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ABSTRACT

Purpose: First, to study the cellular mechainisms of acquired color vision loss in retinal detachment and diabetic
retinopathy. Second, to learn why, in glaucoma, the type of color vision deficit that is observed is more characteristic of
a retinal injury than it is of anl optic neuropathy. Third, to test a hypothesis of photoreceptor-induced, ganglion cell
death in glauicoma.

Methods: Various histologic techniques were employed to distinguish the L/M-cones (long/medium wavelength-sen-
sitive cones, or red/green sensitive cones) from the S-cones (short wavelength-sensitive cones, or blue sensitive cones)
in humans acnd monkeys with retinal detachmnent, humans with diabetic retinopathy, and both humans and monkeys
with glaucoma. To test if the photoreceptors were contributing to ganglion cell death, laser photocoagulation was used
in a experimental model of glaucoma to focally eliminate the photoreceptors. As a control, optic nerve transection was
done following retinal laser photocoagulation in one animal.

Results: Selective and widespread loss of the S-cones was found in retinal detachment as well as diabetic retinopathy.
By contrast, in human as well as experimental glaucoma, marked swelling of the L/M-cones was the predominant
histopathologic feature. Retinal laser photocoaggulation followed by experimental glaucoma resulted in selective pro-
tection of ganglion cells overlying the laser spots. This was not seen with retinal laser photocoagulation by optic nerve
transection.

Conclusions: In retinal detachiment and diabetic retinopathy, acquired tritan-like color vision loss could be caused, or
contributed to, by selective loss of the S-cones. Both L- and M-cones are affected in glaucoma, which is also consistent
with a tritan-like deficit. Although not a therapeuitic option, protection of ganglion cells by retinal laser in experimen-
tal glaucoma is consistent with an hypothesis of anterograde, photoreceptor-induced, ganglion cell death.
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BACKGROUND AND HYPOTHESIS

Acquired color vision loss associated with retinal and optic
nerve disorders has long been known to follow a some-
what predictable pattern. Retinal degeneration, regard-
less of the specific disease entity, often results in color
confusion along a blue-yellow (tritan-like) axis, while optic
nerve pathology usually produces red-green confusion.
This is known as K1lner's rule.' Although similarities exist
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between the acquired and congenital dyschromatopsias,
the acquired disorders tend to be milder and the axis of
color confusion is more diffuse-2 In 1963, Verriest2 pro-
posed a classification system for acquired color vision
defects in which he called a Type I defect the red-green
confusion that is characteristic of cone degenerations,
Type lI the red-green defect produced by optic nerve dis-
tuirbances, and Type III the blue-yellow discrimination
loss seen in retinal degenerations. This system has been
modified by Pokorny and associates4 because the Type III
defects are actually on the violet-yellow axis and, as such,
are felt to be mediated by the short wavelength-sensitive
cones (also referred to as S-cones, or blue cones).

Why should such a wide variety of retinal diseases
produce a common color vision deficit? For instance, the
observed pathologic conditions associated with glaucoma
appear to be mostly confined to the inner retinal layers.
Retinitis pigmentosa first involves the photoreceptors,

Tr. Am. Ophth. Soc. Vol. 98, 2000 331



Nork

especially those in the mid-periphery. With cystoid macu-
lar edema and macular degeneration, the pathology is
localized in the macula. Diabetes mellitus damages the
entire retina, including all retinal layers in both the macu-
la and periphery. Is there a common underlying disorder
in the blue-sensitive pathway with all of these diseases? Or
do different diseases affect different levels of the path-
way? Finally, what would make the S-pathway more sus-
ceptible than the L- and M-(long and medium wave-
length, or red and green) pathways?

Etiology ofAcquired Color Vision Loss
Despite the considerable number of studies confirming
the validity of K1llner's rule for retinal degenerative dis-
eases, there is little direct evidence to suggest an underly-
ing etiology. The following is a review of the major
hypotheses.

Filtering. A Type III color deficit can result from
simple filtering of the short wavelengths. Wearing amber-
colored sunglasses would be a trivial example of this. A
similar phenomenon occurs with brunescent (nuclear
sclerotic) cataracts. Vitreous filtering from old blood, yel-
lowish subretinal fluid (in serous and rhegmatogenous
retinal detachments) and changes in intraretinal pigment
(xanthophyll, blood, exudates, intraretinal migration of
retinal pigment epithelium) have also been proposed as
mechanisms for short-wavelength filtering in various reti-
nal disorders.5'

K6llner's rule, as it applies to retinal disease, has great
generality (ie, almost every retinal degenerative disorder
has now been shown to produce a Type III defect).
Guided by Ockham's razor, one might predict an etiology
with similar generality. The filtering hypothesis requires
many types of filters to explain a single phenomenon. For
example, young people with retinitis pigmentosa (RP) do
not have brunescent cataracts, central serous retinopathy
is not associated with intraretinal pigmentary changes,
diabetic retinopathy can produce blue color deficits prior
to ophthalmoscopically observable retinal changes 9

drugs [eg, digitalis, sildenafil [Viagra]"''") produce no
known morphologic changes.

Paucity of S-cones. The relative scarcity of the S-
cones may be sufficient to explain selective loss of blue
sensitivity with disease. However, if the receptoral system
is linear, losing an equal percentage of all 3 cone types
would have no effect on color discrimination.'2 But it may
be that there are so few S-cones that there is little overlap
between adjacent receptive fields so that losing even a
small percentage would result in large gaps in the S-cone
matrix.'3"14

Limited Response Range of S-cones. A Type III defect
could occur without an actual loss of photoreceptors. It
has been observed that the luminance response range of

the S-cones is narrower than for the L- and M-cones.'2'5-li
If a disease were to result in the response ranges for all 3
types to drop proportionately, the S-cones might saturate
while the L- and M-cones would maintain some sensitivity.

Heterogeneity in Effect of Retinal Disease. Hart and
coworkers17- argue that the unequal distributions of S-
and L/M-cones could account for Kollner's rule. The
L/M-cones increase in density with decreasing foveal
eccentricities; achieving a sharp maximum in the foveal
center.2- The S-cones reach their greatest density within 1
or 2 arc degrees of retinal eccentricity from the foveal
center. With smaller eccentricities, their numbers fall pre-
cipitously and they may even be absent within 8 arc min-
utes of the center.20-26 If retinal disease were to preferen-
tially affect the parafoveal region (where S-cones are at
their greatest concentration) and spare the fovea itself, a
much greater percentage of S-cones would be injured. A
Type III defect would then result.

Some conditions, such as the paracentral and arcuate
scotomas of glaucoma, the ring scotoma of RP, the "bull's-
eye" maculopathy of chloroquine retinopathy do seem to
fit this pattern. But others, such as retinal detachment,
diabetic retinopathy, central serous retinopathy, and age-
related macular degeneration do not obviously spare the
fovea. Silverman and associates27 have compared the par-
ticular pattern of color vision deficit and the spatial distri-
bution of visual field loss in individuals with optic neuritis
and diabetic retinopathy and found a good correlation in
optic neuritis but no significant association for diabetic
retinopathy.

Selective Cone Fragility. The S-cones (or their associ-
ated higher-order neurons) might simply be more suscep-
tible to stress than the L- or M-cones. Such a hypothesis
is not unreasonable considering the fundamental bio-
chemical and genetic differences that exist between S-
cones and L/M-cones.

Indirect evidence exists for this premise. de
Monasterio and colleagueS23 28 proposed that their obser-
vation of S-cone staining with several different vital dyes
could be explained on the basis of a selectively greater
toxic effect of the dyes to the S-cones (for example, see
Fig 1). Zrenner and Gouras29 speculated that there may be
morphologic differences in the outer segments of the S-
cones and L/M-cones such that the former are less effi-
cient at handling certain metabolites.

Alternatively, it might be that the L/M-cones are
more easily damaged than the S-cones. If the L- cones
and M-cones are affected almost equally, then according
to the concept of color opponency, blue-yellow confusion
would ensue, since the sum of equal red and green
stimuli produce the sensation of yellow.30-32 That the L-
and M-cones should be affected nearly equally by various
retinal disease processes is not an unreasonable
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assumption considering the 96% homology of their opsins,
compared with only a 43% similarity with S-cone opsin,3
as well as other biochemical similarities as suggested by
their similar histochemical staining patterns with opsin
antibodies34 7' and with antibodies to the various S-antigen
isoforms.i Indeed, recent work by Greenstein and associ-
ates37 with increment threshold color opponency testing
suggests that in glaucoma, the defect may be mostly red-
green, while in diabetes it is predominantly blue sensitiv-
ity loss.

Selective fragility may involve the cones or postre-
ceptoral color pathways, or both. In RP, for example, an
electrophysiologic and psychophysical study suggests that
actual cone loss occurs.3' This has been supported by the
finding of S-cone opsin but little L/M-cone opsin in one
patient with dominant RP.39 (Nondominant RP may have
reduced S-cone acuity.40) On the other hand, Greenstein
and coworkers4' have found psychophysical evidence for
postreceptoral sensitivity loss in diabetes.

Data in the following 3 sections support this hypoth-
esis of selective cone fragility.

S-CONE LOSS IN RETINAL DETACHMENT

(The material in this section involving human retinal
detachment has been previously published. The data on
experimental detachment have not been published,
except in abstract form.)

Introduction
Color vision deficits associated with retinal detachment
have been known since the early part of the 20th century.
In 1907, K$llner42 examined 36 affected patients, 32 of
whom showed a blue-yellow (tritan-like) discrimination
deficit. Subsequent efforts by several groups have now
confirmed that blue-yellow confusion is the most com-
monly acquired color vision defect in retinal detachment
but that, as is typical of acquired color vision loss, the
deficit is not always a pure one.3'44 Marre agreed that a
blue-yellow loss was associated with detachment but
believed that the blue mechanism was most severely
affected45 (ie, representing a Type III defect as revised by
Pokorny and colleagues'). Recovery of the retina after
detachment repair has also been examined.44 The color
vision defects were observed whether or not the macula
was initially detached, but when it was, the color deficit
was more severe and recovery was slower and incomplete.
Recovery of color vision also tended to be incomplete
after macular detachments.

Rhegmatogenous retinal detachment is an interesting
disorder from a histopathologic standpoint because its
onset is acute and there is usually no associated retinal
pathology other than a peripheral tear. Furthermore, the

possible etiologic mechanisms for retinal degeneration are
limited to either ischemia or interruption of the interface
between the photoreceptors and retinal pigment epitheli-
um (RPE). Ischemia is only partial and involves mainly
the outer retinal layers (including the photoreceptors). It
results from the physical separation of the neurosensory
retina from the choroidal circulation. Recovery from
ischemia is possible, as evidenced by the often dramatic
improvement in Snellen visual acuity following surgical
reattachment4749 and by the re-formation of the outer seg-
ments seen in animal models, - but the healing is incom-
plete. The final visual acuity is dependent on the duration
of the macular detachment prior to repair, but seldom do
patients regain 20/20 vision, even with detachments of 1
day or less.474' This may be due to a failure to fully reestab-
lish the photoreceptor/RPE interface.474952 One might
not, a priori, expect either of these mechanisms of damage
(ischemia or disruption of photoreceptor/RPE interface)
to selectively affect a particular population of photorecep-
tors, since they all are involved in both processes.
Therefore, if relatively greater morphologic injury to one
cone type could be demonstrated, then the hypothesis of
differential cone fragility as a cause of color vision loss
would be strongly supported.

This question was previously addressed by Nork and
associates53 in a histopathologic study of 10 human eyes
with traumatic rhegmatogenous retinal detachment.
Eight of the eyes were removed from 2 1/2 to 11 days fol-
lowing trauma. In the remaining 2, the retinas were suc-
cessfully reattached. Enzyme histochemistry for carbonic
anhydrase (CA) and immunochemistry for S-antigen were
performed to distinguish S-cones from L/M-cones.

With the 2 1/2-to 4-day-old detachments, nearly all of
the CA-negative cones (S-cones) and many of the rods
were seen to have signs of irreversible necrosis, incluiding
extreme swelling of the inner segments and mitochondria,
loss of the outer segments, and pyknotic and displaced
nuclei. In the 6-and 11-day detachments, almost all of the
CA-negative cones and many rods were missing. S-cones
were essentially absent from the reattached retinas, and
there were only about half the normal number of rods
(Fig 2).

The following sections describe further histopatho-
logic investigations involving experimental rhegmatoge-
nous detachment in monkey and serous detachment asso-
ciated with choroidal melanoma in human.

Methods
All of the animal investigations described in this thesis con-
formed to the Association for Research in Vision and
Ophthalmology (ARVO; Rockville, Maryland) statement on
the use of animals in vision research, and approval was
obtained from the relevant animal care and use committees.
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Two rhesus monkeys were studied. Monkey 1 under-
went a vitrectomy, including removal of the posterior
hyaloid, followed by injection of 0.1 mL of saline under
the superior retina. A large retinotomy was made. The
retina spontaneously reattached within 2 days. On the
same eye, 0.1 mL of perfluorooctane (PFO) was then
injected beneath the inferior retina. This produced a
large, inferior detachment. The eye was enucleated 22
days later. Monkey 2 had a vitrectomy with removal of the
posterior hyaloid as well. This time, only 0.075 mL ofPFO
was injected under the retina just superior to the super-
otemporal arcade vessels. Within 4 days, a subtotal retinal
detachment and giant dialysis formed (Fig 3). After 2
weeks, retinal reattachment was attempted by applying an
encircling scleral buckle, removing the PFO, and per-
forming a gas-fluid exchange (15% C3F8). Although the
retina was attached for about 1 month, it redetached fol-
lowing resorption of the C3F8. The animal was sacrificed 2
months after the initial procedure so the total time of
detachment was about 1 month.

Twenty-four hours prior to enucleation, both eyes of
each monkey were injected intravitreally with Lucifer yel-
low. Following fixation in paraformaldehyde, segments of
retina were embedded in glycol methacrylate and sec-
tioned. Lucifer yellow is a vital dye known to specifically
label the cell bodies of the S-cones in rhesus monke,y (it
also labels all cone, but not rod, outer segments).-

Results
As in the human traumatic retinal detachments, the surgi-
cally induced detachments in the monkeys resulted in
near total loss of Lucifer yellow staining. This was true in
both the peripheral (Fig 4) and the macular retina (Fig 5).

Conclusions.
Although it could be argued that the S-cones change their
staining characteristics following retinal detachment, this
would not explain the progression of events, beginning
with swelling and eventual absence of the CA-negative
cones in the human study. In addition, a few CA-negative
cones survived, and these showed immunoreactivity for
the same isoform of S-antigen as seen in the S-cones in
control retinas.

No early detachments were examined in the mon-
keys, so the possibility that the detachment simply
reduced the uptake of Lucifer yellow cannot be ruled out.
However, as in the humans, this would not explain why a
few of the cones were strongly positive. Because there was
not gradient of dye uptake, a reasonable interpretation is
that after 2 weeks, most of the S-cones had degenerated.
Furthermore, the results are consistent with the S-cone
loss seen in the humans.

Such a selective loss of nearly all of the S-cones would

certainly explain the blue-yellow color deficits found in
retinal detachment. Beyond that, however, these findings
are interesting for a number of reasons. For one thing,
why are the S-cones (and to a lesser extent the rods) so
susceptible to injury in retinal detachment? Although the
present study does not address this question, it could be
speculated that the comparative resistance of the L/M-
cones has something to do with their intracellular CA.
Because the enzyme histochemical technique recognizes
all of the various isoenzymes of CA, it is reasonable to
assume that the S-cones and rods have either no, or very
low levels of, intracellular CA. Yet they may still require
this enzyme for such things as the maintenance of intra-
cellular pH and fluid transport. Donner and associates54
propose that the rods benefit from the abundant CA
found in the adjacent Mtiller's cells and the RPE. In reti-
nal detachment, however, the rods and S-cones lose con-
tact with the RPE and its stores of CA. Exacerbating the
situation, within hours of a retinal detachment the
Muller's cells show a dramatic decrease in their produc-
tion of CA and a concomitant increase in synthesis of
intermediate filaments such as glial fibrillary acidic pro-
tein and vimentin55-a condition that persists in chronic
detachmenti56 The L/M-cones continue to label strongly
for CA even when the retina is detached. This independ-
ent source of CA may serve a protective role against the
pH changes related to ischemia or against the effects of
edema.

Carrying this argument a step further, the greater
fragility of S-cones compared to the rods may relate to
their baseline metabolic activity. Cones have larger inner
segments, containing greater numbers of mitochondria
than rods. Presumably, these mitochondria are there to
support higher energy needs associated with processing
large numbers of captured photons under photopic condi-
tions. If the S-cones are more active than the rods, they
may also be more easily injured by ischemic stress.

S-CONE LOSS IN DIABETIC RETINOPATHY

Introduction
A range of disorders is ophthalmoscopically evident in dia-
betic retinopathy. Mild, or "background," changes include
capillary microaneurysms, hard exudates, small intrareti-
nal hemorrhages and cotton-wool spots (swellings of the
axons of the nerve fiber layer). More advanced, or "pre-
proliferative," defects are composed of capillary dropout
and intraretinal microangiopathy (IRMA). Finally, severe
abnormalities, such as extraretinal neovascularization,
periretinal membrane formation with retinal traction
detachment, and vitreous hemorrhages, are seen in the
"proliferative" form of the disease. Panretinal laser photo-
coagulation has been found to be of benefit in preventing
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FIGURE 1

Sections of retina from rhesus monkey whose vitreous had been injected 24 hours prior to enucleation with vital dye, procion black. Left, Radial sec-
tion showing single labeled cone (dark blue) among others that are unstained. Right, Same retina sectioned tangentially to surface of globe (parallel
to plane of retina) at level of photoreceptor inner segments. About 10% of cones are labeled. Labeled cones are evenly distributed among dominant
cone population (toluidine blue couniterstain; bar = 10 [Lm).

'
'D

FIGURE 2
Tangential sections of retina, enzyme histochemical reaction for carbonic anhydrase (CA, black reaction product), which is known to label L/M-cones
but not S-cones or rods. Left, Control retina. CA-negative cones are present (arrows). Right, Subject with surgically reattached retina. Note absence
of CA-negative cones. About half as many rods are present as seen at left. (toluidine blue counterstain; bar = 10 ,um). Contrast and brightness were
adjusted digitally.

B-scan ultrasonogram of monkey No. 3, 2 weeks following vitrectomy and subretinal injection of perfluorooctane (PFO). Left, With head supine, supe-
rior leaf of detached retina is readily visible. Anterior end of retina is inverted, a characteristic of giant tears (arrow). Note multiple inter echoes (so
called "ringing") generated by subretinal PFO (asterisks). Right, With head held upright, PFO has moved out of field of ultrasonic beam and shadow
corresponding to optic nerve is visible (black arrow). Echoes corresponding to V-shaped subtotal retinal detachment are evident (white arrow).
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FICIGuR 4
Fluorescent microscopy of midperipheral retina of rhesus monkeys. Left, Retinal section from unoperated, control eye. Although it is of midperiph-
eral retina, it is slightly closer to macula than retina shown on right. Lucifer yellow-labeled cones (arrows) make up about 10% of total cone popula-
tion. Rods (difficult to see on this image) are also more plentiful than in detached retina. Right, Tangential section of retina at level of photoreceptor
inner segments of monkey No. 1 with 2-week-old detachment. Only rare cones label with Lucifer yellow (arrow). Labeled cones make up 0.7% or less
of total cone population in detached retina. Contrast, brightness, and hue were adjusted digitally.

FIGURE 5
Fluorescent microscopy of central maculae of monkey No. 2. Left, Unoperated fellow (control) eye. Numerous Lucifer yellow-positive cones are evi-
dent (bright yellow dots). Due to natural curvature of tissue, section passes through outer segments in central fovea (asterisk), which are positively
labeled in all cones. Right, Tangential section of experimental eye in which retina had been detached for a total of about 1 month and remained
detached at time of enucleation. Foveal center is marked with asterisk. Only rare cones are positive for Lucifer yellow. Note that in central fovea, sec-
tion passes through detached cone outer segments, all of which are labeled. Contrast, brightness, and hue were adjusted digitally.

visual loss in many patients with proliferative changes.57
As with other retinal degenerative processes, the

characteristic pattern of color vision loss in diabetic
retinopathy is of the tritan-like, or Verriest Type III vari-
ety.2 This selectivity of damage for the S-cone pathway
was further demonstrated by Adams and colleagues,58 who
measured the spectral sensitivities for each of the 3 cone
pathways in patients with diabetic macular edema. They
found that the S-pathway was 40 times less sensitive than
in normal controls, compared with the L- and M-pathways,
which were only 2.2 times less sensitive. More recently,
Greenstein and coworkers37'5910 have carefully measured
S-cone pathway sensitivity using an increment threshold
technique and found the S-cone pathway to be

specifically affected in diabetes. The L- and M-cone path-
ways showed less sensitivity loss. The rods seem to be less
sensitive in diabetes, as well.6i,62

Tritan-like defects have been found in all stages of
diabetic retinopathy. Kinnear and associates8 and
Lakowski and colleagues9 studied 549 patients with dia-
betes, most ofwhom had mild or no apparent retinopathy,
and found that despite normal visual acuity in most
patients, color vision loss was common. More recent stud-
ies have confirmed the presence of Type III loss even in
patients with ophthalmoscopically absent or minimal
retinopathy.8'63`5 Some controversy exists as to the
correlation of the color defect with severity of the
retinopathy. Kinnear and coworkers8 found that at all ages
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studied (group averages of 25 to 65 years old in 10-year
increments), the color vision loss was worse in those sub-
jects with at least some retinopathy. Moloney and Drury'
studied 66 young patients with diabetes (mean age, 27.7
years) and did not observe a relationship between stage of
the disease and magnitude of the color vision loss.
Bresnick and associates,6 on the other hand, examined 90
patients with diabetes (both young and old) and conclud-
ed that the magnitude of the acquired tritan-like discrimi-
nation loss was correlated significantly with both the sever-
ity of the overall diabetic retinopathy and the severity of
macular edema and hard exudate formation. An independ-
ent risk factor for tritan-like color vision loss seems to be
the application of panretinal laser photocoagulation,8-7
even though the macula is avoided in this treatment.

A question has arisen as to whether the tritan-like
deficit in diabetes is prereceptoral, receptoral, or postre-
ceptoral. In support of a prereceptoral mechanism, Lutze
and Bresnick7 found that the lenses in patients with dia-
betes "yellow" at an accelerated rate. However, they later
found that when correcting for these lens changes, areas
of reduced S-cone system sensitivity were present. Using
blue test spots on a bright yellow background, Terasaki
and colleagues72 concluded that the pattern of sensitivity
loss cannot be caused by changes in preretinal screening.
Even so, Tregear and coworkers73 employed chromatic-
contrast threshold testing and concluded that, the specif-
ic tritan deficits seen in patients with diabetes can be
explained by lens yellowing rather than by selective dam-
age to the S-cone system. Further complicating matters,
Greenstein and associates4' found psychophysical evi-
dence for postreceptoral sensitivity loss in patients with
diabetes. Holopigian and colleagues74 used 2-color dark-
adapted thresholds, as well as electrophysiologic testing,
and concluded that there were rod and cone receptoral as
well as postreceptoral deficits.

Considering our previous results showing selective loss
of S-cones in human retinal detachment,53 we wanted to
determine if a similar pathogenic mechanism was involved
in diabetic retinopathy, which might explain the observed
color vision loss in this disease. Two methods were used to
accomplish this goal. First, to allow a qualitative assessment
of cell death, retinal tissue was labeled using the terminal
deoxynucleotidyl transferase (TdT)-mediated biotin-
deoxyuridine triphosphate (dUTP) nick end labeling
(TUNEL) method. Second, a quantitative analysis compar-
ing densities of S-cones as well as LiM-cones was conduct-
ed. Because of the great biochemical similarity of the L/M-
cones, no convenient method has been developed to distin-
guish these 2 cone types in post mortem tissue. However,
the technique of enzyme histochemical analysis for CA
described in the
following section is a rapid method for distinguishing the S-

cones (CA-negative) from the LJM cones (CA-positive) in
human eyes, so long as too much autolysis has not occurred.

Methods
The experiments described in this section followed the
tenets of the Declaration of Helsinki and were approved
by the appropriate institutional review board.

TUNEL Procedure. Portions of 5 retinas from 5 sub-
jects with varying degrees of diabetic retinopathy (sub-
jects Dl, D5, and D7 [Table I]) plus 2 additional eyes
from 2 subjects that were not used for the quantitative
study described here and 1 postmortem control eye (with-
out known retinal disease) were embedded in paraffin.
Putatively apoptotic nuclei were labeled by the TUNEL
method."5,6 Paraffin sections (4 pLm thick) were mounted
on slides treated with adhesive (Vectabond, Vector
Laboratories, Burlingame, California) deparaffinized, and
rehydrated with distilled water. All sections were digested
with proteinase K and blocked for endogenous peroxi-
dase. TdT was used to incorporate biotinylated dUTP at
the sites ofDNA breakdown. Biotinylated dUTP was visu-
alized with streptavidin and diaminobenzidine (DAB).
Rat small intestine with and without DNase added before
incubation in TdT and biotin-dUTP served as positive
controls. Negative controls were incubated without
biotin-dUTP.

Labeling of LIM-cones for CA. Postmortem retinas
were obtained from 13 human donors, 7 from patients with
various durations and stages of diabetic retinopathy (DI
through D7, Table I) and 6 controls. The tissue was fixed in
4% phosphate-buffered parafonnaldehyde (pH, 7.2) for 24
to 48 hours at 40 C and then stored in 1% phosphate buffer
(pH, 7.4) at 40 C. Representative pieces of retina were
removed and embedded in glycol methacrylate (GMA; JB-
4, Polysciences Inc, Warrington, Pennsylvania). To preserve
enzyme activity, the tissue was embedded directly in GMA
without the usual dehydration in graded alcohols. Instead,
the specimens were gently agitated in graded concentrations
of GMA monomer with benzoyl peroxide catalyst and dis-
tilled water, beginning with a 1:1 mixture. Polymerization
was carried out at 0° C for 16 hours. Sections were cut 2 jLm
thick with the tissue oriented either radially or tangentially
to the plane of the retina, and reacted for CA according to a
modified version26' of the Hansson method.76'79 This
involved floating the tissue sections on the surface of a react-
ing medium consisting of 0.00715 M CoS04, 0.0526 M
H2SO4, 0.0117 M KH2PO4, and 0.157 M NaHCO3 for 4 to 8
minutes. The sections were rinsed by floating them on a
0.5% solution of (NH4)2S for 1 minute and rinsing again on
distilled water. They were mounted on glass shdes and coun-
terstained with toluidine blue.

Quantitative Analysis. The tissue sections were
viewed with a microscope (Olympus BH-2; Olympus
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TABLE I: CLINICAL BACKGROUND OF SUBJECTS AND CONTROLS

AGE SEX DET FIXATION CD VA STAGE LASER DURATION

(YEARS) (HOURS) (DAYS) (YEARS)

Sulbjects
DI 65 NI 20(ice) 2 CVA 0.5 PDR PRP 13
D2 67 NI 4.5 2 Cardiac irrest 0.1 BDR Nonie 20
D3 69 F NA NA NA o.5 BDR None NA
D4 68 NI 5 CGI bleed NA PDR PRP/ML NA
D5 68 F 2.5 4 NA 0.02 PDR PRP 24
D6 62 F 12 NA NA NA PDR None 30
D7 66 M 4 4 NA NA BDR None 8

Controls
Cl 74 F 2.5 5 MI
C2 12 M 0.5 3 Head tratima
C3 66 F 2 22 CHF
C4 40 M NA NA Liver cirrhosis
C5 68 F 2 2 Breast cainicer
C6 68 F 1.4 1 Cardiac arrest

BDR, background diabetic retiinopathy; CD, cautse of (leath; CHF, congestive heart failure; CVA, cerebrovascular accident; DET, death to enucleation
tilmie (Dl was kept oni ice prior to fixation, the other eves were at rooimi temperature); DM, diabetes mellittls; GI, gastrointestinal; MI, myocardial inf:arc-
tion; ML, imiactilar laser; NA, informiiationi niot available; PDR, proliferative diabetic retinopathy; PRP, panretinal photocoagulation; VA, visual acuity.

Corporation, Lake Success, New York) and a digital cam-
era (Sony 3-chip charge-coupled device [3CCD], Model
DXC 960 MD, Sony Medical Systems, Montvale, New
York). The digital image was then captured and densities
of the 2 cone-types (CA-positive and CA-negative) were
measured using image analysis software (Optimas, Media
Cybernetics LP, Bothell, Washington).

The location of any point on the retina can be speci-
fied by 2 coordinates: the distance from the fovea and the
degree from the temporal meridian (ie, the 3-o'clock
meridian for left eyes, the 9-o'clock meridian for right
eyes). At 100 pm, 1 point was sampled every 450 (8
points); at 150 pm, every 300 (12 points); and at 200 jim,
every 22.50 (16 points). Beyond 200 jLm up to 1.5 mm,
data were collected every 450 (8 points) at 200 jJiTn inter-
vals (Fig 6). A modification of the method of Curcio and
coworkers'" was used to create a smooth tessellation of the
central retina-producing 2-D topographical maps.

A method similar to that described by de Monasterio
and associates24 was employed for the peripheral retina.
Cone topography was determined by sampling 3600 (as
described above) from 100 to 1,500 jim of retinal eccen-
tricity (distance from the foveal center) and then along the
horizontal meridians from 3 to 15 mm. Four points were
sampled near the horizontal meridian beyond 1.5 mm. All
of the data for each eccentricity, regardless of direction,
were then averaged (Fig 7). (The distances as given do not
account for tissue shrinkage, which is about 15% for
embedment in GMA. To convert millimeters to degrees of
retinal eccentricity for the average adult eye, assuming

15% shrinkage, a factor of 3.96 0/mm should be used.)
It was not possible to include all points at every

eccentricity, primarily because of weak staining reaction
or tissue folding. CA enzyme histochemical method is
very sensitive to autolysis and fixation. In some locations of
some eyes, the reaction was too weak to distinguish CA-
positive from CA-negative cones. Tissue folding during
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embedding presented occasional problems as well, mak-
ing it difficult to obtain sections that were flat enough for
adequate sampling. The central fovea (0 and 50 p,m
eccentricity) presented its own technical difficulties when
this technique was employed. CA staining was particular-
ly weak in this region-only yielding usable results in a few
eyes. Also, the retina was thinner here so that, during fix-
ation and embedding, tissue shrinkage caused the pho-
toreceptor layer to move vitreally-producing a concave
outer surface opposite the fovea interna. Because of this,
tangential sections through the fovea were generally not
flat enough for analysis. Given these problems and the
normal paucity of S-cones in the central fovea, statistical
comparisons between diabetic retinopathy and control
eyes are not meaningful for eccentricities of less than 100
pim with the use of this technique.

Restdlts
Occasional nuclei were found to be TUNEL-positive in all
of the 5 diabetic retinas tested, but not in the controls.
Positive cells were found in the both the inner and outer
nuclear layers. In 1 case, a positively labeled nucleus (pos-
sibly from a cone53) was seen that was external to the outer
limiting layer (Fig 8).

Unlike the controls, the diabetic eyes showed patchy
losses of CA-negative cones (presumably S-cones) and
rods (Fig 9). On average, there was reduction in the per-
centage of S-cones in all directions and at all eccentricities
in the maculae of the diabetic eyes compared with the

control eyes (Fig 10). However, for individual eyes, these
losses were sometimes irregular (Fig 11). A significantly
lower density of S-cones was found at nearly all retinal
eccentricities from 0.1 to 15 mm (Fig 12). By comparison,
the mean density of L/M-cones was significantly reduced
at only 1.5mm (Fig 13).

Since the S-cones normally have a regular distribu-
tion with respect to the L/M-cones 4 we reasoned that
measuring the ratio of S-cone to LIM-cone densities
would be a sensitive measure, since, being a ratio, it would
compensate for artifacts such as irregular tissue shrinkage
during embedding. Thus as shown in Fig 14, the S-cones,
as a percentage of all cones, were significantly reduced in
the diabetic eyes at all but 3 eccentricities. On average,
the percentage of S-cones compared to L/M-cones was
decreased by 21.0 ± 3.4 % (mean ± SEM) in the eyes with
diabetic retinopathy compared with controls.

Conclusions
Selective dropout of S-cones is a consistent finding in dia-
betic retinopathy. The loss is, on average, distributed
rather evenly throughout the macula and along the hori-
zontal meridian, extending at least to 15 mm beyond the
fovea. Selective S-cone injury is similar to (although less
extensive than) what is seen in retinal detachment,53 but
contrasts with the L/M-cone damage found in glaucoma.8'

An effort was made to select eyes with a range of dia-
betic retinopathy. However, because complete ocular his-
tories were not available for all patients and because of the
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FIGURE 7
Locations of sampling points for retinal eccentricities up to 15 mm.
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FIGURE 8

Retinas with diabetic retinopathy labeled with TUNEL technique for identifying dying cells (possibly by apoptosis). Left, Radial section from subject
D6 (Table I). One positively stained cell is seen in outer nuclear layer (arrow, brown reaction product). Bar = 20 j.mm. Middle, Higher magnification
of positive cell in outer nuclear layer of another diabetic retina (arrow) (subject D1, Table I). Right, Positive ectopic nucleus located sclerad to exter-
nal limiting membrane (arrow) (subject D1, Table I). Bar = 10 p.m (same magnification as middle panel).

FIGURE 9
Tangential sections at level of photoreceptor inner segments located 10 to 20 arc degrees from fovea. Enzyme histochemical reaction for carbonic anhy-
drase (CA) produces a black reaction product, which labels dominant, LJM-cones. Upper left, Section from 68-year-old woman with no known histo-
ry of ocular disease (control C5, Table I). Roughly 9% of cones are blue-sensitive (arrows, CA-negative). Upper right, Section from similar area in
another 68-year-old woman with proliferative diabetic retinopathy treated with laser photocoagulation (D5, Table I). Fewer CA-negative cones are
present. There are also fewer rods than in control section. Lower left, Another section from same subject as in upper right showing focal area writh
marked reduiction in rods. L/M-cone density is essentially unchanged. Lower right, Section from another diabetic retina (D6, Table I). Note lack of S-
cones, decreased density of rods, and poorly defined cone sheaths (toluidine blue counterstain; Bar = 10 ,urm).
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Plots similar to Figure 10 for 2 individual diabetic retinas (subjects Dl and D3, Table I). Distribution pattern is somewhat more irregular than means
plotted in Figure 10.

small sample size, it was not possible to correlate S-cone
loss and severity of disease. Simple inspection of the post-
mortem retinas with the dissecting microscope is not a
substitute for detailed history, because diabetic retinopa-
thy can become inactive after several years-leaving little
evidence of damage at this level.

Given the limited ocular histories for some of the sub-
jects and especially for the controls, it is important to con-
sider the other retinal diseases that might be common
enough to act as confounding variables. The only entity
that fits this category is glaucoma. Although macular
degeneration is quite common among this age-group,
even mild forms of the disease are easily identified on
inspection of the posterior poles with the dissecting
microscope. No such eyes were included in this study. By

contrast, glaucoma is often not evident in gross speci-
mens. Moderate cupping of the optic nerve can be
obscured by postmortem changes and fixation. Glaucoma
is also a concern because it may82` (or may not)',86 be
more prevalent in patients with diabetes mellitus.
Furthermore, glaucoma is now known to affect the pho-
toreceptors in the outer retina.8' Even so, Klein and col-
leagues&3 found that the difference in the prevalence of
glaucoma between patients with older-onset diabetes and
those without diabetes was only 2.2% (4.2% versus 2%,
respectively), so it is unlikely to be a major factor in such
a limited sample as ours. More important, most of the
outer retinal damage in glaucoma seems to be concentrat-
ed in the L/M-cones,8' whereas the S-cones were selec-
tively lost in our diabetic eyes.
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Density of S-cones as funetioni of retinal eccentricity ± standard error of mean (SEM). AIn anialysis of variance (ANOVA) was used to examine wvhetber
S-coie denlsity at various eccentricities differed betxveen diabetic ancd coontrol subjects. Eccentricity,; a repeated measures variable, was evaluated vith
Huynh-Feldt adjustments to degrees of freedom to correct for correlated repeated measures. A Type IV sum-of-squares error term was used because
of missinig data at some eccenitricities. S-cone densities differed significantly vith eccentricity (F(1,8.92) = 32.05, P <.01). There was no overall differ-
ence in densities betwzeen groups (F(1,2) = 10.89. P = .082). However, there w,as a significant difference between groups in S-cone density with eccei-
tricity (F(1,8.92) = 3.89, P< .005). Asterisks (*) indicate that differences in means are significant (<.05) by independent samples Student's t-Test, assum-
ing iine(1iial variances andl evaluated uising a one-tailed probability distribution (duie to constraint that diabetic L/M-cone densities cainniot exceed con-
trol values). Diabetic retinas show significantly lower mean S-cone density at most ecceintricities.

TUNEL labeling of some of the nuclei in our patients
with diabetes was consistent with cell death in the inner
nuclear as well as the outer nuclear layers in diabetic
retinopathy. In such a chronic disease, which can last for
years or decades, it is expected that even if cell death were
common, only rare cells would be TUNEL-positive. This
is because in cells undergoing death by apoptosis, there is
only a relatively brief time interval during which the
nuclei are TUNEL-positive-perhaps as short 1 to 3 hours
in normally cycling cells of the intestine, epidermis, lym-
phoid tissue, and so on,75 and 8 to 11 hours for ganglion
cells in axotomized rats." Finally, TUNEL labeling alone,
although consistent with programmed cell death (apopto-
sis), does not rule out death by necrosis."" Nevertheless,
TUNEL staining in our diabetic retinas and absence of
such findings in control retinas suggests that retinal cell
death is occurring in diabetic retinopathy.

Although diabetic retinopathy is sometimes thought
of as an inner retinal vasculopathy, loss of photoreceptors
indicates damage to the outer retina as well. Outer retinal
injury might be predicted, considering the studies show-
ing that choroidal vasculopathy is an important element in

this disease.'9"('
Partial loss of S-cones could contribute to the color

vision deficit in diabetic retinopathy. This does not rule
out the possibility that factors in addition to photorecep-
tor death may be involved as well. Indeed, color vision
deficits have been observed even in early diabetic
retinopathy,4 160'72'9' including patients with diabetes with
angiographically normal retinas.9'93 Unlike the findings of
nearly total S-cone loss in human traumatic retinal
detachment and experimental retinal detachment in mon-
keys, only a portion of the S-cones was lost. Therefore, the
contribution of other prereceptoral or postreceptoral
mechanisms cannot be ruled out.

IIM-CONE INJURY IN GLAUCOMA

(The next section briefly summarizes work previously
done by the author and his associates. The full paper has
been published.9' It is presented here as background for
the sections that follow.)

For the purposes of this thesis, the term "glaucoma"
is used to mean moderate and low-pressure chronic
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FIGURE 13

Density of LiM-cones as function of retinal eccentricity ± SEM. Data were analyzed using same ANOV7A design used for analyzing S-cones. Altlhough
densities change significantly with eccentricity (F(1,2.54) = 109.05, P< .001), there is no difference behteen groups (F(1,10) = 1.95, P> .19), nor do
groups differ signiificantly by eccentricity (F(1,2.54) = 0.41, P>.71) Students t-Tests performed as for S-cones densitv data (Fig 12), wvas signiificant (t)
for only one of 13 tests.

glaucoma. Primary open-angle glaucoma (POAG) is the
most common form of this condition.

Introduction
Glaucoma is an apparent exception to K6llner's rule of
acquired color vision loss. Visual loss in this disease occurs

because the retinal ganglion cells die, probably by apop-

tosis.9'95 Traditionally, elevated intraocular pressure (IOP)
is thought to gradually and irreversibly damage the gan-

glion cell axons in the optic nerve and thereby cause

retrograde degeneration of their cell bodies. The mecha-
nism by which elevated pressure causes death of the optic
nerve fibers has been assumed to be direct; either by
reducing the blood flow to the nerve967 or by causing an

outward deformation of the lamina cribrosa with the sub-
sequent interruption in axoplasmic flow.98

A peculiar aspect of the vision loss in patients with
glaucoma is the type of color vision deficit observed. Given
the putative involvement of the optic nerve in the etiology
of glaucoma, it would be expected that color vision loss
would be along the red-green axis. Patients with glaucoma,
by contrast, confuse colors along the blue-yellow axis.703
This is often explained by assuming that those axons

responsible for conveying blue-yellow opponent data are

more susceptible to damage than those transmitting

red-green information. However, such an explanation
remains controversial. Quigley and coworkers have shown
anatomic'04 and biochemical''5 differences between glauco-
matous and other forms of optic nerve damage, with the
former affecting mostly the region of the lamina cribrosa.
Glaucomatous cupping may be associated with deforma-
tion of the axons as they pass through the lamina.98'0"'0
Quigley and associates have also clearly demonstrated that
there are 2 aspects to axonal loss."''8"''9 Those axons passing
over the superior and inferior edges of the optic nerve are

lost earlier in the disease process than the nasal and tem-

poral fibers, which might explain the paracentral and arcu-
ate defects seen on visual field testing. There may also be
a generalized loss of axons with the larger-diameter fibers
being lost earlier than the smaller fibers.

However, such an explanation remains controversial.
While the axons supplying blue-yellow information may

be somewhat larger than the red-green axons."" The
largest ganglion cells are mostly the phasic axons,"' which
respond vigorously to luminance contrast and to high tem-
poral frequencies and are relatively insensitive to purely
chromatic differences."2 The tonic axons are devoted to
blue-yellow or to red-green opponent information"2 and

are smaller in diameter compared to the phasic axons."o

Could this blue-yellow color deficit be based on
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increase if there were a decrease in LiM-cones. In patients with diabetes, most eccentricities have a significantly lower mean percentage of S-cones
compared to controls (°). Note scale change at 2 mm eccentricity.

photoreceptor damage as was found in retinal detach-
mente5 and diabetes?'13 Histopathologic evidence for pho-
toreceptor injury in high-pressure glaucoma is unequivo-
cal. Anderson and coworkers"14 observed focal dropout of
photoreceptors in the owl monkey. Ultrastructural defects
suggestive of programmed cell death (apoptosis) were

noted by Biichi and colleagues" in nuclei of the outer
retina in a rat model of pressure-induced ischemia. In
human eyes with secondary angle-closure glaucoma,
Panda and Jonas"7 counted significantly fewer photorecep-
tors compared to normal subjects. Janssen and associates"18
found fewer photoreceptors compared to controls as well
as pyknotic nuclei in the outer nuclear layer in 2 human
eyes with secondary, painful glaucoma (IOPs >40 mm Hg).

By contrast, anatomic evidence for outer retinal
injury in chronic (moderate-pressure) glaucoma has been
lacking. Loss of photoreceptors was not found in human
eyes with primary open-angle glaucoma in a study by
Kendell and coworkers."19 Nor did Wygnanski and col-
leagues"20 observe cone loss with experimental glaucoma
in cynomolgus monkey.

Although morphologic indications of photoreceptor
deficit had been lacking, investigations using the elec-
troretinogram (ERG) suggest something else. The ERG is
generated mostly by the photoreceptors and the bipolar

cells and is not altered by optic nerve transection; there-
fore, it should not be affected if glaucomatous damage is
limited to the optic nerve and inner retina. Traditional
thinking suggested that this was the case, yet recent work,
using careful quantification and proper selection of con-

trols, now provides strong evidence of outer retinal effects
in humans.'2'-25 Furthermore, Weiner and associates"16
found that foveal cone ERG amplitude was subnormal in
a significant proportion of glaucomatous eyes. On the
other hand, outer retinal ERG changes were not seen in a

monkey model of experimental glaucoma. 27

Reasoning that the outer retina is, indeed, involved in
glaucoma but that the morphologic changes were too sub-
tle to see on traditional radially cut, paraffin-embedded
retinas (ie, cut perpendicular to the plane of the retina), a

study was performed in which the retinas were embedded
in glycol methacrylate plastic, which permitted making

thinner sections than was possible with paraffin. In addi-
tion, the sections were cut tangentially to the globe (par-
allel to the plane of the retina), so that greater numbers of
photoreceptors could be examined per microscopic field.

Methods
In this study, the outer retinas from 128 human eyes with
a diagnosis of chronic glaucoma (presumably POAG in
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A Control -- Human B Glaucoma -- Human

FIGURE 15
Inner segments tangential sections. A, Normal human retina. B, Retina from same area of another human with primary open-angle glaucoma (POAG). C,
Normal (control) rhesus monkey retina. D, Retina from same region of animal's fellow eye with experimentally induced glaucoma. In human and monkey
controls, subtypes of cones (red-, green-, and blue-light sensitive) are indistinguishable. However, for both human and monkey glaucoma, 2 distinct cone
populations are apparent. Dominant cone population (probably IJM-cones) is swollen (white arrows) compared to a minority population, possibly S-cones
(black arrows) (toluidine blue; bar = 10 pm).

most cases) and 90 control eyes were examined histologi-
cally by 3 masked observers for photoreceptor swelling
and loss. Retinas from 9 rhesus monkeys with glaucoma
induced experimentally by laser trabecular destruction
were compared to retinas from 7 fellow (control) eyes.
The mean pressure elevations in the eyes with laser tra-
becular destruction ranged from 26.6 to 53.6 mm Hg with
durations varying from 7 to 33 weeks.

Results
Swelling of the red- and green-sensitive cones was
observed in a significantly greater proportion of human
eyes with presumed POAG compared to the control eyes
(Fig 15). Patchy loss of L/M-cones and rods was also
found in some of the glaucomatous retinas (Fig 16). In a
subset of the human eyes with end-stage disease, cone
swelling was a variable finding. Although no photorecep-
tor loss was found in the 9 monkey eyes with experimen-
tal glaucoma, 8 had swelling of their L/M-cones that was
remarkably similar to that seen in the human eyes (Fig
15). Swelling was not present in any of the control mon-
key eyes.

Conclusions
This study shows that glaucoma is associated with anatomic

changes to the photoreceptors. As such, it may be that
glaucoma is actually consistent with Kollner's rule in the
sense that it is, at least in part, a retinal degenerative
process. The situation is distinct from earlier work with
retinal detachment and diabetic retinopathy where selec-
tive loss of the S-cones was found.,3ln" The human and
monkey eyes with glaucoma showed mostly swelling and
loss of the L- and M-cones. However, an apparent shrink-
age of the S-cones was also seen in some of the monkey
eyes (Figs 15C and 15D).

Although it is only possible to speculate about func-
tion based on morphology, recent careful analysis of the
blue-yellow deficit in glaucoma reveals that unlike other
retinal disorders, in which there is relatively more selec-
tive suppression of the S-mechanism,3759"'9 in glaucoma
there is significant decrease in the sensitivity of the L- and
M-systems as well as the S-pathway."' Likewise, a behav-
ioral study in an experimental model ofPOAG in monkey
has shown that early glaucomatous changes affect mostly
the S-pathways but that the L- and M-systems are
involved in more advanced disease.'3' Perhaps changes in
the L- and M-cones were found to be so common because
these subjects had advanced disease or because the L/M-
cone swelling is easier to detect than more subtle bio-
chemical changes that might be occurring in the S-cones.
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D Glaucoma

F Glaucoma

FIGURE 16
HIuiman ininer segmenits, reacted for CA-taingential sections. A, Normal humtian retinia shows positive staininlg for CA in 91% of coines (black arrows), btit
rods and about 9% of conies (white arrows) are negative. These CA-negative cones are the S-cones (blue-sensitive).2' B, Saimie region fromil eye w,ith
POAG. Swelling of inniier segmiientts is coisfinied to CA-positive coInes (UM-cones, black arrows), wzhile S-conies (white arrows) are niot obviously enlarged.
C, Anothcer subject with POAG from ilsaime region as in A and B. Marked loss of CA-positive cones (black arrow) is present. How\ever, CA-negative S-
cones (white arrowr) halve normiial dlistributioni within this frame. D, Anotlier glaucomiiatous eye show,ing focal rod (black arrowN) dropouit. There is anl
inierease in density of conies, probably a resuilt of slidiing together of adjacent conies to take up space left by mnissing rods. Note that both CA-positive aild
CA-negative (white arrow) con1es remiiaiin. E anid F, Lower imiagnlifications of retinas show.n in C and D, respectively. Patchy natture of photoreceptor loss
is evident. Even thouiglb a proportionately greater loss of JiM-conies compared to S-cones is present in E, all cone types are imiissing fromn large central
area (toluidinie blue couniiterstaini; bars = 1f) pm [A throuiglh D] anid 25p1m [E and F]. Conitrast aCdjusted digitally to optimize conversion from color to
grayscale.

Because of the spectral opponency aspect of color vision,
decreased sensitivity (or actual loss) of either the S-cones
alone or a process that equally affects both the L- and M-
cones could result in blue-yellow confusion.

Indeed, all 3 cone types could be injured and the
result would still be blue-yellow confusion, as long as the
L- and M-cones respond equally and the S-cones are
affected to a relatively greater or lesser extent. Equivalent
response in L- and M-cones is not an unreasonable sce-
nario considering the 96% identity of the amino acid
sequences33 of the L- and M-cone opsins, as well as many
other biochemical similarities between the L- and M-
cones, such as the carbonic anhydrase26 and calbindin'32
distributions, and the immunochemical similarity of S-
antigen isoforms,3f and so on.133 By contrast, the S-cones

share only a 43% identity in the amino acid opsin
sequences compared to L- or M-cones. S-cones even dif-
fer morphologically from the longer-wavelength cones.35

ANTEROGRADE HYPOTHESIS OF GANGLION CELL

DEATH IN GLAUCOMA

BACKGROUND AND HYPOTHESIS

The finding of photoreceptor injury in both human glauco-
ma and experimental glaucoma in a monkey model raises
the intriguing possibility that damage to the outer retina may
contribute in some way to the disease process. Of course,
the other two possibilities are that the photoreceptors are
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simply responding to ganglion cell changes or that this is
an independent site of pathologic change, unrelated to
ganglion cell death. In the following sections, arguments
will be put forward in support of this first idea-that pho-
toreceptor injury may contribute to ganglion cell death.
Experiments designed to test the predictions of this
hypothesis will then be presented.

Distribution of Outer Retinal Changes in Glaucoma
If there is a relationship between photoreceptor injury
and ganglion cell death, (ie, if the two phenomena do not
represent two separate sites of damage), one would expect
that the average distribution of swollen cones in moderate
(not end-stage) disease should be predominantly in the
arcuate region-similar to the average distribution of gan-
glion cell loss known to occur in moderately advanced
glaucoma. Although the study cited above did not address
this issue (only a single location in the arcuate region was
examined), some recent investigations do.

Nickells and colleagues"34 reasoned that if the cones
are injured, they would produce opsin at a slower rate. To
avoid problems introduced by protein turnover, they
decided to get a more accurate picture of gene expression
by looking at opsin mRNA production. cDNAs of about
200 (bp) long and specific for L/M-cone, S-cone, and rod
opsins were generated by polymerase chain reaction.
These cDNAs were subcloned into plasmids and used to
generate antisense probes for in situ hybridization and
RNase protection analyses. Experimental glaucoma was
produced by laser trabecular destruction in monkeys as
described above. In the arcuate region, there was marked
reduction ofmRNA seen by in situ hybridization for the L-
and M- as well as the S-cones, but not for the rods.

In a related experiment by the same authors,'34 sam-
ples of retina were removed from the macula, arcuate
region, and peripheral retina and processed for RNase
protection assay-a method that quantifies mRNA levels.
By calculating ratios of rod opsin (rhodopsin) to L/M-
opsin in these 3 locations, the investigators showed that
the arcuate region was most affected. (This technique is
not sensitive enough to detect the S-cones because they
are so few in number.)

In yet another line of investigation, Ver Hoeve and
coworkers'35 have now demonstrated LlM-cone injury in
human glaucoma using the multifocal electroretinogram
(mERG). mERG has been explored for its utility in glau-
coma by others. However, the emphasis has been on those
components of the mERG that are most likely to measure
ganglion cell function.'36..39 Vaegan and Buckland,'4" on the
other hand, did find that the first kernel of the mERG was
affected in glaucoma-a probable measure of outer retinal
function.

Dr Ver Hoeve took another approach. He deliberate-

ly selected a component of the ERG that most closely cor-
responds to L/M-cone function-namely, the photopic
latency (time from stimulus to the trough of the a-wave).
He and his associates found that 8 of 9 patients with clini-
cally diagnosed glaucomatous field loss showed significant
increases in the latency of the early waves in a paracentral
pattern extending from the disk. Although these areas of
increased mERG latency did not necessarily coincide with
visual field losses, when averaged together, the distribution
of the increased latencies was similar to the average visual
field losses seen in early and moderate glaucoma.'4

Could the Photoreceptor Swelling be Simply a Response to
Dying Ganglion Cells?
This question was partially addressed in the paper discussed
in the preceding section. Tangential sections at the level of
the ganglion cells were examined in all 128 human eyes with
a diagnosis of glaucoma. Twenty of these had severe (>90%)
loss of the ganglion cells (ie, end-stage disease). Five of the
20 (25%) had marked swelling of the L/M-cones. However,
7 ofthe eyes with severe ganglion cell dropout (35%) had no
sign of photoreceptor swelling. If the photoreceptor
swelling is a response to dying ganglion cells, then one
would expect to see no photoreceptor swelling in eyes with
end-stage disease, (ie, those retinas with no or few surviving
ganglion cells). However, when the subset of eyes with more
than 90% ganglion cell loss was examined, some eyes had
marked cone swelling and some had no detectable swelling
(the remainder had intermediate or questionable swelling).
In other words, the photoreceptor changes could not be the
result of degenerating ganglion cells, since there were
almost no ganglion cells remaining in this subset of subjects;
yet there is no consistent pattern of photoreceptor swelling.
Indeed, photoreceptor swelling may well be a transient
response to decreased choroidal blood flow-resolving once
the blood flow has been restored to normal levels, such as by
adequate IOP management.

In another study, in situ hybridization was done using
the same 3 probes for the photoreceptor opsins as
described above, but with a monkey that had optic nerve
transection posterior to the insertion of the central retinal
artery and vein (unpublished data). Five and one-half
weeks after transection, the eyes were enucleated, fixed,
and underwent in situ hybridization. There was no signif-
icant difference in either the rod, S-cone, or L/M-cone
opsin staining between the eye with optic nerve transec-
tion and the fellow control eye. Thus showing that, with a
known optic neuropathy, and under these conditions, the
photoreceptors do not seem to be affected by the dying
ganglion cells.

Choroidal Blood Flow in Glaucoma
Swelling of the cones, as with other neurons, may indicate
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ischemic injury, which could arise from a decrease in
choroidal circulation. Only a moderate increase in the
IOP in cats leads to a reduction in choroidal blood flow
and a precipitous fall in oxygen saturation at the vortex
veins.'42"43 Consistent with this, functional changes specif-
ic to the outer retina-decreased electroretinographic c-
wave and the dark adapted standing potential-have been
shown to be reduced in cat and monkey with experimen-
tally induced IOP elevations as low as 15 to 20 mm Hg
above baseline.'44 In humans with POAG, several studies
using Doppler ultrasonography have shown that blood
flow is significantly decreased in the ophthalmic artery,
most of whose circulation supplies the choroid.'45"'5
Finally, histopathologic evidence suggests that there is
loss of the innermost choroidal vessels in POAG."'5

Although choroidal circulation is probably decreased
in glaucoma, any hypothesis involving a role for the outer
retina in ganglion cell death needs to account for the arcu-
ate distribution of injury known to occur in early and
moderate glaucoma. As noted above, the photoreceptor
changes seem to follow this pattern, but what about the
choroidal blood flow?

Choroidal blood flow is difficult to measure with great
precision because of its location behind the retinal pig-
ment epithelium and because of the overlying retinal ves-
sels. Nevertheless, some useful information has been
gleaned from studies of the regional variations in choroidal
choriocapillary anatomy, experimental occlusion of the
posterior ciliary artery in monkeys, and from investigations
into the early filling phase of the fluorescein angiogram.

Traditional histopathologic studies of the choriocapil-
laris and choroid are limited because they are only able to
look at small regions. This changed with the introduction
of vascular casting techniques. Yoneya and Tso"52
employed corrosion vascular casts and scanning electron
microscopy to examine the angioarchitecture of large
areas of the human choroid in 9 normal autopsy eyes.
They concluded that there were 3 distinctive patterns to
the choriocapillaris depending on eccentricity from the
fovea. They observed a lobular arrangement of the vessels
in the posterior pole, giving way to a spindle pattern in the
equatorial region and a ladder pattern in the periphery.
Such variations have been confirmed by Fryczkowski and
colleaguesl"' who divided the circulatory patterns into 5
regions: submacular, posterior pole, equatorial, peripher-
al, and peripapillary. Interestingly, they noted that this
"submacular" region did not show a lobular pattern.
Instead, they found a freely interconnected monolayer of
vessels. They also described abundant anastomotic con-
nections between the submacular choroidal vessels.

Precisely how these regions relate to each other in
terms of flow rates and anastomotic connections is not
fully understood in the normal eye, much less in a dis-

eased one. However, Hayreh and Baines","ss provided
some insight into these anatomic relationships with their
study of the effects of occlusion of the posterior ciliary
artery in 85 monkey eyes. The resultant lesions (acute
white patches and subsequent discoloration of the fundus)
showed a remarkable pattern. Although each animal had a
distinctive arrangement of defects, overall there was a ten-
dency for the defects to involve the midperipheral area
(including the arcuate region involved in glaucoma) with
relative sparing of the macula and far peripheral retina.
Interestingly, many of the lesions respected the horizontal
meridian. Consistent with this is an earlier study of
microsphere occlusion in the choriocapillaris of rhesus
monkeys by Stern and Ernest.156 They found high concen-
trations of microspheres in the macula, which they inter-
preted as resulting from a greater blood supply from the
short posterior ciliary arteries. Hayreh"57 has also
described watershed zones in the choroidal circulation
that are visible in early-phase fluorescein angiograms. As
with the occlusion studies, these zones often respect the
horizontal meridian.

Given these observations of variations in choroidal
anatomy and blood flow, it seems reasonable, considering
that choroidal blood flow is reduced in glaucoma, that this
reduction would not necessarily be equal in all areas. Not
many data are available to support this idea, although
Vaegan and coworkers'58 have found delayed choroidal fill-
ing across the posterior poles of human glaucomatous
eyes-confirming work done in 1970 by Rosen and Boyd."19

Anterograde Hypothesis of Ganglion Cell Death in
Glauconma
If the swelling of the L/M-cones is not simply a response
to ganglion cell death, then why does the distribution of
the swelling seem to mimic that of ganglion cell loss? It
would be a rather unusual coincidence if the swelling rep-
resented a completely independent site of injury, which
happens to correspond so well geometrically to the gan-
glion cell loss. A simpler explanation might be that the
photoreceptors are involved in some way in the process of
ganglion cell destruction.

Ganglion cells are known to survive in the absence of
photoreceptors in such conditions as retinal laser photo-
coagulation,",""'' retinitis pigmentosa,"'' and the RCS
(Royal College of Surgeons) rat."'' Thus, cell death due to
a lack of trophic factors seems unlikely. However, ganglion
cells are known to die by apoptosis in glaucoma,9495 and
they contain N-methy-D-aspartate (NMDA) recep-
tors,"6,""" which, when acutely over-stimulated by gluta-
mate, can lead to programmed cell death.'66 Elevated vit-
reous levels of glutamate have been found in POAG, 17
and it has recently been shown that chronically elevated
levels of glutamate can trigger ganglion cell death as
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TABLE II: COMPARISON OF RETROGRADE AND ANTEROGRADE HYPOTHESES

RETROGRADE ANTEROGRADE

* Increased intraocular pressure * Increased intraocular pressure
* Decreased blood flow to ON and/or mechanical deformation * Decreased choroidal blood flow
of lamina cribrosa * Ischeemia of L/M-cones (swelling) (decreased opsin mRNA production)

* Decreased axoplasmic flow * Decreased glutamate re-uptake (increased extracellular gluttamate)
* Ganglion cell death * Overexcitation of bipolar cells

* Overexcitation of ganglion cells
* Ganglioin cell death

well."' Since glutamate is the major excitatory neurotrans-
mitter of the photoreceptors,'69 it seems plausible that in
glaucoma, the ischemia that may result from lowered
choroidal blood flow could cause a decreased reuptake of
glutamate. This would lead to excess glutamate in the
intracellular compartment, which might reach the gan-
glion cells directly (by diffusion) and overexcite them.
Alternatively, the increased extracellular glutamate might
have an indirect effect by first overstimulating the bipolar
cells, which would then overexcite the ganglion cells.

This will be referred to as the "anterograde" hypoth-
esis to distinguish it from the traditional "retrograde"
hypothesis, whereby the ganglion cells are thought to die
as a result of neurotrophin deprivation because of either
ischemic or mechanical damage directly to the ganglion
cell axons as they pass down the optic nerve. Table II com-
pares the steps in these two hypotheses.

Before tests of the anterograde hypothesis are dis-
cussed, one additional question should be addressed.
Namely, why would injury to the LiM-cones, which consti-
tute only about 5% of the total photoreceptor population,
have such a significant impact on the majority of the gan-
glion cell population in glaucoma? An answer may lie in
the fact that the L/M-cones have a disproportionately large
input into the ganglion cells. About 80% of the ganglion
cells are the parvocellular type (P-cells, midget ganglion
cells),'7'7'l which connect exclusively to cones. Other types
of ganglion cells also have connections to the cones.
Furthermore, the LIM-cones represent 91% of the total
number of cones. Therefore, if the LJM-cones are affected
by a disease process (even if the other photoreceptor types
are not), and this damage is transmitted downstream, a
large fraction of the ganglion cells might be involved.

In the following section, experiments are described
that were specifically designed to test the predictions of
the anterograde hypothesis versus the traditional retro-
grade hypothesis.

TESTS OF THE ANTEROGRADE HYPOTHESIS

A key feature of this anterograde hypothesis is that it
requires chronically injured photoreceptors. Ganglion cells

do not depend on upstream neurotrophic stimuli as evi-
denced by their survival in such conditions as retinal laser
photocoagulation,"3'6 ' retinitis pigmentosa'62 and the RCS
(Royal College of Surgeons) rat.'63 Therefore, if the pho-
toreceptors were to be focally ablated prior to induction of
experimental glaucoma, there might be a protective effect
on the overlying ganglion cells, which would not be pre-
dicted by the traditional retrograde hypothesis (Fig 17).

The results of such an experiment are presented, in
which the photoreceptors were focally removed using
retinal laser photocoagulation prior to induction of exper-
imental glaucoma in rhesus monkeys. Consistent with the
anterograde hypothesis, a protective effect on the gan-
glion cells was observed. No protection was seen in a sim-
ilar experiment in which the retinal laser was followed by
transection of the optic nerve.

Materials and Methods

Retinal Laser Photocoagulation Followed by Induction of
Experimental Glaucoma. All animal procedures adhered
to the Association for Research in Vision and
Ophthalmology (ARVO, Rockville, Maryland) statement
on the use of animals in vision research.

Eight eyes of 4 rhesus monkeys underwent retinal
laser photocoagulation. The laser spots using the argon
green wavelength (514.5 nm, Coherent, Santa Clara,
California) were applied to the region of the posterior
pole that corresponds to early visual field loss in humans
with glaucoma, (ie, 5 to 20 arc degrees eccentric to fixa-
tion). Various spot sizes were created from 100 pLm to 4,000
p.m (spots more than 1,000 pLm were made by applying
confluent 200-p.m individual burns), with energies from 50
to 130 mW and exposure times from 0.1 to 0.5 second.

After about 1 month (enough time to permit the
debris of photocoagulation to be cleared by the retina),
argon laser trabecular destruction (ALTD) was performed
in 1 eye of 3 animals.' 2'1 4 Briefly, a Kaufman-Wallow sin-
gle-mirror monkey gonio lens (Ocular Instruments, Inc,
Bellevue, Washington)'75 was used to deliver the laser to
the trabecular meshwork. During each treatment session,
either 2700 or 360° of the anterior (non-pigmented)
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FIGURE 17

Design of experiment to discriminiate between retrograde and anterograde hypotheses of ganglion cell death in chronic glaucoma. First, a retinal laser
is applied (light gray), which is absorbed by pigment epithelium and converted to heat (dark gray) that kills photoreceptors (upper right). Experimental
glautcoma is then produiced by argon laser trabecular destruction. Two hypotheses predict different outcomes with respect to survival of subset of gan-
glion cells overlying healed laser spot (lower half). BM, basement membrane; Ch, choroid; GC, ganglion cell layer; IN, inner nuclear laver; NF nerve
fiber layer; ON, outer nuclear laver; B/C, rod/cone layer.

meshwork was photocoagulated with 514.5 nm of argon
green laser using either 50- or 100-[im spots of 1.0-Watt
intensity and 0.5-second duration. Seventy-five to 200 such
spots were applied per session. The IOP, which was meas-
ured twice weekly with a handheld digital tonometer
(Tono-Pen XL; Mentor 0 & 0, Nowell, Massachusetts),
usually took 3 weeks to rise, and the elevation lasted vari-
able lengths of time. (This device was found to underesti-
mate the IOP at higher pressures in the cynomolgus mon-
key.'76 A similar study has not been done for the rhesus,
although its eye, being intermediate in size between the
human and the cynomolgus monkey, might be expected to
have a smaller error than that found in the cynomolgus
monkey.) Additional laser treatments were carried out as
needed to maintain elevated pressures. Two sessions of
ALTD were administered to monkeys No. 1 and No. 3, and
4 sessions were used for monkey No. 2. In 1 animal (mon-
key No. 1), 1 drop of 0.5% timolol maleate (Timoptic,
Merck & Co, Whitehouse Station, New Jersey) was
applied to the cornea of the treated eye on 2 occasions to
lower the IOP.

Optic Nerve Transection. To control for the possibili-
ty that retinal laser photocoagulation may promote retinal

ganglion cell (RGC) survival by mechanisms other than
photoreceptor removal, the optic nerve was transected
(instead of inducing experimental glaucoma) in 1 eye of 1
animal. As with the other monkeys, the fellow eye under-
went retinal laser photocoagulation only. The optic nerve
transection (ONT) was accomplished using the technique
described by Gonnering and coworkers.' Briefly, a later-
al orbitotomy was first performed. The optic nerve was
then transected 6 to 8 mm behind the globe posterior to
the entry of the retinal artery and vein. On recovery
(approximately 1 week), a fluorescein angiogram with the
animal receiving ketamine anesthesia was obtained to
demonstrate patency of the retinal artery.

Histologic Preparation. The animals were euthanized,
and the eyes were removed within 10 minutes and
promptly chilled in 0.1 M sodium phosphate buffer (pH
7.4) at 40C. Within 5 minutes, they eyes were removed
from the buffer and cut coronally just anterior to the
equator. The posterior pole was fixed in 4% paraformalde-
hyde at 40C for 24 hours and then stored in 0.1 M sodium
phosphate buffer (pH 7.4) at 40C. Segments of retina con-
taining individual laser spots were removed and embed-
ded in glycol methacrylate, sectioned at a thickness of 1.9
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Acquired Color Vision Loss and a Possible Mechanism of Ganglion Cell Death in Glaucoma

pim, and stained with thionin.
Two-Dimensional Reconstructions. Serial sections

were cut through some of the retinal laser spots. For each
histologic section, the nucleoli of cells in the ganglion cell
layer that had the anatomic characteristics of RGCs (ie,
large round nuclei, prominent nucleoli, abundant cyto-
plasm, and metachromatic thionin staining consistent with
Nissl substance) were identified. The position of each
nucleolus of cells meeting these criteria was measured
with respect to a given point (either the midpoint of the
smaller laser burns or the edge of the large, confluent
burns) using a micrometer in the ocular of the micro-
scope. Two-dimensional reconstructions of the laser spots
were then plotted.

Results

Retinal Laser Photocoagulation by Experinmental
Glaucoma. Initially, the laser spots had a white appear-
ance. After 3 weeks, they became darker with mottled pig-
mentation. The IOPs were elevated to variable degrees in
the treated eyes (Table III).

In the RGC layers of the 3 monkeys treated with
ALTD, increased densities of cells were seen over the
large laser spots (Fig 18) relative to the surrounding reti-
na. (The effect was not seen over the small laser spots.)
These cells were located in a layer contiguous with the
adjacent RGC layer. The inner plexiform layer and, in
some cases, the inner nuclear layer were intact. Few cells
were present in the inner plexiform layer. The cells in the
ganglion cell layer over the laser spots had large round
nuclei, prominent nucleoli, abundant cytoplasm, and
metachromatic thionin staining that was consistent with
Nissl substance. Only a few cells in this layer had spindle-
shaped nuclei or contained cytoplasmic pigment granules
(characteristic of activated glial cells, RPE cells, or
macrophages), which were readily distinguishable from
the putative RGCs.

To better illustrate the phenomenon, serial sections

were cut 1.9 pLm thick through some of the laser spots.
The locations of the putative RGC nucleoli were then
measured and plotted on two-dimensional graphs.
Figure 19 shows such a reconstruction comparing sec-
tions of retina from the same location of the temporal
maculae in the left (control) and right (glaucomatous)
eyes of monkey No. 1. Marked reduction in numbers of
ganglion cells in the glaucomatous eye were seen every-
where except over the laser spot. Within the region
where the photoreceptors had been ablated by previous
retinal laser photocoagulation, the overlying putative
RGCs are present in densities approaching that of the
control eye (Fig 20).

At somewhat greater eccentricities than the spot
shown in Fig 18, there are fewer RGCs normally pres-
ent. Even so, the effect was still present, as shown in Fig
21. Unlike the more intense laser spot shown in Fig 18,
the cells in the inner nuclear layer over these spots were
present in apparently normal numbers; however, a
downward stretching of this layer was seen. In addition,
a few macrophages and/or activated RPE cells were
present.

A similar effect was also found over the large, conflu-
ent laser spot in monkey No. 3 (Fig 22), where the aver-
age density of cells in the RGC layer over the lasered area
in the glaucomatous eye was greater than the adjacent
unlasered region (Fig 23). Unlike the more intense laser
spot shown in Fig 18, the bipolar cells over these spots
were present in normal numbers (not shown).

The mean densities as a function of foveal eccentrici-
ty for the sampled areas shown in Fig 23 were plotted in
Fig 24. The densities were greater everywhere in the
control eye (note the different vertical scales). Since the
specimens were sampled from regions near the foveas
(about 1 mm inferotemporal to the foveal centers, where
ganglion cell density changes rapidly with eccentricity),
these greater apparent densities in the control eye could
be the result of the samples not being taken from corre-
sponding areas. However, a generalized reduction in

TABLE III: INTRAOCULAR PRESSURES

MONKEY TREATMENT DURATION (WK)* MEAN IOP±SD IOP RANGE

NO. (MM HG) (NINI HG)f

1 ALTD 20 41±12 12-64
2 ALTD 22 45±15 16-69
3 ALTD 33 39±11 19-63
4 ONT 5.5 12±4 7-18

IOP, intraocular pressure; ALTD, argon laser trabecular (lestruction; ONT, optic nerve transection.
* Duration of IOP elevation for miionkeys No. 1 through 3 and time between ONT and sacrifice for monkey No. 4.
f Range of pressuires. IOP means do not incluide the TOPs (ltling the intervals between the ALTD applications and the initial pressure rises for imon-
keys No. 1 throtugh 3.
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FIGURE 18

A, Fuinduis photograplb immiinediately followNing retinial laser photocoagulation. After about 1 mnonth, argon laser trabecular destructioncwas performed.
Eve wvas enucleated after 142 days of elevated pressture. Fovea is indicated bNy plus sign (bar = 500 pm). B, Lowv miiagnification, anid C, inediuim mag-
nificationi of large laser spot (asterisk) showl by black arrow in part A. Ganglion cells are seen to survive primarily over laser spot. Arrow,s iindicate bor-
der between viable aind absent photoreceptors (toluidine blue; bars = 50 pLm [B] and 20 [m [C]. D and E, High magnification of ganglion cell layer
over laser spot (D) and in control eye (E). Note similar anatomy of cells (toluidine blue; bar = 5 pLm). (D and E are same magnification). Histologic
section of retinal laser spot indicated by white arrow in part A is showvn in bottom half Fig 21.

E
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FIGURE 19

Twro-dimlensional reconstruction of ganglion cell layer from serial histologic sections. Each section is oriented vertically and was ecut 1.9 Ipm thick.
Ordincate represents distance along a single section for any given position on abscissa. Poinits represent ganglion cell nucleoli. Control (left) shows area
of retina in the control left eve ceintered 2 mm temporal to the fovea along the horizontal midline. There is no retinal laser spot in this region. Glaucoma
(right) shows an area of retina from eye wNith experimental glaucoma corresponding to large laser spot indicated by black arrowz in Fig 18A. This por-
tioin of retina has samiie temiiporal eccentricity as control. Thick black lines denote edge of laser spot in terms of surviving photoreceptors. Ordinates are
orienited in superior (larger nurmbers)/inferior direction. Fovea is located to left of left plot and to right of right plot.
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Control Glaucoma
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FIGURE 20
Three-dimensional density plots of ganglion cells shown in Fig 19. Note that peak density over laser spot in eye with experimental glaucoma (red band)
is similar to average density in control eye.

FIGURE 21
Comparison of 2 retinal laser spots of similar intensity and eccentricity in monkey No. 1. Arrows indicate border between viable and absent photore-
ceptors. Top, Control eye. Spot is 3 mm superior to foveal center. One or 2 layers of nuclei are present in ganglion cell layer. Density of cells in this
layer over ablated photoreceptors is similar to surrounding, normal retina. Bottom, Glaucomatous eye. Spot is 3 mm superotemporal to foveal center
(indicated by white arrow in Fig 18). As in A, 1 or 2 layers of nuclei are present in ganglion cell layer over ablated photoreceptors. However, density
of cells in this layer is greatly reduced in surrounding, untreated retina (toluidine blue; bar = 50 ,um).

FIGURE 22
Fundus photographs of both eyes for monkey No. 3 immediately following retinal laser photocoagulation. Note confluent patches in inferior maculae.
Left, Experimental glaucoma was subsequently produced in right eye. White rectangles represent areas used for two-dimensional reconstruction (Fig
23). Right, Note that sampled area in control left eye is somewhat closer to fovea than treated right eye.
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ganglion cell density in the eye with glaucoma could not
be ruled out. The transition of densities across the edge of
the laser spot was a smooth one for the control, with a
gradual increase in ganglion cell density with decreasing
foveal distances. By contrast, the glaucomatous eye
showed a marked reduction in densities from the lasered
to the unlasered portions of the retina.
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One large spot (>200-[Lm diameter of ablated pho-
toreceptors) was quantitatively analyzed by measuring
nucleolar positions and creating two-dimensional recon-
structions for each of 3 eyes with glaucoma. All 3 of these
spots showed greater densities of ganglion cells than the
surrounding retinas. In addition, a fourth large spot in the
glaucomatous eye of monkey No. 1 was examined that
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FIGURE 23

Two-dimensional reconstniction of ganglioni cells over edge of 2 symmetrically placed, large, confluient laser spots in monkey No. 3. Positive numbers on
left axis denote distances over burns. Thick lines mark edges of btrins; no photoreceptors are present over burns (positive numbers). A distinct reduction
in ganglion cell density is evident in eye Nwith glaucoma but not in control eye. Larger distances along ordinates indicate decreasing foveal eccentricities.
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FIGURE 24

Plots of average ganglioni cell density as function of foveal eccentricity. Positive numbers (to right of dotted lines) indicate ganglion cells overlying laser
spots (destroyed photoreceptors). Larger positive distanices represent decreasing foveal eccentricity. Bars denote SEM.
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subjectively appeared to have a greater RGC density than
the surrounding retina (Fig 21). Several small spots (<100
pLm) were visually inspected in all of the glaucomatous
eyes. There was no qualitative increase in ganglion cells
over these spots. Two-dimensional reconstructions were
not made for the small spots.

Three large spots were also examined by nucleolar
measurement and two-dimensional reconstruction in
nonglaucomatous eyes. No difference in ganglion cell
density was apparent compared with the surrounding
retina (Fig 23 and Fig 25).

Retinal Laser Photocoagulation Followed by Optic
Nerve Transection. Monkey No. 4 underwent retinal laser
photocoagulation in both eyes followed 4 weeks later by
ONT in the right eye. A fluorescein angiogram was per-
formed 4 weeks after the ONT. This showed normal retinal
blood flow, indicating that the site of the ONT had been pos-
terior to the insertion of the central retinal artery and vein.

Five and one-half weeks after the transection, the
eyes were enucleated and processed for histologic evalua-
tion as described earlier. Symmetrically located large laser
spots were removed from the eyes, embedded and serially
sectioned. The locations of the RGC nucleoli were meas-
ured, and two-dimensional graphical reconstructions were
made (Fig 25). In the control eye, the RGCs were neither
increased nor decreased compared with the surrounding
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retina. The same was true for the eye that had undergone
ONT, except that the average density of RGCs was great-
ly reduced in all areas.

Discussion

Type of Cells Over Laser Spots. Although a few cells
had features consistent with macrophages, activated RPE
cells, or glial cells, most of the cells present over the reti-
nal laser spots were probably RGCs. They were located at
the level of, and were continuous with, the adjacent RGC
layer. Few cells were seen in the inner plexiform layer,
which would not have been the case had a great number of
other cells (eg, glial or RPE) migrated in from elsewhere.
Furthermore, a similar concentration of cells was not
found either over the laser spots in the control eyes or
over the retinal laser spots in the eye with ONT-again
suggesting that most of the cells over the laser spots in the
glaucomatous eyes were not other cell types that might
have formed or congregated as part of the wound healing
process.

Morphologically, the cells resembled RGCs in that
they had large round nuclei, prominent nucleoli, abun-
dant cytoplasm, and metachromatic thionin staining con-
sistent with Nissl substance. Although anatomically simi-
lar in appearance, displaced amacrine cells are far too rare
at these eccentricities to account for the density of cells

ON Transection
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FIGURE 25
Two-dimensional reconstruction of ganglion cells over laser spots (no photoreceptors are present between thick lines) in a control eye and one that had
undergone optic nerve transectioni approximately 1 month following laser application. Tvo eyes are froimn ionkey No. 4. Both spots are located aboult 2.5
mm superonasal to foveal centers. Plots are oriented such that larger negative distances on ordinates are closest to foveas. There is no apparent change in
density of ganglion cells seen over laser spots in either eve, although putative retinal ganglion cell density in eye with optic nerve transection is only about
10% of that in control eye. Bipolar cells are present in normal numbers over laser.
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found.'"' Only a few cells in this layer had the spindle-
shaped nuclei or contained cytoplasmic pigment granules
characteristic of activated glial cells, RPE cells or
macrophages. Also, the distribution of these cells seen on
two-dimensional reconstruction was similar to (albeit of
greater density than) the surrounding RGC layer (see
large laser patch in Fig 23).

Other Potential Causes ofAltered RGC Density Over
Laser Spots. We cannot completely rule out some effect
on the RGCs over the laser spots in the nonglaucomatous
eyes. A few histologic sections of some of the spots
appeared to have a subtle increase in RGC-like cells.
However, when the positions of all nucleoli in all the cells
with morphologic characteristics of RGCs were measured
and plotted, no average increase in density was apparent
(see controls in Figs 21, 23, and 25). The cause of this
apparent increase in RGC concentration in some of the
sections may have been due to normal random fluctua-
tion, which is also seen over the nonlasered areas, or to
slight shrinkage of the tissue over the laser spots.
Increased RGC density has not been noted in the numer-
ous publications describing the histologic features of laser
spots in the eyes of either humans or monkeys.',9 In any
event, the effect, if it exists, is small compared with the
markedly higher RGC concentrations over the laser spots
relative to the surrounding retinas seen in the glaucoma-
tous eyes.

Possible Mechanismws for the Protective Effect of
Retinal Laser Photocoagulation in Glaucoma.

1. Nonspecific protective effect. Although these results
are predicted by the anterograde hypothesis, it is also
possible that they could be due to some as yet
unknown, nonspecific effect, not necessarily related
to photoreceptor injury per se-such as thinning of the
retina, which would allow more oxygen to reach the
RGC layer from the choroid;'8" releasing of neu-
rotrophic or neuroprotective factors, such as basic
fibroblastic growth factor;'8' or by activating synthesis
of heat shock proteins in the RGCs.'34 Activated reti-
nal pigment epithelial cells, macrophages, or Miiller
cells could serve as mediators for these products.
However, no protective effect was seen in the case of
retinal laser photocoagulation preceding ONT.
Therefore, a nonspecific effect, if there is one, is not
sufficient to permit ganglion cell survival under these
circumstances.

Owing to heat dissipation at the edges of the laser
spots, the area of absent photoreceptors is smaller
than the area of disturbed pigment in the RPE cells.
This effect can be seen in Fig 18, where the diameter

of whitening of the original spot is about 500 pm
compared with a diameter of only about 250 lim of
photoreceptor destruction (this disparity is notable
even considering the approximately 15% tissue
shrinkage on embedment in glycol methacrylate). Yet
the extent of this protection seems to be limited pre-
cisely to the region of photoreceptor destruction.
This, too, is consistent with the hypothesis that RGC
death is mediated specifically by photoreceptor injury
and not the result of laser damage to the RPE.
Similarly, we believe that the small laser spots killed
too few photoreceptors to produce a measurable pro-
tective effect.

The presence or absence of bipolar cells in the
laser spot does not seem to be critical in affecting pro-
tection of the RGCs. Furthermore, as noted previous-
ly, simply damaging the RPE cells without killing the
photoreceptors is insufficient to protect the RGCs.
Therefore, it may be that elimination of the photore-
ceptors is a critical aspect of the protective effect.

Finally, nonspecific forms of RGC neuroprotec-
tion have been observed in a rat model of ONT. Yip
and associates 82 reported a preliminary study showing
that a short period of low-level laser applied to the
retina enhances RGC survival after optic nerve axoto-
my, and Di Polo and colleagues'83 showed that RGC
death could be delayed by prolonged delivery of
brain-derived neurotrophic factor. In both of these
studies, the effects were transient, while our laser
treatment provides a long-term (at least for the sever-
al months duration of these experiments) rescue in
primates with experimental glaucoma. The differ-
ences between these studies could be accounted for
by several factors. First, axotomy may be too damag-
ing for any nonspecific neuroprotective environment
to overcome. This is evidenced in part by failure of
the retinal laser photocoagulation to prevent RGC
death in the axotomized primate eye. Alternatively,
the loss of photoreceptors would provide a perma-
nent break in the anterograde chain of events that
leads to RGC death in glaucomatous eyes (see next
section), and we would predict that the protective
effect would be permanent. Both these models are
consistent with our results and warrant further study.

2. Interruption of the transsynaptic glutamate cascade.
The protective effect on RGCs described here could
be specific to a mechanism of RGC death in glauco-
matous eyes, (ie, consistent with the anterograde
hypothesis). One possible mechanism by which this
could occur might be by interruption of the transsy-
naptic glutamate cascade between the photoreceptors
and the RGCs. Elevated levels of glutamate have been
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found in the vitreous body of eyes of humans and
monkeys with glaucoma.'67 The source of this excess
glutamate has not been demonstrated in glaucoma-
tous eyes, although Yoles and Schwartz'84 showed that
intraocular glutamate is increased in a rat model of
optic nerve crush. However, considering that gluta-
mate is the primary excitatory neurotransmitter of the
photoreceptors and bipolar cells and that the outer
retina shows signs of injury in glaucomatous eyes, this
may be another possible source of the intravitreal glu-
tamate. Although axonal injury can result in RGC
death, these cells also contain NMDA glutamate
receptors'88 and could possibly be damaged by chroni-
cally elevated glutamate levels.'8"687 Considering that
the photoreceptors show signs of stress, which is per-
haps the result of decreased choroidal blood flow that
is known to occur with elevated lOP,42,455088 these
injured cells might either release excess or fail to reup-
take their glutamate. Increased levels of glutamate
would, in turn, overstimulate the bipolar cells, which
would release excess glutamate and thus chronically
overexcite the RGCs.

We have shown that retinal laser photocoagula-
tion protects the overlying RGCs for extended peri-
ods in experimental glaucoma. Whether these cells
are functional remains to be elucidated. The precise
mechanisms behind this phenomenon are not known.
It may be due to nonspecific neuroprotective effects
caused by the laser treatment or an interruption of a
transsynaptic signal, which is toxic to RGCs originat-
ing from photoreceptors. Challenges remain to deter-
mine what the mechanism is and if it can be made
applicable to the treatment of human glaucoma.

IMPLICATIONS FOR FUTURE RESEARCH AND

TREATMENT

ACQUIRED COLOR VISION LOSS

In all 3 of the diseases discussed in this thesis-retinal
detachment, diabetic retinopathy, and glaucoma-there is
morphologic evidence for photoreceptor injury. For reti-
nal detachment and diabetic retinopathy, there is specific
loss of the blue-sensitive cones,-so it is easy to see how
this would be either the sole factor or a contributing fac-
tor in acquired tritanopia (blue-yellow confusion).
However, to understand how the L- and M-cone injury
that was found in glaucoma could also result in a blue-yel-
low color discrimination deficit, 2 aspects of retinal phys-
iology need to be considered. First, because of the spec-
tral opponency mechanism, equal stimulation of the L-
and M-cones is subjectively interpreted as "yellow."
Indeed, the Nagel anomaloscope is based on this

principle. In this instrument, monochromatic yellow is
presented to the subject, who then is asked to turn knobs
that mix red and green light to match the yellow. If there
is an abnormality (most often congenital) in either the L-
or M-cone absorption spectrum, a match point would
result that is different from that of the normal population.
This could be due to a spectral shift (as in the deutera-
nomalies), an absent red or green spectrum (as in the
deuteranopias), or an unequal reduction in amplitude
(decreased quantum capture). However, if the reduction
of the spectral amplitudes is equal for both the L- and M-
pathways, then there would be no shift of the "yellow" but
a decrease in sensitivity to yellow light (ie, a blue-yellow
confusion).

The problem with this latter scenario is the seeming-
ly unlikely possibility that a disease would affect 2 cell
types (in this case, the L- and M-cones) to precisely the
same degree. Yet this is not so unreasonable given that
these 2 cone types are so similar in terms of their bio-
chemistry. For example, there is a 96% similarity in the
amino acid sequence of the 2 opsins.33 It also is now
known that the 2 opsins are not only encoded for on the
same chromosome, but that they share the same promot-
er. Finally, recent work to distinguish the 2 cone types in
the living human eye has confirmed what has long been
suspected-that the distribution of the 2 cone types is
identical and, in fact, random with respect to one anoth-
er.'89 So even if a disorder affected different parts of the
retina differentially, the L- and M-cones would likely be
involved by precisely the same amount.

Of course, demonstrating injury to the photorecep-
tors does not mean that higher order pathways do not also
contribute to acquired color vision loss. For example,
Greenstein and coworkers4' have described post-recep-
toral sensitivity loss in diabetic retinopathy. Nevertheless,
the nearly total loss of the S-cones in retinal detachment
is sufficient to explain the spectral sensitivity loss in this
disease. Furthermore, the observation that the JiM-cones
seem to be more affected in glaucoma as contrasted with
the specific S-cone loss in diabetic retinopathy is consistent
with the finding of Greenstein and associates37 of
decreased sensitivity in the yellow (red plus green) path-
way in glaucoma.

THE ANTEROGRADE HYPOTHESIS OF GLAUCOMA

Summary
Contrary to prevailing thought, these morphologic studies
suggest that glaucoma is not an exception to Kollner's rule
of acquired color vision loss, (ie, there is, indeed, damage
to the outer retina-specifically, apparently equal damage
to the L- and M-cones). This injury to the L/M-cones
could explain the blue-yellow color confusion typical of a
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retinopathy as opposed to the red-green confusion seen in
most primary optic neuropathies. Interestingly, unlike the
situation in retinal detachment and diabetic retinopathy,
where S-cones are lost, it is the L/M-cones that are
injured in glaucoma. The L/M-cones are the dominant
cone population, and most of the ganglion cells receive
input from this population. Finally, the distribution of
cone injury in glaucoma may first occur in the same arcu-
ate region where ganglion cells are initially lost. On the
basis of these and other observations, the possibility is
raised that the cones may be contributing in some way to
ganglion cell death in this disease. This is referred to as
the "anterograde" hypothesis because a key feature of it is
ganglion cell death mediated by upstream processes. (For
a more detailed description, please see the previous sec-
tion entitled "Anterograde Hypothesis of Ganglion Cell
Death in Glaucoma.")

The retrograde hypothesis (damage to the ganglion
cell axons as they pass through the anterior optic nerve
followed by retrograde degeneration of the cell bodies) is
the generally accepted mechanism in moderate-and-low
pressure glaucoma. The most significant aspect of the
findings discussed in this thesis, along with the other stud-
ies cited showing outer retinal damage, is that they sug-
gest that a previously unsuspected mechanism of ganglion
cell destruction may be at work. Furthermore, the pre-
liminary results with retinal laser ablation of the photore-
ceptors are consistent with an anterograde mechanism.

Another possibility is that both the anterograde and
retrograde mechanisms work together to kill the ganglion
cells in glaucoma. For example, either ischemic or vascu-
lar damage to the optic nerve alone may be insufficient to
cause ganglion cell death in most cases, but when com-
bined with overexcitation from the cones, the ganglion
cells may be pushed beyond their compensatory ability.

Implicationsfor Future Research and Therapy
Understanding the controlling mechanisms of any disease
is obviously important to finding new and more effective
therapies. Until now, good progress in glaucoma treat-
ment has been made because most of the effort has gone
into lowering intraocular pressure. Since elevated pres-
sure is the initial event in the chain that leads to ganglion
cell death, regardless of whether the anterograde or ret-
rograde hypothesis is accountable, lowering of the pres-
sure should be, and is, a highly effective treatment.

Pressure control, however, has its limitations. Often,
even with the newer medications, an acceptable target
pressure cannot be achieved that will prevent further gan-
glion cell loss. The clinician is then faced with employing
invasive, and too often unsuccessful, procedures such as
trabeculectomy, implantation of valves, or ablation of the
ciliary epithelium.

Should photoreceptor-induced excitotoxicity be
shown to be an important mechanism in this disease,
there would be new possibilities for future therapies. For
example, the choroidal vasculature is under control of the
autonomic nervous system. Yamamoto and coworkers''
found that in rats, ablating the pterygopalatine ganglion,
which supplies the parasympathetic innervation to the
choroid, resulted in a marked decrease of nitric oxide syn-
thase (NOS) activity in the choroid. Its product, nitric
oxide, is responsible for vasodilatation. To their surprise,
the surgical procedure resulted in a marked increase in
NOS production by the ganglion cells. Although they
were uncertain as to why this occurred, it is consistent
with the anterograde hypothesis.

Suppose drugs could be developed that would have
the opposite effect? It might one day be possible to
increase the choroidal blood flow pharmacologically in
spite of the elevated IOP, thus breaking the chain of exci-
totoxicity and, as happened with laser ablation of the pho-
toreceptors, allow the ganglion cells to survive much high-
er pressures. Used as an adjunct to pressure-lowering
drugs, choroidal blood flow enhancers should have a syn-
ergistic effect, permitting the eye to tolerate a much high-
er target pressure.

This is only one possibility. Other drugs might be
developed that would limit the release or enhance the
reuptake of glutamate by the ischemic photoreceptors.

Even when pressure lowering is apparently success-
ful, clinicians have long known that there can still be grad-
ual deterioration of the visual field. Could it be that there
is an unwanted side effect to some of these medications?
For example, one of the most commonly used antiglauco-
ma drugs is the beta-adrenergic blocker timolol maleate.
While highly effective as a pressure-lowering agent, it may
also significantly reduce choroidal perfusion'91"93-thus
perhaps giving a false sense of security, since its pressure-
lowering properties are the only ones commonly meas-
ured. Consistent with this idea, a few studies have
prospectively compared the betai-selective blocker betax-
olol with timolol, which is nonselective, and found at least
some beneficial effect on peripheral visual function-inde-
pendent of intraocular pressure lowering. 194-197

Another illustration of the need for understanding
disease mechanisms is the following: Work thus far seems
to implicate specifically the L- and M-cones as the major
players in the anterograde model. Interestingly, these are
the only photoreceptors that contain carbonic anhydrase.26
Carbonic anhydrase inhibitors are commonly employed in
the treatment of glaucoma. What effect are these drugs
having on the L/M-cones? Is it beneficial or harmful to
inhibit their carbonic anhydrase?

The lowering of intraocular pressure has always
served as a proxy for therapeutic efficacy in glaucoma.
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Monitoring ganglion cell loss via visual field testing is
untenable because significant field changes may take
decades. Indeed, visual field testing probably corresponds
most closely to the distribution of the dead ganglion
cells-much like the odometer on an automobile indicates
distance traveled. What is needed is a way to easily meas-
ure how rapidly the ganglion cells are dying at the time of
testing-something more like a speedometer. If the antero-
grade mechanism eventually proves to be an important
aspect of ganglion cell death in glaucoma, it may one day
be possible to monitor the photoreceptors themselves,
since they may respond dynamically to choroidal
ischemia. Such a test might even detect the effects of
glaucoma prior to ganglion cell death, while the disease is
still in a reversible stage.
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