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Abstract 
 
Aim  
To determine if retinal ganglion cell (RGC) loss influences the loss of surrounding 
RGCs to generate clustered patterns of cell death in human glaucoma. We 
hypothesise that retinal ganglion cell loss accelerates the loss of surrounding cells 
to generate, at a local, cellular scale, clustered patterns of retinal of RGC death.  
The absence of these interactions would result in a diffuse pattern of RGC loss.  
 
Method 
Six glaucomatous retinas (67-83 years old) and six age-matched control retinas 
(61-89 years old) were prepared as wholemounts and stained by 4',6-diamidino-

2-phenylindole (DAPI) solution (3µg/mL in PBS). An area corresponds to central 
14 degree of the visual field was imaged. The nearest neighbour distribution was 
determined for cells in both normal and glaucomatous RGCL. 
 
Results 
We observed clustered RGC loss in human glaucoma on a background of diffuse 
loss. The mean nearest neighbour distance (NND) of the glaucomatous retinas 
was significantly higher compared with controls (p<0.001). The distribution of 
NND in glaucomatous retinas was skewed to the higher values with a higher 
positive kurtosis relative to controls. The quantitative analysis of the pattern of cell 
loss is supported by the visual inspection of the patterns of cell loss. 
 
Discussion 
Nearest neighbour analysis is consistent with the presence of two patterns of 
cell loss in the RGCL in glaucoma. While the diffuse of cell loss can account for 
an overall reduction in the RGC population and additional non random pattern is 
consistent with the hypothesis that RGC loss has a local influence on the 
viability of surrounding cells.  
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Introduction 

 

The loss of retinal ganglion cells (RGCs) and associated reduction in visual 

sensitivity is the hallmark event in glaucoma. Clinical patterns of visual loss 

have been well documented by automated perimetry and reflect the coarse 

topography of RGC loss secondary to focal or diffuse damage to the optic 

nerve1.  Although RGC loss in human and primate glaucoma has been 

quantified at a cellular level2, 3, relatively little is known of the spatial pattern of 

RGC loss in retinal areas corresponding to reduced visual sensitivity. 

Knowledge of this is important if we are to understand the functional 

implications of RGC loss and, in particular, whether pre-existing damage 

predisposes the retina to progressive RGC loss. In glaucoma, RGCs are known 

to die by apoptosis, which is associated with activation of microglia4 and the 

possible release of agents that might affect the viability of surrounding cells5. If 

the dying RGCs do not influence the rate of surrounding cell loss, this should 

result in a diffuse pattern of cell loss in which individual cells are lost in a 

stochastic fashion. By contrast, if the loss of cells renders the secondary death 

of surrounding cells, this should generate a clustered pattern of cell loss. 

Recent evidence documenting reduced survival of cells adjacent to areas of 

damage6 suggests that this may be a possibility worth further study.  

 

To test this hypothesis we have used nearest neighbour analysis (NNA) to 

compare the distribution of the neurons in the retinal ganglion cell layer (RGCL) 

of normal and glaucomatous human eyes. NNA has been widely used to study 
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the spatial pattern of objects and the topography and mosaic regularity of retinal 

neurons7, 8. The nearest neighbour distance (NND) is computed in NNA and for 

the selected cell population; it represents the distance from its centre point to 

that of the closest adjacent neuron. NNA can be used to quantify the spatial 

randomness of points by comparing NNDs from representative samples with 

those from related cases or with theoretically hypothesized models. When 

applied to the DBA2/J mouse model of glaucoma9, the mean NND increased 

with cell loss as would be expected. However the distribution of NNDs within the 

population changed with a tendency to increase the proportion of high NND 

values within the distribution. These data suggest both a diffuse and focal 

pattern of cell loss in experimental murine glaucoma. In the present study we 

determined whether this was the case in human glaucoma. 

 

Materials and Methods 

 

Retina preparation 

Storage and research using human tissue samples was carried out according to 

Human Tissue Authority regulations under the Human Tissue Act 2004, under 

the HTA license for Cathays Park campus, Cardiff University, UK. Six 

glaucomatous retinas (67-83 years old) and six age-matched control retinas 

(61-89 years old) were used in the study. Detailed clinical histories were 

available for four out of six glaucomatous eyes, all of which had primary open 

angle glaucoma (POAG) with IOPs prior to treatment being in the range of 16-

28 mmHg. None of the control eyes were from patients receiving ophthalmic 
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care. All post-mortem human retinas were fixed in 4% paraformaldehyde within 

24 hours of death. The retinas were dissected as wholemount preparations in 

which retinal segments were stained by 4',6-diamidino-2-phenylindole (DAPI) 

solution (1µg/mL in PBS) for 20 min and then flat mounted with hard set 

mounting medium for fluorescence (VECTASHIELD®, Vector Laboratories, 

UK).  

 

Image acquisition 

The retinal whole mounts were imaged with an epifluorescence microscope 

(Leica DM6000B, UK) equipped with a digital camera (MBF CX9000, Germany), 

as previously described. 22 frames were taken for each retina with a x10 

objective (HC PL APO NA 10x/0.40, Leica, UK) to cover 30% of the area 

corresponding to the central 15 deg of vision (4 mm eccentricity). During image 

acquisition, the sampling scheme was strictly based on a sampling grid which was 

modified from Humphrey 32-2 visual field analyser. We selected the sampling grid 

to provide a reference to clinically derived information. The motorized stage of the 

microscope was set to sample at the exact position of the grid, the accuracy of 

which is 1 micron (LUDL electronics encoder, Mac5000, UK). RGCL neurons 

were imaged by focusing through the RGCL and marking the centres of all cells 

with a digital marker.  

 

Morphometric data collection 

For 2D NNA, neuron nuclei were detected using an established method10, 

implemented as a plug-in in the public domain of ImageJ (ITCN, ImageJ version 
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1.34, US National Institutes of Health)11. The minimum width for searching 

nuclei centres was set to 10 pixels with a threshold level of 0.3 pixels. 

Endothelial cells (elongated nuclei), astrocytes and glia cells12 were filtered and 

excluded on the basis of their  shape, size and laminar organisation. Images 

were further processed using a particle counting function in Neurolucida 

(MicroBrightField, Inc) and the NNDs determined by Neurolucida Explorer 

(MicroBrightField, Inc). In the central retina where there were several layers of 

the cells, the results from 2D NNA was validated by 3D NNA based on 

multiphoton images of DAPI staining acquired by Leica TCS SP2 confocal 

system equipped with a Leica DMRE microscope (HCX PL Apo 40/1.25 NA oil 

CS objective lens; Leica, Milton Keynes, UK) (n=6). In the 3D image stacks, the 

centre of each nuclei was marked by cell counter plug-in of ImageJ and the xyz 

coordinates were determined; the NNDs were calculated by a macro written in 

ImageJ (NND = 222 )21()21()21( zzyyxx −+−+− , where (x1,y1,z1) and 

(x2,y2,z2) are the xyz coordinates of the two nearest neighbour cells. This 

computer program aided method minimised the influence of manual bias. The 

observer was masked in the calibration of the cell counting algorithms.   

 

Nearest neighbour analysis 

The average NND in glaucomatous retinas (n=6) was compared with that from 

age-matched control retinas (n=6). The regularity index (RI) was calculated to 

quantify the regularity of the neuronal spatial patterns based on the ratio of 

average NND to the standard deviation of NNDs within a sample. For a random 
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pattern, RI values significantly above 2 are consistent with a regularly spaced 

array13. The Nearest neighbour index (NNI) measures the degree of spatial 

dispersion in the distribution based on NNDs. It is defined as the ratio of the 

average NND to the expected value of NND in a random pattern of the same 

mean density14 .  

 

Statistical analysis 

NND values were not normally distributed comparisons were therefore made 

using the Mann–Witney U Test (SPSS 14.0. for Windows).  

 

Results 

 

Preliminary work indicated that for samples taken from the macula region 2 

dimensional (2D) and 3 dimensional NND calculations were not significantly 

different (p>0.8). All the values given in this study were therefore based on the 

computationally simpler 2D NND measurements. In total, 71,276 nuclei were 

counted in glaucomatous retinas and 120,036 in age-matched control retinas. 

Our data confirmed that neuron density was highest in the perifoveal region; the 

greatest density reduction in glaucomatous retinas was between 2-3 mm 

eccentricity and was approximately 43% ± 4% (mean ± SD). 
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There was close agreement between NNDs measured by manual and computer 

methods (r2= 0.998, Figure 1). A Bland Altman analysis did not indicate a 

systematic error in measurements made by automated or manual methods 

(Figure 1, inset). As expected, the neuron density was inversely correlated with 

the average NNDs (r2 =0.97, Figure 2). 

 

The Distribution of nearest neighbour distances  

The mean NND of the glaucomatous retinas was significantly higher (8.9%) 

compared with controls (Mann-Witney U test, p<0.001). The distribution of 

NNDs in glaucomatous retinas was skewed to the higher values with a higher 

positive kurtosis relative to controls (Figure 3a). The percentage of NNDs 

greater than 20 µm in glaucomatous and control retinas was 4.5% and 1.0%, 

respectively (Mann-Whitney U test, P<0.001). In glaucomatous retinas, the 

proportion of NNDs greater than 40µm was 8.2 fold greater compared with 

controls (Figure 3b).   

 

The RI was 3.2 for glaucomatous retinas compared with 4.1 in for age-matched 

controls, which indicating a shift in glaucomatous retinas towards a less regular 

arrangement of neurons in the RGCL. The NNI was 1.8 (z-score 13.0) in 

glaucomatous retinas and 2.1 (z-score 8.8) in controls. The lower z-score of 

NNI in glaucomatous retinas was consistent with a more dispersed neuronal 

distribution. 
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Discussion  

 

The present study was designed to evaluate the topography of neuronal loss in 

the RGCL at a greater resolution than is possible with clinical methods of 

assessment. Our methodology for quantifying the spatial distribution is robust 

and shows a good agreement with manual assessment (Figure 1). An important 

limitation of the automated counting method was that amacrine cells could not 

be excluded.  However, since amacrine cells are comparatively preserved in 

glaucoma15, 16 and, in the human the proportions of cells in the RGCL that are 

displaced amacrine cells is small (3% for central retina17) it is unlikely that this 

will have had a significant effect on our results. Differences in vascularity are 

also unlikely to be a confounding factor since these areas were excluded in the 

sampling process.  

  

As expected, NNDs in glaucomatous eyes increased compared with control 

eyes, consistent with the overall reduction in the RGC density (Figure 3a). It is 

important to note that within the region corresponding to the central 15 degree 

(radius) of visual field, a substantial component of the pattern of neuron loss in 

the RGCL was diffuse, as demonstrated by a right shift of the overall NND 

distribution in glaucomatous retinas relative to controls. However, the skew in 

this distribution to higher NND values (evident as the increase in the proportion 

of NNDs greater than 40µm in the mid-peripheral retina, Figure 3b) suggests 

that a clustered pattern of cell loss is also present on the background of diffuse 

loss. This quantitative analysis of the pattern of cell death is supported by visual 
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inspection of the patterns of cell loss in glaucomatous eyes (Figure 4). It is 

important to stress that the clustered loss we refer to here occurs at a much 

smaller scale than clinical observations of focal damage18. Similar findings have 

been reported following 2D NND analysis in the murine glaucoma model9.  

  

Evidence for both diffuse and clustered cells loss in the RGCL contributes to our 

understanding of the processes underlying RGC death. RGC loss can be 

generated by global damage to the RGC population either arising from the focal 

pattern of optic nerve damage or as a result of retinal damage. However, the 

marked clustered pattern of RGC loss occurs at too fine a resolution to be 

explained by events at the optic nerve since the topographic arrangement axons 

within the optic nerve head is imprecise 19, 20. Furthermore, it was demonstrated 

that in glaucoma, in addition to RGC loss, there is secondary death of synaptic 

neurons, e.g. neurons in the inner nucleus layer, the outer nucleus layer 21 and 

lateral geniculate nucleus 22. Secondary degeneration is a consistent feature of 

CNS injury in which focal neuronal loss alter the viability of surrounding cells 23, 24. 

Therefore, we suggest that secondary degeneration is one of the possible 

mechanisms that might be responsible for the clustered pattern of cell death. 

Increased level of local glutamate and free radicals, alteration in the ionic 

concentrations and the depletion of growth factors 25 can cause secondary death of 

surrounding neurons. Evidence for secondary RGC loss is important, since it 

suggests that treatments should be developed to mitigate the damaging effects of 

neuronal loss.  
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Evidence for both diffuse and clustered cells loss in the RGCL contributes to our 

understanding of the processes underlying RGC death. Diffuse RGC loss can 

be generated by global damage to the RGC population either arising from the 

optic nerve or as a result of diffuse retinal damage. By contrast, the clustered 

pattern of loss occurs at too fine a resolution to be explained by events at the 

optic nerve since the topographic arrangement  axons within the optic nerve 

head is imprecise20. An appealing explanation is that it results from secondary 

degeneration possibly in response to injurious effects of surrounding 

degenerating cells. It has been suggested that secondary degeneration is a 

consistent feature of CNS injury in which focal neuronal loss alter the viability of 

surrounding cells24. A number of mechanisms have been suggested, including 

local glutamate induced excitotoxicity, alterations in the ionic concentrations, 

increased amounts of free radicals or the depletion of growth factors25. 

Evidence for secondary RGC loss is important, since it suggests that treatments 

should be developed to mitigate the damaging effects of neuronal loss.  
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Figure legends 

Figure 1 Average nearest neighbour distance (NND) of neurons in RGCL 

determined by manual (n=6) and automated methods (n=6). 20 sample areas 

(0.96 mm2 each) were selected across the 12 retinas to cover the full density 

range. Best-fit linear regression equation and corresponding correlation 

coefficient (R2) are indicated. The Bland-Altman plot (inset) is shown for NND> 

20 µm. 

Figure 2 Plot of average NND against neuron density. Density is expressed in 

mm-1. The best fit linear regression is shown (R2 = 0.96). 

Figure 3 NND distributions in glaucomatous and age-matched control retinas. 

Overall, the mean NND value for glaucomatous eyes is significantly higher than 

normal eyes (p<0.001, upper inset). The NNDs in glaucomatous retinas are 

shifted to the right compared with controls. The skewnss and kurtosis of the 

NND distribution in glaucoma group is 2.26 and 16.35 compared with 1.77 and 

10.61 in normal group. The lower inset shows the histogram of NND with values 

from glaucomatous and normal eyes for NND > 20 µm. The greater 

magnification of the graph illustrates the shift of NND values towards high 

values in the glaucomatous eyes.  

Figure 4 Images showing the distribution of neuronal nuclei labelled with DAPI. 

A: control retina, B: glaucomatous retina with diffuse loss (NNI 1.7 and RI 6.1). 

C: glaucomatous retina with focal loss (NNI 2.0 and RI 7.3). Image resolution is 

1600x1200 pixels, with resolution of 1.98 pixels/ mm2. Scale bar 100 µm. 
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