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CCT  .........  Central Corneal Thickness 
cDNA  ......  complementary DNA 
CFU  ........  Colony Forming Units 
CI  ............  Confidence Interval 
CNS  ........  Central Nervous System 
CON  ........  GF mouse conventionalised with faecal microbiome from SPF mouse  
COPD  ......  Chronic Obstructive Pulmonary Disease 
CRP  .........  C reactive protein 
CSF ..........  Cerebrospinal Fluid 
DNA  ........  Deoxyribonucleic Acid 
DNPR  ......  Danish National Patient Registry 
ELISA  ......  Enzyme-Linked Immunosorbent Assay 
FISH  ........  Fluorescent in situ Hybridisation 
FMT  ........  Faecal Matter/microbiome Transplant 
FODMAP   Fermentable Oligo-, Di-, Mono-saccharides And Polyols  
GF  ...........  Germ Free 
GIT  .........  Gastrointestinal Tract 
GWAS  .....  Genome Wide Association Study 
HCS  ........  Hunter Community Study 
HPA axis  .  Hypothalamic-Pituitary Adrenal axis 
HPFS  .......  Health Professionals Follow-up Study 
IBS  ..........  Irritable Bowel Syndrome 
IBS-C  .......  Constipation prominent IBS 
IBS-D  ......  Diarrhea prominent IBS 
IBS-M  .....  IBS with both constipation and diarrhea (Mixed) 
ICD  .........  International Classification of Diseases 
Ig  ............  Immunoglobulin 
IL  ............  Interleukin (numbered) 
IOP  .........  Intraocular Pressure 
LPS  .........  Lipopolysaccharide  
MCAO  ....  Middle Cerebral Artery Occlusion 
mRNA  .....  Messenger-RNA 
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MS  ..........  Multiple Sclerosis 
MSA  .......  Multiple Systems Atrophy 
MVRR  .....  Multivariable Relative Risks 
NF-κB  .....  Nuclear Factor Kappa-light-chain-enhancer of activated B cells 
NGF  ........  Nerve Growth Factor 
NT-3  .......  Neurotrophin-3 
NT-4  .......  Neurotrophin-4 
NTG  ........  Normal Tension Glaucoma 
OSA  ........  Obstructive Sleep Apnoea 
ONC  ........  Optic Nerve Crush 
OR  ..........  Odds Ratio 
p75NTR  ..  Low-affinity nerve growth factor receptor 
PD  ..........  Parkinson’s Disease 
PI-IBS  ......  Post Infectious IBS 
POAG  .....  Primary Open Angle Glaucoma 
qPCR  ......  Quantitative Polymerase Chain Reaction 
RBPMS  ...  RNA Binding Protein with Multiple Splicing 
RCT  .........  Randomised Control Trial 
RGC  ........  Retinal Ganglion Cell 
RNA  ........  Ribonucleic acid 
rRNA  ......  Ribosomal RNA 
SCFA  .......  Short Chain Fatty Acid 
SEM  ........  Standard Error of the Mean 
SNP  ........  Single Nucleotide Polymorphism 
SPF  .........  Specific Pathogen Free 
TLR4  .......  Toll Like Receptor 4 
TNFα  ......  Tissue Necrosis Factor Alpha 
Trk  ..........  Tyrosine Kinase receptor (sequentially lettered) 
UKBC  ......  United Kingdom Birth Cohort 1958 
VF  ...........  Visual Field 

 

A Note on Style 

This thesis follows standard nomenclature formatting as suggested by the relevant 

guidelines1, 2. Briefly, genes (including reference to mRNA and cDNA) will be italicised and fully 

capitalised when referring to human genes; and italicised with the first letter capitalised when 

referring to rodent genes. Proteins will be fully capitalised (without italics) for both rodent 

and human proteins. Regarding bacterial species, the first instance will spell out the relevant 

genus, and subsequently the genus will be abbreviated.  
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Thesis Abstract 

 Glaucoma is a neurodegenerative illness of the optic nerve with only one treatment 

pathway due to the lack of clear modifiable factors. Amongst its pathophysiological 

mechanisms, neurotrophic factor deprivation [particularly of Brain Derived Neurotrophic 

Factor (BDNF)] and inflammation are mechanisms that may present therapeutic opportunity. 

Safely modulating the endogenous neurotrophic mechanisms or immune pathways may be 

suitable therapeutic pathways in future. 

 The microbiome is now clearly understood to be crucial to the development of the 

host. In animal research the links between microbiome status and host physiology are 

becoming increasingly clear. It is now known that the microbiome plays an important role in 

the central nervous system with the ability to regulate neurotrophins and the neuro-immune 

system (amongst other mechanisms). As these mechanisms are important in glaucoma 

pathophysiology, the central hypothesis of this study is that the microbiome contributes to 

glaucoma. 

 This thesis presents a series of studies that begin the process of linking glaucoma to 

the microbiome. The research presented in this thesis falls broadly into two categories: 

human observational epidemiology and experimental animal research.  

 

Epidemiological Research 

 As human microbiome research represents a data analysis problem, illnesses that are 

clearly related to abnormal microbiome should be useful markers of altered microbiome in 

epidemiological research. Irritable Bowel Syndrome (IBS) and dental illness are both very 

strongly correlated to abnormal microbiome in the gastrointestinal tract and the oral cavity, 

respectively. 

 The first study (Chapter 3) aimed to quantify the prevalence of IBS in an Australian 

cohort of glaucoma sufferers as compared to the general Australian population. Participants 

from the Australia and New Zealand Registry of Advanced Glaucoma (n=1021) and a 

population representative cohort, the Hunter Community Study (n=2251), returned a mailed 

survey with the ROME-III criteria for the diagnosis of IBS. The participants with glaucoma were 

also significantly more likely to have ROME-III defined IBS [Odds Ratio (OR) 1.93, 95% 

Confidence Interval (CI) 1.52-2.44].  
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 The second study (Chapter 4) aimed to identify and quantify an increased incidence 

of glaucoma in people with IBS in two large population based European cohorts. In the 1958 

UK Birth Cohort, participants (n=9091) were surveyed regularly regarding their health. 

Amongst people who had IBS at 42 who continued to report their illness at age 50, the 

adjusted odds ratio of developing glaucoma in this period was 5.84 (95% CI 2.26-15.13). In 

the Danish National Patient Register (n=62,541 with IBS, 625,410 general population controls), 

people with IBS had a hazard ratio (HR) of 1.35 for developing physician-diagnosed glaucoma 

(95%CI 1.15-1.59), a HR of 1.34 for undergoing surgery for glaucoma (95%CI 1.04-1.74), and 

a HR of 1.19 for initiating use of glaucoma medication (95%CI 1.02-1.40). These effects were 

similar in lagged analyses, and when Cholelithiasis was used as a negative control. 

 A third investigation (Chapter 5) was undertaken to identify and quantify the size of 

an association between dental illness (periodontitis and incidental tooth loss) and the 

incidence of glaucoma. In the Health Professionals Follow-up Study participants (40,536 men) 

followed biennially from 1986 to 2012, the number of natural teeth, teeth lost, periodontal 

disease and root canal treatments was followed with assessment of glaucoma incidence as 

its outcome. Incident tooth loss was associated with receiving a glaucoma diagnosis in the 

following two years (Risk Ratio (RR) 1.45, 95% CI 1.06-1.97), especially if the tooth loss was in 

the context of periodontal disease (RR: 1.85, 95% CI 1.07-3.18). The total number of teeth, 

periodontal disease (alone) and root canal treatment were not related to glaucoma incidence. 

 

Animal Research 

Although there are several microbiome manipulation models, Germ Free (GF) mice 

[when compared to Specific Pathogen Free (SPF) mice and Conventionalized GF (CON) mice] 

are the best model for assessing the role of the normal microbiome. Similarly, the Optic Nerve 

Crush (ONC), is a reproducible optic nerve injury model of glaucoma, that allows researchers 

to investigate the pressure independent mechanisms at work in retinal ganglion cell (RGC) 

neurodegeneration in mice. 

In the study presented in Chapter 6, GF, SPF and CON mice were subjected to ONC, 

and allowed to survive until their retinae were harvested for analysis (up to 3 days for protein 

analysis, 1 week for qPCR and 5 weeks for cell survival analysis). Immunohistochemistry was 

used to examine the cell survival, and qPCR and ELISA protein analysis were used to quantify 

the BDNF levels in the retina, at various time points after the ONC. A further cohort of GF 



 xxiv 

mice were treated with live or heat-killed Lactobacillus probiotic, and its effects on cell 

survival after ONC were quantified. Finally, a cohort of GF and SPF mice that also received an 

injection of BDNF protein at the time of ONC and its effects were compared to mice who 

received a placebo injection. 

GF mice had significantly worse RGC survival at 7 days (RGC survival of 40.5% 

compared to 50.4% and 48.4% for SPF and CON mice, respectively, p<0.05) and at 35 days 

(RGC survival of 11.8% compared to 18.1% and 18.8% for SPF and CON mice, respectively, 

p<0.05) after initiation of ONC.  

Probiotic supplementation for GF mice with Lactobacillus plantarum PS128 was able 

to increase cell survival after ONC. At day 35 after ONC, cell survival in live probiotic treated 

mice was 16.2% compared to GF mice with 11.8% survival (p=0.04). When the probiotic was 

heat-killed the RGC cell survival was insignificantly elevated compared to GF mice (12.5%).  

At day 3 after ONC, it was shown that SPF mice had 34.6% greater expression of BDNF 

protein as compared to GF mice (p<0.001), however protein levels at baseline and mRNA 

levels at all timepoints were no different. To evaluate if the differentially expressed BDNF may 

be responsible for differential cell survival between SPF and GF mice, a single intraocular 

injection of recombinant BDNF was administered at the time of ONC. The BDNF injection was 

protective in both SPF and GF mice, and importantly it normalised the cell survival rates 

between SPF and GF mice after ONC [at day 35, cell survival was 22.4% and 19.9%, 

respectively (p=0.61)]. 

 

Conclusions and Discussion 

 These epidemiological studies together show that IBS and perhaps dental illness (both 

illnesses associated with abnormal microbiome), are risk factors for glaucoma. Although the 

microbiome is not certainly the mechanism linking these entities, as there is limited plausible 

overlap in the physiology of these illnesses aside from the microbiome these findings are 

evidence towards the hypothesis that the microbiome is relevant to glaucoma's pathology. 

The animal research presented demonstrated conclusively that the absence of microbiome 

leads to poorer outcomes after ONC, an optic nerve injury model of glaucoma. These findings 

also suggest that microbiome dependant effects on retinal BDNF levels after ONC may be the 

reasons for this protective effect. Although these findings require further investigation, they 

also support the hypothesis that the microbiome is involved in neuroprotective mechanisms 



 xxv 

in glaucoma. In summary, this thesis provides epidemiological evidence that the microbiome 

may be clinically relevant to glaucoma incidence; also, animal research suggests that a BDNF 

mediated mechanism could underly this effect. 
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Thesis Structure 

This thesis is organised into four main sections: 

Section 1: Chapters 1 and 2 provide the background to the fields of research drawn on in this 

research.  

Section 2: Chapters 3 to 5 investigate the role of microbiome related illnesses as risk factors 

for glaucoma. 

Section 3: Chapter 6 investigates the role of the microbiome in the neuroprotection of retinal 

ganglion cells after optic nerve crush in mice 

Section 4: Chapters 7 and 8 summarises and discusses the findings of this thesis with a view 

to how this research impacts the field at present and how this may be developed in the future. 

 




