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monkey and human models. In the cat, where cells belonging
to the larger a ganglion cell class are easily distinguished on
the basis of HRP staining42 the smaller (B) cells appear to be
more susceptible to raised intraocular pressure.43 a Cells were
relatively well preserved, even in areas of severe cell loss and,
significantly, underwent cell soma and dendritic tree shrink-
age. However, it should be noted that the cells in this study
were subjected to relatively short periods of extremely high
intraocular pressure and this may result in changes that are
unrepresentative of those occurring in chronic glaucoma.
Interestingly, direct external pressure to the intraorbital optic
nerve in the cat results in selective degeneration of the larger
Y type axons.4

In spite of these difficulties with the interpretation of the
anatomical evidence for selective cell death, many psycho-
physical studies have produced results that seem to be in its
favour. For example, in the monkey model, low spatial
frequency losses can be demonstrated using the pattern
electroretinograph and visual evoked potentials45 and, in the
human, motion detection thresholds are raised.'617 These
deficits are to be expected iftheM pathway is affected early in
glaucoma. However, the conclusion that they are selective
implies that, at a given stage in the disease process the
properties of the P cells are affected to a lesser extent. The
demonstration that pathways are differentially affected
requires the employment of tests that have comparable
specificity and sensitivity for the properties of the P and M
pathways. This problem is epitomised in the paper by
Silverman et al,'6 where the M pathway function was
measured with a random dot display and the P pathway
function using the Pelli-Robson chart; it is not at all clear
whether these techniques allow an unbiased assessment ofthe
relative damage to the M and P pathways." If the two
pathways are assessed using the common criterion of spatial
frequency' 80% of patients have high spatial frequency
attentuation (with 60% of these having attenuation also at the
lower spatial frequencies). High spatial frequency loss tended
to be seen in those cases with mild visual field loss whereas the
lower spatial frequencies are involved in more advanced
disease (see also Sample et al 47). The results from a number of
recent studies that short wavelength (chromatic) sensitivity is
decreased early in glaucoma and ocular hypertension48 under-
mine the strength of the argument for selective visual
function loss early in glaucoma. Chromatic selectivity is a
property of the parvocellular pathway449 50 with the magno-
cellular system having a broad band response to light of
differing wavelengths. The implication therefore is that the
parvocellular system sustains damage early in glaucoma. It
does not follow that this damage is any greater than that in the
magnocellular system. Indeed, electrophysiological studies
in glaucomatous monkeys are consistent with similar damage
to the two pathways since the reduction in the frequency with
which M and P cells are encountered is reduced to the same
extent in their respective laminae.5" Results from single tests
can be misleading. When ocular hypertensive or early
glaucoma patients are followed it has been found that defects
in both blue/yellow and temporal modulation occurred con-
currently and preceded defects in white on white perimetry,52
arguing against cell loss that is specific for cells ofeither theM
or P pathway.
Given the problems with the interpretation of the anatomi-

cal data, the concept of selective cell death requires clarifica-
tion. Any doubts about selective cell death with regard to cell
type can only be laid to rest on the basis of anatomical studies
in which ganglion cells have been unequivocally identified
and classified using retrograde tracers (see Zamber et al 39) a
technique that could also dispel any theories regarding cell
shrinkage. It must be stressed that the current data are
consistent with both the non-selective and selective models
and I have not attempted to discuss which may be the more

important. It is conceivable that both patterns of cell loss may
occur in different parts of the retina at different times."3 The
precise mechanisms remain unclear and further work is
required if we are to understand the mode of ganglion cell
death in glaucoma and develop tests that are sensitive and
specific for the earliest changes in this disease.

Ray Guillery, John Sparrow, Ian Thompson, and Michael Miller made valuable
comments on an earlier version of the manuscript.
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Commentary

The review by Morgan considers evidence from our labora-
tory that chronic human glaucoma and experimental glau-
coma in monkeys cause a more rapid loss of larger retinal
ganglion cells. This work has now been confirmed in chronic
glaucoma tissues by three other research groups (his refer-
ences 18, 37, 41). The evidence includes measurements of
ganglion cell body size by three different histological tech-
niques, measures ofaxon diameter, and quantitative patterns
of axonal transport and trans-synaptic effects in the lateral
geniculate body (LGN). Morgan suggests alternative expla-
nations for our data. However, each of the possible explana-
tions that he considers have been adequately discussed in our
previous publications. I am grateful to the editor ofthe British
Journal ofOphthalmology for allowing me to comment.
Morgan invokes cell shrinkage to explain selective large cell

loss, pointing out that we considered this 'as a mechanism to
account for the cell size distributions'. We did discuss but
dismissed shrinkage as an explanation, since it is an implaus-
ible event that does not fit the data. Only with a contrived
match of shrinkage in all ganglion cells to cell loss is it
possible to model our data to simulate no selective effect. In
addition, the amount of putative shrinkage has to differ with
various degrees in cell loss in exactly the correct proportion,
or the result does not match observed data. Why would the
amount of shrinkage change as percentage cell loss increases?
Furthermore, we have recently reported that cell death by
apoptosis occurs in glaucomatous ganglion cells (his reference
25), but this is 'unlikely to generate large populations of
shrinking cells' - in fact, the number of cells dying at any
point in time by apoptosis is very small, since it occurs so
rapidly. Hence, shrinkage as a confounder is not only
'entirely theoretical', it is unsupported by data on primary
ganglion cell degeneration.
Morgan suggests that we confused amacrine cells for

ganglion cells, citing 'subjective judgment'. I have studied
inner retinal anatomy for over 20 years and this research
included quantitative studies of cell size and cytology in
masked tissues of glaucoma, optic nerve transection, and
normal specimens. While no experiment is perfectly objec-
tive, our reported ganglion cell body data do not include cells
of the same size or morphology as amacrines that normally

reside in the ganglion cell layer. The numerical data to
demonstrate this have been published.
Morgan has interpreted our LGN data to imply that

anterograde axonal transport is a poor indicator of cell body
health. We found a selectively greater, statistically significant
decrease in axonal transport to magnocellular layers com-
pared with that to parvocellular layers. His shrinkage argu-
ment cannot explain the data, since we controlled the
observations by comparing LGN transport from the experi-
mental glaucoma eye with those from control and acute
glaucoma eyes. His presentation therefore, on the ratio of
cells, laminar volumes, and arborisation patterns cannot
explain the data. Either there was less transport by larger cells
or the terminal arborisations of large cells were drastically
altered compared with smaller cells. Both conclusions are
compatible with a selectively greater susceptibility to chronic
experimental glaucoma among the magnocellular projecting
cells. Furthermore, the topography of transport decrease
shows it to be greatest in LGN areas corresponding with the
mid retina, sparing the macular and nasal peripheral projec-
tion zones. The damage pattern is exactly what would be
expected from the loss ofganglion cells in the upper and lower
optic nerve (from the arcuate retina) and supports the
relevance of anterograde transport decrease to glaucomatous
damage.
Among the possible explanations for our findings and those

of others, it is most likely that larger ganglion cells are
selectively susceptible to injury. Morgan seems to suggest
that other possibilities have not been considered. This is far
from the case, as can be seen from reading the discussion
sections ofour work.
Our group and others continue to study the details of

glaucoma damage to ganglion cells, particularly effects on the
many cells that are not M cells. M cells are thought to
comprise only 10% of all primate ganglion cells. If glaucoma
causes loss of one third or one half of the optic nerve, the
clinical findings are still mild. But, many of the cells that are
dead at this stage must be non-M types. We have recently
reported central ganglion cell damage in glaucoma that may
be relevant to blue-yellow sensitivity loss.
As to the implications of larger ganglion cell loss for
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