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Role of axoplasmic transport in the
pathophysiology of ischaemic disc swelling
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SUMMARY Pathological changes in the optic disc and anterior part of the optic nerve of monkeys
were studied 5 hours and several days after occlusion of the temporal short posterior ciliary arteries.
Ischaemic vacuolation of neural tissue was observed in some of the animals studied and was restric-
ted to the lamina cribrosa and the immediately retrolaminar portion of the optic nerve. Axonal
swelling and organelle aggregation were demonstrated in the prelaminar region, and autoradio-
graphy after intravitreal injection of tritiated leucine revealed an associated obstruction of rapid
and slow orthograde axoplasmic transport. The experimental findings correlate with those seen

clinically in acute ischaemic optic neuropathy. The pale swelling of the optic disc in this condition
represents an accumulation of axoplasmic debris in retinal ganglion-cell axons owing to obstruction of
axoplasmic transport at the lamina cribrosa; it is thus equivalent to a 'cotton-wool spot' of the disc.

Acute ischaemic optic neuropathy (ION), charac-
terised by sudden visual loss and pale disc swelling,
results from obstruction of the blood supply to the
anterior part of the optic nerve.'-3 This is confirmed
by necropsy studies in patients with ION, which
show occlusion of the lumen of the posterior ciliary
arteries (PCAs) and also necrosis of the most
anterior part of the retrolaminar myelinated optic
nerve.4-10 However, these studies have failed to
clarify the nature of the ophthalmoscopically
visible prelaminar swelling in ION. This sign was
previously interpreted as an infarct of the disc,31'
but more recently the prelaminar swelling has been
attributed to an accumulation of opaque axoplasmic
debris in the optic nerve head rather than infarc-
tion.1213 In an attempt to resolve this issue, and since
the immediate sequelae of experimental PCA
occlusion have received scant attention in the past,
we have reinvestigated acute ischaemic disc swelling
in primates.

Material and methods

Cynomolgus and rhesus monkeys were used in
these experiments, since their ocular vascular anatomy
corresponds reasonably well with that of man.

Lateral orbitotomies were performed in order to

Correspondence to Mr D. McLeod, FRCS, Moorfields
Eye Hospital, City Road, London EC1V 2PD.

expose the temporal aspect of the optic nerve in 11
animals; the lateral rectus and inferior oblique
muscles were routinely severed. All the short PCAs
visible on the temporal, superior, and inferior
aspects of the optic nerve were divided after coagu-
lation by bipolar diathermy together with small
vessels on the sclera around the insertion of the
optic nerve. Care was taken to avoid damage to the
dural sheath of the optic nerve and the underlying
pial vasculature. In all experiments the short PCAs
on the medial aspect of the optic nerve were spared
so that 'control' data could be obtained. This was
important, since the eye usually became hypotonic
after orbitotomy and vascular occlusion. Occlusion
of only the most accessible short PCAs also mini-
mised mechanically induced changes in the optic
nerve. Control data were also obtained by carrying
out lateral orbitotomy and orbital dissection (but
no vascular occlusion) in 5 eyes.

Fluorescein fundus angiography was performed
within 1 hour of ciliary occlusion in all animals;
10% fluorescein solution was injected into a leg
vein. The photographic methods have been des-
cribed in a previous publication.14
025 ml of LA4, 5 3H-leucine (specific activity

40-60000 m Ci/mmol, Radio Chemical Centre,
Amersham) was injected into the posterior vitreous
after ocular massage via a 27 gauge needle inserted
through the temporal pars plana. The injection was
made over the optic disc and was continuously
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Table 1 Details of 11 eyes undergoing temporal short PCA occlusion

Numi

I

ber
Duration of Preocclusion

Eye occlusion 'H-leucineType
Retrolaminar
infarct Figure

Right 5 hours

Left 5 hours

Left 5 hours

Left 5 hours

Right 5 hours

Left 4 days

Right 4 days

Left 4 days

Right

Right

4 days

4 days

Left 7 days

monitored by indirect ophthalmoscopy, care being
taken to ensure that central arterial perfusion was

maintained at the termination of the injection. The
3H-leucine was injected immediately before the
ciliary occlusion in 8 eyes, or 48 hours before the
vascular occlusion in 3 eyes (Table 1).

In acute experiments (5 eyes) the ischaemic
lesion was allowed to develop for 5 hours before
enucleation of the eye. In chronic experiments the
ischaemic lesion developed for either 4 days (in 5
eyes) or 7 days (in 1 eye) before enucleation. Colour
photographs of the fundus and further fluorescein
angiograms were obtained during the interim period.
The eyes, including as long a length as possible

of the optic nerve, were removed at the termination
of the experiments, and after transcorneal incision
were immediately immersed in 100 ml of 2-5%
gluteraldehyde buffered in 0-1 M sodium cacodylate
with a final pH 7-4. The eyes were progressively
dissected in this solution, and after 1 hour the discs
and optic nerves were isolated and then hemi-
sected in the horizontal aspect. Thus during subse-
quent microscopy both temporal and nasal retina
could be viewed simultaneously. In some eyes,
where either an inferior or superior sectorial defect
was suspected, the relevant half of the disc was
quartered by an incision along the axis of the
retinal nerve fibres. Subsequent histological and
autoradiographic processing has been previously
described.",

Results

FUNDUS CHANGES AFTER PCA OCCLUSION
Apart from slight hyperaemia there were no dis-

cernible changes in the ophthalmoscopic appearance
of the optic disc and retina during the first few
hours following occlusion of the temporal short
PCAs. In the chronic experiments swelling of the
optic nerve head was observed in 2 animals, the
inferotemporal part of the disc being particularly
involved (Fig. 1). Outer retinal infarcts were obser-
ved in all eyes in chronic experiments, though there
was great variation in the extent of these changes;
in none was there involvement of the immediately
peripapillary retina.

FLUORESCEIN ANGIOGRAPHY AFTER
PCA OCCLUSION
In all eyes nonfilling of the temporal choroid in the
early part of the central arterial transit confirmed
the vascular obstruction (Fig. 2a). The chorio-
capillaris filling from the nasal short PCAs was
contiguous with the adjacent margin of the optic
disc and was initially sharply demarcated. Subse-
quently, however, the extent of choriocapillaris
filling with fluorescein increased (Fig. 2b) and
eventually included an area at least 1 disc diameter
in width around the temporal aspect of the optic
disc. Thus in all animals the immediately peripapil-
lary choriocapillaris was completely filled by the
late venous phase of the dye transit, and in some

animals much more extensive filling of the temporal
choroid was demonstrated.

Changes in fluorescein filling of the optic disc
after PCA occlusion were generally more difficult to
define because the central arterial supply to the
superficial disc tissue obscured the filling pattern
deeper in the optic nerve head after 2 or 3 frames.
In 3 eyes, however, there was unequivocal filling
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Fig. 1 Photographs of left optic disc of rhesus monkey: (a) Preoperative appearance.
(b) Appearance 4 days after temporal short PCA occlusion; swelling of temporal halfof disc,
particularly inferotemporal quadrant

of the nasal part of the disc contiguous with the
filled choriocapillaris at a stage early in the dye
transit in which the temporal half of the disc could
be seen to be nonperfused (Fig. 2a). This reversed
the pattern of fluorescein filling in control fluores-
cein angiograms taken before vascular occlusion.

ACUTE HISTOPATHOLOGY

Light microscopy
The histological findings 5 hours after PCA occlu-
sion showed considerable variation. In 3 eyes there

were no visible changes in the prelaminar, laminar,
or retrolaminar portions of the nerve (Fig. 3),
while in 2 others changes were apparent (Table 1).
In neither group, however, was there any gross
distortion of the topography of the disc or any
apparent involvement of the peripapillary retina.
As retinal ganglion-cell axons pass back through

the retinal layers at the disc, some exhibit a slight
increase in diameter, so it may be difficult to
discriminate between such normal expansions and
any that may have been induced by experimental

Fig. 2 Fluorescein angiograms I hour after temporal short PCA occlusion: (a) Early retinal
arterial phase; nasal choriocapillaris and prelaminar circulation filling with dye; no filling of
temporal choroid and disc. (b) Retinal venous phase; extension offilling of choriocapillaris
into temporal peripapillary region.

249



250 David McLeod, Johli Marshall, anid Eva M. Kohlnec



Role of axoplasmic transport in the pathophysiology of ischaemic disc swelling
II J,

procedures. In the 2 eyes showing damage there was
an increase in both the diameter and staining density
of many of the axons on the temporal side of the
disc. In these animals, however, changes were most
marked in the laminar and retrolaminar regions
and in both cases were confined to the temporal
half of the nerve (Fig. 4). Within the lamina many
axons became progressively more vacuolated as
they approached the retrolaminar portion of the
nerve, but in both eyes some normal-looking axons
were found. The glial elements in the lamina
appeared relatively unaffected but occasionally
showed slight irregularities in staining.

In the retrolaminar portion of the affected nerves,
the myelinated axons on the temporal side were
grossly vacuolated (Fig. 4a, b). At the periphery of
this part of the nerve, however, many normal-
looking axons were observed adjacent to the pia.
In contrast, at the centre of the nerves there was an
abrupt transition between normal and damaged
axons. The axial extent of the vacuolated part of
the nerve varied from 11 to 4 mm, and the posterior
margin of damage consisted of a region of diffuse
and dissociated vacuoles which gradually became
less numerous.

Electron microscopy
In the unmyelinated prelaminar region individual
axons normally contain large numbers of small
mitochondria. In eyes showing damage an increase
in mitochondrial numbers was noted as fibres
approached the lamina on the temporal side. These
mitochondria were smaller than normal, and many
were electron-dense and looked degenerate. In
association with these mitochondrial aggregates
were many membrane-bound vesicles. Glial cells in
the prelaminar region appeared unaffected by the
experimental procedure.
As the fibres traversed the lamina, the mito-

chondria became progressively more degenerate,
forming either condensed aggregates adjacent to
the boundary membranes of the axons, or swollen

Fig. 3 Light micrographs ofnerve showing no damage
S hours after temporal short PCA occlusion: (a)
Anterior portion ofnerve sectioned in the horizontal
plane and showing both temporal (T) and nasal (N)
retina; prelaminar (P), laminar (L), and retrolaminar
(R) portions ofnerve identified; also central retinal
vein (V) and artery (A). (b) Autoradiograph ofsame
specimen (tritiated leucine injected intravitreally 53
hours prior to enucleation); relatively greater density
ofgrain over axons on nasal side ofprelaminar portion
of the nerve (P). (Designations as in Fig. 3a; bar
marker is 300 t±m)

and vacuolated masses at the core of the axon
surrounded by vesicles. Towards the retrolaminar
region the microvacuolations within axonal orga-
nelles became confluent and began to disrupt the
entire axonal cytoplasm (Fig. 5). Some glial cells
within the lamina also showed microvacuolation.

In the vacuolated retrolaminar region the cyto-
plasmic contents of the axons had been lost. Thus
affected fibres appeared as well-preserved but
distended myelin sheaths surrounding amorphous
granular cytoplasmic debris in which occasional
disrupted mitochondria were observed. As seen in
the light micrographs, the distal edge of this region
was diffuse, and no significant changes were observed
in the axons where they returned to a more normal
configuration.

Autoradiography
In unaffected and control nerves those portions of
the disc receiving axons from the nasal retina were
associated with a higher concentration of grains
than those receiving inputs from the temporal
fields (Fig. 3b). This observation may appear con-
trary to expectation given the high concentration
of ganglion cells in the macula (Fig. 6). However,
it was a consistent finding and possibly reflects
differences in the speeds of rapid cellulifugal axonal
flow on the nasal compared with the temporal side.
It might also result from a greater labelled contri-
bution in axonal material in our experimental time
period due to less competition in obtaining radio-
labelled protein in the sparse population of ganglion
cells on the nasal side. In addition there was a slight
increase in grain density over the prelaminar axons
immediately adjacent to the lamina in all discs
examined. This suggests that the lamina is the site
of a natural constraint to the flow of materials in
retinal ganglion-cell axons.

In those eyes in which a successful lesion had been
produced, an extremely dense and highly localised
concentration of silver grains was found on the
temporal side of the disc in the prelaminar region
immediately adjacent to the lamina (Fig. 7). The
grain density on the experimental side was far in
excess of that either on the collateral side or in the
same region in control tissue. With increasing dist-
ance anteriorly from the lamina there was a pro-
gressive decrease in grain density, but there was an
abrupt loss of grains over the vacuolated regions
of the lamina and retrolaminar region (Fig. 7).
Some grains were found in the vacuolated regions,
but these were always associated with the few
normal-looking axons. On the experimental side
of the nerve no grains were observed over involved
axons distal to the vacuolated region. The autoradio-
graphic findings are summarised in Fig. 8.
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Fig. 5 Electron micrograph of laminar portion ofnerve showing damage S hours after PCA
occlusion. Vacuolation (V) and degenerate mitochondria (small arrows), together with both abnormally
electron-dense (open arrow) and translucent (closed arrow) axonal swellings. (Bar marker is 4 [sm)

Fig. 4 Light micrographs of nerve showing damage
S hours after temporal short PCA occlusion.
(a) Vacuolated nerve fibres in retrolaminar portion of
nerve on temporal side only (designations as in Fig. 3;
bar marker is 300 [±m). (b) High-power view of
vacuolated fibres from temporal retrolaminar nerve
(solid arrow in Fig. 4a). (c) High power view of nasal
fibres (open arrow in Fig. 4a; bar marker is 200 t±m)

CHRONIC HISTOPATHOLOGY
In 2 animals that survived for 4 and 7 days respec-
tively after PCA occlusion and showed ischaemic
damage (Table 1) both the microscopy and the auto-
radiography showed secondary changes which
tended to obscure the focal distribution of the
underlying pathogenic mechanisms.

In the prelaminar region swollen axonal stumps
were observed some distance from the lamina, and
on autoradiography these were identified as the
sites at which orthograde axonal flow ceased (Fig.
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9a). Separating these swellings from the lamina
was an area of vacuolation which had presumably
arisen as a result of retrograde degeneration of
injured axons. Thus the accumulation of radio-
active material in the prelaminar regions was more

David McLeod, John Marshall, and Eva M. Kohner

diffuse in distribution, and more remote from the
lamina, than in acute studies.

Secondary changes had begun to obscure the
vacuolated areas in the laminar and immediate
retrolaminar regions by the fourth postoperative

K...
Fig. 6 Light microscopic autoradiographs of retina 5 hours after intravitreal injection of tritiated
leucine. Dense uptake of radioleucine into both ganglion-cell bodies and their axons (arrowed)
from nasal (a) and temporal (b) areas of retina. (Bar marker is 200 [m)
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Fig. 7 Light microscopic autoradiographs of 2 nerves showing damage 5 hours after temporal
short PCA occlusion and 5 hours after intravitreal injection of tritiated leucine. (a) Accumulation
of radioleucine in prelaminar and laminar portions of the nerve on temporal side (designations
as in Fig. 3). (b) Higher power view of laminar portion of another nerve. (Bar markers are
200 tm)
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Fig. 8 Diagram of autoradiographic findings in retinal
ganglion-cell axons after occlusion (X) of temporal
short PCAs. Orthograde axoplasmic transport (arrows)
obstructed in temporal prelaminar region adjacent to
ischaemic vacuolation (axolemma dotted) in laminar
and immediately retrolaminar regions. TSPCA =
temporal short posterior ciliary arteries. NSPCA=
nasal short posterior ciliary arteries.

day. After 7 days some of the myelin sheaths had
begun to degenerate, and macrophages were found
in the retrolaminar nerve (Fig. 9b). In both eyes
many axons immediately adjacent to the pia on the
temporal side had relatively normal morphology
and showed normal axonal flow characteristics in
the autoradiographs (Fig. 9a). However, some
sections showed obstruction in the form of dense
areas of grain over swollen regions some way into
the retrolaminar nerve.

Posterior to the ischaemic area the zone of
swollen axonal stumps isolated from their cell
bodies was extremely diffuse and therefore difficult
to identify. The individual swollen axon stumps
were tapered, unlike the spheroidal swellings
observed in unmyelinated portions of axons in an
earlier report.16

Discussion

ARTERIAL SUPPLY TO THE ANTERIOR
OPTIC NERVE
Apart from the superficial horizontal layer of
nerve fibres both the optic disc and the immediately
retrolaminar myelinated optic nerve obtain their
blood supply from branches of the PCAs, which
usually arise as 2 or 3 main trunks from the ophthal-
mic artery.3 Those short ciliary branches destined to
supply the optic nerve head pass either directly

through the sciera or reach the disc indirectly via
the peripapillary choroidal arteries; the latter route
is more prominent in monkeys than in man.16
Posterior to the lamina cribrosa the optic nerve is
mainly supplied by the pial plexus, which receives
contributions from many orbital arteries, including
the short PCAs and extraneural branches of the
central retinal artery (CRA). In addition a relatively
insignificant axial supply from branches of the
intraneural CRA has been described in man.17
However, no intraneural branches of the CRA
were found in various monkey species,18 19 and
recent studies of blood flow using a heated thermo-
couple technique indicate that the short PCAs
indeed provide the major vascular supply to the
immediately retrolaminar part of the optic nerve
in the rhesus monkey.20
Each PCA normally supplies a defined territory

with relatively little overlap in the area supplied.17
This 'segmental distribution' has been clearly
demonstrated in the peripapillary choroid after
intracarotid fluorescein injection in monkeys21 and
in the initial frames of intravenous fluorescein
angiograms after occlusion of several short PCAs,
as in this study. Such experiments also indicate that
the transversely orientated ciliary circulation to the
lamina cribrosa may be sectoral. However, the
prelaminar and retrolaminar vascularity also has a
prominent anteroposterior orientation and con-
tinuity in addition to the transverse sectoral pattern
emphasised by Hayreh.'8

It has been claimed that each PCA acts function-
ally as an 'end-artery'22-that is, as an independent
arteriolar-capillary unit with no available inter-
arterial or other precapillary anastomoses. After
PCA occlusion necrosis would therefore be expected
throughout the vascular territory, any capillary
connections being insufficient to maintain tissue
viability. There is, however, abundant anatomical
evidence of arteriolar anastomoses both between
individual branches of the PCAs, for example, an

Fig. 9 Light micrographs of nerve showing damage
several days after temporal short PCA occlusion.
(a) Autoradiograph of nerve 4 days after PCA occlusion
and intravitreal injection of tritiated leucine; section
through inferotemporal quadrant of optic nerve head.
Accumulation of radioactive material retracted away from
lamina cribrosa into prelaminar region; flow of label into
retrolaminar portion of nerve in axons adjacent to pia
(arrowed). (Designations as in Fig. 3; bar marker is
300 um). (b) Light micrograph of retrolaminar portion of
nerve 7 days after PCA occlusion; macrophages
(arrowed) in damaged temporal portion of nerve. (Bar
marker is 500 Slm)
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incomplete intrascleral arterial circle of Zinn and
an arterio-arteriolar network in the peripapillary
choroid,23 and also between the PCAs and adjacent
arterial circulations, for example, via the posterior
episcleral plexus and the pial plexus.22 That these
anastomoses are indeed 'functional' after PCA
occlusion is demonstrated by the fact that ischaemic
damage is restricted to triangular patches of outer
retina and in only a proportion of animals to sectors
of the optic nerve. The various individual routes of
collateral arterial supply after PCA occlusion have
been demonstrated by latex and silicone rubber
injection studies.2224 These pathways may underlie
the delayed filling of the temporal peripapillary
choroid consistently found in our study in the late
venous phase of fluorescein angiograms performed
less than an hour after temporal short PCA occlu-
sion. This pattern has also been described by
Ernest and others,25 though delayed filling of the
temporal choriocapillaris was noted in only a
minority of the animals studied by Hayreh and
Baines.22

In those eyes with optic nerve damage after PCA
occlusion ischaemic vascuolation was found only
in the laminar and retrolaminar regions early after
occlusion. This anteroposterior localisation of
infarction had not been apparent from previous
histological studies in which optic nerve changes
were assessed several weeks after PCA occlusion.
Hayreh and Baines26 merely assumed that the ischae-
mic zone had included the prelaminar region in
addition to the retrolaminar myelinated optic nerve,
while Anderson and Davis27 supposed that infarc-
tion of the optic disc was the cause of the ascending
neuronal degeneration seen in the orbital part of
the optic nerve. An explanation for the absence of
ischaemic damage anterior to the lamina cribrosa
5 hours after PCA occlusion is not readily forth-
coming, since prelaminar infarction might have
been anticipated from the known distribution of
the PCA supply." The preservation of neuronal
viability anterior to the lamina cribrosa must
reflect the effectiveness of collateral arterial con-
nections (rather than provision of nutrients from
other sources such as the vitreous). Anastomosis
with the CRA circulation is the likeliest source of
collateral supply, though this was virtually impos-
sible to assess by fluorescein angiography in our
experiments and was not apparent to Hayreh and
Baines26 in their silicone rubber injection studies.
However, the demonstration of cilioretinal anasto-
mosis after CRA occlusion28 is in keeping with this
suggestion.
The anteroposterior extent of retrolaminar infarc-

tion was variable, but was of a similar dimension
to the zone of nonfilling by silicone rubber noted by

Hayreh and Baines.26 The extent of necrosis also
correlated with the reduction in tissue Po2 noted
in the optic nerve 3-4 mm behind the eye by Armaly
and Araki20 after short PCA occlusion.

NATURE OF ISCHAEMIC DISC SWELLING
Those eyes showing ischaemic damage after PCA
occlusion had prelaminar changes of a fundamen-
tally different nature from the infarct of the retro-
laminar myelinated optic nerve. The unmyelinated
ganglion-cell axons became swollen with neurofila-
ments and organelles but were not disrupted.
Autoradiographic studies demonstrated an asso-
ciated obstruction of orthograde axoplasmic trans-
port and also confirmed that the boundary between
viable and ischaemic axon segments after PCA
occlusion was situated at the lamina cribrosa (and
not more superficially). In acute lesions (i.e., after
5 hours) rapidly transported 3H-leucine accumulated
at the lamina cribrosa proximal to the retrolaminar
infarct, while in survival experiments obstruction
of slow axonal transport also contributed to the
generalised accumulation of 3H-leucine in the optic
nerve head.

Levy29 also described an obstruction of slow
3H-leucine transport at the lamina cribrosa after
PCA occlusion in rhesus monkeys. The relationship
of this obstruction to changes in the retrolaminar
myelinated optic nerve was not defined, however,
and several other observations, for example,
presence of macular oedema and subretinal haemorr-
hages, but absence of outer retinal damage, make
Levy's findings difficult to interpret. A laminar
obstruction of slow and rapid orthograde axoplas-
mic transport has also been described in papill-
oedema from raised intracranial pressure30 and in
ocular hypertension and hypotony.3132 In these
conditions, however, the continuity of ganglion-cell
axons was not disrupted (at least in the initial
stages), the axoplasmic transport block was incom-
plete, and mechanical rather than ischaemic obstruc-
tion of axoplasmic transport has been postulated.
Our histological and autoradiographic findings

in the prelaminar region after PCA occlusion are
similar to those in the retinal nerve-fibre layer
adjacent to areas of experimental inner retinal
ischaemia.15 Furthermore, the clinical appearance
of the acutely swollen ischaemic disc is identical to
that of the retinal cotton-wool spot. Ischaemic disc
swelling and retinal cotton-wool spots both repre--
sent accumulations of axoplasmic debris adjacent to
infarcts involving retinal ganglion-cell axons. This
correlates with necropsy findings in patients dying
within a few days of onset of visual loss from ION
(Fig. 10). Kreibig4 was the first to describe the pale
retrolaminar infarct of the myelinated optic nerve.
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Fig. 10 Histopathology of
human optic nerve 6 days after
total visual loss from temporal
arteritis. Retrolaminar
infarction; prelaminar axonal
swelling; arteritic occlusion of
PCAs (courtesy of Professor
Alec Garner).

in such cases while Rodenhauser7 noted 'cytoid
bodies' (i.e., accumulations of axoplasm) in the
prelaminar region.
The development of disc swelling after PCA

occlusion depends on continuing orthograde axo-
plasmic transport in the nerve-fibre layer of the
retina, so sufficient blood must continue to flow
through branches of the CRA in order to maintain
this transport function in the ganglion-cell axons.
This is confirmed by clinical observation in cases of
simultaneous combined CRA and PCA occlusion
(where no opaque disc swelling develops). Similarly,
in patients in whom ION is associated with occlusion
of a large cilioretinal artery, no white swelling
develops in the sector of the disc contiguous with
the inner retinal infarct,'3 so the translucent infarct
of the inner retina and disc is continuous with that
in the retrolaminar optic nerve.

It appears that the principal sign of ION, namely,
pale disc swelling, can be entirely attributed to an
accumulation of axoplasm in the prelaminar region.
However, part of the disc swelling was recently
attributed to infarction of the peripapillary pigment
epithelium.""1 This view was based on stereophoto-
graphy of acutely ischaemic discs and the observa-
tion of pigmentary peripapillary degeneration at the
stage of optic atrophy. It is significant, however,
that identical pigmentary changes were present
around the optic discs of the unaffected eyes in each
of the cases presented by Hayreh in support of his
contention. The absence of peripapillary pigment
epithelial changes adjacent to ischaemic nerves after
PCA occlusion in this study further denies the
general concept proposed by Hayreh, though the
authors are aware of rare authentic clinical examples

of peripapillary outer retinal infarction associated
with ION.

SEGMENTAL ISCHAEMIC OPTIC NEUROPATHY
This concept is based on the transverse vascular
architecture of the optic disc and signifies involve-
ment of only a sector (rather than the whole) of the
optic nerve head. Thus occlusion of part of the
posterior ciliary supply (as in this study) may result
in infarction within the territory of supply of the
obstructed vessels, collateral circulation being
insufficient to maintain tissue viability within the
ischaemic area. There is no doubt that such cases
occur in clinical practice (Fig. 1 1), although,
unlike experimental PCA occlusion, ischaemic
damage is usually confined to the optic nerve head
(with no infarction of the outer retina). It has been
suggested, however, that the typical visual field
defect resulting from such an occlusion is a hemia-
nopia whose vertical border passes through the
blind spot, peripapillary choroidal ischaemia con-
tributing to the field loss.17 21 We have been unable
to confirm such a field defect clinically, however,
and our autoradiographic studies of photoreceptor
function after PCA occlusion fail to lend support to
the concept that an absolute visual field defect
would result from a degree of choroidal ischaemia
insufficient to cause outer retinal infarction
(Marshall, McLeod, and Kohner, in preparation).
Many patients with sectoral ischaemic optic

neuropathy present with an inferior altitudinat
hemianopia associated with pale swelling (and
subsequent atrophy) of the superior half of the optic
disc. Hayreh17 21 has repeatedly suggested that such
an altitudinal hemianopia results from occlusion of
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a main PCA supplying the upper half of the choroid
and optic disc. However, this view has been justified
only by the choroidal filling pattern seen after intra-
carotid fluorescein injection in two monkeys which
had previously undergone orbital dissection and

CRA occlusion.21 No such pattern of choroidal and
disc filling has been seen in patients with altitudinal
hemianopia, nor have anatomical studies revealed
any horizontal division of the main PCA supply.21

Hayreh17 chose to illustrate the concept of a

1",a
T 25 , I '4-Conducted by

Fig. 11 Case of segmental ischaemic optic neuropathy. (a) Photograph of left optic disc; opaque
swelling ofprelaminar tissue nasally. (b) Fluorescein angiogram (arteriovenous phase); delayed filling
of choriocapillaris in territory of medial PCA. (c) Goldmann perimetry; nerve-fibre bundle defects
(courtesy of Professor Alan Bird)
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segmental ION with a patient in whom vision was
totally lost from PCA occlusion but in whom no
accumulation of axoplasm occurred in that half
of the disc that was contiguous with a large cilio-
retinal infarct. The disc appearance, however,
depended on the underlying nature of ischaemic
disc swelling,'3 and the use of the term 'segmental
ION' in such a case seems unwarranted. Hayreh""17
has also described examples of so-called 'sectoral
ION' contiguous with infarcts of inner retina sup-
plied by cilioretinal arterioles. It is likely, however,
that these were cases of pure cilioretinal artery
occlusion and that the disc swelling represented an
accumulation of axoplasm resulting from obstruc-
tion of retrograde axoplasmic transport. Such an
opaque accumulation of axoplasm in the optic
nerve head after cilioretinal artery occlusion (and
also after hemisphere branch retinal artery occlusion
and CRA occlusion) shou!d not be designated
'ION' even though the disc swelling is of a funda-
mentally similar nature.
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