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Purpose: The purpose of this study was to identify a robust, representative region of interest (ROI) for studies of retinal
ganglion cell (RGC) soma loss in feline congenital glaucoma (FCG), a spontaneous, large-eyed glaucoma model.
Methods: Seven FCG and three wild-type (wt) eyes were collected from 10 adult cats of both sexes. Eyes enucleated
postmortem were immediately fixed overnight in 4% paraformaldehyde and then stored in 0.1 M PBS at 4 °C. The
retinas were wholemounted, Nissl stained with cresyl violet, and imaged using light microscopy. Somas of RGCs were
manually identified according to long-established morphological criteria and quantified using a semiautomated method;
their coordinates were used to create density maps and plots of the retinal topography. The RGC axon counts for the
corresponding eyes were obtained from glutaraldehyde-fixed, resin-embedded optic nerve cross-sections stained with
0.1% p-phenylenediamine (PPD) using a semiautomated counting method. Correlations between total optic nerve axons
and RGC soma counts were assessed by linear regression. A k-means cluster algorithm was used to identify a retinal
ROI, with further definition using a probability density algorithm.

Results: Interindividual variability in RGC total soma counts was more pronounced in FCG cats (mean = 83,244, range:
0-155,074) than in wt cats (mean = 117,045, range: 97,373-132,972). In general, RGC soma counts were lower in FCG
cats than they were in wt cats. RGC axon counts in the optic nerve cross-sections were lower than, but strongly cor-
related to, the total RGC soma count across all cats (in wt and FCG retinas; R* = 0.88) and solely FCG eyes (R>=0.92).
The k-means cluster algorithm indicated a region of the greatest mean difference between the normal wt retinas and
FCG-affected retinas within the temporal retina, incorporating the region of the area centralis.

Conclusions: As in other species, RGC soma count and topography are heterogeneous between individual cats, but we
identified an ROI in the temporal retina for future studies of RGC soma loss or preservation in a large-eyed model of
congenital glaucoma. Many of the methods refined and established to facilitate studies in this FCG model will be broadly
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applicable to studies in other large-eyed models.

Glaucoma, which is recognized as a leading cause of
irreversible blindness worldwide [1], is defined as retinal
ganglion cell (RGC) neuropathy and is often associated with
abnormally high intraocular pressure (IOP). Animal models
used to study glaucoma emulate multiple causes of RGC cell
injury associated with glaucoma. Depending on the nature
of the experimental model studied, loss of RGC somas may
not be highly predictable, with regional and RGC population
variation in terms of susceptibility to glaucomatous damage.
In the rat microbead ocular hypertension model, for example,
the peripheral retina has a relatively higher percentage of
RGC soma loss compared with other regions, which is appre-
ciable beginning 6 weeks after microbead injection [2]. The
nonhuman primate argon laser ocular hypertension model has
a greater RGC soma loss in the ventral retina and greater
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loss of large RGCs [3]. In a DBA/2J mouse model of glau-
coma, regional or diffuse loss of RGC somas may be seen. A
distinct pattern occurs in some mice; they develop a wedge of
RGC soma loss beginning at 8—10 months that progresses to
diffuse, severe soma loss. However, this wedge of RGC soma
death is not in a consistent retinal region between individuals
[4]. In a study of primary open-angle glaucoma in humans, a
paracentral region of RGC soma loss was reported in affected
individuals [5]. It has also been suggested that humans with
glaucoma have a more susceptible population of RGCs, but
the precise nature of the susceptible RGC population remains
controversial [6,7].

Since RGC loss is ultimately responsible for irrevers-
ible vision loss in glaucoma patients, it is important to have
methods of RGC quantification in experimental models of
glaucoma. In this study, we examined RGC soma loss in a
spontaneously arising model of inherited feline congenital
glaucoma (FCQG), which has been established in a viable
breeding colony. Significant IOP elevation is evident by 10
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weeks of age in this model, but there is variability in IOP
exposure, disease progression, and onset of substantial loss
of axons (surrogates also quantified in vivo by optical coher-
ence tomography [OCT] and visual evoked potentials [ VEP]),
as well as “baseline” RGC/axon counts, in young cats, in
common with humans and nonhuman primate models [8-10].
The recessively inherited causal mutation in the LTBP2 gene
identified in FCG-affected cats is an ortholog of a form of
primary congenital glaucoma affecting humans (Online
Mendelian Inheritance in Man [OMIM] 602091) [11-13].
Given the variable pattern of RGC soma loss documented
between individuals and the etiologies of spontaneous and
experimental glaucomas in previous studies in other species,
the initial assessment of RGC soma loss in the FCG model
requires evaluation of the entire retina topography in normal
and affected subjects. This analysis is further complicated
by the markedly uneven distribution of RGC somas charac-
teristic of the normal feline retina, which is similar to that
seen in the central and peripheral retinas in humans [14] and
nonhuman primates [15]. In the feline retina, there is a nasal-
temporal, horizontal line of increased RGC density called the
visual streak and an oval or tear-drop-shaped region in the
central temporal retina containing the peak density of RGC
somas and photoreceptors, known as the area centralis [16].
Further, the large size of the feline retina diameter (26.5 mm)
[17], which is more similar in size to the retina of the rhesus
macaque (30 mm) [18] or human (41.5 mm) [18] than the
mouse retina (4.5 mm) [19], makes tissue handling, RGC
soma quantification, and distribution analysis of the entire
retina both technically challenging and time consuming.

In this study, our goal was to identify the region of
the retina exhibiting the most consistent RGC soma loss in
FCG to enable a more targeted RGC soma quantification, if
appropriate. At the time this study was initially conducted,
a sensitive and specific immunolabel for feline RGC somas
had yet to be validated. Therefore, we used long-established
methods for Nissl staining with cresyl violet and manual iden-
tification of RGC somas coupled with a rigorous approach
that quantified and located all morphologically identified
RGCs across the entire retina wholemount. This process
proved time intensive, taking a minimum of 50—70 h for the
total quantification of RGC somas in each retina. We adapted
existing methods to establish more efficient and practical
means of quantifying and mapping RGC somas across the
relatively large feline retina. Identification of a more specific
region of interest (ROI) would limit the need for entire retinal
wholemount processing in future studies, allowing remaining
neurosensory retina tissue to be available for other investiga-
tions, for example, of protein or gene expression.
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METHODS

Subjects: Ten retinas were dissected from archived globes
of three normal, wild-type (wt) cats and seven FCG-affected
cats homozygous for a mutation in the LTBP2 gene from an
established spontaneous FCG colony [8]. Subjects were adult
cats of both sexes (Table 1) with disease that appeared to span
a range of clinical severity. All animals from which tissues
were obtained were maintained in a vivarium in controlled
environmental conditions with a 12 h:12 h light-dark cycle
under protocols approved by the University of Wisconsin-
Madison or Iowa State University Institutional Animal Care
and Use Committee (IACUC) and in compliance with the
Association for Research in Vision and Ophthalmology
(ARVO) Statement on the Use of Animals in Ophthalmic
and Vision Research. Globes were enucleated less than 4 h
postmortem following euthanasia and fixed in 4% parafor-
maldehyde at 4 °C overnight; they were then stored in 0.1 M
PBS 1X (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na HPO, 1.47
mM KH,PO,; pH 7.4) at 4 °C until further dissection. The
wt retinas were collected from cats euthanized for reasons
unrelated to the current study.

Retinal wholemount preparation and staining: The technique
for dissection of the retina from the globe was conducted
according to previously published methods for whol-
emounting the feline retina [16] with minor modifications.
After orienting the globe using the course of the long poste-
rior ciliary arteries, medial origin of the feline nictitating
membrane, and course of the attached optic nerve, the eye
was hemisected at the ora ciliaris retinae. The vitreous body
was removed, and the posterior cup was placed in a glass
Petri dish. Under a dissecting microscope (Leica M60, Leica,
Wetzlar, Germany), the sclera, choroid, and optic nerve were
removed with fine jewelers’ forceps and Vannas scissors. The
retina was then mounted, with the inner retinal surface upper-
most, onto a 50 x 75 mm gelatin-coated glass microscope
slide (FD Neurotechnologies, Inc., Columbia, MD), and relief
cuts were made to allow the retinal tissue to lie flat (Figure
1A). Remaining attachments of the vitreous at the ora ciliaris
retinae and around the optic nerve head location were care-
fully removed using fine natural hair paintbrushes, Vannas
scissors, and small pieces of microfiltration paper. Each slide
was placed flat to dry slowly at room temperature overnight
in a covered glass staining jar.

Once adhered to the slide, the retina was stained using
established methods previously published for Nissl staining of
retina wholemounts with 0.25%—0.3% cresyl violet solution
(FD Cresyl Violet Solution, PS102-1, FD Neurotechnolo-
gies, Inc.) [21]. Briefly, the slide with the affixed retina was
submerged in xylenes for defatting and then rehydrated in a
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series of solutions with descending concentrations of ethanol.
Cresyl violet solution was then gently painted on the surface
of the retina with a round-tipped, natural hair paintbrush and
allowed to sit for 7-10 min. The stain was rinsed off with
deionized water, and the still-wet slide was observed under a
light microscope (Leica DM750, Leica) to confirm adequate
Nissl staining (Figure 1B); in the event of poor staining, this
would permit reapplication of cresyl violet if necessary. The
tissue was then dehydrated with ascending concentrations of
ethanol solutions. A glacial acetic acid and ethanol solution
was used for differentiation, and xylenes were again used
for a final clearing step of the remaining background stain.
A coverslip was applied using a toluene-based mounting
medium (Permount™, Fisher Chemical™, Pittsburgh, PA)
and sealed with clear nail polish.

Microscopy, imaging, and RGC soma quantification: A light
microscope (Olympus® BX60, Olympus Corporation of the
Americas™, Center Valley, PA) with an automated stage
(ProScan® III, Prior Scientific, Rockland, MA) and proprie-
tary image analysis software (cellSens Dimension®, Olympus
Inc.), was used for automated acquisition and stitching of
photomicrographs. Each complete retinal wholemount image,
obtained with a 20x objective lens, corresponded to 12—-14
gigabytes of data. The image was divided into 16 smaller,
more manageable fields to facilitate the subsequent quantifi-
cation of RGC somas.

The RGC somas were first identified manually by a
single observer (SAA) using established morphological
criteria of characteristic Nissl substance, a ring of cytoplasm
around the nucleus, and a nucleolus in those somas with a
diameter greater than 12 pm [17,22,23]. Once identified, a
12 pm diameter, circular mark (0, 255, 0 RGB) was placed
over the soma (Figure 1C) using image analysis software
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(ImageJ, NIH, Bethesda, MD) [24]. When quantification
was complete, each image was converted into an 8-bit
greyscale image, thresholded to the shade of the markers,
converted to a binary image, and scaled to 35% with bicubic
interpolation (ImageJ, NIH). The 16 fields were stitched
back together to form a single black-and-white image of the
entire retinal wholemount (MosaicJ plug-in, ImagelJ, NIH)
[25]; here, the RGC soma markers were depicted in black
and the surrounding retinal tissue in white (Figure 1D.) Each
retina was oriented as a left eye for ease of comparison using
the characteristic pattern of the feline retinal vasculature
(ImageJ, NIH). While the manual quantification was done
with care to avoid overlapping RGC soma markers, water-
shed segmentation performed on the binary image helped to
further systematically separate the markers (Watershed tool,
Imagel, NIH). Using the size and circularity of the RGC soma
markers, an image analysis tool identified and outlined each
marker and tabulated the coordinates of its center (Analyze
Particles tool, ImagelJ, NIH). After this, regions of the area
centralis and central and peripheral retina were assessed to
ensure that all RGC somas were counted.

The marker coordinates were binned to create a grid
of densities over each retina (Figure 1E; Excel, Microsoft,
Redmond, WA). To account for differences in retinal size, the
algorithm determined the longest axis of the retina, divided
it by 100, and created square bins of that height and width
to cover the entire retina with 10,000 bins. Within each bin
was the number of RGC soma markers quantified in the bin
location of the retina.

Isodensity maps: To facilitate visual assessment of RGC
soma distribution/topography, the binned data for the entire
retina were input into an open-source software package (R)
[26]. For each wholemount, the bin locations were plotted

TABLE 1. SUBJECT SIGNALMENT AND DISEASE STATUS.

Subject Sex Eye Age (year) Body weight (kg)

N1 Female Left 0.8 2.6
N2 Female Left 1.5 6
N3 Male Left 2.3 4.9
Al Female Right 33 3.2
A2 Male Right 3.8 4.6
A3 Male Right 4.2 5.8
A4 Male Right 7.9 4.9
AS Male Left 33 2.8
A6 Male Right 2.9 4
A7 Female Left 39 NA

N=normal wild-type cat, A=Affected cat with feline congenital glaucoma. Bodyweight was not available for subject A7.
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Figure 1. Wholemount preparation and imaging of feline retina. A: Image of Nissl-stained retinal wholemount with multiple peripheral
retinal relief cuts made to allow the retina to lie flat. B: Photomicrograph to illustrate the characteristic Nissl substance (white arrow), ring
of cytoplasm, and nucleolus (white arrowhead) of a properly stained retinal ganglion cell (RGC) soma. C: Photomicrographs of RGC somas
illustrating the manual marking method, with 12 pm circles placed over somas that had the characteristics outlined in (B). D: Binary image
of retinal wholemount (normal wild-type [wt] retina N2) after RGC somas have been identified. “S,” “T,” “I,” and “N” represent the directions
of the superior, temporal, inferior, and nasal aspects of the retina, respectively. E: Binning of RGC soma counts within 10,000 square bins
across the retina (N2; Excel, Microsoft). F: Plotting of bin locations on a three-dimensional globe (Retina, R, R Development Core Team).
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onto a three-dimensional eyecup (Figure 1F), from which a
two-dimensional topographic map with isodensity lines was
created (Retistruct and Retina packages, R, R Development
Core Team, Auckland, New Zealand).

Quantifying RGC axons. Cross-sections of the corresponding
retrobulbar optic nerves were obtained 2—4 mm posterior to
each globe, glutaraldehyde postfixed, and routinely osmicated
and resin embedded. The myelin sheaths were stained with
1% p-phenylenediamine (PPD) to facilitate the counting
of the RGC axons. Quantification was performed using a
published, semiautomated targeted sampling method for
RGC axon counting that was previously validated for our
model using proprietary image analysis software (Olympus
cellSens, Dimensions®) [27,28].

Statistical analyses: Descriptive statistics included mean,
median, standard error of the mean (SEM), and range for
total RGC soma counts, total RGC axon counts, peak RGC
soma density (RGC somas/mm?), and center of area centralis
RGC soma density (RGC somas/mm?). A linear regression
model was used to examine the strength of the correlation
between total RGC axon and soma counts (GraphPad Prism
7.04, GraphPad Software).

To identify an ROI, the binned density data for three
normal wt retinas (N1-3) and five FCG-affected retinas
(A3-7) were plotted as density heat maps. Two FCG-affected
retinas were excluded from analysis: Al was excluded
because of diffuse, severe RGC soma loss associated with
end-stage glaucoma, and A2 was excluded because the loca-
tion of a relief cut precluded topographic analysis. The RGC
soma density maps were then averaged for each bin in the
normal (wt) and FCG-affected groups, giving each bin a mean
density for the group. A differences map was then calculated
by subtracting the mean density of the FCG-affected group
from the mean density of the normal wt group for each bin
location. To detect a region with higher differences in means
between the normal wt and FCG-affected groups, the k-means
clustering algorithm was performed using the differences
heat map. This algorithm divided each plot into k regions of
bins, where the variation between bins within a region was
smaller than the variation between regions [29]. This was
done in such a way that each bin was assigned to the group in
which it was closest to the center. As outlined for difference
mapping above, this algorithm was applied to the data from
three normal wt retinas (N1-3) and five FCG-affected retinas
(A3-7) with k = 2,3,9. All figures and analyses to determine
ROI were performed in R (R, R Development Core Team).

© 2021 Molecular Vision

RESULTS

Total RGC soma counts: As shown Table 2, Figure 2A the
mean total RGC soma count of the wt feline retinas was
greater than that of the FCG retinas. However, the two
highest soma counts in the study were quantified from the
FCQG retinas (A4, A5). The box-and-whisker plots suggest a
bimodal distribution of total RGC soma counts within the
FCG group, with three retinas below 45,000 and four retinas
above 100,000, in this relatively small population sample.

Total RGC axon counts: As shown Table 2, Figure 2B, for
the soma counts, the mean RGC axon count in wt feline
optic nerves was greater than that in the FCG optic nerves.
However, the highest optic nerve axon count in this study was
identified in an FCG-affected cat (AS5). Again, for RGC soma
counts, the total optic nerve axon counts of FCG cats appeared
to follow a bimodal distribution, with three axon counts less
than 45,000 and three over 80,000. The morphology of the
optic nerve cross-sections was consistent with the axon and
soma counts. Pronounced morphologic evidence of axonal
damage, with overall decreased optic nerve cross-sectional
area and axonal degeneration, was observed in the severely
affected FCG subjects (Al, A4, A6; Figure 3A).

Relationship between RGC soma and axon counts: In this
study as shown in Figure 3B,C; Table 2, the RGC optic nerve
axon counts were generally lower than the corresponding
RGC soma counts. A linear regression model comparing
RGC soma counts with their axon counts in three wt (N1-3)
and six FCG (A1-6) shows a strong correlation (R? = 0.88;
Figure 3B). When the data from the three wt retinas were
removed from the model, the RGC soma and axon counts of
the six FCG eyes remained strongly correlated (R? = 0.92;
Figure 3C).

RGC topography: As shown Figure 3A, Table 2 except
for FCG retina Al, in which there was a diffuse, general-
ized, near total absence of RGC somas, the isodensity plots
revealed an oval-shaped region of highest RGC soma density
in the temporal retina. This region is considered to represent
the area centralis, which is analogous to the human/primate
macula. In addition, most feline retinas exhibited a nasal-
temporal, horizontal streak of greater RGC soma density,
which is considered to represent the visual streak. Although
mean peak RGC soma density was lower in FCG-affected
retinas than it was in wt retinas, the mean values were not
significantly different between groups (Figure 4A). For each
retina, the bin of the highest RGC soma density was located
in the region of the area centralis. A 0.17 mm? bin that was
manually placed at the center of the area centralis revealed an
even higher RGC soma density peak for each retina (Figure
4B). However, these peak values for RGC soma density in
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Figure 2. Box-and-whisker plots of mean wild-type (wt) and feline congenital glaucoma (FCG)-affected (A) total RGC soma counts (N1-3,
A1-7) and (B) total RGC axon counts (N1-3, A1-6). The whiskers represent the range of values, and each data point represents the total
count for an individual retina/subject. An axon count was not available (N/A) for A7 due to tissue loss during processing.

a more refined region of the area centralis were not statisti-

cally significantly different between the wt and FCG-affected

Delineation of ROI: To identify regions of like RGC density
difference between the wt and FCG-affected groups, a
k-means cluster algorithm was used (Figure 5 and Table 3).

groups. For each k (number of regions allowed), the group with the
TABLE 2. TABULATED DATA FOR FELINE RGC (RETINAL GANGLION CELL) SOMA COUNTS.
Center of area
Bin Total RGC Total RGC Peak density centralis (RGC somas/

Subject size (mm?) soma count axon count (RGC somas/mm?) mm?)

N1 0.108 132972 97653 3009 5453
N2 0.084 120791 99343 1560 3799
N3 0.106 97373 98036 2448 4600
Mean 0.099 117045 98344 2339 4614
Median 0.106 120791 98036 2448 4600
SEM 10446 512 421.83

Al 0.087 0 297 0 0
A2 0.092 111613 84789 1881 6429
A3 0.063 33135 42438 1968 4224
A4 0.104 155074 88385 2164 5606
AS 0.083 142560 112031 2120 5129
A6 0.041 19989 14964 1550 1347
A7 0.067 120337 N/A 1985 2277
Mean 0.077 83244 57151 1667 3573
Median 0.083 111613 63614 1968 4224
SEM 24054 18239 287.94

The table shows bin size, total RGC soma count, total RGC axon count, peak RGC soma density, and peak density of RGC somas in area
centralis center within a 0.17mm? field. Descriptive statistics are presented for 3 normal(N), wt retinas (N1-3) and 7 FCG-affected (feline
congenital glaucoma affected; A1-7). An axon count was not available (N/A) for A7 due to tissue loss during processing. (SEM=Standard

Error of Mean).
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Figure 3. Distribution of RGC densities in normal and glaucomatous feline retinas. A: Two-dimensional RGC soma isodensity plots (Retina
package, R) for three normal, wild-type (wt) retinas (N1-3) and six feline congenital glaucoma (FCG)-affected retinas (A1-4, A6-7). Regions
of higher soma density are represented by warmer colors. Note that the scales assigned to these colors differ between individual retinas.
The nasal to temporal visual streak (black arrows, N3) and the area centralis (black arrowhead, N3) are the regions of highest RGC soma
density in most normal and FCG-affected retinas. “S,” “T,” “I,” and “N” represent superior, temporal, inferior, and nasal aspects of the retina,
respectively. Photomicrographs are also shown of corresponding p-phenylenediamine (PPD)-stained optic nerve cross-sections with their
RGC axon counts. [Scale bar = 500 pm; N/A = not available because of tissue damage or loss during processing (A7 ON photomicrograph) or
relief cut placement (A5 isodensity plot).] B: Linear regression model of total RGC soma versus axon count in three normal wt eyes (N1-3)
and six FCG-affected eyes (A1-6). There is a strong correlation (R? = 0.88) between total RGC soma and axon counts. C: Linear regression
model of total RGC soma versus axon count in 6 FCG-affected eyes. There is a strong correlation (R? = 0.92) between total RGC soma and
axon counts within the FCG-affected retinas.
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highest mean difference was characterized by the coordinates
of the center, the mean difference, and the size (Table 3). Total
variation within groups and total variation between groups
are listed for each k, together with the proportion of the total
variation between groups. This latter metric should be as high
as possible because this indicates that the groups defined by
the algorithm are more different than similar, which is what
is desired when refining regions for RGC quantification in

disease models.

Picking the appropriate k cluster was challenging because
the proportion of the total variation explained by the variation
between groups increases when k increases. In this study, one
could argue that after k = 7, the proportion of the total varia-
tion stabilized just above 81%. However, the region identified
by this algorithm as the region with the largest difference was
rather consistent. For k > 4, most of the region is located over
the area centralis (Figure 5C). Hence, the specific k is less

important because we were mainly interested in identifying

© 2021 Molecular Vision

Probability density analysis: Figure 6: A region of the retina
that consistently included the k cluster with the largest RGC
density difference was defined using a Cartesian coordinate
system with x and y axes and the center of the retina at (0,0).
To facilitate this process, all images of whole retinas were
oriented as left eyes and rotated using characteristic vascu-
lature, as noted previously. The first ROI (ROI 1) was then
delineated starting along the positive y-axis and extending
135° clockwise for the inferior boundary to land in the
temporal-inferior retina (Figure 6A). The probability density
plot (Figure 6B) of this wedge did not demonstrate a large
difference in density distribution between the normal and
FCG-affected retinas. The second ROI (ROI 2) decreased the
size of ROI 1 by including only those bins located within a 25
bin radius from the center of the retina (0,0), creating an arc
and removing the peripheral retina from the analysis (Figure
6C). On the probability density plot for ROI 2 (Figure 6D),
a far more discernable separation in the density distribution
between the wt and FCG-affected groups could be appreci-
ated, with a shift toward higher densities in the normal wt

a useful region for future studies. retinas.
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Disease status

Disease status

Figure 4. Peak RGC densities. Box-and-whisker plots of the highest RGC soma densities in (A) the area centralis and (B) a more defined
0.17 mm? bin in the center of the area centralis. The smaller bin (0.17 mm?) was manually placed in the center of the area centralis, defined
using vasculature and the highest apparent density. The whiskers represent the range of values, and each data point shown represents the
cell density calculated for an individual eye/subject. There was no statistically significant difference in mean densities between the normal
wild-type (wt), and feline congenital glaucoma (FCG)-affected groups for either metric.
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DISCUSSION than within studies [17,23,30-32]. Discrepancies between
studies are likely primarily due to methodological differ-
ences; however, there is interindividual variation expected,
which was evident in this study. Few, if any, published studies
on RGC soma density and distribution in the normal feline

The total counts of RGC somas for the wt retinas in this
study were within an expected range based on previously
published data for normal cats. The total RGC soma counts

in normal cats have been reported to range widely, spanning
from 90,000 to 260,000, with a larger variation seen between retina present a total direct count of RGC somas; rather, they
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Figure 5. Heat maps of RGC densities. A: Density topography of RGC somas in three normal wild-type (wt) retinas (N1-3) and five feline
congenital glaucoma (FCQG)-affected retinas (A2—6). In all retinas, the area of highest density, or the warmest colors, can be seen in the
region of the area centralis, temporal to the location of the optic nerve head. B: Density heat map of the difference between the regional
mean of the normal wt group and the FCG-affected group (i.e., normal minus affected). The groups did not seem to differ substantially
within the peripheral retina. The largest difference in mean RGC soma densities between groups (warmest colors) can be seen in the region
of the area centralis. C: K-means cluster algorithm with clusters 2—9. Throughout all the groups, the k-means cluster algorithm indicates the
area of least regional variability in between-group differences in soma density within the temporal retina, associated with the area centralis.
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often estimate the number of somas in the retina based on
sampling fields. With such a dramatically uneven RGC soma
distribution across the normal feline retina, using an estima-
tion algorithm based on a lattice of sampling fields has the
potential to vastly over- or underestimate the total RGC soma
count in each study. The inherent subjectivity of identifying
Nissl-stained RGC somas based on morphological criteria
may also contribute to discrepancies in counts between
studies. In this study, a second observer (GJM) identified a
field of RGC somas compared with the same field marked by
the primary observer (SAA), validating the primary observ-
er’s identification of somas. In addition, to avoid mistaking
displaced amacrine cells for RGC somas, in this study, we
took a conservative approach and defined RGCs as having a
soma diameter greater than 12 um. A similar approach was
applied in previously published papers but without reporting
total RGC soma counts [22,33,34]. Displaced amacrine cells,
which also contain Nissl substance, comprise 80% of the
neuronal cell population in the RGC layer of the feline retina,
and have soma diameters from 6 to 10 um [32], so they would
not have been counted by our method. However, we likely
failed to count proportionately small populations of RGCs
with overlapping somas of smaller diameter [31].

To avoid limitations inherent in our approach for the
identification of RGCs, there are other methods of RGC
soma labeling that have been used in previously published
studies of the mammalian retina that are not as reliant
on morphological criteria for identification. Retrograde
labeling applies a dye (e.g., horseradish peroxidase [HRP],
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1,1'-dioctadecyl-3,3,3",3'- tetramethylindocarbocyanine
perchlorate [Dil], fast blue, fluorogold) to a region of the
central visual pathway (superior colliculus, lateral geniculate
nucleus) to be transported along the RGC axons and into
the somas [35]. In the FCG model, in at least some affected
animals, there is evidence of significant RGC axonal damage
and dysfunction at the onset of disease [36]. Therefore, RGC
somas persisting in the retina may not be reliably labeled with
this method. In addition, the surgical procedure in a feline
model to expose and inject dye into the superior colliculus
and lateral geniculate nucleus is invasive, and at the same
time, it can result in incomplete labeling [35]. Cholera toxin
subunit B (CTB) conjugated to, for example, HRP can label
RGC somas by more predictable and less invasive intravitreal
injection and anterograde transport mechanisms, but this
method has not been extensively validated in feline models,
and it still involves a relatively invasive method for in vivo
administration [37].

For this study, to quantify and map the entire hetero-
geneous RGC soma population, an immunolabel with a
conjugated fluorescent antibody would be ideal; this would
make manual morphological identification of somas unnec-
essary and thus decrease subjectivity. When this study was
performed, a specific antibody was not validated for feline
RGCs. The RNA binding protein with multiple splicing
(RBPMS) antibody has been validated in other species
[38-40] as RGC soma specific. However, the RBPMS anti-
body initially evaluated for this study did not robustly label
RGC somas in a normal feline retina. An RBPMS antibody

TABLE 3 K. -MEANS CLUSTER ANALYSIS METRICS FOR 3 NORMAL, WT RETINAS (N1-3) AND 5 FCG-AFFECTED RETINAS (A3-7).

Mean difference in
group (RGC somas/

Total variation within groups

Total variation between

groups [(RGC somas/mm?)?]  Proportion of varia-

k mm?) Size (bins) [(RGC somas/mm?)*|e+07 e+07 tion between groups
2 217 744 6.78 3.84 0.36
3 577.65 101 473 5.9 0.56
4 370.22 257 4.1 6.52 0.61
5 56792 105 2.81 7.81 0.74
6 616.13 87 2.44 8.18 0.77
7 712.43 60 1.99 8.64 0.81
8 676.66 69 1.77 8.85 0.83
9 725.36 57 1.54 9.08 0.85

This algorithm divides the RGC soma density differences map (Figure 5) into k groups such that bins within the same group are more
alike than between the groups. We measured similarity in three dimensions: two locations (row and column) and RGC soma density dif-
ference between the wt and FCG-affected groups. In this table, for each k, the group with the highest mean difference is characterized (by
coordinates of the center, the mean difference, and the size). Furthermore, the total variation within groups and total variation between
groups are listed for each k, together with the proportion of the total variation that is between groups. This latter metric should be as high
as possible when looking for the region that varies the most between wt and FCG-affected RGC soma density, as this indicates that the
groups defined by the algorithm are more different than similar, which is what is desired.
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has since been validated in cats by another group [41] and is
now used in our FCG model, but it was not available when
this study was conducted.

Total RGC axon counts acquired from light photomicro-
graphs of optic nerve cross-sections for wt animals (range:
97,653 to 98,036 axons) are lower than previously reported
feline optic nerve axon counts acquired using electron
microscopy (range: 158,000 to 184,000 RGC axons) [42,43].
Our methods, which rely on identification of axons by their
myelin sheath staining, inherently undercount axons of
smaller diameter. Both of these techniques for axon quan-
tification use algorithms for estimating the total population
instead of a direct count. Thus, the techniques used in our
study to quantify RGC axons and somas were both expected
to systematically underestimate the number of small RGC
somas and axons.

© 2021 Molecular Vision

In both the total RGC soma and axon counts in this study,
the highest values were quantified from the FCG-affected
retinas (A4, AS5). With the interindividual variability and
the range observed in the wt RGC counts, as well as the
deliberate selection of FCG cats reflecting a broad range
of clinical disease severity, these particular FCG cats may
have inherently possessed more RGCs than the three wt cats
in this study, and quantification may have occurred before
RGC soma losses. Furthermore, it is interesting to note that
the distribution of RGC counts (soma and axon) in FCG
cats appeared bimodal in nature, with three retinas exhib-
iting severe RGC loss and three within or above the range
determined for wt cats. With such a small sample size, it is
difficult to draw conclusions from either of these observa-
tions; however, the study does present a population of adult
FCG cats that are known to have been clinically affected by
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Figure 6. Refining a region of interest (ROI) with greatest difference in RGC density in glaucoma-affected retina. A: Region of interest 1
(ROI 1): This region of the heat map was defined by placing the heat map on the Cartesian coordinate system, with the center of the retina
at (0,0) and extending 135° clockwise from the positive y-axis. B: ROI 1 probability density plot: This plot does not show a large difference
in the density distribution between normal wild-type (wt; N1-3; dark gray) and feline congenital glaucoma (FCG)-affected (A3-7; light
gray) retinas in this ROIL. C: Region of interest 2 (ROI 2): This region of the density heat map decreased the size of ROI 1 by measuring 20
bins temporally from the center of the retina and mapping an intersecting vector. D: ROI 2 probability density plot: A far more discernable
difference in densities between the normal wt (dark gray) and FCG-affected (light gray) groups can be seen on this plot, with a shift toward
higher densities in the normal wt retinas. This is likely because most of the artifacts in the peripheral retina inserting bins with 0 somas has
been taken away. Differences in the regional mean densities between the groups are negligible in the peripheral retina.
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ocular hypertension and that appear to have minimal, if any,
RGC loss.

The pattern of uneven distribution of RGC somas found
in this study has been documented as characteristic of the
feline retina in previously published topographic studies [16].
The RGC soma density peaks in the area centralis presented
in this paper are lower than previously published densi-
ties ranging between 5,000, and 10,000 RGC somas/mm?
[23,30,34]. The lower densities in that range, ~5,000 to 6,000
RGC somas/mm?, are from a study that used the same RGC
soma identification criteria, including soma size, as used in
this study, but that study quantified the area centralis density
by placing a 0.17 mm? bin over the center of the area centralis
[34]. When applying this smaller bin size and precise location
to the retinas sampled in the present study, the area centralis
RGC soma density was consistent with that reported previ-
ously [34]. This observation supports the underestimation
of peak RGC densities in our current study, whether by
undercounting a significant population of RGCs with a soma
size < 12 um within the area centralis or use of too large a
bin size with imprecise positioning over the area centralis.
However, accurate quantification of absolute RGC peak
density was less important to the goals of the current study
than development of an automated, unbiased binning system
to compare regions of the retinas across multiple retinas in a
time-efficient manner.

Through RGC mapping and advanced statistical analyses,
we identified and refined an ROI to facilitate future studies
of RGCs in this model, which limits the need for preparation
of flatmounts of the whole retina. Previous studies in a feline
optic nerve crush model chose a 1.66 mm? region located
3 mm superior and 1.5 mm temporal to the area centralis for
evaluation of RGC soma loss in the retina [22,34]. However,
that region did not robustly reflect RGC soma loss in the FCG
model in this study. Each model is expected to have varying
patterns of RGC soma loss due to varying susceptibility of
RGC populations to different types of injury, often by mecha-
nisms that remain poorly understood [44,45].

RGCs have been categorized by soma size and
morphology, dendritic tree branching [44,45], the on/off
center dichotomy [46], and axonal projections. With Nissl
stain, the most thoroughly defined populations in a, B, and
v RGCs comprise 3.5%, 47.2%, and 49.2% of the total RGC
population, respectively, in a normal feline retina [32], albeit
with individual regional density variation [31]. Alpha RGCs
make up only 1.6% of the RGC soma population within the
area centralis, increasing up to 6.9% of the population in the
peripheral retina [23]. Although distinguishing § and y RGC
populations can be challenging due to some overlap of soma
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diameter, a greater percentage of f RGCs has been reported
in the area centralis, and a greater proportion of y-RGCs
has been found in the periphery [31]. Overall, it has been
established that not only does a normal cat retina have an
uneven distribution of all RGCs, but there is also an uneven
distribution within each class of RGCs. The differences in
susceptibility to FCG damage between eyes, subjects, retina
regions, and RGC types, as well as the influence of age, sex,
and IOP on RGC loss in glaucoma, are subject to ongoing,
expanded studies in this model, facilitated by identification
of a manageable, consistent ROI.

Conclusion: RGC soma counts and distributions are hetero-
geneous between individual cats, whether they are FCG-
affected or normal wt animals. Using our isodensity plots
and k-means clustering statistical analysis, an ROI has been
identified for future studies of RGC soma loss (or relative
preservation) in this FCG model. Future studies using the
RBPMS immunolabel—and thus automated quantification—
are indicated for further definition of this ROI with a larger
sample size. This project established a set of tools to map
and analyze the large and unwieldy datasets resulting from
quantification of RGC somas in a large-eyed species. While
this study was performed in a feline model of glaucoma, these
techniques could be applied to other models and species with
similarly sized eyes, such as those of common nonhuman
primate species and even humans. With the validation of
RGC-specific markers, such as RBPMS, in an increasing
number of species, quantification of total RGC somas could
be further automated, vastly increasing the feasibility of
studying RGC soma integrity and distribution in large-eye
models. While the wholemounting and quantification tech-
niques performed in this study allow for a morphologic and
topographic assessment of RGC somas, RGC axon counts
remain a practical means to assess overall RGC damage as
it pertains to vision loss in the FCG model of glaucomatous
optic neuropathy.
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