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SUMMARY The ultrastructure of the retina and optic nerve head was studied in primate eyes after
central retinal artery occlusion. Within 2 hours of the vascular occlusion the inner retinal layers
undergo watery (isosmotic) swelling. This watery swelling of axons and astroglia extends into the
nerve head as far back as the anterior boundary of the scleral lamina cribrosa. The swelling is
increased 4 hours after the occlusion, and by 24 hours disintegration has occurred. At the optic
nerve head mitochondria and vesicles of smooth endoplasmic reticulum begin to accumulate within
2 hours. The accumulation increases at 4 hours and persists to 24 hours. The watery swelling seems
characteristic of ischaemic axons. Membranous organelles accumulate at the boundary of an
ischaemic zone when material carried by axonal transport is brought via the healthy axon segment
to the boundary, but they cannot proceed further into the ischaemic zone. Such accumulation is
typical of locations where rapid orthograde axonal transport or retrograde axonal transport is
blocked. In contrast, when slow axonal flow is impaired, the swelling is characterised by an excess of
cytoplasmic gel without a marked accumulation of organelles. Rapid orthograde transport and
retrograde transport seem to be closely related to one another, while slow axoplasmic flow seems
fundamentally different. From morphological findings we suspect that, in experimental glaucoma,
intraocular pressure first affects the intracellular physiological process of rapid orthograde and
retrograde axonal transport. Watery swelling may not occur unless the ischaemic injury to cell
metabolism is more advanced. In contrast, in experimental papilloedema, the swelling results
predominantly from impaired slow axoplasmic flow.

When a partial ligature impairs slow axoplasmicflow,
the axon swells proximal to the blockade. I (PP. 326-7) 2 3
After axonotomy, end-bulb swellings are evidently
produced by material brought to the site by rapid
orthograde axonal transport or retrograde axonal
transport.1 (P. 331)4-11
Ischaemia also produces axonal swelling. 12-14 This
swelling is not the result of impaired rapid or slow
axonal transport but occurs in the midst of the region

axoplasmic flow, impaired rapid orthograde axonal
transport, impaired retrograde axonal transport,
and ischaemic impairment of the physiological processes responsible for the control of intracellular
volume.
We sought to clarify whether or not there were
specific morphological features that correlate with
the different pathophysiological processes that
produce axonal swelling. To do this we studied the
swelling of nerve fibres produced by central retinal
artery occlusion in monkeys. This experimental
model produces ischaemia of the inner retina. The
changes within the retina are those of ischaemia, and
changes at the boundary of the ischaemia in the optic
disc are the result of blocked retrograde axonal

where rapid axonal transport is prevented by the lack
of oxygen, and occurs too rapidly to be the result of
slow axonal flow. Moreover, ischaemic swelling
occurs in non-neuronal tissues where axonal transport
is not a consideration.'5
Thus there are several possibly independent
mechanisms for axonal swelling: impaired slow transport. To achieve a correlation of abnormal morCorrespondence to Douglas R. Anderson, MD, Bascom Palmer Eye phology with the nature of the pathophysiology the
Institute, PO Box 016880, Miami, Florida 33101, USA.
findings in this model are compared and contrasted
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Fig. I Fluorescein angiogram of an owl monkey (Aotus trivirgatus) performed immediately after surgical ligation of the
central retinal artery at its point of entry into the optic nerve. Ten seconds after intravenous injection offluorescein (0-3 ml,
10%) a normal pattern of choroidalfluorescence is noted; however, no perfusion of retinal vasculature is evident (A) One
minute after injection, filling ofthe superficial nerve head microcirculation is apparent together with some retrograde flow of
dye material into the major retinal arterial branches (B). Continued filling of these vessels occurs late into the angiogram
sequence (5 minutes, C).

After various intervals of retinal ischaemia
with those in other experimental conditions already
reported. Particular attention is given -to the mor- including one-half (2 eyes), 1 (1 eye), 2 (2 eyes), 4 (4
phology associated with impaired axonal transport eyes), and 24 (2 eyes) hours, ocular specimens were
fixed in situ by intra-arterial perfusion (retrograde
under various experimental conditions.
into the carotid arteries via the abdominal aorta), of
200 ml normal saline followed by 300 ml of buffered
Materials and methods
gluteraldehyde fixative (pH 7-4). These specimens
With a technique similar to that used in previous were quickly enucleated after perfusion and
experiments'3 the central retinal artery was ligated in immersed in fixative. Additional gluteraldehyde
11 primate eyes (Aotus trivirgatus). Throughout the fixative was injected into the vitreous cavity of each
surgical manipulation these animals were maintained eye. Twenty-four hours later tissue blocks containing
in a sedated state by a single intraperitoneal injection specimens of perimacular retina and optic nerve head
of 0-1 ml pentobarbital (100 mg/ml) and repeated were excised, trimmed, and postfixed in osmium
intramuscular injections of 0-1 ml ketamine (50 tetroxide. After dehydration in a graded series of
mg/ml). A lateral orbitotomy was performed to ethyl alcohol and clearing in propylene oxide the
expose the posterior orbit. The conjunctiva was specimens were embedded in epoxy resin (Epon).
incised and retracted, and the lateral rectus and Thick sections (2gm) were cut and stained with parainferior oblique muscles were disinserted. The central phenylene diamine for examination by phase-contrast
retinal artery was identified near its point of entry into light microscopy. Thin sections were cut from reprethe optic nerve. The artery was freed from neigh- sentative areas of the retina and nerve head and
bouring structures, including the central retinal vein, counterstained with uranyl acetate and lead citrate
by blunt dissection while minimal bleeding was con- for routine transmission electron microscopy.
trolled by gentle pressure. A single 6-0 black silk
suture was placed around the artery and tied securely, Results
occluding the vascular lumen. The conjunctival and
skin incisions were closed with multiple interrupted After ligation of the central retinal artery fluorescein
4-0 black silk sutures. After colour fundus photo- angiography demonstrated occlusion of the central
graphs were taken, fluorescein angiography was per- retinal artery (Fig. 1). Slow filling of the retinal
formed in each experimental eye (0-3 ml of 10% vessels was observed over 2 to 3 minutes, apparently
fluorescein, Fundescein) in order to confirm the lack via retrograde perfusion of the major vasculature at
of blood flow in the retinal vasculature.
the nerve head by small superficial vessels on the disc.
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Fig. 2 Fundus photographs of a nornal primate eye (Aotus trivirgatus) after
surgical ligation of the central retinal artery. Immediately after closure of the vessel
nerve head pallor and segmentation of blood flow within the retinal vasculature is
apparent (A). After 24 hours of occlusion a grey discoloration of the retina is seen,
together with thickening of the retina (B). Thesefindings are typical of ischaemic
swelling of the inner retinal layers.

Retrograde filling of the central retinal artery would
appear to reflect collateral flow of blood,from deeper
nerve head vasculature perfused by the posterior
ciliary vasculature.
In each eye the optic nerve head immediately
became pale and the arteries became segimented (Fig.
2). A grey discoloration of the retina was noted at 4
hours and was quite pronounced by 24 hours after
vascular occlusion (Fig. 2). In most animals the grey

*

discoloration extended into and invaded the optic
nerve head tissue, but in a few a narrow whitened
zone marked the boundary of ischaemic retina with a
normal-appearing disc, similar to that illustrated in
Fig. 5 of a previous study 3 afid also observed
clinically.'6 No cilioretinal circulation or persistent
peripapillary perfusion of retinal tissue was noted in
any of these animals.
Eyes examined by phase-contrast light microscopy

6

f

Fig. 3 Phase-contrast light photomicrographs ofprimate retina from specimens examined at various intervals after central
retinal artery occlusion. Thirty minutes after vascular occlusion essentially no tissue abnormality was noted in the retinal nerve
fibre and ganglion cell layers (A). After 4 hours of ischaemia marked vacuolation and thickening of these inner retinal layers is
evident (B). By 24 hours gross disorganisation of inner retina is evident with hydropic degeneration of ganglion cells and
general dissolution of all cellular outline within the nervefibre layer (C). (Paraphenylene diamine, x 200).
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Fig. 4 Electron micrograph of the region of the optic nerve head of primate eye examined 30 minutes after occlusion of the
central retinal artery. Some mild degenerative changes are apparent with scattered swollen mitochondria and some dissolution
ofcytoplasmic detail within nerve head axons. (x 8000).

30 minutes after central retinal artery occlusion had
essentially normal histological findings (Fig. 3).
However, within I to 2 hours of the vascular occlusion
specimens contained areas of tissue degeneration
including hydropic swelling and vacuolation of the
retinal nerve fibre and ganglion cell layers, in addition
to the inner plexiform layer, similar to the findings in
a previous study."3 After 4 hours of retinal ischaemia
there was marked vacuolation and thickening of the
retinal nerve fibre and ganglion cell layers (Fig. 3).
Twenty-four hours after arterial occlusion, gross disorganisation of the retinal nerve fibre layer was
evident with cellular swelling and membrane rupture
seen as far back as the anterior (prelaminar) optic
nerve head. Red cells were identified within retinal
vasculature within the retina and anterior optic nerve
head. This finding seemingly indicates that the central
retina artery was effectively occluded so that the
retinal vessels were not rinsed out with the saline and
fixative. In contrast, the vessels in the prelaminar,
laminar, and retrolaminar optic nerve were cleared of
red blood cells, presumably because of the perfusion
with saline and fixative. This indicates that the vessels
supplying the nerve head were patent and capable of
carrying some blood flow.
By electron microscopy specimens of retina and
optic nervehead examined as early as 30 minutes after
vascular occlusion contained areas with cell body and
axon swelling (Fig. 4). Swollen mitochondria with
some dissolution of normal cytoplasmic detail could
be identified in scattered fibres. After 1 to 2 hours of
retinal ischaemia these changes were more extensive,
and in some axons the swelling spread as far back as
the posterior lamina cribrosa and slightly into the

retrolaminar myelinated optic nerve. Presumably the
optic nerve head therefore was suffering some
deficiency of blood flow even if the vessels were
patent. By 4 hours many axons were markedly
swollen with general disruption of their cytoarchitecture, including rupture of the plasma membrane
(Fig. 5). The astroglia of the optic nerve head were
also swollen but to a lesser degree. Finally, specimens
from eyes studed 24 hours after vascular occlusion
had degenerative changes involving most, if not all,
optic nerve tissue elements (Fig. 6).
These hydropic changes are seen within both retina
and optic nerve, but we have illustrated only the optic
nerve, because the retinal ultrastructure changes
were illustrated previously.'3 Moreover, the optic
nerve head (but not the retina) shows a second type of
change, the microvesicles and dense membranous
bodies. This accumulated material was noted in
scattered axons in one specimen studied after 2 hours
of ischaemia. In eyes studied after 4 hours of
occlusion material pile-up was seen consistently (Fig.
5). Eyes studied 24 hours after occlusion of the
central retinal artery contained even more marked
accumulation of these organelles (Fig. 6).
Accumulation was not confined to one region of the
nerve head. Normal axons were intermixed with
bundles of affected fibres throughout all levels of the
optic nerve head including the peripapillary nerve
fibre layer, the anterior optic nerve head, and the
lamina cribrosa. This suggests that the boundary
between the totally ischaemic and the normal
segments as a diffuse zone in those particular
experiments, accounting for the fact that the
accumulated organelles were in most animals not
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Fig. 5 Electron micrograph of optic nerve head after 4 hours of ischaemia. More extensive changes are obvious with gross
swelling of some axons and most mitochondria. (x 8000).

identified ophthalmoscopically
boundary of white material.

as

a

clear-cut

micro-organelles (smooth endoplasmic reticulum and
mitochondria) and dense bodies at the boundary
between the ischaemic and nonischaemic segments of

Discussion

the axons.

Two distinct morphological alterations of axons are
seen in the present experiment. The first is watery
swelling and disintegration of the axons in the retinal
nerve fibre layer throughout the ischaemic retina.
The second is an accumulation of membranous

This pattern of 2 morphological alterations has been
seen under other experimental conditions. Shakib
and Ashton"2 produced patches of retinal ischaemia
experimentally and observed hydropic swelling at the
centre of the lesion with accumulation of dense bodies
at the boundary of the ischaemic patch of retina.

Fig. 6 Electron micrograph of optic nerve head after24 hours of central retinal artery occlusion. These degenerative changes
have increased with scattered axons suffering disruption ofnormal cytoreticulum, including membrane rupture and loss of
cellular outline. Glial tissue was less severely involved at all time intervals studied. In addition to this watery degeneration of
neural elements the axon bundles in the nerve head (but not the retina) contained an accumulation of micro-organelles
including swollen mitochondria, microvesicles and dense membranous material. (x 8000).
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Fig. 7 Central retinal artery occlusion in a 58-year-old
black man. Preservation ofsome retinal tissue perfusion by a
cilioretinal artery is seen in the peripapillary retina. Grey
discoloration ofthe retina reflects the hydropic degeneration
of the inner retinal layers seen histologically in specimens
taken from eyes with acute retinal artery occlusion. The dense
white material seen in a circumferential pattern around the
nerve head, on the other hand, would appear to reflect
accumulation of micro-organelles normally transported
retrogradely in optic nerve axons toward the ganglion cell
body. Accumulation of this transported material occurs at the
interface between perfused and anoxic segments of the retinal
axon.

McLeod et al. '7 produced similar lesions in pigs, with
identical morphological findings. He observed that
the hydropic swelling corresponded to a grey discoloration and thickening of the retina seen by ophthalmoscopy throughout the region affected by the
retinal vascular occlusion, while the accumulation of
organelles corresponded to a white 'cotton wool'
material at the border of the infarct. These 2 ophthalmoscopic changes can be observed in patients
with naturally occurring vascular disease'61819 (Fig.
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many ischaemic cells'" in addition to axons. Since
the swelling which accompanies failing intracellular
metabolism and disintegration of cellular components
is a passive result of osmotic influences, it is natural
that the degree of swelling and exact morpfiological
appearance may depend on many factors, such as the
nature and degree of the ischaemic injury, accompanying vascular changes, the composition of
neighbouring tissue and intravascular fluids, existing
hydrostatic tissue pressures, the type of cell in
question, and the manner of fixation for microscopic
examination. This variability in appearance is particularly evident in studies of brain oedema,2326 where
different cells and cell types behave somewhat differently, some cells shrinking and others swelling,
depending on cell type and experimental conditions.
The second type, accumulation of organelles at a
particular spot in an axon, reflects a different pathophysiological process-the interruption of rapid
orthograde axonal transport or the interruption of
retrograde axonal transport. Rapid axonal transport
requires metabolic energy.27 Therefore the accumulation of organelles occurs at the interface between
normal and ischaemic tissue, because axonal transport
continues in the healthy segment of the axon up to the
border of the ischaemic segment-but not into the
ischaemic segment. Direct evidence that the accumulated material at the edge of a retinal infarct is
brought by axonal transport comes from the study of
McLeod,'6 who showed that radioactively tagged
material carried by axonal transport accumulates
among the aggregated organelles'2 16 at the boundary
of a patch of retinal ischaemia. He also reported'6
that the material that accumulates on one border of
the patch is brought by rapid orthograde axonal
transport from the ganglion cell, while the material
collected at the opposite border was brought there by
retrograde axonal transport. Similarly, blocked rapid
axonal transport occurs in the optic disc at the
boundary of an ischaemic region produced by experimental occlusion of the posterior ciliary arteries.28
The whitish appearance ophthalmoscopically at the
edge of the infarcted retina "'7 is identical with'the
'cotton wool spot' represents a minute area of vascular
insufficiency in the retina.2930 Evidently axonal
transport cannot proceed through the minute area of
ischaemia, and transported material collects around it

7), and presumably have a morphology corresponding
to that of experimental animals.
The 2 morphological changes, though both the
result of ischaemia, represent 2 different
pathophysiological mechanisms. The first type,
watery swelling, evidently results from passive
movement of water13 (P 468) 15 (pp. 20(22) when depletion
of ATP2"22 results in a failure of the active transport and buries it to form the cotton-wool spot. Micropump in the axon membrane. The failing metab- scopically the cotton-wool spot is made up of 'cytoid
olism2-23 also produces pH and osmotic changes bodies,' which are end-bulb swellings of the axons.3'
in the axoplasm and surrounding tissue components. Their microscopic appearance23 is identical with
Such watery ('isomotic'15 (P 22) or 'cytotoxic'24) that of the edge of a large retinal infarct. 2
There are abundant other examples in which a
swelling has been reported before in central retinal
artery occlusion. '3 Similar changes are seen when block of rapid axonal transport (or retrograde
segments of rabbit peroneal nerves are made transport, or both) is represented by an accumulation
ischaemic, '4 and this form of swelling is typical of of mitochondria, vesicles of smooth endoplasmic
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reticulum, and other dense or membraneous bodies
i,n end-bulb swellings. Indeed there do not seem to be
exceptions, and the association of blocked rapid
orthograde axonal transport or retrograde axonal
transport with accumulation of organelles may be
universal:
(1) The end-bulb swellings which occur at both
severed ends after axonotomy contain such a collection of organelles' (P 331), similar to the end-bulb
swellings of cotton-wool spots already discussed. The
end-bulb swellings after axonotomy were once hypothesised to represent a local reactive proliferation of
organelles, but more recently it is recognised that the
organelles have been delivered to the site by rapid
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axonal transport. 1 (p. 331) 4 9-11 16 The accumulation
occurs because transport cannot cross the gap where
the axon is severed. The accumulation can be prevented by poisoning the axon with KC1.4
(2) A blockade of rapid axonal transport within an
axon segment is produced by a local injection of
colchicine causing an organelle accumulation at the
boundary of the affected segment.32
(3) A tight ligature blocking axonal transport also
results in a very rapid accumulation of mitochondria
and smooth endoplasmic reticulum on both sides of
the constriction.
(4) Blunt trauma to the spinal cord produces an
accumulation at the site of injury,36 although in this
-
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Fig. 8 Electron micrograph of the
optic nerve head in experimental
papilloedema produced by two
days of ocular hypotony.74 Most
axons are swollen with axoplasm,
but there is no accumulation of
micro-organelles. (x 8000).
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case it remains an assumption by analogy that axonal
transport is blocked.
(5) Elevated intraocular pressure in monkeys
produces a block of rapid orthograde axonal
transport at the level of the lamina cribrosa37l7 as
well as a block of retrograde axonal transport.42-43
There is a corresponding accumulation of microorganelles,431' among which can be found the radioactive tracer carried by axortal transport.43 " A nearly
identical collection is found in the same region if the
intraocular pressure is raised so high that the retina is
ischaemic, preventing orthograde transport toward
the optic disc.49 This seems to show that the accumulation of both mitochondria and smooth endoplasmic
reticulum can be produced by retrograde transport
alone, just as was true in .the experiments with
axonotomy or with a ligature.35 The organelle accumulation in the present experiment with central
retinal artery occlusion likewise represents material
brought by retrograde axonal transport, since there
would not be any orthograde transport from the infarcted retina toward the disc.
The accumulations resulting from blocked retrograde transport459 3549 and blocked rapid orthograde
transport45 934 are of quite similar morphology,
except for possible slight differences35 49 that were not
particularly evident in the present study. This
supports the view that retrograde and fast orthograde
transport are 'similar processes carrying numerous
organelles and constituting a system of bidirectional
fast transport."' Like orthograde transport, retrograde transport requires energy,5" continues in a
segment isolated from the cell body,5' involves microtubules52-54 and smooth endoplasmic reticulum,' 10254
and carries some of the same substances.5152 555
Morphological similarities can be seen directly when
rapid orthograde and retrograde transport are viewed
by Nomarski microscopy.5859 Some molecules even
change direction in mid-course.'0606' Moreover, as
noted, both orthograde and retrograde transport are
interrupted in concert by insults such as elevated
intraocular pressure.4243
In contrast, slow axoplasmic flow has only been
shown in an orthograde direction and consists of
soluble protein (as opposed to the membraneassociated protein of fast transport).62 Slow axonal
flow is more difficult to study than rapid flow, and
consequently it is less well understood. There is no
universal agreement about its nature, but an attractive
concept is that it can be viewed as a movement of the
entire column of axoplasmic gel.263 When impaired
by a constriction that does not occlude the axon completely, a swelling gradually appears proximal to the
constriction,'-3 and downstream the axon becomes
thinner. The swelling consists simply of an abundance
of normal-appearing axoplasm,2 perhaps with a
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somewhat greater number of mitochondria, but there
is no crowded accumulation of densely packed
organelles that typifies blocked rapid orthograde or
retrograde transport. Nor is there the watery cytoplasm or hydropic appearance as occurs in ischaemia
or other cytotoxic swelling. It is possible to produce
an impairment of slow axonal transport with ,(3'iminodipropionitrile. 45 This results in a cytoplasmic
balloon"65 near the cell body filled with neurofilaments (carried by slow transport) but no accumulation of membranous organelles, since rapid
transport is unaffected. Swelling of the optic disc in
experimental papilloedema seems to be an example
of impaired slow axonal flow.6"' The morphological
correlate (Fig. 8) is that the axons are engorged with
relatively normal axoplasm.6970 Occasional reactive
accumulations of organelles seen in papilloedema697'
seemingly correspond to the accompanying minor
alterations in rapid axonal transport that ocurs
secondarily after the axons are swollen.7274 It can be
assumed that the white accumulations resembling
cotton-wool spots in severe human papilloedema
represent an intensified blockage of rapid orthograde
and retrograde axonal transport that can lead to axon
death and visual loss.
Among the changes discussed the correlation of
morphology and pathophysiology seems sufficiently
strong for us to begin to use morphological criteria to
identify pathophysiological events. In appropriate
experiments the accumulation of organelles can be
used to identify the location of blocked retrograde or
rapid orthograde axonal transport.47"9 We can also
now understand the report75 that in experimental
acute glaucoma with severe pressure elevation there
are 2 distinct morphological alterations-hydropic
swelling of the axons in the optic disc and reactive
collection of organelles near the lamina cribrosa.
Evidently the optic nerve head was ischaemic, and
the axons underwent watery swelling, accounting for
the papilloedema of acute glaucoma.7"78 Meanwhile
the organelles collected at the lamina cribrosa75 by
retrograde axonal transport from the orbital portion
of the optic nerve, just as in the central retinal artery
occlusion of the present study, and in the experiment where intraocular pressure was raised above
blood pressure to make all intraocular structures

ischaemic.49
The block of rapid axonal transport produced by
less severe conditions of elevated intraocular pressure
is manifest by an organelle accumulation without
watery swelling.4"8 This observation could be interpreted to mean that the block in this experiment is not
due to ischaemia. Or it could mean that the ischaemia
is only partial-enough to block transport but not
severe enough in the short term experiment to
produce irreversibility of the block,454979 a lethal
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injury to the axon, or osmotic changes with hydropic
swelling and axon disintegration. We can only speculate, but the latter hypothesis is plausible, since
alterations in cell membrane permeability and failure
of the cell membrane pumps do not occur until the
cell damage is nearly irreversible.20 It is quite possible
that when the axons swell the ATP depletion is greater
than that which produces failure of axonal transport.
Thus watery swelling might not occur under conditions of partial ischaemia where the block of rapid
axonal transport is still reversible,4 even if partial
ischaemia is responsible for the block of axonal
transport."7 Under conditions of severe ischaemia the
blockade of transport may rapidly become irreversible,49 and watery swelling might occur promptly.
The same state of irreversible injury might conceivably also be reached by gartial ischaemia, if
prolonged.
Also noteworthy is that with elevated intraocular
pressure the axons are not distended with normalappearing cytoplasm, even in the animals with
chronic glaucoma4648 where time should have been
sufficient for swelling from blocked slow axonal flow
to develop. From the morphology we can thus suspect
that intraocular pressure produces an abnormality in
rapid axonal transport through the lamina cribrosa
with little or no effect on slow axoplasmic flow. It is
particularly difficult to study slow axoplasmic flow in
the optic nerve under conditions of experimental
glaucoma, and the reported studies of slow axonal
flow with radioactive tracers808' are not as definitive
as the reported block of rapid orthograde and retrograde axonal transport.
Thus, in summary, morphological observations
suggest that in experimental glaucoma the predominant pathophysiological abnormality is a block of
rapid transport, both orthograde and retrograde. In
contrast, it seems likely that the abnormality in papilloedema is predominantly a block of slow axoplasmic
flow, with secondary abnormalities in rapid transport.
The fact that rapid transport and slow flow can be
separately influenced under these pathological conditions, as well as with fB,,B'-iminodipropionitrile,'65
is evidence favoring the notion that these 2 physiological processes are fundamentally different.
However, rapid orthograde and retrograde transport
seem to be closely related.
The experiments were conducted- with the expert assistance of
E. Barry Davis.
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