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Introduction

Most elderly people experience some loss of vision, even in the absence of any identifiable eye disease. Advancing age has brought a spectrum of degenerative or regressive events which manifest visually as a reduction in visual acuity and in peripheral and scotopic sensitivities [START_REF] Bonnel | The aging of the retina[END_REF][START_REF] Owsley | Delays in rod-mediated dark adaptation in early age-related maculopathy[END_REF] . Dark adaptation is also delayed in the elderly due to changes in the kinetics of rod function [START_REF] Owsley | Vision and aging[END_REF] . These age-related changes have functional effects that span the retina. Standard full-field electrophysiology studies indicate a significant increase in implicit times and a decrease in the amplitudes of a waves (photoreceptor responses) and b waves (bipolar and Müller cell responses) in the elderly [START_REF] Birch | Standardized full-field electroretinography. Normal values and their variation with age[END_REF][START_REF] Weleber | The effect of age on human cone and rod ganzfeld electroretinograms[END_REF] . The amplitude of multifocal oscillatory potentials, which are thought to reflect inner retinal function and rod-cone interactions, decreases linearly with age whereas their latency increases with age [START_REF] Kurtenbach | Effect of aging on multifocal oscillatory potentials[END_REF] . Histological studies have provided a neural basis for this loss in function, reporting reductions in retinal ganglion cell (RGC) [START_REF] Curcio | Retinal ganglion cells in Alzheimer's disease and aging[END_REF] , rod bipolar cells, photoreceptors (especially rods) [START_REF] Curcio | Photoreceptor topography in ageing and age-related maculopathy[END_REF][START_REF] Curcio | Aging of the human photoreceptor mosaic: evidence for selective vulnerability of rods in central retina[END_REF][START_REF] Gao | Aging of the human retina. Differential loss of neurons and retinal pigment epithelial cells[END_REF] and pigmented epithelium (RPE) [START_REF] Gao | Aging of the human retina. Differential loss of neurons and retinal pigment epithelial cells[END_REF] .

What is not clear from these observations is whether neural losses within the retinal layers occur independently or transneuronal degeneration contributes to the effects of ageing. Transneuronal degeneration refers to neuron loss in one area affecting linked neurons in neighbouring regions. Knowledge of these changes is important in the development of therapies for the restoration of vision in the elderly. Recently, neuronal plasticity was noted in senescent retinas in mouse [START_REF] Liets | Dendrites of rod bipolar cells sprout in normal aging retina[END_REF] and human [START_REF] Eliasieh | Cellular reorganization in the human retina during normal aging[END_REF] where the neurons in the inner nuclear layer (INL) extended their dendrites to the outer nuclear layer (ONL). Our group reported a pattern of neuronal loss that was consistent with retinal transneuronal degeneration in glaucoma in which neuronal loss in the inner retina influences the viability of outer retina [START_REF] Lei | Quantification of retinal transneuronal degeneration in human glaucoma: a novel multiphoton-DAPI approach[END_REF] . Transneuronal degeneration from the retina and optic nerve to the central visual systems including the lateral geniculate nucleus (LGN) and visual cortex [START_REF] Gupta | Glaucoma and the brain[END_REF] .

Multiphoton confocal microscopy has greater sensitivity compared with conventional imaging techniques, e.g. phase contrast Nomarski and single photon confocal microscopy for the quantification of neuronal population in intact tissues. It has the advantage of deeper tissue penetration as a result of a near-simultaneous absorption of multiple photons. With this imaging technique we have been able to preserve the topographic relationship between retinal layers while quantifying different populations of neurones in the RGC layer (RGCL), INL and ONL. These data provide valuable information on the pattern and mechanism of neuronal loss in the ageing human retina.

Materials and methods

Storage and research using human tissue samples was carried out according to Human Tissue Authority regulations under the UK Human Tissue Act 2004. Six young (18-33 years old) and six ageing retinas (74-90 years old) were analysed. In all cases, age, gender, ethnic origin and the cause of death were known. The retinas were fixed within 24 hours of death in 4% paraformaldehyde in 0. good agreement for the ONL ((r 2 = 0.66 ,P<0.01). Any truncated nuclei that were smaller than the threshold size were excluded. Endothelial cells, astrocytes [START_REF] Ogden | Nerve fiber layer astrocytes of the primate retina: morphology, distribution, and density[END_REF] and glial cells [START_REF] Ramirez | Structural specializations of human retinal glial cells[END_REF] were distinguished from neurons by their laminar location, small size, and nuclear morphology. Endothelial cells were identified by their small and elongated nuclei, astrocyte nuclei were mainly in the nerve fibre layer (NFL) which were not counted. Müller cell nuclei were angular and were located in the internal nuclear layer (INL). In addition, 'forbidden lines' were used in which cell nuclei that touched the top and right edges of the square region of interest were excluded from the analysis [START_REF] Gundersen | Notes on the estimation of the numerical density of arbitrary profiles: the edge effect[END_REF] to avoid overestimating cell counts. Our counting method could not distinguish between RGC and amacrine cells, therefore we used literature values to offset the count for easy comparison, i.e. 0.3% to 24% amacrine cells between 0.5 to 4 mm eccentricity in the human retina [START_REF] Curcio | Retinal ganglion cells in Alzheimer's disease and aging[END_REF][START_REF] Curcio | Topography of ganglion cells in human retina[END_REF] .

Statistics

Statistical analysis was performed using SPSS 14.0 for Windows. A general linear model was used to compare neuron densities and ratios at different eccentricities of the retina in young and aged groups. In each retinal layer, given that the same measurements were carried out on the same individuals at six different eccentricities, a repeated measures analysis was performed with a Bonferroni correction.

Differences were considered significant at the p<0.05 or lower. .

Results

At each sampling point, neurons at the RGCL, INL and ONL were imaged sequentially to preserve the topographical correlation. Typical image stacks for young and old eyes are reconstructed as 3D models in Figure 1. We found close agreement between our RGC densities and those reported by Curcio 7,[START_REF] Curcio | Photoreceptor topography in ageing and age-related maculopathy[END_REF][START_REF] Curcio | Topography of ganglion cells in human retina[END_REF][START_REF] Curcio | Human photoreceptor topography[END_REF] for similar age groups (Figure 2).

In both groups of the retinas, 56% of the total area within central 4 mm eccentricity, and 27% between 4 mm and 7 mm eccentricity were imaged. In total, 262,532 neurons were counted in young (n=6) and 228,140 in aged human retinae (n=6). The mean neuron densities in were compared for young and aged eyes in Figure 3.

Neuron density In the RGCL, in the aged eyes significantly decreased between 0.5 and 3 mm eccentricity (Figure 3A); within the central 4 mm eccentricity, the mean density decreased by approximately 15.4 % (from 14,405 to 12,186 per mm 2 ); the greatest RGC loss was at 1mm eccentricity of 24.7%. In the INL and ONL, significant reductions of neuron densities were seen at 1-2 mm eccentricity of 8.7% (Figure 3B) and 0.5-4 mm eccentricity of 15.6% (Figure 3C), respectively (P<0.05). The greatest reductions in cell densities were seen in the RGC and ONL layers with comparative preservation of the INL.

Discussion

Our results are consistent with previous reports of aged related neurodegeneration in both human and animal models [START_REF] Curcio | Retinal ganglion cells in Alzheimer's disease and aging[END_REF][START_REF] Curcio | Aging of the human photoreceptor mosaic: evidence for selective vulnerability of rods in central retina[END_REF][START_REF] Gao | Aging of the human retina. Differential loss of neurons and retinal pigment epithelial cells[END_REF][START_REF] Harman | Neuronal density in the human retinal ganglion cell layer from 16-77 years[END_REF][START_REF] Kim | Effects of aging on the densities, numbers, and sizes of retinal ganglion cells in rhesus monkey[END_REF][START_REF] Danias | Quantitative analysis of retinal ganglion cell (RGC) loss in aging DBA/2NNia glaucomatous mice: comparison with RGC loss in aging C57/BL6 mice[END_REF][START_REF] Neufeld | The inherent, age-dependent loss of retinal ganglion cells is related to the lifespan of the species[END_REF] . The RGC density in four quadrants of the retina is similar to literature values 18 (Figure 3), but the degree of RGC degeneration (19%) in the central 11 degree of vision is less than Curcio's report ('one-fourth') in ageing eye compared with retinas from young adults [START_REF] Curcio | Retinal ganglion cells in Alzheimer's disease and aging[END_REF] , which might be due to the inter-individual variability. An important limitation of the method used in the present study is that we could not reliably discriminate RGC and amacrine cells and therefore used literature values to offset the retinal ganglion cell layer count. In the same region, the densities of photoreceptors in the ageing eyes were 16% less compared with young eyes, This is comparable to previous report of a 15% reduction in photoreceptors [START_REF] Curcio | Aging of the human photoreceptor mosaic: evidence for selective vulnerability of rods in central retina[END_REF] . The neuronal loss in the central 11 degree of visual field may be responsible for the visual function deficits in aged individuals [START_REF] Owsley | Vision and aging[END_REF] . We could not distinguish between rods and cones using the muliphoton DAPI method.

The contribution of the present study is that we have matched changes in the inner and outer retina for any given retinal region of interest. Among the three layers of the retina examined, the greatest neuronal loss was seen in the ONL between 0.5 to 4 mm eccentricity in aged retinas (Figure 3). Although INL degeneration occurs in a smaller region (between 1-2 mm eccentricity), the reduction in neuron densities in the INL corresponds to the region with the greatest reduction in RGCL and ONL cell counts (Figure 3). The resilience of the INL suggests that loss in the retinal ganglion cell and ONL layers are relatively independent. This contrasts with our findings in glaucomatous eyes in which we found a gradient of cell loss from inner to outer retina which is consistent with a transneuronal degeneration initiated in the retinal ganglion cell layer [START_REF] Lei | Quantification of retinal transneuronal degeneration in human glaucoma: a novel multiphoton-DAPI approach[END_REF] .

It Ageing retinas show significant reduction in neuron densities of 30% between 0.5 and 2 mm eccentricities. In the INL and ONL, there are significant reductions of 8.7%% (1-2 mm eccentricity) for the INL 15.6% for the ONL (0.5-4 mm eccentricity).

The column graphs compare the mean neuron densities at all the eccentricities for each retinal layer, which are not significantly different. * p<0.05, **p<0.01.
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 13 1 M phosphate buffer (pH 7.4). Clinical examination of the optic nerve and retina did not indicate the presence of glaucoma or macular degeneration in any of the eyes. Following the removal of anterior segment and vitreous humour, the retina was dissected as a wholemount preparation and freed from the retinal pigment epithelium. Four linear cuts were made in the retina to provide 4 approximately equal segments which were then stained by DAPI (4,6 diamidino-2-phenylindole, Sigma, UK) solution (3 μg/mL in PBS) overnight at 4 o C. The segments were then wholemounted RGC side uppermost in a hard set mounting medium for fluorescence imaging (VECTASHIELD ® Mounting Medium). Details of the multiphoton imaging strategy have been described in detail elsewhere Briefly, in order to relate retinal pathology to clinical data, a sampling grid, was used which retinotopically corresponded to the spacing stimuli in a Humphrey 30-2 visual field. DAPI molecules were excited by the 843 nm line of the Ti-Sapphire Tsunami multiphoton laser (SpectraPhysics) and images acquired using a Leica TCS SP2 confocal system with a Leica DMRE microscope (HCX PL Apo 40/1.25 NA oil CS objective lens; Leica, Milton Keynes, UK). Images were analysed using ImageJ (version 1.34, US National Institutes of Health) to derive counts for neuronal nuclei in the RGCL, INL and ONL. These DAPI labelled nucleus layers were separated by regions of unlabelled neurite. The whole depth of the RGCL was imaged, but since INL and ONL were several cells deep, the automated identification all cells in these layers within a region of interest was not possible. For the INL and ONL we therefore restricted counting to a 10um thick segment within these layers and then multiplied the count by a depth correction factor that corrected for the thickness of the respective nuclear layer. The scanning interval for all layers was 1 um, and the image stacks were analysed as a projected image (i.e. collapsed in the Z dimension). Comparison of manual and automated counting methods in two eyes (8 sample areas feach or the INL ONL and 25 sample areas for the RGC layer) indicated excellent agreement for the RGCL(r 2 = 0.84, P<0.01) and INL (r 2 = 0.96,P<0.01) and
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 1 Figure 1 Multi-photon images of DAPI stained cell nuclei in the retinal ganglion cell
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 2 Figure 2 Comparisons of RGC quantities measured by multiphoton-DAPI method in
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 3 Figure 3 Comparison of neuron densities in the retinal ganglion cell layer (RGCL),

  

  

  

  

  is not clear why in a closely linked visual network both inner and outer retina undergo significant cell loss whereas the middle layer is relatively preserved. Most electrophysiological studies also point to outer retina degeneration in the elderly. Our data do not rule out the possibility of INL cell loss reflecting damages of the neighbouring layers as it is in the region where RGCL and ONL damages were greatest. The comparable loss of neurons in the RGCL and INL has implications for strategies directed at the repair of the ageing retina. While the present study did not include patients with age related macular degeneration, given the age of patients affected by this condition, it is likely that treatments directed at the replacement of neurons lost in the ONL[START_REF] Maclaren | Stem cell therapy and the retina[END_REF] may be limited by inner retina degeneration. Our findings suggest that strategies should be devised to address both inner and outer retinal degeneration in age related retinal diseases. Acknowledgement This research is supported by Research Into Ageing in UK. The technical support from Dr C.Thrasivoulou and Mr D Ciantar and statistical support from Mr P McGeoghan is very much appreciated. We are also very grateful for the comments of Dr Jennifer Singgers, Imperial College London, on the manuscript.
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