this model is the optic nerve head180. Moreover, axonal degeneration with 
compromised retrograde axonal transport precedes RGC soma degeneration in the retina.181 and 
in BAX-deficient DBA/2J mice axon damage occurs without RGC cell death.175 

Several mouse models have been generated by specific manipulation of distinct gene loci. One 
such example would be transgenic mice with a mutated myocilin gene.182, 183 These animals 
express the mutated myocilin protein in the trabecular meshwork and have moderately elevated 
IOPs at older age. RGC death and optic nerve degeneration has been demonstrated. Collagen 
accumulation after mutation in the collagen type-1gene produces chronic open-angle glaucoma in 
another mouse line.184 There exists also a mouse model for acute angle-closure glaucoma based 
on overexpression of a adrenomedullin-receptor in the pupillary sphincter muscle.185 

 

1.4.3. Models for certain aspects of glaucomatous optic neuropathy 

1.4.3.1. Retrograde RGC death 

Retrograde RGC degeneration is likely to play a substantial part in glaucoma pathogenesis, since 
the primary insult is presumably situated at the optic nerve head. Optic nerve crush and axotomy 
models represent classical representatives of retrograde axonal degeneration and are applicable 
in mice and rats. Total axotomy of the optic nerve certainly leads to degeneration of the entire 
optic nerve and apoptosis of almost all RGCs.186 Crush models produce only a partial lesion.187 
This causes primary damage in a proportion of RGC cell bodies and axons, but, as opposed to 
axotomy, also leads to secondary degeneration.187 Secondary degeneration might be of 
relevance in glaucomatous optic neuropathy and would explain progression despite adequate 
treatment of IOP. The severity of the primary lesion in the crush model is very reproducible and 
intraocular excitatory amino acid levels have been shown to be increased subsequently.188 This 
model has therefore been used widely to investigate the pathophysiology of RGC degeneration 
and neuroprotective substances interfering with apoptotic pathways. 

 

1.4.3.2. Anterograde RGC death 

In humans and experimental glaucoma models, increased glutamate concentrations have been 
measured in the vitreous.189 However, it is still controversial to what extent excitotoxicity is 
involved in RGC death in glaucoma.190 Nevertheless, animal models of excitotoxicity have been 
widely used in neuroprotection experiments. In these models, excitatory amino acids (e.g. 
glutamate, aspartate) or their analogues (N-Methyl-D aspartate (NMDA), kainate, 2-amino-3-(5-
methyl-3-oxo-1,2- oxazol-4-yl)propanoic acid(AMPA)) are injected intravitreally in mouse or rat 
eyes. At low dose, only the inner retinal layers are affected. After injection of glutamate, 
degeneration of the ganglion cell and the inner nuclear layer occurs.191 Massive cellular swelling 
is followed by necrosis. NMDA injection produces classic apoptotic RGC degeneration involving 
the caspase pathway.192  
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1.5.  Epidemiological evidence and controversy 

Epidemiologic research in glaucoma has a long tradition and several large population based 
surveys have analysed the risk factors associated with glaucomatous optic neuropathy. While 
diabetes mellitus is considered a risk factor for glaucoma in major textbooks of ophthalmology, it 
has to date not been possible to confirm this dogma with evidence-based studies and the issue 
remain controversial.193 

The controversy started five decades ago when Armstrong et al. reported an increased incidence 
of glaucoma in diabetic patients.194 Several clinic-based studies subsequently tried to confirm or 
reject this claim.195-200 Since the issue remained controversial, a series of population-based 
studies in different populations were launched from 1980 onwards and published over the 
following quarter of a century. 

 

1.5.1. Cross-sectional population surveys 

 

Framingham study – Massachusetts, USA201 

The data for the Framingham Eye Study was collected between 1973 and 1975 in a standardized 
ophthalmologic examination of the 2433 surviving members aged 52-85 from the Framingham 
Heart Study cohort, which had started in 1948. The screening examination included history of 
glaucoma, Goldmann applanation tonometry (IOP > 21) and disc examination by indirect 
ophthalmoscopy. The definitive examination consisted of disc evaluation, repeated Goldmann 
applanation tonometry, gonioscopy and Goldmann’s perimetry. The diagnosis of open-angle 
glaucoma was confirmed if a field defect was documented in a suspect. The specific visual field 
defects were: blind spot enlargement, arcuate scotoma, paracentral scotoma, nasal step or 
advanced glaucomatous field loss. Diabetes mellitus was diagnosed if diabetic retinopathy was 
present. Diabetes was associated with higher IOP, but not with glaucoma. The prevalence of 
glaucoma in diabetics was 2.2% and did not differ from that in non-diabetics.  

 

Beaver Dam Eye Study – Wisconsin, USA202 

In The Beaver Dam Eye Study 4926 subjects aged 43-84 years were screened. Glaucoma was 
defined as enlarged cupping, corresponding visual field defect on Henson static perimetry and 
elevated IOP greater than 22 mmHg or a history of medical or surgical glaucoma treatment. 
Older-onset diabetes mellitus was defined as either a history of diabetes treatment or a 
glycosylated haemoglobin level greater than two standard deviations above the age-sex-matched 
mean and a blood glucose level over 11.1 mmol/l. A significant association between high-tension 
open-angle glaucoma and older-onset diabetes mellitus was found. The prevalence of glaucoma 
in diabetics was 4.2% versus 2.0% in non-diabetics (p=0.004). 

 

Baltimore Eye Survey – Maryland, USA203 

5308 participants 40 years of age or older underwent a detailed ophthalmologic screening 
examination. This included Goldmann applanation tonometry, stereo colour disc photography, 
and Hymphrey automated or Goldmann perimetry. 48% of participants were black. The criteria for 
glaucoma included an open angle and characteristic optic disc damage associated with a 
consistent visual field defect. Hence, normal-tension glaucoma was included. 161 subjects were 
diagnosed as having POAG. The definition of diabetes was based on a reported history of 
diabetes. Diabetes, which was highly prevalent in the population, was associated with higher IOP, 
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but not with POAG. However, subjects whose POAG had been diagnosed before the examination 
showed a positive association with diabetes and the investigators concluded that selection bias 
could explain the positive results of previous clinic-based investigations. However, the 
investigators admitted that their definition of diabetes was very open and potentially biased the 
odds ratio toward the null hypothesis. They further pointed out that the increased risk of mortality 
associated with diabetes might lead to underestimating the frequency of subjects having both 
diabetes and open-angle glaucoma. This is a potential limitation of the prevalence-based 
approach compared to the incidence-based approach. 

 

Barbados Eye Study – Barbados204, 205 

The Barbados Eye Study included 4709 Barbados-born residents, 40 to 84 years of age. 
Between 1987 to 1992, 4314 black participants were examined at the study site following a 
standardized protocol including Goldmann applanation tonometry, Humphrey perimetry, fundus 
photography and an interview. The prevalence of open-angel glaucoma, defined by the presence 
of both characteristic visual field changes and optic disc appearance, was 7%. Although diabetes 
was common in the study population, there was no association with open-angle glaucoma. A 
subsequent study in the same population analysed risk factors for incident open-angle glaucoma 
in 3222 persons at risk, who did not have definite open-angle glaucoma at baseline. After the 
standardized study visits at baseline the participants had a follow-up examination after 4 and 9 
years. The incidence was estimated at 4.4% with age, family history, higher IOP and low mean 
perfusion pressure as significant risk factors. A history of diabetes mellitus, however, was not a 
significant risk factor for the development of glaucoma. 

 

Rotterdam Study – Netherlands206, 207 

This study investigated the association between newly diagnosed diabetes mellitus and POAG 
and IOP. Between 1990 and 1993, 4095 subjects aged over 55 years participating in the 
Rotterdam Study were examined according to a standard protocol including medical history 
interview, automated suprathreshold Humphrey visual field perimetry, Goldmann applanation 
tonometry, and nonfasting glucose tolerance test. This prospective population-based study 
investigated factors that determine the occurrence of cardiovascular, neurological, 
ophthalmological, endocrinological and psychiatric disease in the elderly. High-tension open-
angle glaucoma was defined by the presence of a glaucomatous visual field defect in combination 
with an IOP greater than 21 mmHg. Newly diagnosed diabetes mellitus was defined by a random 
serum glucose level or a serum glucose level after a 75 gram glucose load above 11.0 mmol/l. 
Subjects on antidiabetes medication were excluded from the analysis. The study found that 
participants with newly diagnosed diabetes had higher mean IOP and a threefold increased 
presence of high-tension open-angle glaucoma. 

A follow-up study investigating the risk factors for incident open-angle glaucoma. 3837 
participants without open-angle glaucoma at baseline were re-examined between 1997 and 1999. 
87 persons developed glaucoma after a mean follow-up time of 6.5 years. Of note, IOP was no 
longer included in the diagnosis of open-angel glaucoma. In this longitudinal study diabetes 
mellitus was not a risk factor for open-angle glaucoma.  

 

The Blue Mountains Eye Study – New South Wales, Australia208 

In the Blue Mountains eye study 3654 people 49-96 years of age underwent a detailed eye 
examination, which included automated Humphrey perimetry, stereo optic disc photographs, and 
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Goldmann applanation tonometry. Glaucoma was diagnosed if a visual field defect matching the 
optic disc cupping was present. IOP was not included in the diagnosis. Ocular hypertension was 
diagnosed as IOP higher than 21 mmHg without visual field changes. Fasting plasma glucose 
levels were measured. Diabetes was diagnosed from history or elevated fasting plasma glucose 
level over 7.8 mmol/l. The prevalence of glaucoma was 5.5% in diabetics versus 2.8% in subjects 
without diabetes. However, in the participants with known glaucoma and diabetes mellitus, the 
diagnosis of glaucoma had been made 15.7 years before the diagnosis of diabetes, on average. 
Ocular hypertension was almost twice as common in diabetic participants. The IOP of the 
persons with glaucoma did not differ between diabetics and non-diabetics and the authors 
concluded that the association between diabetes and open-angle glaucoma was independent of 
the effect of diabetes on IOP. 

 

Proyecto VER – Arizona, USA209 

4774 persons from the Pima and Santa Cruz counties of southern Arizona older than 40 years 
completed an extensive interview and the ocular examination, which consisted of automated 
Humphrey perimetry, Goldmann applanation tonometry, slit lamp dilated fundus examination, 
stereophotography of the optic disc and nerve fibre layer imaging. Diabetes mellitus was 
diagnosed when the HbA1c was at least 7% or when the participant had been told by a physician 
that he was suffering from diabetes mellitus. The prevalence of open-angle glaucoma among 
diabetic persons was 2.9% compared with 1.7% among nondiabetic persons. This difference was 
not significant when adjusted for age. However, diabetic persons did have a significantly higher 
IOP than nondiabetic persons. 

 

Nurses’ Health Study – USA210  

The Nurses’ Health Study started in 1976 in the US. 121700 female registered nurses aged 
between 30 and 55 participated in this study looking at the links between lifestyle habits and 
chronic disease. Data collection in regards to type 2 diabetes mellitus and open-angle glaucoma 
occurred between 1980 and the year 2000. Participants were required to be 40 years or older at 
baseline without any history of glaucoma and returned questionnaires on dietary and lifestyle 
patterns every 2 years. Also, they were required to receive eye examinations to contribute person 
time until a report of glaucoma, diagnosis of cancer, death, loss to follow-up or the end of the 
study in May 2000. 76318 women contributed person time. Reported cases of incident open-
angle glaucoma were confirmed based on the medical records from the community 
ophthalmologist, which needed to comprise slit-lamp biomicroscopy and consistent visual field 
defects on subsequent examinations. Diabetes mellitus was confirmed using a questionnaire 
asking about diagnosis and treatment. 429 cases of incident POAG were indentified in 998292 
person-years. The age-adjusted relative risk of POAG of diabetic participants was 1.53 (CI 1.06-
2.22). The association was stronger for duration of diabetes less than 5 years than for longer 
duration of diabetes. The authors concluded that type 2 diabetes mellitus was associated with an 
increased risk of POAG. 

 

Los Angeles Latino Eye Study – California, USA211 

From 2000 to 2003, 5894 Latinos 40 years and older, living in the city of La Puente, answered an 
interviewer-administered questionnaire and had a comprehensive ocular examination, which 
included Humphrey automated visual field testing and stereo fundus photography. Glaucoma was 
defined if there was evidence of a glaucomatous visual field defect and/or glaucomatous optic 
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disc damage in at least one eye. The IOP was not considered in establishing the diagnosis of 
open-angle glaucoma. HbA1c and random blood glucose were measured. Participant were 
considered diabetic if they had a history of being treated for diabetes mellitus, glycosylated 
haemoglobin was measured at 7.0% or higher, or random blood glucose was 200 mg/100ml or 
greater. The type was defined as type 2 if the participant was 30 years or older at the time of first 
diagnosis. The prevalence of open-angle glaucoma was found to be higher in diabetic patients 
(odds ratio 1.4; CI 1.03-1.8), and longer duration of type 2 diabetes mellitus was associated with 
higher prevalence of open-angle glaucoma.  

 

1.5.2. Longitudinal population surveys 

 

DARTS/MEMO Collaboration - Scotland212 

An incidence study conducted in Scotland evaluated the 2-year incidence of open-angle 
glaucoma or ocular hypertension. The investigators followed 6631 subjects with diabetes and 
166144 subjects without diabetes for 2 years using a registration database for diabetes, a 
prescription database for anti-glaucoma medication, and a glaucoma surgical statutory record 
database in the Tayside region of Scotland. The diagnosis of glaucoma or ocular hypertension 
was confirmed in all diabetic patients and in a random sample of 10% of the nondiabetic cohort. 
Open-angle glaucoma was defined by disc cupping with corresponding visual field defect 
regardless of IOP. Ocular hypertension was defined as IOP greater 21 mmHg without field defect 
or asymmetric cupping. The 2-year incidence of open-angle glaucoma glaucoma was 1.1‰ in 
diabetics vs. 0.7‰ in nondiabetics. For ocular hypertension, the numbers were 1.8‰ and 1.3‰ 
respectively. These associations were not statistically significant. Furthermore, the investigators 
attributed 22% of newly diagnosed glaucoma in the diabetic cohort to detection bias due to 
increased healthcare contact. 

 

The Visual Impairment Project – Melbourne, Australia213 

In a cohort of 2415 subjects, which was followed between 1997 and 1999, several risk factors for 
the incidence of open-angle glaucoma were studied. The study subjects underwent an ophthalmic 
examination and a comprehensive standardized interview at baseline and at 5-year follow-up. 
Sociodemographic, anthropometric, dietary, familial, medical and ocular characteristics were 
analysed. The ophthalmic exam consisted of Humphrey automated perimetry, handheld 
tonometry (which was confirmed by Goldmann applanation tonometry if measured greater than 
21 mmHg), biomicroscopic slit lamp examination and stereo disc photographs. Although the 
investigators did not describe their definition of diabetes and the incidence rate observed, the 
report mentioned that diabetes was not associated with open-angle glaucoma. 

 

In summary, the findings of the population-based studies regarding an association between 
diabetes mellitus and open-angle glaucoma are controversial and not conclusive. In part, this 
might be due to different inclusion criteria and different criteria for the diagnosis of diabetes and 
open-angle glaucoma in the multiple studies. Furthermore, the populations studied were all 
different and had heterogeneous genetic backgrounds and environmental influences. It is 
possible that there are fundamental differences in regards to the association of diabetes and 
open-angle glaucoma in different populations. Longitudinal studies might be of particular interest, 
although time-consuming and costly; none of these so far did show an association. 
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1.6. Hyperglycaemia in brain and retinal ischemia 

Diabetes mellitus is clearly a risk factor for the occurrence of stroke and is associated with a poor 
prognosis.214, 215 Of note, even hyperglycaemia without pre-existing diabetes mellitus significantly 
increases mortality and morbidity in stroke patients.216 While longstanding diabetes clearly affects 
both micro- and macrocirculation,217 it is not entirely clear how acute hyperglycaemia, which is 
commonly seen in acute stroke,218 leads to worse stroke outcomes, and whether hyperglycaemia 
is genuinely linked to brain infarction or just an epiphenomenon of other pathophysiological 
changes associated with ischemic stroke, such as stress-related catecholamine and 
corticosteroid production.219, 220 However, insulin therapy resulting in lower blood glucose levels 
has been shown to reduce ischemic brain damage in animal models221 and seems to improve 
outcomes in stroke patients.222, 223 The neuroprotective effect could be mediated by the lower 
glucose levels and reversal of the damaging effects of glucose, or result from the beneficial action 
of insulin itself.224 

In animal experiments, several mechanisms have been proposed for hyperglycaemia-mediated 
exacerbation of brain damage after ischemic stroke: Decreased blood flow to the ischemic 
penumbra,225 increase in NMDA receptor-mediated calcium influx into neurons secondary to 
glutamate accumulation,226 increase in local oedema,227 exacerbation of oxidative stress and 
inflammation,228 and, finally, changes in metabolism229 characterized by lactic acid accumulation, 
acidosis, hypometabolism and mitochondrial dysfunction.230 

The retina is derived from an outpouching of the diencephalon and, as such, is considered to be a 
specialized part of the central nervous system. Several of the above mentioned mechanisms can 
be found in the retina. 

The retinal circulation is autoregulated and characterised by a low level of flow and high oxygen 
extraction. Since there is no autonomic innervation, local endothelium-dependent vasoactive 
modulation, mediated by nitric oxide (NO),231 plays a major role.232 In ocular tissues, NO has also 
a multitude of other functions and is involved in the pathogenesis of glaucoma, retinal ischemia 
and diabetic retinopathy.233 In diabetics, carbon dioxide-induced cerebral vasodilatation, mediated 
through NO, is decreased.234 Furthermore, glucose-induced reactive oxidative species (ROS) can 
neutralize NO235 and impair microcirculation. Owing to autoregulation, the oxygenation of the 
inner retina seems to be little affected by increased IOP. However, choroidal perfusion and outer 
retina oxygen partial pressure (pO2) decreases.236 Similarly, the oxygenation of the prelaminar 
optic nerve head does not seem to be impaired by increased IOP.237 

The role of excitotoxicity, NMDA receptor-mediated neuronal apoptosis through excitatory amino 
acids, is controversial in glaucoma,190 but has been claimed to be relevant in RGC death238 and 
axonal degeneration in glaucomatous optic neuropathy239 by some authors. In the retina, 
diabetes has been associated with glutamate transporter dysfunction in Müller cells.240 After 
experimental forebrain ischemia, the extracellular glutamate concentrations were pronouncedly 
more elevated in hyperglycaemic rats and correlated with the amount of cell damage.226 Thus, 
hyperglycaemia seems to increase glutamate availability and calcium-mediated cell death.  

ROS are involved in the pathogenesis of a wide variety of ocular diseases ranging from 
retinopathy of prematurity241 to age-related-macular degeneration.242 In particular, ROS have 
been attributed a significant role in the pathogenesis of both diabetic retinopathy243 and 
glaucoma.244 ROS trigger the release of proinflammatory cytokines, impair blood flow, worsen 
breakdown of the blood-brain barrier and oedema, and are procoagulant by inhibition of 
fibrinolysis.217 After an ischemic stroke, hyperglycaemia increases ROS production and is thought 
to exacerbate the ROS-mediated injury.216 
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In the aspects mentioned so far, brain and the neurosensory tissues of the eye exhibit similar 
cellular processes and share common regulatory mechanisms. However, with regard to 
metabolism, there are fundamental differences. The retinal metabolism of mammals is 
characterised by its high glycolytic capacity and high glycolytic activity even during aerobic 
conditions.245 Glycolysis increases further during anoxia246 and can compensate almost 
completely for lack of oxygen under normoglycaemic conditions.247, 248 The normal glucose 
concentration in retinas from control animals is about 5 mM. The vitreous glucose level is about 
half the serum concentration.249, 250 Glycolytic production of adenosine triphosphate (ATP) is 
sufficient to maintain retinal function in the presence of 20 mM glucose.251 However, this capacity 
is diminished during hypoglycaemia252 and acute hypoglycaemia causes retinal apoptosis.253 

Glycolysis as a pathway for generation of ATP is thought to be particularly relevant for the outer 
retina. The metabolic rate in the retina is highest in the photoreceptor cells. Oxygenation of the 
outer retina occurs by diffusion from the choroid and is first diminished in hypoxic conditions. 
Even under normoxic conditions, 80% of glucose supplied to the avascular outer retina by the 
choroid is converted to lactate.254, 255 In the inner retina only 20% of glucose is metabolised 
through glycolysis.256 

It is controversial whether the Crabtree effect, that is inhibition of respiration by glycolysis in the 
presence of elevated glucose levels, occurs in the retina. In the cat retina, acute hyperglycaemia 
in the order of 6 hours did not affect oxygen consumption of the outer retina and the average 
inner retinal pO2 did not change.257 Oxygen profiles were similar to normoglycaemic control 
animals, despite lowered choroidal pO2; hence a larger fraction of oxygen was delivered to the 
photoreceptors by the retinal circulation and retinal blood flow was increased.258 However, long-
term hyperglycaemia may change retinal metabolism.259 

The high glycolytic capacity, together with the regulation of blood flow in the retinal circulation, 
explains the resistance of the retina to hypoxia. The inner retina is particularly resistant to 
hypoxia.260 However, in diabetic retinopathy, where tissue hypoxia plays a significant role and 
particularly affects the inner retina,261 this resistance is impaired. At least in part because of 
altered oxygen flux from retinal arteries.262 Even in the absence of capillary closure, a decrease in 
retinal blood flow has been noted in type 1 diabetes.263, 264 Hyperglycaemia also decreases 
choroidal blood flow and pO2 in diabetic cats.265 However, in streptozotocin(STZ)-diabetic rats 
hypoxic changes seem to be relevant only in the long term, because the preretinal pO2 is still 
normal after 6 weeks of diabetes.262 

Neural tissue is completely reliant on glucose for normal metabolic activity. Glucose transport is 
facilitated by membrane proteins from the glucose transport protein (GLUT) family. Glucose 
supply to the retina occurs by saturable, facilitated diffusion through GLUT1, which is found on 
the endothelium of the retinal blood vessels and the retinal pigment epitelium.266, 267 GLUT1 is 
saturated at normal blood glucose levels, but upregulation on retinal vascular endothelium has 
been observed in STZ-treated rats268 and diabetic humans269 which is thought to be relevant in 
diabetic retnopathy.270 Within the retina, GLUT1 is found on photoreceptors, Müller cells and 
retinal ganglion cells.271, 272 GLUT2 and GLUT3 are also found in retinal tissue. GLUT2 is found 
on the apical ends of Müller cells that form the external limiting membrane and potentially has a 
role in intra-retinal glucose regulation.273 GLUT3 is found exclusively in the inner synaptic layer 
and thought to be the major neuronal glucose transporter.274, 275 The factors regulating glucose 
transport in the retina are not well understood.270 In cell cultures, endothelial GLUT1 is influenced 
by hypoxia, growth factors and glucose.276, 277 In retinal pigment epithelium cultures GLUT1 
transcription is upregulated by serum, insulin-like growth factor-1, basic fibroblast growth factor, 
platelet-derived growth factor and epidermal growth factor.278 
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1.7. Neuroprotection 

Neuroprotection is a general term given to interventions aimed at halting disease progression. 
Despite the fact that several neuroprotective agents have been very successful in animal studies, 
the outcomes of clinical studies have been frustrating so far.279 Memantine is an uncompetitive 
NMDA receptor antagonist. This compound has been shown to protect RGCs in several animal 
models of glaucoma.280 However, two randomized phase III clinical trials of memantine in 
glaucoma failed to show a significant effect.281 Glatiramer acetate is a synthetic oligopeptide of 
four naturally occurring amino acids, currently approved as treatment for multiple sclerosis. It has 
been proposed as a T cell-based neuroprotective vaccination in glaucoma. In the rat model of 
chronic ocular hypertension, vaccination with glatiramer acetate significantly reduced loss of 
RGCs.282 Progression was limited by rendering the local extracellular environment less hostile to 
neuronal survival and allowed the RGC to better withstand the stress induced by IOP.283 Clinical 
trials have not yet been conducted. Current strategies under investigation involve neurotrophins, 
antiapoptotic substances, stem cell therapies and bioenergetic strategies.281 
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2. Aims of study 
 
Currently, lowering the IOP is the only evidence-based treatment approach for glaucomatous 
optic neuropathy. However, this does not stop progression in all patients.25, 31, 34, 284 Factors other 
than IOP and direct mechanic stress must therefore contribute significantly to optic nerve damage 
and ganglion cell loss in these individuals and provide potential targets for alternative treatment 
approaches. 

The retina, although considered to be a part of the central nervous system due to its derivation 
from the diencephalon, exhibits some fundamentally different metabolic characteristics in 
comparison with the CNS. In particular, hyperglycaemia seems to be neuroprotective in the 
context of acute or subacute retinal ischemia.249, 285  

Although not yet understood in full detail, the primary insult in glaucomatous optic neuropathy 
seems to involve mitochondrial dysfunction, resulting in shortage of ATP and oxidative stress, at 
least in some forms of glaucoma.286 This aspect of the disease might be amenable to 
bioenergetic neuroprotection and open new avenues of therapeutic approaches.287, 288 
Furthermore, hyperglycaemia might influence pathophysiological processes in other ways and 
hereby mitigate axonal loss and RGC death. The aim of this study was therefore to investigate 
the influence of hyperglycaemia on experimental glaucomatous optic neuropathy. Prior to the final 
experiment, a suitable model of glaucomatous optic neuropathy needed to be identified and 
characterised. Furthermore, efficacious and reliable methods for optic nerve damage 
quantification needed to be defined. 
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3. Choice and validation of the appropriate animal model of experimental glaucoma 
 
Hyperglycaemia induces many deleterious ocular changes in the long-term, including 
microvascular pathology but, independently, also triggers neurodegeneration of RGC with 
dendrite remodelling and ensuing receptive fields changes.289, 290 I was interested in the effects of 
hyperglycaemia before establishment of these chronic changes, which is around 1-3 months after 
induction of STZ-diabetes. Therefore, I relied on a glaucoma model, which produces significant 
damage in a shorter time frame, which eliminated genetic models as a working tool. Furthermore, 
a fairly acute model with a concisely defined onset of optic nerve pathology seemed favourable 
over chronic mouse models relying on spontaneous elevation of IOP and unpredictable gradual 
onset of pathology in the individual nerve fibres. For these reasons, the laser glaucoma model 
appeared to be the most appropriate choice.  

In humans, functional deficits occur early in the progression of glaucoma. There is increasing 
evidence that the axons and dendrites are involved prior to loss of the perikarya (see Crish291). 
First evidence for an axonal transport deficit in glaucoma has been found 4 decades ago. Since 
then, the optic nerve head as the site of transport disruption has been a primary research focus. It 
has been hypothesized that the blockade of axoplasmic flow was primarily mechanical in nature 
and also impaired the retrograde transport of pro-survival factors, triggering apoptosis of RGCs.  

The main structural support to the optic nerve bundles in humans is provided by the lamina 
cribrosa, which consists of several sheets of connective tissue with pores. This structure seems 
to play the key role in the pathogenesis of human glaucoma. But precisely this crucial structure is 
far more rudimentary and less solid in rodents,292 and the absence of a collagenous component 
might compromise the validity of rodent models in experimental glaucoma research. 
Nevertheless, the cellular constituents and the composition of the extracellular matrix are similar 
to that of the human or primate lamina cribrosa and it has been documented that the cellular 
response to increased IOP in rats is very similar.67 

The trabecular meshwork translimbal laser model has been used by several groups for almost 10 
years. There clearly is a dose-effect relationship between IOP exposure and axonal damage. It 
has been demonstrated that retrograde transport is compromised in the pathology, predominantly 
and early at the optic nerve head.293 Moreover, retinal ganglion cell loss occurs in a sectorial 
pattern suggestive of an optic nerve head insult.294 As a novelty, the present study characterises 
changes of anterograde fast axonal transport relying on endogenous proteins of different size and 
confirms the optic nerve head as the likely site of generalized anterograde transport failure, 
verified by demonstrating accumulation of the neural tracer cholera toxin β-subunit at the optic 
nerve head. Furthermore, the paper shows that SMI-32 is a useful stain for immunohistochemical 
analysis of optic nerve damage. 
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4. Influence of sampling patterns on estimated axon counts in experimental glaucoma  
 
The primary outcome measure for experimental optic neuropathies are axon counts, and manual 
counting on transmission electron microscopy is considered to be the gold standard.295 However, 
processing and analysing tissue on electron microscopy is extremely time consuming and labour-
intensive, and hence not practical for the large number of samples that would need to be 
analysed in this study. Counting axons on semi-thin resin embedded sections is an excellent 
alternative and widely used in optic nerve de- and re-generation research. Estimates generated 
by automated axon counting are generally preferred over manual counting of individual axons 
because of the massive timesaving effect. The sampling methods used vary between different 
research groups and various approaches have been validated against the gold standard. While 
some researchers analyse entire cross-sections296 or a randomly selected percentage thereof,297 
others extrapolate the number of axons based on estimated damage298-300 or approximate 
counts301 in subjectively demarcated zones of equal damage. However, a direct comparison 
between sampling approaches has not yet been conducted. This issue is addressed in the 
following paper. It illustrates that random sampling is not significantly inferior to targeted 
sampling. 
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5. Glial markers as alternative parameters for quantification of optic nerve damage 
 
The previous papers have shown that the laser glaucoma model is a valid choice, with the optic 
nerve head likely as the site of the primary insult, and that estimated axon counts are a valuable 
parameter to measure optic nerve damage. However, one single outcome generally does not 
provide enough evidence to reliably substantiate experimental data and several convergent lines 
of results would be preferable to confer more credibility to investigational findings.  
 
Glial cells are clearly involved in a number of optic nerve pathologies, reflecting stress and 
alterations in the environment of the RGC axons. In glaucoma, the most dramatic and earliest 
change is observed in the astrocyte population.294 Activation coincides or even heralds axonal 
loss. The astrocyte cell number significantly increases; this phenomenon is called ‘gliosis’.302 In 
contrast, the density of oligodendrocytes decreases. However, oligodendrocyte loss is only 
observed when substantial numbers of axons have been lost and lags behind axon 
degeneration.294 Although, its magnitude is probably underestimated since replacement occurs by 
increased proliferation and differentiation of oligodendrocyte precursor cells.303 Microglial 
activation, characterised by phagocytosis and proliferation, has been observed in retina in 
glaucoma animal models.304 The following paper explores microglia activation in the visual 
pathway in greater detail and illustrates ways of exploiting microglial changes to quantify axonal 
damage in the optic nerve. 
 
�
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6. The influence of hyperglycaemia in experimental glaucoma  
 
The previous papers have characterized and validated an experimental model of glaucoma, and 
established appropriate methods to quantify optic nerve damage. With these tools in hand, it is 
now possible to embark on the central query, the effect of hyperglycaemia in ocular hypertension.  

Hyperglycaemia has been shown to exacerbate ischemic brain injury.215 Compromised optic 
nerve blood flow and oxygen supply is a possible contributor to glaucomatous optic neuropathy. 
Nevertheless, evidence regarding an epidemiological association between diabetes mellitus and 
glaucoma is controversial, despite large-scale clinical trials. In the Ocular Hypertension Treatment 
Study, diabetes even seemed to protect against the conversion to glaucoma.31 Glucose has been 
shown to protect retinal neurons during both acute and prolonged periods of ischemia.249, 285 The 
following paper aims to further elucidate the role of hyperglycaemia in experimental glaucoma. 

I chose to use STZ-diabetic rats because this model produces consistent elevation of systemic 
glucose levels and is well established in diabetes research. It has been used for more than 20 
years. This paradigm, to some extent, mimics human type 1 diabetes. However, it is important to 
bear in mind that it does not necessarily reproduce all the changes seen in humans and the 
complete lack of insulin is in striking contrast to the more common type 2 diabetes. Hence, the 
study set-up reproduces the conditions found in epidemiologic research incompletely, and the 
results of this experimental work most likely do not reflect the situation of humans with diabetes 
mellitus and POAG to the full extent and complexity.  
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7. Conclusions and future directions 
 
7.1. Overall significance and contribution to the current knowledge 

The current body of work provides further evidence pointing towards the optic nerve head as the 
site of the primary insult in experimental models of ocular hypertension. Importantly, it has 
confirmed disruption of the anterograde transport at the optic nerve head by means of 
endogenous markers. Previous studies were mainly based on the use of exogenous agents that 
were injected into the vitreous cavity. The utilization of endogenous markers provides the 
advantage of reducing the occurrence of artefactual changes. 

The concurrent spatio-temporal study of the antrograde transport of endogenous amyloid 
precursor protein and sensitive markers of cytoskeleton breakdown, namely SMI-32, suggests 
that functional failure precedes structural breakdown. This emphasizes the significance of axonal 
transport for neuronal homeostasis and could make a case for energy failure as a pivotal facet of 
glaucoma pathology. This study also found evidence of neuron driven presumptive 
neuroregeneration at the optic nerve head. 

Microglial markers hitherto have been used to quantify brain injury. In their role as surveillance 
elements this population of cells monitors the environment, reacts quickly to disturbances and 
sensitively indicates noxious influences and homeostasis disruption. This work investigated 
microglial involvement in glaucomatous optic neuropathy and foreshadows the usefulness of 
microglial markers in optic nerve and retinal research.   

Finally, this work added an element of evidence to findings from epidemiological studies and 
found attenuated neurodegeneration of RGCs and their axons in the presence of systemic 
hyperglycaemia.  This result may help to explain the absent or weak association between POAG 
and diabetes mellitus, and encourages further research towards bioenergetic neuroprotection. 

 

7.2. Limitations of the study 

7.2.1. Quantification of RGC 

Sectoral retinal nerve fibre loss is a hallmark of glaucomatous optic neuropathy in humans, and 
provides strong evidence for the optic nerve head being the site of the primary insult. Therefore, 
as highlighted earlier, an ideal animal model of glaucomatous axon degeneration should produce 
sectoral damage. Sectoral loss has repeatedly been demonstrated in the DBA/J2 mouse as well 
as in rat models of ocular hypertension.146, 180, 305 These models have subsequently been widely 
used as surrogate models for human glaucoma. Since ganglion cell loss is not uniform across the 
entire retina and the severity of damage variable, depending on the location, the most accurate 
analysis of ganglion cell numbers would include the whole retina. On a practical note, flat mounts 
of the retina are most commonly used. 

In the present study, I chose to count ganglion cells on sagittal sections instead. This comes with 
the advantage of being able to stain sections with a multitude of antibodies, representing different 
aspects of cellular function from diverse cell populations. However, the estimates for individual 
animals might vary depending on the location of the section with respect to the areas of different 
severity of damage. Nevertheless, provided that the number of animals and sections analysed is 
large enough, the variability should be acceptable. Moreover, estimated axon counts on optic 
nerve cross sections are likely to be related to RGC loss, unless there is a significant element of 
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compartmentalization in the neurodegenerative process,306 and similar findings in the two 
compartments substantiated the validity of the retinal findings. 

 

7.2.2. Estimation of axonal loss 

Full axon count techniques represent the most accurate way of determining structural axonal 
damage. Manual counting on transmission electron microscopy is considered the gold standard. 
Nevertheless, only about 50% of the optic nerve cross section is amenable for analysis with 
transmission electron microscopy301 because the mesh grid used occupies about half of the 
tissue area, and therefore total nerve counts must be extrapolated. Light microscopy techniques 
underestimate the number of axons by up to 40% because small axons under 0.5 μm diameter 
are not detected due to the limited resolution of light microscopy.295 However, manual counting is 
extremely time consuming and not practical for larger numbers of samples. Methods for semi-
automated counting have therefore been developed and are often used to evaluate light 
microscopy photographs of semi-thin resin sections. Different approaches are used: (1) Full semi-
automated counting on montaged pictures,164 (2) semi-automated counting on a certain number 
of pictures taken randomly (commonly about 10 pictures, representing approximately 10% of the 
whole optic nerve cross section),307 and (3) semi-automated counting of images taken after 
targeted sampling.308 All of these methods produce satisfactory counts, however, semi-automated 
targeted sampling methods have been claimed to be most practical and accurate.301 In this 
approach, the optic nerve cross section is first divided into zones of approximately equal damage. 
A defined number of pictures is then taken from each zone of damage and quantified by semi-
automated counting. The total axon count is then extrapolated by a weighted average calculation. 
For all methods based on partial sampling, axonal loss should ideally be estimated by comparing 
the estimated count of a particular nerve to the estimated count of the contralateral nerve, which 
serves as internal control, where the pictures have been taken from identical locations. The axon 
density varies within the optic nerve, damage is not uniform309 and inter-animal variability of axon 
numbers between individual animals can be substantial, even within the same strain.310 

Finally, each method has its advantages and disadvantages. In general, greater accuracy comes 
at the cost of more time consumption. In this present study, I used two methods for axon 
quantification to improve accuracy: the Chauhan method311 and semi-automated counting after 
targeted sampling. Quantification of the former relies on qualitative visual grading, while the latter 
uses automated axon counting by software. Full semi-automated counting on montaged pictures 
might have been better, but not practical due to limitations in manpower and accessibility of 
technology. To overcome possible limitations, results were corroborated by evaluation of 
longitudinal optic nerve sections after immuno-staining for microglia, macroglia and neurofilament 
markers. 

 

7.2.3. Time frame of the study 

In the present study, axonal and ganglion cell degeneration was quantified two weeks after 
induction of ocular hypertension. It would, without any doubt, be of interest to consider later time 
points as well to determine whether the neuroprotective effect observed is sustained or 
neurodegeneration merely delayed. However, STZ-induced hyperglycaemia itself is associated 
with vascular damage and neurodegeneration in the longer term, possibly in part because of the 
complete insulin withdrawal. Neuronal cells begin to die soon after the onset of STZ-diabetes. 
The molecular pathways involved have not yet been elucidated completely, but oxidative stress, 
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excitotoxicity and inflammation seem to be implicated.312 The rate of apoptosis in the retina after 
only 1 month of STZ-diabetes is 10 times higher than in controls and after 7.5 months of diabetes 
the thickness of the inner plexiform layer is reduced by 22%, the inner nuclear layer by 10%. The 
RGC density was reduced by 10%.313, 314 The vascular changes in the STZ-diabetes model 
include blood vessel dilation, capillary degeneration with loss of endothelial cells and pericytes, 
and microaneurysma formation.315 Blood-retina-barrier breakdown with increased vascular 
permeability starts 2 weeks after onset of diabetes and is accompanied by increased leukostasis, 
which leads to vascular occlusion and tissue ischemia.314, 316, 317 Elevated concentrations of 
extracellular glutamate have been measured in the vitreous and the retina of rats with STZ-
induced diabetes.318, 319 Early functional changes have been documented by electroretinography, 
which showed altered retinal electrophysiological activity.320, 321 Of note, the positive scotopic 
threshold response, reflecting ganglion cell activity, was most sensitive to STZ-diabetes and 
changes were found as early as 4 weeks after induction,322, 323 before morphological changes 
became obvious. Qin et al. detected ganglion cell dendritic field abnormalities 12 weeks after 
induction of STZ-diabetes.290 Another group found retrograde axonal transport impairment of 
large and medium type RGC as early as one month after induction of STZ-diabetes, which was 
prevented by aldose reductase inhibitor.324, 325  

 

7.3. Speculations about mechanisms of neuroprotection 

In the present study I have not addressed the issue of possible mechanisms by which 
hyperglycaemia protects RGCs. However, mitochondria potentially are important in this 
context.286 Mitochondrial dysfunction has been repeatedly implicated in the pathogenesis of 
glaucoma.244 

Mitochondria play a cardinal role in neuron homeostasis. They are central not only in energy 
production, but play a crucial role in the regulation of cellular processes. In particular, they are 
pivotal in regulating cell death,326, 327 marking the point of no return in apoptosis and necrosis. 
Mitochondria can induce apoptotic cell death both through caspase-dependent and caspase-
independent pathways.328 Furthermore, transport disruption and lack of mitochondria in synaptic 
terminals can induce synaptic degeneration. If the disruption is significant, Wallerian degeneration 
occurs. In less severe injuries ‘dying-back’ results.306 

Mitochondria are involved in the pathogenesis of many neurodegenerative diseases, which all 
show the following features: selective brain areas and/or neuronal populations undergo 
neurodegeneration (involving mitochondrial dysfunction), loss of intracellular calcium 
homeostasis, and excitotoxicity.329 The energy requirements to maintain membrane gradients in 
neural tissue are high, and, in general, neurons are highly dependent on glucose for ATP 
generation through oxidative phosphorylation and therefore have high mitochondrial content. 
Oxidative phosphorylation always results in ROS as by-products.330 ROS are a group of small 
oxygen-containing free radicals that are extremely reactive due to their unpaired valence 
electrons. Under normal conditions, these ROS are neutralised by several cellular anti-oxidant 
mechanisms, like superoxide dismutases, glutathione peroxidase and catalase. If there is an 
imbalance between ROS generation and antioxidants, oxidative stress occurs. Neural tissue is 
particularly susceptible to ROS-induced damage because it has a high consumption of oxygen 
and is relatively deficient in oxidative defences. In particular, oxygen-glucose deprivation results 
in reduced ATP generation, mitochondrial dysfunction, impaired calcium buffering and increased 
ROS production.331 Oxygen-glucose deprivation also initiates activation of microglia.332  
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There are many alternative generators of cellular ROS, including nicotinamide adenine 
dinucleotide phosphate-oxidase,333 xanthine oxidase334 and endothelial nitric oxide synthase.335 
However, in the majority of cell types, the mitochondrion is the major source of ROS. 
Physiological concentrations of ROS regulate many intracellular processes and are vital for 
survival.336 ROS induce hypoxia-inducible factors (HIF), which are the master transcription factors 
responsible for the adaptation to low oxygen. HIFs maintain oxygen and energy homeostasis by 
regulating genes involved in metabolism, proliferation and cell survival.337 HIF plays a protective 
role in neurodegenerative diseases.338 ROS also activate NF-κB, another pro-survival 
transcription factor.339 Furthermore, ROS activates p53 tumour suppressor, which, depending on 
the stress level, inhibits the cell cycle and upregulates several antioxidants, or induces apoptosis 
at high stress levels.340 P53 also induces the pentose phosphate shunt via TP53-induced 
glycolysis and apoptosis regulator and inhibits glycolysis. The pentose phosphate shunt produces 
nicotinamide adenine dinucleotide phosphate, an important reducing agent for control of 
intracellular ROS levels.341 However, excessively high levels of ROS cause oxidative stress, 
mitochondrial dysfunction, as well as intra- and extracellular damage or even cell death.342 

The optic nerve has one of the highest energy demands and oxygen consumption rate in the 
body.343 Several lines of evidence suggest that mitochondria and mitochondrial dysfunction play a 
central role in glaucoma.286, 287, 344 Mitochondrial dysfunction could be primary,345 but might as 
well be secondary to chronic hypoperfusion, excitotoxicity, immune dysregulation and glial 
changes. Of particular interest, however, is the fact that both in primary mitochondrial optic 
neuropathies and glaucoma, the optic nerve head appears to be central in the pathogenesis and 
represents an early site of clinical manifestation. This zone where the nerve fibres pass through 
the lamina cribrosa and become myelinated seems to be a locus of minor resistance to a variety 
of stressors. The density of mitochondria is very high anterior to the lamina cribrosa in the 
unmyelinated part of the axons, but abruptly diminishes as the myelin sheath begins.346 

Mitochondrial biogenesis occurs in the somata of RGC, from where they are transported in the 
axons to the locations where they are needed, particularly in the unmyelinated portions of the 
nerve, including the nodes of Ranvier, and the synaptic terminals.347 Mitochondria make up the 
largest cargo transported via axonal transport. Adequate mitochondrial distribution is essential for 
maintenance of function and cellular health and involves structural cytoskeleton proteins as well 
as mitochondrial fission and fusion.348 

IOP and age204 are the most important risk factors for glaucoma progression and potentially affect 
mitochondria and energy production of ganglion cells in several ways. The likelihood of 
developing glaucoma increases nearly 7-fold after 55 years,17 suggesting that age-related 
changes render the optic nerve more vulnerable. This observation is not limited to glaucoma, but 
is equally true for other age-related neurodegenerative central nervous system disorders such as 
Alzheimer’s and Parkinson’s. Experimental data has shown a reduced metabolic reserve and 
increased metabolic vulnerability of aged RGCs in glaucomatous degeneration. The metabolic 
reserve, ATP, decreased IOP-dependent and age-dependent in mouse optic nerves.349 Oxidative 
stress is a prominent feature of aging as deoxyribonucleic acid, proteins and lipids become 
increasingly susceptible to oxidative damage because of decreased efficiency of antioxidant 
mechanisms and cellular repair.350, 351  

Mechanical stress could impair mitochondrial and other axonal transport. Band et al. using a 
mathematical modelling has hypothesized that IOP related passive intracellular fluid shifts could 
result in ATP depletion and disruption of axonal transport in the periphery of the optic nerve 
head.352 Furthermore, hydrostatic pressure has been shown to trigger mitochondrial fission and 
decreases cellular ATP.353 IOP elevation also activates astrocytes, which produce anti-oxidants, 
provide trophic support and are metabolically coupled to RGC. Perturbation of astrocytes in the 
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optic nerve head might impact on lactate supply and mitochondrial energy generation. Glia has 
been shown to produce TNF-α,354 that modulates the redox status and induces oxidative stress.  

Evidence that hypoxia is significantly involved in glaucoma pathogenesis is controversial. 
Nevertheless, tissue hypoxia could theoretically modulate the susceptibility of the optic nerve to 
IOP-induced stress. HIF-1α, a master regulator of oxygen homeostasis has been shown to be 
upregulated in the nerve head of glaucomatous human eyes.355 HIF-1α interacts with a broad 
variety of metabolic pathways, which increase oxygen delivery or facilitate the metabolic adaption 
to hypoxia. In particular, HIF decreases mitochondrial oxidative phosphorylation and activates the 
conversion of pyruvate to lactate through glycolysis. This should reduces ROS production, but 
ATP production is less efficient. Nevertheless, additional tissue glucose availability to increase 
oxygen-independent ATP generation via glycolysis might be beneficial under circumstances of 
oxygen shortage, compensate to some extent for mitochondrial dysfunction, and facilitate 
compromised axonal transport. 

In summary, additional energy supply is a possible, and probably the most likely mechanism of 
protection in this study. It could, by opening up alternative, mitochondria-independent pathways to 
produce ATP increase the metabolic reserve and delay disruption of axonal transport at the optic 
nerve head. Reduction of oxidative stress through bypassing mitochondrial metabolism and 
increased production of reducing molecules might be another explanation.  

 

7.4. Future directions 

Therapies aimed at improving mitochondrial function seem to slow down neuronal cell loss in 
glaucoma and other age-related neurodegenerative disease, and hence represent a promising 
neuroprotective strategy. Energy supply to starving tissues and buffering intracellular energy is a 
possible way to reduce mitochondrial dysfunction.  

Systemic glucose delivery certainly is not practical because of the disastrous long-term 
complications of hyperglycaemia. Nevertheless, to study the potentially beneficial effect of topical 
glucose administration, our group is planning to conduct a prospective, randomized pilot study 
testing the hypothesis that topical glucose acts as a neurorecoverant and improves contrast 
sensitivity in glaucoma patients. Measuring contrast sensitivity is appealing because it represents 
a functional parameter, which would rapidly reflect improved cellular function. Bose et al.356 
reported non-IOP related improvement in contrast sensitivity after administration of a calcium 
antagonist (Nimodipine) in patients suffering from normal-tension glaucoma. Contrast sensitivity 
is an inexpensive clinical screening tool to assess potential neuroprotectants before embarking 
on large, time-consuming randomised controlled trials focussing on progression of visual field 
defects.  

Creatine, a nitrogenous guanidine compound involved in supplying energy to muscles and neural 
tissue, acts as an energy buffer and is another potentially neuroprotective agent. Oral 
administration of creatine produces dose-dependent effects and is well tolerated, safe, and 
bioavailable to the brain. It is taken up into neural cells by a sodium-dependent creatine 
transporter and becomes physiologically active when it is transformed into phosphocreatinine. 
This transformation is regulated by the mitochondrial creatine kinase. Oral creatine 
supplementation to rats was neuroprotective against intracerebral injection of NMDA.357 
Subcutaneous creatine has been shown to protect neonatal rats against ischemic brain injury 
after unilateral common carotid artery occlusion.358 In mice, oral creatine increased the healthy 
life span and decreased serum markers for oxidative stress and cerebral lipofuscin deposits.359
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