
Optic nerve head 
structure in glaucoma: 
astrocytes as mediators 
of axonal damage 

Abstract 

Increased intraocular pressure (lOP) is 

recognised as the principal risk factor for 

the development of glaucomatous cupping of 

the optic disc. The hypothesis that it disrupts 

the function of retinal ganglion cell axons by 

increasing mechanical forces on the lamina 

cribrosa of the optic nerve head has received 

considerable experimental support. However, 

many patients with glaucoma will have 

progressive cupping even though the lOPs 

remain within the normal range, suggesting 

that mechanical compression is unlikely to be 

the sole cause of optic nerve damage. Clinical 

studies have emphasised the role of other 

factors, such as optic nerve head ischaemia, in 

generating optic disc cupping. One of the 

outstanding problems in understanding optic 

nerve head dysfunction in glaucoma has been 

the elucidation of the pathways that could 

integrate the effects of lOP and ischaemia to 

generate the characteristic changes seen. This 

review considers the role that optic nerve head 

astrocytes might play in the initiation of axon 

damage, based on the hypothesis that these 

cells are sensitive to mechanical or ischaemic 

factors and are important for the maintenance 

of retinal ganglion physiology. It discusses 

their role in the remodelling of the structure of 

the lamina cribrosa and the effect that this 

might have on axon function. Recent evidence 

has shown that the modulation of astrocyte 

activity, for example by the reduction of the 

production of nitric oxide, may prevent retinal 

ganglion cell death in ocular hypertension. The 

possibility that astrocyte-axon interactions are 

important in the development of glaucomatous 

optic neuropathy suggests new avenues of 

therapeutic intervention, not related to the 

control of lOP, that would prevent retinal 

ganglion cell death in glaucoma. 
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Glaucomatous optic neuropathy is 
characterised by cupping of the optic disc and 
thinning of the neuroretinal rim. While these 
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events are easily discernible in the clinical 
assessment of the optic disc their underlying 
pathophysiology remains obscure. The puzzle 
of glaucomatous optic disc cupping is that, 
although raised intraocular pressure (lOP) 
remains the most important causative factor 
and the focus for most clinical treatments, many 
glaucoma patients have lOPs within the normal 
range. Conversely, most eyes with lOPs above 
21 mmHg do not develop glaucoma, with some 
optic discs apparently resisting damage at lOPs 
close to 30 mmHg. 

These observations stress the importance of 
considering other factors, besides lOP, that will 
cause optic disc cupping. This is a daunting 
task, in view of the complexity of optic nerve 
structure, but recent advances in our 
understanding of the interactions between 
neural and glial elements in the central nervous 
system are now providing valuable insights into 
how damage to retinal ganglion cell axons may 
be initiated. This review will consider these 
interactions and try to place them in the context 
of our current understanding of glaucomatous 
optic neuropathy. 

The histopathology of glaucomatous optic 

neuropathy 

Many of the details of the pathophysiological 
processes involved in optic nerve cupping have 
come from animal models of ocular 
hypertension. These models address the 
pressure-related component of optic disc 
damage but provide optic disc changes that are 
very similar to those seen in human disease. In 
general, they have confirmed that axonal 
damage is most probably initiated within the 
optic nerve head. In experimental ocular 
hypertension, obstruction of axoplasmic 
transport is seen at the level of the lamina 
cribrosal-5 reducing the delivery of 
neurotrophic factors necessary for retinal 
ganglion cell surviva1.6 In turn, this predisposes 
to neuronal loss by programmed cell death, 
which has been demonstrated to occur in both 
rodent and primate glaucoma models7•8 as well 
as in humans.9 
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Fig. 1. (a) Horseradish peroxidase (HRP)-labelled retillal ganglioll cell axons ill the hl/man optic nerve head at the level of the lamina cribrosa. The 
asterisk shows the location of the cribrosal plate. Arrows highligllt tile axon of interest. Scale bar represents 2f.Lm. (b) HRP-labelled axon as for (a). 
Arrows highlight deflections in the axon of illterest. Scale bar represents 2 f.Lm. From Morgan et al.14 

The evidence that similar processes occur in human 
glaucomatous optic neuropathy is considerable. Studies 
of the lamina crib rosa in glaucoma patients have shown 
collapse and rotation of the plates of the lamina 
cribrosa10,1l which would distort axon paths, interrupt 
axonal transport12,13 and predispose to cell death, 
probably by apoptosis.8,9 The finding that these changes 
are greater at the superior and inferior poles of the optic 
disc has been attributed to a reduced density of cribrosal 
beams, which may explain the preferential pathological 
loss of axons in these parts of the nerve.12 Tracing 
experiments in the human have shown that some axons 
may be particularly vulnerable to the effects of distortion 
of the lamina crib rosa since they do not take a direct 
route through the optic nerve head but deviate to pass 
between the plates of the scleral lamina14 (Fig. 1). This 
observation is consistent with the finding that the 
number of cribrosal pores increases by 50%, from the 
choroidal to the scleral part of the lamina,l5 necessitating 
some deviation in axon paths in the more posterior parts 
of the optic nerve head. The lamina crib rosa is also 
thicker in the peripheral parts of the nerve, effectively 
increasing the length of the path taken by these axons 
through the optic nerve head16 - and possibly increasing 
the risk of mechanical damage. 

While simple axonal compression is an appealing 
concept, other studies suggest a more complex 
relationship between cribrosal structure and axon loss. In 

experimental primate glaucoma, the block to axoplasmic 
transport occurs at the level of the scleral lamina where 
the cribrosal pores are smaller and have more interpore 
tissue,15 an observation that would not account for the 
preferential nerve damage at the disc poles. 
Consideration of the pattern of progressive visual field 
loss in relation to changes in the optic nerve head also 
reveals some interesting anomalies. If greater rotation 
and distortion of the cribrosal beams at the periphery of 

the optic disc accounts for the periphery-to-centre 
progression of visual field loss in glaucoma it implies a 
precise vertical segregation of axons within the retinal 
nerve fibre layer based on eccentricityY Rotation of the 
lamina cribrosa at the edge of the optic nerve head would 
cause greater damage to axons from peripheral retinal 
ganglion cells. Some studies report a precise vertical 
segregation of axons within the retinal nerve fibre layer 
based on the eccentricity of their cell of origin,18-20 but 
others have shown considerable rearrangement of axons 
within the optic nerve head (Fig. 2)21,22 and retrobulbar 
optic nerve23 (Fig. 3). Evidence for a coarse vertical 
topographic segregation questions the basis for the 
centripetal progression of visual field defects that is 
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Fig.2. Camera lucida drawing of the course taken by individual axons at the margin of the optic disc. Axons from more peripheral retinal ganglion 
cells pass on the vitreal side of those from cells closer to the optic disc. NFL, nerve fibre layer. The large filled arrow marks the edge of the optic disc. 
Scale bar represents 100 ILm. From Ogden22 (b) (i) Course taken by axons towards the human optic nerve head. Axons have been labelled using the 
tracer Oil applied to post-mortem tissue. Scale bar represents 2 mm. (ii) Upper photomicrograph shows a cross-section through the retinal nerve 
fibre layer corresponding to region (b) in (i). Axons that have bee1l labelled at aile retinal location are distributed throughout the vertical extent of the 
nerve fibre layer. A similar scattered distribution of axons is seen at the inferior aspect of the optic disc (c). Scale bar represents 25 ILm. From 
Fitzgibbon and Taylor21 
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Fig. 3. Camera lucida drawings showing the distribution of axons labelled with WGA-HRP following injection into the right lateral geniculate 
nucleus. The left optic nerve and retina are shown. Shading in the retinal diagram shows the location of retinal ganglion cells labelled by retrograde 
transport of WGA-HRP. Note the scatier of fibres from the centre to the periphery of the nerve that corresponds to a small region of labelling in the 
retina. From Naito.23 

characteristic of glaucoma. At the very least it suggests 
that, with regard to retinal eccentricity, retinal ganglion 
cell damage is diffuse since axons from peripheral and 
central areas of the retina may pass through the 
peripheral (or central) parts of the optic nerve. 

In view of the variable relationship between lOP and 
optic disc damage, mechanical compression is unlikely 
to account for all cases of glaucomatous optic 
neuropathy. In normal tension glaucoma (NTG), 
although the degree of disc damage is related to lOP 
even at low levels,24,25 it is clear that other factors play a 
role. Optic nerve head perfusion is likely to be the most 
important. Peripheral vasospasm,26 migraine27 and 
nocturnal reductions in systemic blood pressure28 are 
more common in NTG patients and would be expected 
to have an adverse effect on the blood supply to the 
optic nerve head. Similar processes may occur in 
patients with high-pressure glaucoma,29 possibly in 
conjunction with abnormalities in the optic nerve head 

blood flow?O In experimental models, reduction of optic 
nerve head blood flow can be induced by endothelin 
infusion,31,32 resulting in axon loss. In NTG there is 
evidence that endothelin-l-mediated vascular regulation 
may also be abnormal.33 

These considerations suggest that the ischaemic and 
mechanical factors causing optic nerve head damage are 
not mutually exclusive. Insults to optic nerve axons can 
be mechanistic or ischaemic and form part of a 
continuous and, possibly, additive process that interacts 
with the underlying structure of the optic nerve. The key 
issue is how these factors generate the characteristic 
appearance of the glaucomatous optic disc. Recent 
evidence suggests that optic nerve head astrocytes, 
which have long been recognised as important 
components of the optic nerve head,34,35 may underlie 
this process and be central to the initiation of 
glaucomatous optic neuropathy?6-38 

Fig. 4. Labelling for glial fibrillary acidic protein (GFAP) in the normal human optic nerve head. Note the heavy labelling in the prelaminar 
(anterior PR and posterior PR) and laminar (LR) regions. SNFL, superficial nerve fibre layer; RR, retrolaminar region. From Trivino et al.49 



Fig. 5. Immunofluorescence staining for collagen type TV in a sagittal 
section of normal optic nerve head of a 49-year-old (X190). Arrows in 
the prelaminar region show staining around blood vessels. LC, lamina 
cribrosa; PS, pial septa. From Hernandez.52 

Astrocytes in the optic nerve head: a common pathway 

for axon damage in glaucoma? 

Astrocytes are the major cell type in the optic nerve head 
and are vital for retinal ganglion cell health. In the retina, 
they invest retinal ganglion cell axons as they leave the 
cell body39 and are the basis for the striations seen 
clinically in the retinal nerve fibre layer.4o They help 
maintain the extracellular environment and possess 
uptake mechanisms for the removal of potassium and 
glutamate from the extracellular space41.-44 as well as 
providing neurotrophic support for adjacent neurons.45,46 

At each level in the optic nerve head, astrocytes are 
organised to support axons in their passage from the eye 
to the optic nerve. In the prelaminar (choroidal) part of 
the lamina cribrosa, they form glial tubes through which 
axons pass as they turn through 900 to enter the scleral 
part of the cribrosa47--49 (Fig. 4). They are also important 
in maintaining the structural elements of the optic nerve 
head.49,50 Astrocytes surround the cribrosal beams and 
produce the collagens and elastins that comprise the core 
of the laminar beams51 ,52 (Fig. 5). They are ideally placed 
to integrate mechanical or ischaemic insults to the optic 
nerve that might initiate axon damage (Fig. 6).49 

Astrocytes are subspecialised in this supportive role. 
Type 1 astrocytes are found throughout the optic nerve 
and have been subdivided on the basis of histochemical 
labelling for the neural cell adhesion molecule (N-CAM) 
and glial fibrillary acidic protein (GFAP). All astrocytes 
express GFAP, but type IB astrocytes (the predominant 
type in the optic nerve head) also express N-CAM 
whereas type lA do not.50 It has been suggested that type 
lA astrocytes provide structural support for the axons, 
with type 1 B cells providing a physiological interface 
between the vitreous connective and vascular tissues.50 
Astrocytes are likely to act as a syncytium in the 
maintenance of extracellular metabolism; they are 
connected by gap junctions34 which facilitate spatial 
buffering of K + and Ca2+ .53 

The importance of astrocytes for the maintenance of 
neuronal health is well illustrated in culture models in 
which a glial or astroglial substrate is important for cell 
survivaL54 Astrocytes will regulate the extracellular 
environment, possibly facilitated via gap junctions 
between astrocytes and neurons.55 

Since astrocytes are metabolically very active, they are 
vulnerable to physio10gical perturbations and are usually 
the first cells in any neuronal system to respond to 
injury.Sti As such, astrocyte dysfunction could disrupt 
axoplasmic transport and initiate the changes in cribrosal 
physiology that are secondary to the mechanical effects 

Fig. 6. GFAP labelling in astrocytes from the posterior part of the prelaminnr region (X600). The astrocytes are thick-bodied and form tubes 
(asterisk) in which the axon bundles run to enter the scleral lamina cribrosa. V, vessels lining fhe walls of the glial tubes. From Trivino et a1.49 
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Fig. 7. Diagram summarising some of the interactions between the collagenous beams of the lamina cribrosa, astrocyte and axons. NO, nitric oxide; 
NOS, nitric oxide synthase. 

of raised lOP or to ischaemic damage secondary to optic 
disc hypoperfusion. Increased lOP will cause the 
displacement of the lamina cribrosa and, since the 
astrocytes will be placed under mechanical shear stress, 
it is conceivable that this will stimulate altered collagen 
production by these cells.36 These mechanical forces have 
been studied in other systems such as the heart and 
endothelium and have been shown to alter gene 
expression.57,58 Similarly, hypoperfusion of the optic 
nerve head will compromise the astrocyte population 
resulting in physiological disruption59 and death.6o 

The hypothesis that significant disturbances of 
astrocyte metabolism may predispose to axon loss and 
initiate changes in cribrosal structure predicts that the 
collapse of the cribrosal beams, rather than initiating 
axon loss, may be as much the result of astrocyte fallout 
(and the concomitant axon loss). Recent work supports 
this central role for astrocytes in glaucomatous optic 
neuropathy?6 In the primate model of ocular 
hypertension, astrocytes round up and migrate from the 
core of the cribriform plates after only 4 weeks of raised 
IOP37 and express tenascin, an extracellular matrix 
molecule, as evidence of their activation. In human 
glaucoma, the organisation of astrocytes in the anterior 
part of the optic nerve shows marked disruption. The 
glial tubes of the choroidal lamina collapse accompanied 
by astrocyte activation and hypertrophy38 with increased 
expression of N-CAM and GFAP. In the laminar part of 
the nerve, astrocytes surrounding the cribrosal plates are 
reduced in size and appear to migrate into the nerve fibre 
layer bundles.38 The synthetic profile of these cells is 
altered with increased production of collagen IV in the 
laminar and pre laminar regions and elastin in the 
laminar zone61,62 - changes which will contribute to the 
remodelling of the optic nerve head and lamina cribrosa 
so characteristic of glaucoma. Consistent with this, 
astrocytes in glaucomatous optic nerves produce high 

levels of TGFf),63,64 an important cytokine that would 
regulate the changes in cribrosal structure and may be 
important in generating the reactive astrocyte 
phenotype.65 

During the early stages of activation, astrocytes may 
act not only by a compromise in their supportive 
functions but also by a direct toxic effect on the retinal 
ganglion cell axons. Optic nerve head astrocytes contain 
nitric oxide synthase (NOS),66 the enzyme responsible for 
the production of nitric oxide (NO). Since NOS activity is 
upregulated in human and experimental glaucoma,66 
excessive levels of NO will predispose to retinal ganglion 
cell death67 and exacerbate any disruption of gap
junction-mediated intercellular communication in the 
astrocytes.68 Although there is, as yet, no evidence 
linking mechanical stress applied to astrocytes to 
alterations in NOS activity, there is strong evidence that 
this occurs in other systems such as vascular 
endothelium.69 Importantly, the reduction in NOS 
activity, either in culture70 or in a model of ocular 
hypertension/1 improves retinal ganglion cell survival. 

One further implication of astrocyte dysfunction is 
that it should precede loss of retinal ganglion cell axons. 
In the rodent model of ocular hypertension, one of the 
earliest changes, which precedes any disruption of 
axoplasmic transport, is a reduction in connexin 43 
labelling, one of the proteins involved in forming the gap 
junctions between astrocytes.72 The effect of this 
breakdown in intercellular communication is not entirely 
clear. It is possible that it limits neuronal damage, since 
in vitro studies have shown that gap junctions can 
facilitate cell death by transferring Ca2+ and oxidative 
stress to surrounding cells.73 Alternatively, the process 
may be harmful to' surrounding neurons since 
uncoupling of gap junctions can increase necrotic cell 
death?4 The latter is more consistent with effects of 
disrupted gap junctions in neurodegenerative disorders 



such as Charcot Marie Tooth disease?5 The role of 
astrocytes in mediating Ca2+ -related neuronal cell death 
has recently been reviewed?6 

Finally, ischaemic damage to the optic nerve head 
sufficient to result in the loss of astrocytes should result 
in cupping of the optic disc. This has been reported in 
compressive optic neuropathy, anterior ischaemic 
neuropathy and Leber's optic neuropathy,77-79 - though 
it has not been reported as a consistent feature by 
others.8o Further quantitative studies of optic nerve head 
topography in these conditions are required to resolve 
this issue. 

This review provides a limited overview of some of 
the astrocyte-axon-cribrosa interactions that might be 
relevant to glaucomatous optic neuropathy. Some of the 
more important pathways are summarised in Fig. 7 to 
highlight those interactions that may be relevant, 
therapeutically, for the modulation of retinal ganglion 
cell death in glaucoma. The true picture is almost 
certainly more complicated and involves other cell types. 
Thus, activated microglia have been demonstrated in 
human glaucomatous optic nerve heads81 and have been 
suggested to cause the degenerative changes such as 
peripapillary degeneration seen in glaucoma. Further 
work is required to elucidate the relative importance of 
these various pathways in the initiation of axon damage. 
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