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Abstract

Retinal ganglion cells are the output cells of

the retina whose axons are under considerable

metabolic stress in both health and disease

states. They are highly polarised to ensure that

mitochondria and enzymes involved in the

generation of ATP are strategically

concentrated to meet the local energy

demands of the cell. In passing from the

eye to the brain, axons are protected and

supported by glial tissues and the blood

supply of the optic nerve head is regulated

to maintain the supply of oxygen and

nutrients to the axons.

In spite of this, the optic nerve head remains

the point at which retinal ganglion cell axons

are most vulnerable to the effects of increased

intraocular pressure or ischaemia.

Considerable work has been undertaken in

this area to advance our understanding on the

pathophysiology of axon damage and to

develop new strategies for the prevention of

retinal ganglion cell death.
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Introduction

Retinal ganglion cells provide the axons that

connect the eye with the brain. They integrate

signals within the retina and are the point at

which these are converted to action potentials.

Since these activities are highly energy

dependent and the axon path to the CNS visual

centres is long, these cells are vulnerable to a

range of metabolic and ischaemic insults that

can act within the retina and along the course of

the axon. Not surprisingly, pathological

conditions such as glaucoma or hereditary optic

neuropathies that cause selective retinal

ganglion cell death result in profound loss of

vision.

The pathway taken by optic nerve axons as

they cover the 5 cm between the eye and the

visual centres is stressful for the cell. On leaving

the eye, axons turn through 901 to enter the

optic nerve head and then traverse the lamina

cribrosa to enter the retrobulbar optic nerve. The

route taken by individual axons can place them

at increased risk of damage. Clinical studies

based on high contrast red-free photographs of

the retinal nerve suggest a high degree of

topographic organisation for axon bundles

based on the orientation of retinal astrocytes

that form the visible striations in the retinal

nerve fibre layer.1–3 By contrast, studies of the

individual axon pathways suggest a lower

degree of topographic precision. In the

transverse plane of the retina, axons pass

between bundles;4,5 in the vertical plane axons

from cells at the same retinal eccentricity can

pass at different levels within the retinal nerve

fibre layer.4 The organisation within the

retrobulbar part of the nerve is relatively

straightforward, in that axons from peripheral

retina pass in the peripheral part of the nerve,

while those from more central retinal loci pass

through central aspects of the nerve.6 Even so,

the precision with which parts of the optic nerve

are retinotopically demarcated is coarse, with

considerable overlap between the regions.6 To

achieve this order it has been suggested that

more centrally arising axons pass through

overlying axons so that they lie in the more

superficial part of the nerve.3 Tracing studies of

individual axon paths suggest that this may not

be the case and that some axons undergo a

complex partial decussation at the margin of the

optic nerve head, in which axons from

peripheral and central retinal ganglion cells

mingle to adopt the correct location within the

retrobulbar optic nerve.4,7,8 In vitro tracing of

individual axon paths in the human optic nerve

head has shown that some axons do not take a

direct course through the lamina cribrosa.9
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Rather than taking a direct path through the optic nerve

head and lamina cribrosa, axons can deviate from these

paths at the margin of the optic nerve head and in some

cases pass between the plates of the lamina cribrosa.

The optic nerve head provides a supportive

environment for retinal ganglion cell axons. Almost 50%

of the cells in the optic nerve head comprise glia.

Astroctyes form a major part of this population and form

glial tubes in the prelaminar part of the optic nerve

through which bundles of axons run to enter the optic

nerve.10,11 Astrocytes are critical for preserving the

correct cellular environment for retinal ganglion cell

axons. They are connected by gap junctions12 that allow

them to act as a syncytium to buffer changes in the

extracellular environment of the axon. At the posterior

part of the scleral laminar, axons are wrapped by

oligodendrocytes as they enter the retrolaminar part of

the optic nerve. Myelination confers a great advantage

for the cell since it allows saltatory conduction of action

potentials that reduces the energy demand for the cell.

Axon dimensions

Consideration of the relative dimensions of the axon and

retinal ganglion cells indicates the magnitude of the

metabolic demands that are placed on the retinal

ganglion cell axons. While the cell soma is the principal

site for energy production and protein synthesis, there is

evidence that the axon in its own right, has, to

supplement some of these functions. If the median value

for the soma diameter for larger retinal ganglion cells

(mostly parasol cells) is taken as 19 mm, mean the axon

diameter as 0.95 mm and axon length as 5 cm based on

published data,13,14 it can be shown that the axon volume

would comprise 80% of the total cell volume. If

comparison is made on the basis of cell area (which

provides a better estimate of metabolic demand), the

disparity is more marked with the axon comprising 93%

of the cell area. In view of this, it is not surprising that the

optic nerve head is specialised to provide a supportive

environment for the axon. This can be seen in two ways,

firstly, in the provision of mitochondria and metabolic

support to satisfy the energy demands of the axon and

secondly, in terms of the blood supply to the optic nerve

head to satisfy these demands.

Modifications for metabolic demand

Mitochondria are the site for the oxidative generation of

ATP and tend to accumulate in regions with high energy

demand. In the retina, it seems likely that collections of

mitochondria contribute to the varicosities that can be

seen within the healthy retinal ganglion cell axon.5

Immunohistochemical studies of the normal human optic

nerve head show high concentrations of mitochondria as

evidenced by staining for the mitochondrial enzyme

cytochrome oxidase,15,16 which are concentrated around

sodium channels required for the conduction of action

potentials (Figure 1). Recent evidence suggests that the

apparent dilatation of retinal ganglion cell axons within

the lamina cribrosa that were thought to result from

axonal compression by the cribrosal plates may reflect

the accumulation of mitochondria to support the high

Figure 1 Cryostat sections from a normal optic nerve head. (D)
(upper): Immunohistochemical stain for the COX enzyme
indicating concentration of mitochondria within the optic nerve
head. (F) (lower): Immunohistochemical stain for the voltage-
sensitive sodium channel showing a similar distribution with
the COX distribution. From Barron et al15 (adapted from
Figure 1). Source: Ref 15 British Journal of Ophthalmology.
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energy demands of axons in this part of the optic nerve.15

Mitochondria do not appear to occupy a fixed location

within the axon since they can move to regions where the

demand is high. During development, for example,

mitochondria move to regions where the axonal growth

cone is expanding.17 When the growth is complete,

mitochondria then redistribute throughout the neuron.18

The critical importance of mitochondria to the survival of

retinal ganglion cells is emphasised in diseases such as

Lebers optic neuropathy or autosomal dominant optic

neuropathy,19,20 where mitochondrial dysfunction results

in retinal ganglion cell death and profound vision loss.

Blood supplyFtailored to demands

Detailed descriptions of the optic nerve head blood

supply have been given elsewhere21,22 and so will only be

dealt with briefly here. In keeping with the metabolic

demands of the axons, the optic nerve head has a rich

plexus of blood vessels and fine capillaries. These are

derived from branches of the ophthalmic artery that

gives off the central retinal artery as it enters the orbit

and two posterior ciliary arteries that travel on either side

of the retrobulbar optic nerve to penetrate the sclera on

either side of the optic nerve. The central retinal artery

enters the optic nerve on its ventral aspect approximately

10 mm behind the eye. Within the sclera, the posterior

ciliary arteries branch to form a ring of vessels around

the optic nerve head, the short posterior ciliary vessels,

which then supply axons in the prelaminar and laminar

parts of the optic nerve head. They also give rise to the

long posterior ciliary arteries that pass forward to supply

structures in the anterior segment. It is important to note

that the central retinal artery does not supply the anterior

aspect of the optic nerve head though it does supply

peripapillary retina. The short posterior ciliary vessels

form a variable anastomosis around the anterior optic

nerve head, which has been reported as complete in up

to 77% of cases studied, with others showing areas of

focal narrowing or incomplete anastomosis.23

Deficiencies in this anastomosis are thought to underlie

the clinical presentation of conditions such as anterior

ischaemic optic neuropathy in which altitudinal visual

field defects arise because of the existence of watershed

zones within the optic nerve head circulation.22 Further

branches to the optic nerve head also come from

choroidal arterioles.

Autoregulation

Maintenance of a stable oxygen supply is essential to

support the metabolic demands of optic nerve head

axons; this has to be carried out in spite of variations in

intraocular and systemic blood pressure. Clinical

estimates of optic nerve head blood flow by laser

Doppler techniques have demonstrated a considerable

ability for the optic nerve head vasculature to maintain

perfusion over a range of intraocular pressures.24

However, the dynamic range for this autoregulation is

limited, with perfusion reducing above 45 mmHg

intraocular pressure (Figure 2). Interestingly, these

measurements suggest that the ability to autoregulate

may be deficient in some individuals and that it may also

vary regionally within a single optic nerve head. More

direct measurements of autoregulation by in vivo

measurements of O2 levels within the optic nerve of

miniature pigs (which have many features in common

with the human optic nerve head) show that these

remain constant during periods of hypoxia or induced

Figure 2 Percentage blood flow relative to baseline (y-axis) for
two subjects, plotted against intraocular pressure. Clear circles,
immediately after pressure elevation. Filled circles, 60 min after
pressure elevation. Upper plot: good autoregulation in main-
tained until just over 40 mmHg intraocular pressure (indicated
by arrow). Lower plot: autoregulation is not effective for
intraocular pressures over 20 mmHg. From Pillunat et al24

(adapted from Figure 3). Source: Ref 24 Experimental Eye
Research.
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systemic hypotension.25 The autoregulation provides a

finite range of preserved perfusion which, if exceeded,

will result in optic nerve head ischaemia. Profound

nocturnal hypotension and optic nerve head under

perfusion following systemic shock have both been

associated with the development of glaucomatous

cupping.26,27

Several groups have investigated the factors that may

play a role in this autoregulation. Since there are no

precapillary sphincters within the capillary bed of the optic

nerve head, interest has been focused on the capillary

pericytes that have contractile properties that allow them to

vary the resistance within the capillary bed and thereby

adjust the resistance to perfusion.28,29 In vitro studies have

shown that pericytes within the optic nerve head will

respond by constricting when the O2 is reduced or the pH

is increased (in turn reflecting the level of pCO2).

Adenosine can be particularly potent by relaxing pericytes

and ensuring increased blood flow in areas of high

metabolic demand (and therefore high use of ATP).30 All

these mechanisms act in concert to maintain appropriate

levels of O2, CO2, Kþ and pH within the optic nerve head. It

seems likely that systemic factors, for example angiotensin

II, may also act to moderate the response to CO2.
31

Endothelial cells also play an important role in

controlling vascular tone within the optic nerve head.

Early experiments covering the role of endothelial cells in

the regulation of vascular tone revealed the importance

of nitric oxide in increasing blood flow through the

capillary bed. Abnormalities in nitric oxide synthesis

have been reported in diseases such as glaucoma,

diabetes, and retinopathy of prematurity where

compromised optic nerve head blood flow may be

involved in retinal pathophysiology.32 Endothelins also

play an important role in the regulation of endothelial

function and in the control of vascular tone. Chronic

administration of endothelin 1 can cause marked

vasoconstriction in the optic nerve head circulation,

resulting in retinal ganglion cell death in animal

models.33,34 Transient increases in plasma endothelin

may be associated with ischaemic optic neuropathy (case

report).35 Endothelin receptors have been found on optic

nerve head astrocytes36 that regulate astrocyte

proliferation in disease states and directly influence axon

function. Elevated endothelin levels can also decrease the

anterograde transport of mitochondria in animal

models37 thereby compromising local supplies of ATP.

Axoplasmic transport

In addition to its primary function in conducting action

potentials, the axon allows the cell body to communicate

metabolically with its terminal neuronal targets in the

lateral geniculate nucleus and the superior colliculus.

These processes are instrumental in determining

neuronal survival in development and disease. This

communication is achieved by the transport of

molecules, vesicles, and organelles in both an

anterograde (also known as orthograde; away from the

cell body, toward the brain) and retrograde (toward the

cell body, away from the brain) directions. Disruption in

this transport process, either by focal damage to the optic

nerve or by damage to the cell population contacted by

the axon terminal, can result in retinal ganglion cell

death. In experimental glaucoma, for example, there is

evidence that a reduction in the levels of BDNF (which is

retrogradely transported to the retinal ganglion cell

body) is associated with increased retinal ganglion cell

death;38 the exogenous administration of BDNF can

protect these cells against such damage.39

Anterograde transport

Anterograde transport can be divided into the following

processes:

(i) Fast anterograde transport occurs at a rate of

50–400 mm/day and is related to the transport of

synaptic vesicles proteins, kinesins, and enzymes

involved in the metabolism of neurotransmitters.

(ii) Slow anterograde transport is given over to the

transport of neuronally synthesised proteins that include

cytoskeletal components, polymers, and protein

complexes that are to be delivered to the axon and its

terminal regions. It is divided into two types:40 slow

axonal transport component A (SCa) (0.3–3 mm/day),

which is concerned with the transport of neurofilament

triplet proteins such as tubulin and spectrin (as well as

tau proteins). The other system, slow axonal transport

component B (SCb), is slightly faster (2–8 mm/day) and

is concerned with the transport of microfilaments, actin,

and supramolecular complexes of cytosolic matrix

proteins. There has been considerable discussion

concerning the mechanisms of slow axonal transport.

Studies in which fluorescent tags are placed on tubulin

have allowed delineation of the microtubular

organisation of the axon suggest that neurofilaments may

move intermittently at fast speeds (up to 2 mm/s)

interspersed with a period of no motion.41 The overall

result is of apparent slow axonal transport. A curious

feature of this system is the wide variation in transport

speeds for different molecules. It is possible that this

reflects the affinity for any given molecule for the

transport system. High-affinity binding would result in

more continuous (and therefore faster) transport

compared with low-affinity binding in which transport is

more intermittent (and therefore, slower).

The molecular motor for anterograde transport is

provided by kinesin molecules that are part of a family of
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specialised motor proteins. Kinesins have a conserved

motor domain that hydrolyses ATP to generate

movement along the microtubules running down the

axon. The kinesins are synthesised in the cell body and

stored in a soluble form in the cytoplasm. The kinesin

motor is activated on binding to the ’cargo’ molecule (the

molecule or cellular component to be transferred along

the axon), which then tracks along the axonal

microtubules to the axon tip. The microtubules

themselves are highly polarised structures composed of

alpha and beta tubulin. By convention, they have a stable

‘minus’ end close to the cell body and a ‘positive’ end

close to the axon tip, which is usually more unstable and

is associated with the growing end of the axon. Several

different kinesin motors exist that may explain the

different rates of transport; the activity of various kinesin

subtypes can be regulated independently to ensure that

cargoes are delivered as required.42 Axonal myosins43 are

involved in the delivery of the cargo molecule at axon

terminals and may also modulate other aspects of fast

anterograde axonal transport.

Retrograde transport

Retrograde transport is classed as fast (200–400 mm/day)

and is concerned with the movement of endosomes and

lysosomes containing internalised membrane receptors

and neurotrophins towards the cell body. It uses dynein

as the molecular motor (Figure 3).44,45 Dynein is first

synthesised in the cell body, transported to the axon tip

(the ‘positive’ end) by both fast and slow anterograde

transport systems,46 and then activated47 to commence

retrograde transport toward the cell body. The structure

of the dynein has been well characterised. One part of the

molecule has a microtubule binding site that is connected

to a collection of subunits for binding to molecules that

are to be transported.45 The composition of the

subcomponents of the dynein molecule varies and has

given rise to the existence of two pools of dynein within

the cytoplasm that may underlie some of the differences

in the transport rates for particular molecules. For the

slower retrograde transport, the dynein is associated

with actin–spectrin meshwork within the axon, rather

than the microtubules.

Intra-axonal synthesis

The rate of slow axonal transport suggests that it would

not be suitable for transporting molecules over long

distances; for some axons it could take several years for

molecules moving in this system to reach the axon tip.

One solution to this problem comes from evidence that

Figure 3 (a) Relationship of the kinesin family of molecules with the microtubules within the axons for fast anterograde axoplasmic
transport. (b) and (c) are the slow component using the microtubules or actin–spectrin system, respectively. (d) Retrograde transport
system uses the dynein molecular motor acting on the axon microtubules. From Susalka and Pfister.45 Source: Ref 45 Journal of
Neurocytology.
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the axon itself is also an important source of protein

synthesis.48 Periaxonal ribosomal plaques have recently

been described, which suggest that the axon may be the

site of intrinsic (and local) protein synthesis49 (Figure 4).

Conclusion

The optic nerve has proved to be an excellent model for

understanding factors that regulate axon function and

ensure that the neuronal energy demands are met.

Although much progress has been made, therapeutic

options to treat conditions that compromise axon

function and result in retinal ganglion cell death remain

limited. A greater understanding of the factors that

control axoplasmic transport and regulate optic nerve

head blood flow and neuronal mitochondrial function is

essential if we are to formulate new therapeutic strategies

for the preservation of vision in many common diseases

of the optic nerve.
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