BRAIN
RESEARCH

Brain Research 680 (1995) 23-35

Research report

Differential vulnerability of neurochemically identified subpopulations
of retinal neurons in a monkey model of glaucoma

J.C. Vickers »¢, R.A. Schumer °, S.M. Podos °, R.F. Wang °, B.M. Riederer ¢,
J.H. Morrison #%*

? Fishberg Research Center for Neurobiology, Mount Sinai School of Medicine, Box 1065, One Gustave L. Levy Place, New York, NY 10029-6574,
UsA
b Department of Ophthalmology Mount Sinai School of Medicine, New York, NY 10029-6574, USA
¢ Department of Geriatrics and Adult Development, Mount Sinai School of Medicine, Box 1065, One Gustave L. Levy Place, New York, NY
10029-6574, USA
d Department of Pathology, University of Tasmania, Hobart 7000, Australia
€ Institute of Anatomy, University of Lausanne, 1005 Lausanne, Switzerland

Accepted 31 January 1995

Abstract

The vulnerability of subpopulations of retinal neurons delineated by their content of cytoskeletal or calcium-binding proteins
was evaluated in the retinas of cynomolgus monkeys in which glaucoma was produced with an argon laser. We quantitatively
compared the number of neurons containing either neurofilament (NF) protein, parvalbumin, calbindin or calretinin immuno-
reactivity in central and peripheral portions of the nasal and temporal quadrants of the retina from glaucomatous and fellow
non-glaucomatous eyes. There was no significant difference between the proportion of amacrine, horizontal and bipolar cells
labeled with antibodies to the calcium-binding proteins comparing the two eyes. NF triplet immunoreactivity was present in a
subpopulation of retinal ganglion cells, many of which, but not all, likely correspond to large ganglion cells that subserve the
magnocellular visual pathway. Loss of NF protein-containing retinal ganglion cells was widespread throughout the central
(59-77% loss) and peripheral (96-97%) nasal and temporal quadrants and was associated with the loss of NF-immunoreactive
optic nerve fibers in the glaucomatous eyes. Comparison of counts of NF-immunoreactive neurons with total cell loss evaluated
by Nissl staining indicated that NF protein-immunoreactive cells represent a large proportion of the cells that degenerate in the
glaucomatous eyes, particularly in the peripheral regions of the retina. Such data may be useful in determining the cellular basis
for sensitivity to this pathologic process and may also be helpful in the design of diagnostic tests that may be sensitive to the loss
of the subset of NF-immunoreactive ganglion cells.
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1. Introduction sure or other factors are the immediate cause of dam-
age to the retina and optic nerve. Mechanical damage
to axons in the optic nerve at the level of the lamina
cribrosa followed by perturbations in axoplasmic trans-
port has been proposed as a mechanism leading to
axonal degeneration [2,10,31,32,35], although other
pathogenic mechanisms that lead to the vulnerability of
particular groups of retinal neurons are possible [39].
For example, detection of elevated levels of excitatory
amino acids in the vitreous of glaucomatous patients
[6] and of monkeys with glaucoma [40] suggests that

* Corresponding author. Fax: (1) (212) 996-9785. E-mail: morri- excitotoxicity might also play a role in the retinal
son@cortex.neuro.mssm.edu. neuron degeneration.

Anatomical and physiological studies of glaucoma in
humans [33,34] and experimental glaucoma induced in
monkeys [12,13,32] suggest that retinal ganglion cells
with large somata and large diameter axons, which
correspond to the magnocellular visual pathway, show
an increased degree of vulnerability to degeneration.
Glaucoma is classically associated with increased in-
traocular pressure, although it is unclear whether pres-
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Elucidation of the precise subgroup(s) of retinal
neurons preferentially affected by the disease process
is important for two main reasons. (1) Such studies may
indicate predictive features of the vulnerable subset of
neurons which may in turn suggest rationales for thera-
peutic intervention. (2) Identification of particular
groups of neurons comprising physiological pathways
that are preferentially affected could lead to the design
of diagnostic tests that are sensitive to the earliest
pathologic changes which may in turn allow for earlier
clinica! intervention. Neurochemical markers for neu-
rons can be utilized to help distinguish different sub-
populations of neurons and may, thus, also be useful in
the assessment of the vulnerability of subclasses of
retinal neurons in diseases, such as glaucoma.

Calcium-binding proteins and cytoskeletal proteins
have been used to distinguish subgroups of neurons in
the retina. Specifically, members of the EF-hand family
of calcium-binding proteins, such as parvalbumin, cal-
bindin and calretinin, have been shown to label certain
subgroups of neurons throughout the vertebrate retina
[7.14,27,36,38]. Additionally, a class of three interre-
lated cytoskeletal protein subunits known as the neuro-
filament (NF) ‘triplet’ appears to be consistently pre-
sent in certain subpopulations of retinal ganglion neu-
rons and variably present in other retinal neurons
across mammalian species [4,5,11,19,43,44,48,53]. Large
a-type ganglion cells have been shown to be immuno-
reactive for the NF triplet across many mammalian
species [11,48,53] and the same group of neurons are
also revealed by certain silver impregnation methods
[28,46] which are likely to be chemically specific for a
conserved region of all three NF triplet subunits [1,53].
In addition to these large neurons, another group of
smaller ganglion cell neurons has been shown to con-
tain a relatively lower degree of immunoreactivity for
these cytoskeletal protein subunits [48,53]. To identify
more precisely the retinal neurons affected in glau-
coma, we have now investigated the vulnerability of
these calcium-binding protein-containing and NF-con-
taining neurons in the ganglion and inner nuclear cell
layers of the retina in an established monkey model of
glaucoma [21].

2. Materials and methods
2.1. Animals and experimental manipulation

A total of seven cynomolgus monkeys Macaca fasci-
cularis were utilized for this study. Three monkeys
(3-4 kg) of normal gestation and development were
selected for creation of glaucoma in one eye (experi-
mental animals). The other four animals were exam-
ined for the normal localization of the neuronal mark-
ers of interest (control animals). All experimental ani-
mals had undergone baseline eye examination and had

Table 1
Baseline characteristics and treatment parameters of experimental
animals

Animal 1 2 3
Baseline cup/disc ratio 0.1 03 0.2
Pretreatment peak IOP 16 /17 16/16 15/15
(right /left) (mm Hg)

Treated eye Right Left Right
Treatment 1 (burns) 107 21 92
Peak IOP (right /left) 16/17 15/10 13/13
Treatment 2 (days) 41 19 19
(burns) 83 75 109
Peak IOP (right /left) 30/13 13/20 35/15
Treatment 3 (days) - 125 -
(burns) 86

Peak 10OP (right /left) 34/16 14/43 35/13
Total survival time after 126 226 226
first treatment (days)

Final peak IOP (right /left) 40/16 13/30 34/16

Final cup /disc ratio (right/left) 0.9/0.1 03,09 1.0/02

IOP, intraocular pressure.

normal anterior and posterior segments, open corneo-
scleral angles, normal optic nerve heads and normal
intraocular pressures, the latter recorded for a 12-h
diurnal cycle using a calibrated pneumatonometer. To
produce the glaucoma, animals were sedated with in-
tramuscular ketamine hydrochloride (5 mg/kg) and
received 0.5% topical proparacaine. The mid-portion
of the trabecular meshwork of one eye of each animal
was treated with argon laser burns using a single mir-
ror goniolens specifically made for monkey eyes. Initial
treatment consisted of ~ 100 burns, each 50 um in
diameter, delivered over 360°, with 1.5 W of power for
0.5 s exposure time. Animals were treated with pred-
nisolone acetate 1% 1 gtt to the treated eye every 6 h
for the first 4 days after laser surgery. Frequent in-
traocular pressure measurements in the immediate
postoperative days were made and eyes that did not
show sustained elevation of intraocular pressure (to at
least the high 20 mm Hg range or greater) on diurnal
testing were retreated by the 3rd week. Pressures were
monitored at least weekly, thereafter, and if at any
point during the survival period intraocular pressure
was noted to decline on two successive readings to the
normal range, retreatment was undertaken [21]. Optic
nerve head photography was performed periodically.
Table 1 shows the summary of baseline clinical charac-
teristics of experimental monkeys and treatment pa-
rameters. Refractive error was determined by cyclo-
plegic retinoscopy and all animals were within 0.5
diopters of emmetropia. The cup/disc ratio presented
in Table 1 refers to the ratio of the diameter of central
excavation (‘cup’) to that of total optic nerve head
(‘disc’). Normal cup /disc ratios are ~ 0.2-0.3. Normal
intraocular pressures are usually 12-20 mm Hg.
Animals were observed periodically for the develop-
ment of typical glaucomatous optic nerve head excava-
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tion as assessed by clinical ophthalmoscopy. In this
respect, two of the animals developed severe cupping
of the optic nerve head and one developed moderate
cupping. All treatments and animal maintenance were
conducted in accord with the Association for Research
in Vision and Ophthalmoscopy (ARVO) resolutions
concerning animal welfare.

2.2. Tissue processing and immunohistochemistry

All animals were deeply anesthetized with ketamine
(25 mg/kg) and Nembutal (30 mg/kg) and perfused
transcardially through the left ventricle initially with
ice-cold 0.1 M phosphate-buffered 1% paraformal-
dehyde for 60 s followed by ice-cold 0.1 M phosphate-
buffered 4% paraformaldehyde for 8—10 min. The eyes
were enucleated and postfixed with the optic nerve in
the 4% paraformaldehyde solution for ~ 24 h followed
by washes in a 10- mM phosphate-buffered, 100-mM
saline solution (PBS) and cryoprotection through a
series of graded sucrose solutions (18-30%).

Incisions through the wall of the globe and retina
were made to divide the eye into four quadrants (nasal,
temporal, superior and inferior). Rectangular segments
of retina centered 3-5 and 8-10 mm from the optic
disc were dissected from both the nasal and temporal
quadrants of the glaucomatous and non-glaucomatous
eyes of the experimental animals (i.e., total of four
segments/eye). These tissue segments were rapidly
frozen in OCT-embedding medium and 35-um trans-
verse cryostat sections were cut. Tissue sections were
collected in sequence across eight wells into PBS.
Transverse sections of the retina from the optic disc to
the periphery were also cut from the nasal and tempo-
ral quadrants of eyes from four control animals.
Wholemount material consisting of retina between the
segments taken for cryostat sectioning were processed
for NF immunohistochemistry as previously described
[48,53].

The antibodies to cytoskeletal and calcium-binding
proteins used'in the current study are presented in
Table 2. For immunohistochemistry, tissue sections
from a well were mounted on chrome-alum /gelatin-
subbed slides using a single-hair brush. Incubations

with primary antibodies were done on slides placed
overnight in a humid chamber. Antibodies were diluted
in PBS containing 0.3% Triton X-100. For single label-
ing preparations, sections were washed in PBS and
incubated in either a horse anti-mouse IgG antibody
conjugated to fluorescein isothiocyanate (FITC) (Vec-
tor Labs, Burlingame, CA; 1:200 dilution) for visualiz-
ing the anti-calbindin, anti-parvalbumin and anti-NF
monoclonal antibodies or with a biotinylated anti-rab-
bit IgG raised in goat (Vector Labs; 1:200 dilution) for
2 h followed by washes and then FITC-conjugated
avidin (Vector Labs; 1:200 dilution) for 1 h in the case
of the anti-calretinin antibody. Wholemounts of seg-
ments of the retina as well as sections of the optic
nerve from glaucomatous and non-glaucomatous eyes
were also immunolabeled with M14, the antibody to
the NF-L subunit.

Tissue sections from control animals were processed
for single labeling with the antibodies presented in
Table 2. As these antibodies were raised in different
host species (e.g., mouse or rabbit), double-labeling
immunofluorescence was conducted to determine the
extent of overlap in the distribution of these markers in
the retina. The only combination that was not assess-
able was between the NF antibodies and the antibody
to calbindin as these were both mouse monoclonal
antibodies. For double-labeling preparations, mouse
monoclonal antibodies were visualized as described
above and rabbit polyclonal antibodies were incubated
with the biotinylated anti-rabbit antibody described
above and followed by streptavidin Texas red
(Amersham; 1:200 dilution). The secondary antibodies
were tested for undue reactivity with sections lacking
primary antibody incubation and for cross-reactivity to
either the inappropriate primary or to each other. All
fluorescence slides were cover-slipped using Per-
mafluor (Immunon, Pittsburgh, PA) mounting media
and viewed with a Zeiss Axiophot fluorescence micro-
scope equipped with appropriate filter blocks for the
selective visualization of either FITC or Texas red.

For Nissl staining, sections were mounted on subbed
slides, stained with Cresyl violet, dehydrated through a
series of graded alcohols and coverslipped with DPX
mounting media (Fluka).

Table 2

Immunohistochemical markers

Code Type Immunoreactivity Source

SM1I32 Mouse IgG NF-M/NF-H Sternberger Immunochemicals
M14 Mouse IgG NF-L R.A. Marugg and B. Riederer
300 Mouse IgG Calbindin Swant

7696 Rabbit IgG Calretinin Swant

235 Mouse IgG Parvalbumin Swant

9064 Rabbit 1gG Parvalbumin Swant
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2.3. Quantitative analysis

Using a 40 X objective, the total number of neurons
labeled with a particular neuronal marker using fluo-
rescence optics was counted from experimental retina

location. Similar analysis was performed on Nissl-
stained sections, counting cells with large nuclei and
stained cytoplasm which are, thus, likely to correspond
to nerve cells [12]. Only cells with sharp boundaries in
a focal field were counted for immunolabeled and

Nissl-stained preparations. The counts for each marker
across samples and animals were statistically compared
by ANOVA using Statview 4.0.

sections horizontally aligned through the center of the
microscope field. Four fields from four different sec-
tions were counted for each marker in a given retinal

Fig. 1. Double-labeling for either parvalbumin (A) and calbindin (B) or NF protein (anti-NF-L) (C) and calretinin (D) in transverse sections of a
control monkey eye. Intense parvalbumin immunoreactivity is present within horizontal cells in close proximity to the outer plexiform layer and
many of these cells also show faint calbindin immunoreactivity (e.g., arrows). In contrast, cells in the inner nuclear layer showing intense
calbindin immunoreactivity and a bipolar cell-like morphology are unlabeled for parvalbumin (e.g., open arrows). C shows the normal distribution
of neurofilament immunoreactivity in the retina. A varying degree of immunoreactivity is present in cell bodies in the ganglion cell layer (e.g.,
arrows) and many processes in the underlying optic nerve fiber layer as well as some processes in the overlying inner plexiform layer are also
labeled. In the same section, calretinin immunoreactivity is present in many cells in the inner nuclear layer adjacent to the inner plexiform layer
(open arrows). In addition, many calretinin-immunoreactive processes are present in the inner plexiform layer. Many of the NF-immunoreactive
cells in the ganglion cell layer also show faint immunoreactivity for calretinin (e.g., curved arrows). Scale bars, 50 (A,B) and 25 pm (C,D).
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3. Results

3.1. Distribution of immunolabeling for NF triplet and
calcium-binding proteins in non-glaucomatous eyes

The antibodies to NF-L (M14) (Fig. 1) and NF-
M /NF-H (SMI32) preferentially labeled cell bodies in
the ganglion cell layer. Towards the central regions of
the retina, these antibodies labeled many cell bodies
with a low degree of intensity of immunoreactivity
whereas at progressive distances from the center, larger
cells with a relatively high degree of immunoreactivity
were detected in addition to smaller, less intensely
immunoreactive cells. The dendritic tree of these larger
cells could often be discerned, with the primary den-
drites sometimes extending to the outer part of the
inner plexiform layer. Both M14 and SMI32 also la-
beled bundles of optic nerve fibers. Labeling of fine
processes of regular caliber, that may correspond to
axons, was also detected in the inner plexiform layer.
Very rarely, small cells in the inner nuclear layer
adjacent to the inner plexiform layer were observed to
contain immunoreactivity for NF-L or NF-M/NF-H.
Otherwise, no other cells in the inner or outer nuclear
layers were labeled with either of these anti-NF anti-
bodies.

The antibody to calretinin intensely labeled many
cells in the inner nuclear layer that were located imme-
diately adjacent to the inner plexiform layer (Fig. 1). A
very dense plexus of calretinin-immunoreactive pro-
cesses was located in the inner plexiform layer and
appeared to be stratified into at least two, and some-
times three, layers. Many cells in the ganglion cell layer
also showed a low-to-moderate degree of calretinin
immunoreactivity as did some processes in the optic
nerve fiber layer. In addition, some other smalier cells
in the ganglion cell layer as well as some cells in the
inner nuclear layer that appeared to correspond mor-
phologically to bipolar cells showed a relatively low
degree of immunoreactivity for calretinin.

Parvalbumin immunoreactivity in the retina (Fig. 1)
was very similar to that described by Rohrenbeck et al.
[36]. Intense parvalbumin immunoreactivity was local-
ized to cells located in the inner nuclear layer, adjacent
to the outer plexiform layer, and immediately above
these cells was a dense plexus of immunolabeled fibers,
indicating that these may correspond to horizontal celis
as suggested by Rohrenbeck et al. [36). Parvalbumin
immunoreactivity was also present in other cells in the
inner nuclear layer but most notably in a group of cell
bodies adjacent to the inner plexiform layer that may
be amacrine cells. A few parvalbumin-immunoreactive
processes were also present in the inner plexiform
layer. Many small to large cells in the ganglion cell
layer as well as processes in the nerve fiber layer
showed a relatively low degree of parvalbumin

immunoreactivity. In contrast, a group of small neu-
rons in the ganglion cell layer, usually in close proxim-
ity to the inner plexiform layer, were intensely labeled
for parvalbumin and were observed to give rise to short
dendrite-like processes as well as longer processes ex-
tending into the inner plexiform layer.

The distribution of calbindin immunoreactivity (Fig.
1) was also closely similar to that described by
Rohrenbeck et al. [36). Calbindin immunoreactivity was
localized to cone-like photoreceptors in the outer nu-
clear layer and their processes in the outer plexiform
layer. A high degree of calbindin immunoreactivity was
also present in cells located near the inner nuclear
layer that were observed to give rise to short, thick
processes that extended to the outer plexiform layer as
well as a thinner process that extended to the inner
plexiform layer, indicating that these cells may corre-
spond to bipolar cells. Other calbindin-immunoreactive
cells were located adjacent to the outer plexiform layer
and most of these ceils showed a relatively low degree
of calbindin immunoreactivity. Calbindin immuno-
reactivity was also present in processes within the outer
plexiform layer, indicating that the adjacent faintly
labeled cells may correspond to horizontal cells. Other,
typically faintly, immunoreactive cells were located
throughout the inner nuclear layer, and a small num-
ber of moderately labeled cells were present in the
ganglion cell layer adjacent to the inner plexiform
layer. These latter cells often gave rise to processes
that extended throughout the inner plexiform layer.
Retinal ganglion cells and the optic nerve fiber layer
showed a low degree of calbindin immunoreactivity.

Double-labeling demonstrated that the neurons in
the inner nuclear layer that were labeled for parvalbu-
min were not immunoreactive for either NF-L or calre-
tinin. Calbindin and parvalbumin immunoreactivity did
overlap in the great majority of neurons located adja-
cent to the outer plexiform layer but the parvalbumin-
immunoreactive cells typically showed a relatively low
degree of calbindin immunoreactivity (filled arrows in
Fig. 1A,B). In contrast, the bipolar-like cells showing a
high degree of calbindin immunoreactivity were not
parvalbumin-immunoreactive (open arrows in Fig.
1A,B). In the ganglion cell layer, many of the neurons
faintly labeled for parvalbumin were also immuno-
reactive for NF-L.

Many of the cells in the retinal ganglion cell layer
labeled for NF-L also showed a low degree of immuno-
reactivity for calretinin, and the infrequent, large cells
in this layer that showed a high degree of immuno-
reactivity for calretinin were also labeled for NF-L and
parvalbumin. ~ 90% of the small neurons in the gan-
glion cell layer adjacent to the inner plexiform layer
that were intensely labeled for parvalbumin and which
may correspond to displaced amacrine cells, were also
immunoreactive for calbindin and a very small propor-
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tion of these parvalbumin-immunoreactive cells showed
faint labeling for NF-L.

3.2. Glaucomatous vs. non-glaucomatous eyes

The number of cells immunolabeled for these mark-
ers was quantitatively assessed in the retinas of the
glaucomatous and non-glaucomatous eyes from the
three experimental animals. Specifically, the neurons
assessed included NF-immunoreactive cells in the gan-

glion cell layer, calbindin-immunoreactive cells of the
inner nuclear layer within two cell body lengths of the
outer plexiform layer that show moderate to high levels
of immunoreactivity and give rise to a process that
extended to the inner plexiform layer (bipolar cells),
calretinin-immunoreactive cells in the inner nuclear
layer adjacent to the inner plexiform layer (amacrine
cells) and parvalbumin-immunoreactive cells of the in-
ner nuclear layer within two cell body lengths of the
outer plexiform layer (horizontal cells).

Fig. 2. Calcium-binding protein immunoreactivity in transverse sections of retina 3-5 mm from the optic disc in the nasal quadrant from
non-glaucomatous (A,C) and glaucomatous (B,D) fellow eyes. A and B show calbindin immunoreactivity. Many calbindin-immunoreactive
bipolar-like cells are labeled in both the glaucomatous and non-glaucomatous eyes (e.g., arrows). In addition, small intensely immunoreactive
cells are located in the ganglion cell layer in both the glaucomatous and non-glaucomatous eyes (e.g., open arrows) and these may correspond to
displaced amacrine cells. Calretinin immunoreactivity is shown in C and D. High calretinin immunoreactivity is present in a neurons adjacent to
the inner plexiform layer that are likely to correspond to amacrine cells (e.g., curved arrows). An equivalent proportion of these calretinin-im-
munoreactive neurons are present in the glaucomatous eye relative to the non-glaucomatous eye. In addition, laminated calretinin immuno-
reactive processes are present in the inner plexiform layer in both the non-glaucomatous and glaucomatous eyes. Scale bar for A-D, 50 pm.
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ANOVA demonstrated that the number of cells
labeled with the calcium-binding proteins in the inner
nuclear layer was not statistically different between the
glaucomatous and non-glaucomatous eyes (Table 3,
Fig. 2). In addition, the fiber plexuses labeled by these
different neuronal markers in the inner and outer
plexiform layers appeared to be very similar in glauco-
matous and non-glaucomatous eyes. Although not
quantitatively assessed, no gross differences between
these retinas were apparent in the number of cal-
bindin-immunoreactive cones or parvalbumin-immuno-
reactive cells in the inner nuclear layer adjacent to the

inner plexiform layer. There was a general depletion of
the parvalbumin-immunoreactive cells in the ganglion
cell layer from glaucomatous eyes as well as a reduc-
tion of parvalbumin-labeled fibers in the nerve fiber
layer. However, in the ganglion cell layer, many of the
small cells adjacent to the inner plexiform layer that
were intensely immunoreactive for parvalbumin or cal-
bindin were still present in the glaucomatous eyes
relative to the non-glaucomatous fellow eyes.

The number of NF-immunoreactive neurons was
significantly depleted (P < 0.001) in all areas sampled
of retinas from the eyes with glaucoma relative to those

Fig. 3. Fig. A shows NF (anti-NF-L) immunoreactivity in a transverse section from a non-glaucomatous eye corresponding to a segment 3—5 mm
from the optic disc in the nasal quadrant of the retina. Many cell bodies in the ganglion cell layer show neurofilament immunoreactivity (e.g.,
arrows) although some smaller cells show a relatively low degree of immunolabeling (e.g., curved arrows). B and C show the corresponding region
in the glaucomatous eye from the same animal showing a loss of NF-immunoreactive cells and fibers and where remaining cells contain a
perinuclear accumulation of NF immunoreactivity (arrows). Scale bar for A-C, 25 um.
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from the non-glaucomatous fellow eyes, with the mag-
nitude and areal proportion of this loss being very
similar between animals (Table 3, Fig. 3). The propor-
tional loss of NF-immunoreactive neurons was most
dramatic in peripheral regions of the nasal and tempo-
ral retina (96-97%) as compared with more central
regions (59-77%). Notably, whereas NF-immuno-
reactive cell density was highest in the central temporal
sample of the normal retina (Table 3), the proportion
of the NF-immunoreactive cell loss in the glaucoma-
tous retina in this region was the least of the areas
examined (59%). This region also had the highest
degree of variability in NF-immunoreactive cell counts
as indicated by the measures of variance (Table 3),
which is likely to reflect this segment’s proximity to the
ganglion cell dense region adjacent to the fovea. De-
spite the high SD values of these temporal samples, a
statistically detectable difference existed in counts from
glaucomatous eyes compared with non-glaucomatous
eyes.

There was also a relative depletion of NF-L-labeled
axons in the nerve fiber layer of the glaucomatous eyes
throughout these samples (Fig. 4). Similarly, there was
widespread loss of NF-immunoreactive axons, both
large and small in size, in sections of the optic nerve
from the glaucomatous eyes as compared with the
non-glaucomatous eyes. However, in most sections from

glaucomatous eyes, there were still many fine NF-L-
labeled processes present in the inner plexiform layer.
Surviving NF-immunoreactive neurons in glaucoma-
tous retinas varied in size and some of these were
shown to contain perinuclear accumulations of im-
munolabeled material that were intensely immuno-
reactive for NF-L (Fig. 3).

Quantitative assessment of Nissl-stained material
demonstrated that there were statistically significantly
fewer stained cells in the ganglion cell layer of glauco-
matous eyes relative to the non-glaucomatous eyes
(P < 0.001, able 3). Notably, ~50% of cells were lost
in central samples and ~ 44 and 32% of cells were lost
in the peripheral samples of nasal and temporal retina,
respectively.

4. Discussion

4.1. Chemical coding of retinal neurons

In the current study, the distribution of parvalbumin
and calbindin immunoreactivity in the retina was simi-
lar to single labeling data previously reported in
cynomolgus monkeys [36]. In contrast to the serial
section co-localization results of Réhrenbeck et al. [36],
we did not observe any parvalbumin immunoreactivity

Fig. 4. Wholemount preparations of the retina immunolabeled for NF protein (anti-NF-L) in a segment corresponding to 5-8 mm from the optic
disc in the nasal quadrant. Fewer immunoreactive processes are present in the optic nerve fiber layer of the retina from the eye with glaucoma
(B) as compared with the retina of the non-glaucomatous eye relative (A). Some NF-immunoreactive cells are present in the glaucomatous retina

in this region {(arrows in B). Scale bar for A and B, 25 um.
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Table 3

Quantitative assessment of number of neurons labeled with neuronal
markers or stained with Cresyl violet in glaucomatous and non-
glaucomatous fellow eyes

Non-glaucomatous Glaucomatous % difference

NF-L

Nasal 3-5 475+172 11.2+8.7 -76.42
Nasal 8-10 16.8+4.5 05+08 -97.0?
Temporal 3-5 68.0+20.5 2774225 -5932
Temporal 8-10 9.3+2.5 03+1.0 -96.8 2
Calretinin (amacrine cells)

Nasal 3-5 458+6.0 433+5.8 -55
Nasal 8-10 28.8+4.3 26.3+4.5 -8.7
Temporal 3-5 56.8+9.5 57.7+7.8 +1.6
Temporal 8-—10 23.0+3.0 20.5+2.7 —109
Calbindin (bipolar cells)

Nasal 3-5 46.5+7.3 44.8+6.7 -3.7
Nasal 8-10 272433 250+40 -8.1
Temporal 3-5 39.8+4.8 39.0+40 -2.0
Temporal 8-10 23.5+3.3 24.0+45 +2.1
Parvalbumin (horizontal cells)

Nasal 3-5 64.7+31.2 63.8+29.2 -1.4
Nasal 8-10 31.7+9.0 312457 -1.6
Temporal 3-5 81.2+11.8 773+16.7 —-4.8
Temporal 8-10 23.2+8.0 2424+6.2 +4.3
Nissl (ganglion cell layer)

Nasal 3-5 119.5+12 67.2+11.7 —-438+2
Nasal 8-10 38.8+10.5 195+7.8 —49.72
Temporal 3-5 181.0+24.2 91.3+26.0 —49.62
Temporal 8-10 37.7+5.3 25.5+5.0 —-3242

Figures correspond to mean number of labeled cells /1000 pm of
transversely sectioned retina + SD.

# ANOVA indicates significant difference between values for glauco-
matous and non-glaucomatous eyes (P < 0.01).

in the bipolar cells that were well-labeled for calbindin
in double-labeled preparations. A high degree of calre-
tinin labeling was present in amacrine cells in the inner
nuclear layer and their processes, organized in a lami-
nated fashion, in the inner plexiform layer of these
cynomolgus monkeys. Double-labeling verified that the
calretinin-immunoreactive amacrine cells were a differ-
ent subpopulation of neurons than the subpopulation
of amacrine cells labeled for parvalbumin and that
these latter cells were located deep to the calretinin-
immunoreactive cells. The distribution of calretinin
immunolabeling in cynomolgus retinas was similar to
that noted for other monkey species, such as Cercop-
ithecus aethiops sabaeus [27], although in this latter
species calretinin immunoreactivity was also localized
to many horizontal cells and cones.

NF triplet subunit immunoreactivity, determined
with antibodies to NF-L and NF-M /NF-H, appeared
to be localized principally to ganglion cells in the
monkey retina, although a low degree of immuno-
reactivity was present in some of the displaced amacrine
cells labeled for parvalbumin as well as in a very small
subpopulation of neurons located in the inner nuclear
layer adjacent to the inner plexiform layer. The distri-
bution of ganglion neurons showing differential levels

of immunoreactivity for these NF triplet subunits was
very similar to that observed in this layer in other
mammalian species, including humans [48,53]. Close to
the center of the retina, many ganglion cells showed a
low degree of immunoreactivity for these NF subunits
but, with progressive distance from the center, many
more cells showed elevated immunoreactivity for these
NF subunits and many of these corresponded to rela-
tively large cells. Concerning this latter subgroup of
cells, NF immunoreactivity was observed to extend into
the dendritic processes and the primary dendrites of
these neurons could extend to the outermost part of
the inner plexiform layer before branching. NF-im-
munoreactive processes were observed throughout the
inner plexiform layer. Most of these are likely to corre-
spond to the more distal segments of the dendrites of
the larger NF-labeled ganglion cells. However, some of
these processes possibly originate from the small sub-
population of putative NF-immunoreactive amacrine
cells on either side of the inner plexiform layer or may
even correspond to collateral axons from ganglion cells
[3]. '
By comparing cell counts of NF-labeled ganglion
cells with Nissl counts of cells from non-glaucomatous
eyes, NF-labeled cells in the central nasal and tempo-
ral samples may account for ~ 37-40% of the total
number of nerve cells and ~43 and 25% of the
neurons in the peripheral samples of nasal and tempo-
ral retina, respectively. However, these figures cannot
be considered as definitive as they are comparing im-
munofluorescent material with sections that have been
alcohol-treated and, thus, probably shrunken, for Cre-
syl violet staining. In addition, while the cells counted
in Nissl-stained sections are likely to correspond to
nerve cells (see also 12), this stain would not distin-
guish between ganglion cells and other nerve cell types
in this layer, such as displaced amacrine cells. Further-
more, it appears that the larger ganglion cells with a
high degree of NF triplet immunoreactivity constitute a
small proportion of all NF-immunoreactive cells, al-
though their proportion is relatively larger in the pe-
ripheral samples. Also indicated by Nissl-stained and
NF-labeled counts, there is a relatively larger number
of neurons and NF-immunoreactive cells in the central
samples from the temporal quadrant as compared with
the nasal quadrant, which is likely to reflect the closer
proximity of the temporal segment to the fovea.

4.2. Selective vulnerability of retinal ganglion cells in
glaucoma

The quantitative assessment of immunoreactive cells
in parvalbumin-, calbindin- and calretinin-labeled reti-
nal sections from glaucomatous and non-glaucomatous
fellow eyes clearly demonstrated that there is no signif-
icant difference in the number of neurons in the inner
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Fig. 5. Schematic summarizing distribution of neuronal markers in
the retina of the glaucomatous eye relative to the non-glaucomatous
eye. The data in the current study shows that neurons containing
calcium-binding protein immunoreactivity in the inner nuclear layer
are unaffected by the degenerative process associated with experi-
mental glaucoma. In contrast, NF-immunoreactive cells in the gan-
glion cell layer demonstrate a high degree of vulnerability and
neurons that remain in this layer may show an intraperikaryal
accumulation of NF immunoreactivity. OPL, outer plexiform layer;
INL, inner nuclear layer, IPL, inner plexiform layer; GCL, ganglion
cell layer.

nuclear layer showing immunoreactivity for these cal-
cium-binding proteins between these eyes (Fig. 5). The
number of displaced amacrine cells in the ganglion cell
layer, identified by their content of parvalbumin and
calbindin immunoreactivity, was also relatively unaf-
fected in the glaucomatous eyes, which was consistent
with previous observations on the low degree of vulner-
ability of such cells in other experimental glaucoma
studies [12). In contrast, there was a significant deple-
tion of NF-immunoreactive cells in the ganglion cell
layer of the glaucomatous eyes relative to the non-
glaucomatous eyes that is concomitant with a dramatic
decrease in NF- immunoreactive fibers in the optic
nerve fiber layer of the retina as well as in the optic
nerve itself (Fig. 5). In central samples of retina, this
loss resulted in ~59 and 77% fewer NF-immuno-
reactive cells in the nasal and temporal quadrants,
respectively, of glaucomatous eyes as compared with
the non-glaucomatous fellow eyes. The loss of NF-im-
munoreactive cells was even more pronounced in pe-
ripheral samples where there were ~ 96-97% fewer
NF-labeled cells in the glaucomatous eyes than the
non-glaucomatous eyes. Nissl counts indicated a fairly
uniform loss of neurons across most of the samples
(44-50%) with proportionately fewer cells lost in the
peripheral temporal sample (32%). By comparing Nissl
counts relative to the NF data, it would seem that the
loss of NF-immunoreactive cells accounts for ~ 70 and

45% of the total number of neurons lost in the central
nasal and temporal samples, respectively, and ~ 85
and 74% of cells in the peripheral nasal and temporal
samples, respectively. Hence, these data show that
there is a relatively large loss of cells within the sub-
population of ganglion cells containing NF triplet im-
munoreactivity and that, particularly for peripheral re-
gions, the loss of NF-labeled cells accounts for a large
proportion of the total number of ganglion cell layer
neurons lost in these glaucomatous primate eyes.

The NF-containing neurons in the ganglion cell
layer, therefore, represent a subgroup of retinal neu-
rons particularly vulnerable to glaucoma-induced dam-
age in these experimental animals. The larger ganglion
cells containing a relatively high degree of NF
immunoreactivity in the peripheral retina appear to be
particularly vulnerable whereas the subgroup of smaller
neurons closer to the fovea that contain a relatively low
degree of NF immunoreactivity are proportionately
less affected. These data correspond closely to the
evidence presented by Quigley and associates
[12,13,32-34] that the larger ganglion neurons of the
retina are preferentially affected in glaucoma in hu-
mans as well as in experimentally induced glaucoma in
monkeys. The mean loss of neurons throughout the
ganglion cell layer of the animals investigated in the
current study correlates well with the level of cell loss
observed in experimental animals with ‘moderate’
damage reported in Glovinsky et al. [12]. In this latter
study, the peak of selective loss of large cells is noted
at this moderate stage.

The large retinal ganglion cells that were intensely
labeled for NF antibodies may be identical with the
a-like cells stained with silver methods that are present
in many vertebrate species [28,46] and may, thus, corre-
spond to A, Pa or parasol cells described in morpho-
logical studies of the primate retina [23,29,30,57). In-
deed, Silveira and Perry [46] have shown that the
neurons heavily stained with silver impregnation, meth-
ods that have a chemical avidity for the NF triplet
proteins [1] and a histochemical selectivity for NF
triplet-containing neurons [53], are likely to correspond
to the 10% of neurons in the monkey retina that
comprise the magnocellular (M) pathway. This pathway
is thought to be principally involved in encoding mo-
tion-, luminance- and depth-related visual information
[25,42] and projects preferentially to the magnocellular
layers of the lateral geniculate nucleus [23,30]. In a
similar fashion to the subpopulation of peripheral sen-
sory neurons that contain intense NF triplet immuno-
reactivity [20,52], these neurons are also likely to give
rise to the larger optic nerve fibers that have a faster
speed of conductance than smaller axons, underlying
the importance of the neurons that contain a high
degree of NF immunoreactivity as a main contributor
to the M pathway. The relatively large proportion of
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NF-immunoreactive cell bodies in peripheral nasal
retina as compared with peripheral temporal retina can
be considered equivalent to the findings on the distri-
bution of silver-stained neurons [46] and may be corre-
lated with a relatively larger dendritic field of such
peripheral M cells [46,57].

It is also important to consider which subpopulation
of retinal ganglion cells corresponds to those that con-
tain faint immunoreactivity for the NF triplet, which
were also shown to be vulnerable to glaucomatous
damage, although to a lower degree than the larger
neurons showing high NF immunoreactivity. If NF
content in axons is correlated generally with axon di-
ameter and conduction velocity [8,17,20,58], then it
may be expected that the differential amount of NF
immunoreactivity in ganglion cells may be correlated
with axonal size. Thus, the faintly immunoreactive cells
may correspond to a cell type that gives rise to axons
intermediate in size to those neurons with the largest
or smallest axons. These neurons may, therefore, be
considered as the larger neurons comprising a subcom-
ponent of the P pathway, corresponding morphologi-
cally to B, [23] P8 [30] or midget [57] cells, and project-
ing preferentially to the parvocellular layers of the
lateral geniculate nucleus [23,30]. The exact cell type
showing this kind of NF immunoreactivity requires
further morphological analysis, although it is consistent
with the proposed heightened vulnerability of larger P
cells with particular chromatic response properties as
discussed by Glovinsky et al. [12] and with studies
indicating a physiological deficit in parvocellular layers
of the dorsal lateral geniculate nucleus in experimental
glaucoma [47] and also with widespread alterations in
metabolic and neuronal markers in both magnocellular
as well as parvocellular layers of the dorsal lateral
geniculate nucleus of the monkeys examined in the
current study (J.C. Vickers, R.A. Schumer, S.M. Podos
and J.H. Morrison, unpublished data).

It remains to be established to what extent a neu-
ron’s content of a cytoskeletal protein class, such as the
NF triplet, is primarily or secondarily linked to its
vulnerability to degenerate in glaucoma. Alterations in
NF have been clearly linked with neuronal degenera-
tion with a number of other degenerative diseases
affecting the brain, including Alzheimer’s disease
[16,26,54], Parkinson’s disease [50] and amyotrophic
lateral sclerosis [22]. The parallels with Alzheimer’s
disease are particularly intriguing as selective vulnera-
bility to degeneration in the cortex in Alzheimer’s
disease has been linked to the subpopulation of projec-
tion neurons containing the NF triplet whereas locally
projecting cortical interneurons containing calbindin,
parvalbumin and calretinin have been shown to be less
affected [16]. Furthermore, there are pathologic alter-
ations in NF that occur in cortical neurons that may be
antecedent to the formation of the hallmark neurofib-

rillary tangle in Alzheimer’s disease [26,54] and
perikaryal accumulations of NF are also observed in
some of the surviving neurons in the glaucomatous eyes
of the current study. Interestingly, studies of optic
nerve degeneration in Alzheimer’s disease indicate a
preferential vulnerability of larger axons [37] and pre-
liminary studies indicate an alteration in NF in periph-
erally located large ganglion cells [24]. Susceptibility to
perikaryal alterations and /or accumulations of NF have
also been observed within peripherally located large
ganglion cells in aluminum-treated rabbits [9] and in
relatively old transgenic mice containing the human
NF-M subunit [55]. Hence, there may be important
parallels between the age-related disease process un-
derlying Alzheimer’s disease and that which leads to
glaucoma,

Damage to optic nerve fibers at the level of the
lamina cribrosa may be expected to cause an alteration
in cytoskeletal proteins as part of a neurons general
chromatolytic response, although experimental studies
of optic nerve transection [41] would suggest that optic
nerve damage may not entirely account for the large
depletion of NF-labeled cell bodies and fibers seen in
the current study. Ischemia and/or excitatory amino
acid toxicity have been linked to alterations in the
cytoskeleton (reviewed in [56]) and selective degenera-
tion of retinal neurons [45,49,51], which may in turn be
due to the specific distribution of particular excitatory
amino acid receptor subtypes to subclasses of neurons
{15,18]. Evidence of an increase in levels of glutamate
in the posterior vitreous in the glaucomatous eyes of
the monkeys used in the current report [40] as well as
in human glaucoma [6] may further support the pro-
posal that excitatory amino acid toxicity may have a
role to play in the degeneration of retinal neurons in
glaucoma. Further studies examining the distribution
of excitatory amino acid receptor subunits in primate
retina, in combination with experimental studies of
neuroprotective agents, may indicate that therapeutic
strategies that seek to attenuate excitatory amino acid
toxicity may be helpful in preventing retinal damage in
glaucoma.

4.3. Conclusions

These studies suggest that much of the intrinsic
circuitry of the retina remains relatively intact in the
eyes of monkeys in which elevated intraocular pressure
and glaucoma have been experimentally induced. In
contrast, retinal ganglion cells die in this condition and
many of the susceptible ganglion cells are identified by
their content of a cytoskeletal protein class, the NF
triplet. An equivalent subpopulation of retinal ganglion
cells in the human retina is selectively labeled with NF
antibodies [48] and further studies may verify whether
this neuronal subpopulation is also vulnerable in hu-
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man glaucoma and whether there is a similar relative
preservation of other retinal cell types. The identifica-
tion of large ganglion cells that contain NF immuno-
reactivity as ostensibly the primary vulnerable neuronal
cell type in peripheral retina lends support to the
possible usefulness of clinical tests that address the
M-pathway functions of peripheral retina as a possible
way of revealing the earliest damage associated with
glaucoma. Studies using other specific neuronal mark-
ers may also be helpful in determining the particular
features of these neurons that contribute directly to-
wards their vulnerability and may be suggestive of
interventions that may protect these cells in glaucoma.
Finally, the molecular profile of vulnerability that
emerges from these studies of the glaucomatous retina
bears important similarities to that of cortical neurons
in Alzheimer‘s disease, suggesting that there may be
commonalities in the mechanisms of neuron death
across these two age-related neurodegenerative disor-
ders.
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