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ABSTRACT

In the present work we analyzed the distribution of retinal ganglion cells (RGCs) in the
pig retina. RGCs were retrogradely labeled in vivo by injecting Fluoro-Gold into the optic
nerve. RGC density and the distribution of RGCs in terms of soma size were analyzed.
Different regions of the porcine retina were identified following analysis of the distribution of
RGCs in terms of cell density and soma size: in the central retina, we found a high-density
horizontal RGC band lying dorsal to the optic disc. Moreover, in this region, a high proportion
of RCGs with small soma size was observed. From the central to the more peripheral retina,
we observed a decrease in RGC density, together with a greater presence of RGCs with larger
somas. The results of this study should prove to be useful as a foundation for future studies
with the porcine retina as a model in ophthalmic research. The study also highlights the
necessity to label the RGC population specifically with retrograde tracers in order to quantify
precisely alterations in the cell population associated with experimental treatments. J. Comp.

Neurol. 486:361-372, 2005.
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Retinal ganglion cells (RGCs) are the output neurons of
the retina, decoding and conveying visual information
along the optic nerve to the brain. These cells are specif-
ically affected in pathologies such as glaucoma, retinal
ischemia, and diabetic retinopathy (Glovinsky et al., 1991;
Vickers et al., 1995; Wygnanski et al., 1995; Selles-
Navarro et al., 1996; Zhang et al., 1998; Joo et al., 1999;
Lieth et al., 2000). However, the mechanisms that lead to
selective RGC death associated with these pathologies
remain unknown.

To study the etiology of such pathologies affecting hu-
man vision, it is essential to use an adequate model, which
is relevant to the human visual system. Although nonhu-
man primates are considered the best substitutes for hu-
mans in visual science experimentation, both the expense
and the availability of these species limit their use. In the
present work, we have focused on the pig as an appropri-
ate model, on the basis of the following interesting fea-
tures: 1) the anatomy of the eye and the structure of the
pig retina are very similar to those of humans (Prince et
al., 1960; Beauchemin, 1974; De Schaepdrijver et al.,
1990; McMenamin and Steptoe, 1991; Olsen et al., 2002;
Ruiz-Ederra et al., 2003, 2004); 2) the immune system is
well characterized; 3) tools employed for diagnostics in
ophthalmology, such as optical coherence tomography,
corneal topography imaging, or multifocal electroretino-
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gram, can be applied to pig eye, supporting the use of this
animal as a good model for ophthalmological studies
(Kyhn et al., 2004; Maverick et al., 2004; van Velthoven et
al., 2004); and 4) it is possible to reproduce ocular diseases
in pigs similar to those found in humans (Li et al., 1998),
and the porcine retina seems to be a good model for study
of the pathophysiology of diseases affecting RGCs (Kom-
aromy et al., 2003). Despite its obvious interest, there are
few studies describing the distribution of RGCs in the

Moénica Garcia and Javier Ruiz-Ederra contributed equally to this work.

Grant sponsor: The American Glaucoma Foundation; Grant sponsor:
European Community; Grant number: QLK6-CT-2001-00385; Grant spon-
sor: European Community postdoctoral fellowship (to M.G.); Grant spon-
sor: Spanish Ministry of Science and Technology; Grant number: BFI
2003-07177; Grant sponsor: University of the Basque Country; Grant num-
ber: E-14887/2002; Grant number: E-15350/2003; Grant sponsor: Jesuis de
Gangoiti Barrera Foundation (to J.R.-E.). Grant sponsor: ONCE’s award
2004.

*Correspondence to: Elena Vecino, Department of Cell Biology, Faculty
of Medicine, University of the Basque Country, E-48940 Leioa, Vizcaya,
Spain.

E-mail: gcpvecoe@lg.ehu.es

Received 20 May 2004; Revised 13 July 2004; Accepted 20 January 2005

DOI 10.1002/cne.20516

Published online in Wiley InterScience (www.interscience.wiley.com).



362

porcine retina and comparing this distribution with that
found in the human retina.

Despite it not being feasible to classify RGCs exclusively
in terms of soma size, evidence indicates that, in the cat
retina, RGC soma size is closely related to cellular prop-
erties, such as receptive field organization, number and
distribution of dendrites, morphology, and central projec-
tions (Boycott and Wissle, 1974; Stone and Clarke, 1980;
Rowe and Dreher, 1982). The presence of subgroups of
RGCs based on soma size has been reported for a variety
of mammalian retinas, such as the cat (Stone, 1965, 1978;
Boycott and Wissle, 1974; Wassle and Illing, 1980; Chen
and Weber, 2001) and the primate retina, including that of
humans (Stone and Johnston, 1981; Yamada et al., 1996).
However, the presence of these size-based subgroups in
the rat retina remains controversial (Fukuda, 1977; Luo et
al., 2001).

Even though some studies point toward a nonselective
loss of cells in terms of RGC size (Kalloniatis et al., 1993;
Graham et al., 1996; Morgan et al., 2000), it has been
widely documented that RGCs are differentially affected
during ocular pathologies, in a size-dependent manner.
Thus, large RGCs have been found to be more susceptible
to death in human glaucoma (Quigley et al., 1987, 1988,
1989) and in monkey experimental glaucoma (Glovinsky
et al., 1991). Moreover, previous in vitro studies per-
formed in our laboratory have demonstrated that, in the
pig retina, a differential survival capacity was associated
with three different RGC sizes (Garcia et al., 2002). In
addition, large porcine RGCs in vitro have been reported
to be more susceptible to excitotoxic insults induced by
glutamate (Luo et al., 2001).

The object of the present work was to characterize in
detail the density and soma size distribution of Fluoro-
Gold-prelabeled porcine RGCs. In addition, we compared
the number of RGCs stained with the classical Nissl stain-
ing method vs. the specific RGC retrograde labeled Fluoro-
Gold method. Knowledge of the precise topographic distri-
bution of adult porcine RGCs will facilitate the
development of new models of retinal injuries affecting
RGCs, involving a large mammal that closely resembles
the human being.

MATERIALS AND METHODS
Tissue collection

Retinas from the left eyes of seven adult pigs (Sus
scrofa) were used in the present work. All experimental
methods and animal care procedures adhered to the
ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research and were approved by the local In-
stitutional Animal Care and Use Committee (IACUC).
Pigs were deeply anesthetized with an intramuscular in-
jection of ketamine hydrochloride (Ketolar) + Diazepan
(20 mg/kg each). Once the animal was anesthetized, an
intravenous cannula was applied to the ear to provide the
animal with Propofol (1 ml every 15 minutes), an addi-
tional anesthetic, which maintained deep anesthesia
throughout the operation. A life-support machine was
used to facilitate breathing and to monitor vital functions
during the operation.

RGC back-filling

RGCs from five left eyes were back-filled with 3%
Fluoro-Gold (Fluorochrome, Englewood, CO) diluted in a
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solution containing 0.9% NaCl and 0.1% dimethylsulfox-
ide. Forty microliters of Fluoro-Gold was injected into the
optic nerve about 4 mm from the optic nerve head. Pigs
were kept alive for 2 days postoperation to allow Fluoro-
Gold to fill the entire population of RGCs. Then animals
were euthanized with an overdose of anesthesia, the eyes
were enucleated, and the lens and vitreous were extracted
by cutting the anterior chamber at the level of the ora
serrata. The eyecups were fixed with 4% paraformalde-
hyde in 0.1 M phosphate-buffered saline (PBS; pH 7.4) for
4 hours at 4°C, and then retinas were removed and flat-
mounted with the RGC layer being uppermost. They were
then coverslipped with phosphate-buffered saline (PBS)/
glycerin (1:1), so that shrinkage did not occur during the
processing of the tissue.

Nissl staining

Two porcine retinas were stained with 1% toluidine blue
following the Nissl method as described by Hebel (1976)
for the pig retina.

Image capture

Images from each retina were obtained by using an
epifluorescence microscope (Axioskop 2; Zeiss, Jena, Ger-
many) coupled to a digital camera (CoolSnap; RS Photo-
metrics, Tucson, AZ). The images were captured in a sys-
tematic way, by using the optic disc (OD) as a reference
point. Two imaginary perpendicular lines, through the X
and Y axis, both of them crossing the OD, were drawn,
thus dividing the pig retina into different subregions: dor-
sal (D), ventral (V), temporal (T), and nasal (N), and
quadrants resulting from the combination of these (nasal-
dorsal, ND; temporal-dorsal, TD; nasal-ventral, NV; and
temporal-ventral, TV). We recorded one of four x40 mi-
croscopic fields following the imaginary X and Y lines as
references. We recorded 100-130 fields/retina, and the
distance between each sampling point was 2.3 mm. We
captured each retinal field at different sampling points,
shown as open circles in Figure 1, resulting from running
the entire retina through the X axis (letters) and Y axis
(numbers; from 1A at the OD to 8H at the periphery). The
sampling area recorded represented 1.4% of the mean
area of the five retinas analyzed. This sample size has
previously been reported to represent a significant per-
centage of the retina (Peinado-Ramoén et al., 1996). More-
over, we captured additional samples from retinal areas
with an especially high density of RGCs in order to have a
statistically significant sample from this region. Drawings
of pig retinas representing isodensity profiles and the
distribution of RGCs were made in Adobe Photoshop 5.0.
Measurement of the total retinal area, retinal regions, and
other parameters were performed with the aid of Spot
Advanced software (Diagnostic Instruments Inc., Sterling
Heights, MI), in order to 1) estimate the number of RGCs
present in different retinal regions or the total number of
RGCs (by multiplying the area of a particular retinal
region by its corresponding RGC mean density) and 2) to
measure retinal distances such as the distance different
retinal regions and the OD.

Morphometric analysis

For each recorded retinal field, we quantified the num-
ber of RGCs and measured the soma major axis length and
soma area of each of the RGCs present. Analysis of these
parameters was performed with a digital palette
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Fig. 1. Schematic representation of a whole-mounted pig retina,
showing the localization of the different retinal fields analyzed. Two
imaginary perpendicular axis, the X axis (represented by letters) and
the Y axis (represented by numbers), both of them intersecting at the
optic disc, were used as references in order to perform the systematic
capture of 100-130 fields by running the entire retina through both
axes. The distance between one sampling point and the next was 2.3
mm. Sample points are represented by open circles, whereas solid
circles represent the retinal points from which histograms shown in
Figure 4 were obtained. d, dorsal; n, nasal; t, temporal; v, ventral.
Scale bar = 2.3 mm.

(Easypen, Genius) in combination with image-analysis
software (Scion Image; Scion, Frederick, MD). Each RGC
soma was filled out directly on the computer screen, and
data thus obtained were transferred to a data sheet for
subsequent statistical analysis.

RGC density was calculated by taking into consider-
ation the size of the field captured by the digital camera at
%40 (0.08 mm?) and the number of RGCs present in the
field. The mean RGC soma area in each field analyzed was
also calculated. Furthermore, we studied the RGC soma
size distribution as a function of eccentricity from the OD.
To this end, we selected 25 fields/retina located at differ-
ent eccentricities from the OD, represented as solid circles
in Figure 1. For each field of the five retinas, we counted
the number of RGCs with a given major axis length value,
and frequencies were represented by histograms.

Finally, on the basis of size distribution, we classified
the RGCs into three categories to test whether different-
sized RGCs were distinctly distributed within the retina,
by analyzing the percentage of these groups of cells in all
retinal fields. We considered the presence of three groups
of RGCs, attending to the length of their soma major axis.
Thus we considered them as being small (<15 pm),
medium-sized (15-20 pm), or large (>20 pm). The per-
centage of each RGC size group was calculated in each of
the fields captured.

The proposed classification of RGCs is based exclusively
on soma size and is not a functional classification. It is
important to remember that RGCs with different soma
sizes can be carrying out different physiological tasks and
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that RGCs with similar soma sizes can have different
functional roles. Nevertheless, we employed this classifi-
cation scheme to facilitate the handling of the huge vol-
ume of data analyzed in the present work (45,800 RGCs).

Data concerning RGC parameters were collected from
five retinas, and corresponding mean values were ob-
tained with SPSS software (SPSS, Chicago, IL). Subse-
quently, we plotted out the mean density and RGC soma
size distribution on color-coded or size-distribution maps
representing the pig retina. RGC density, mean soma
area, and percentage of size groups were expressed as
mean = SEM. Mean data from different retinas, regions,
and subregions were compared with one-way ANOVA fol-
lowed by the Scheffé test to compare two groups. Compar-
ison of results obtained from Nissl staining and Fluoro-
Gold methods was performed by using the Student’s ¢-test.
The minimal level of significant difference was defined as
P < 0.05.

RESULTS
Gross anatomy of the pig retina

The mean area of the porcine retina (781 + 40 mm?) is
similar to that of the human retina (Stone and Johnston,
1981). However, the pig OD is not located in the center of
the retina (Fig. 2), so the mean area of the dorsal retina
(462 + 27 mm?) was found to be about threefold larger
than that of the ventral retina (172 *+ 23 mm?), whereas
the mean area of the nasal retina was 1.6-fold larger
(4802i 32 mm?) than that of the temporal retina (301 = 30
mm®).

Distribution of RGCs (Fluoro-Gold method)

In the present study, we counted and measured a total
of 45,800 RGCs from five pig retinas. The mean number of
RGCs per retina was estimated to be 583,871 *= 42 658.
However, RGCs were not distributed homogeneously
throughout the retina. Thus, by attending to RGC density,
mean soma area, and soma size distribution, we distin-
guished three regions in the retina: the visual streak, the
midperiphery, and the periphery.

The visual streak consisted of a high-density RGC hor-
izontal band, which constantly lies dorsal to the OD, run-
ning from the nasal to the temporal extreme above the
OD. This retinal landmark of 2.5 mm width was easily
discernible at low magnification. In the visual streak, we
found the highest RGC density, the lowest mean soma
area, and a normal distribution of RGCs, by attending to
soma sizes. This band, which represented only 7% of the
total area of the retina, contained 24.5% of all RGCs
(143,243 + 13,243; Table 1, Fig. 3).

We considered the midperiphery as being a vast region
located between the visual streak and the periphery. Here
we found medium RGC density and medium soma mean
area, whereas soma sizes were distributed in a plurimodal
fashion. This region represented 78% of the total retinal
area and contained 70.5% of RGCs (411,439 *+ 36,715;
Table 1, Fig. 3).

Finally, we defined the periphery as a ring in the outer
edge of the retina measuring ~1.5 mm width in the dorsal
retina and ~3.5 mm width in the ventral retina. This was
found to be the region with the lowest RGC density and
the highest mean soma area and showed a plurimodal
distribution of soma sizes. Thus, this region, making up
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Fig. 2. Schematic representations of pig and human whole-mounted retinas. The reference land-
marks used to analyze porcine retina (left) and to study the human retina (right; Stone and Johnston,
1981; Curcio and Allen, 1990) are shown. Drawings are not at the same scale. The drawing of the human
retina is a modification of that by Stone and Johnston (1981). OD, optic disc; F, fovea.
TABLE 1. Summary of Results of Morphometric Analysis and Sampling Estimations for the Porcine Retina®
Mean RGC density (RGCs/mm?) Sample size*
Retinal area (mm?) Estimated RGC number?®
Total mean No. Percentage
Eye? VS MP P density VS MP P Total VS MP P Total fields at retina
3 1,828 * 222 560 = 34 313 = 39 839 + 82 60 589 113 762 109,680 329,840 35,369 474,889 110 14
12 2,719 + 252 T17 + 47 175 = 28 1,199 = 117 57 765 118 940 154,983 548,505 20,650 724,138 130 1.3
29 2,584 + 321 704 +42 162 + 46 1,153 = 126 46 553 125 724 118,864 389,312 20,250 528,426 100 1.3
43 3,275 + 415 722 + 45 237 = 31 1,278 = 154 56 568 125 749 183,400 410,096 29,625 623,121 115 14
44 2,871 *+ 436 680 + 51 331+ 72 1,208 = 153 52 558 121 731 149,292 379,440 40,051 568,783 116 15
Mean 2,641 + 149 678 + 20 241 = 19 1,133 = 57 54 607 120 781 143,243 411,439 29,189 583,871 114 14

VS, visual streak; MP, midperiphery; P, periphery; RGCs, retinal ganglion cells.
2Numbers of the eyes analyzed in the present work.

3Using the values present in columns 2 and 3, we estimated the RGC number in each retinal subregion as well as in the whole retina.
“Number of fields analyzed and the percentages of the total retinal surface that they represent.

15% of the retinal area, contained only 5% of RGCs
(29,189 *+ 3,931; Table 1, Fig. 3).

RGC density

Variability in the density of RGCs among the five por-
cine retinas was found to be low. Thus, the mean value of
RGC density was 1,133 = 57 RGCs/mm?, with no signifi-
cant differences among retinas (P = 0.113). However, sta-
tistical analysis showed that RGC density was signifi-
cantly different (P < 0.01) among different regions of the
pig retina. The region with highest RGC density was the
visual streak (2,641 + 149 RGCs/mm?), followed by the
midperiphery (678 + 20 RGCs/mm?) and finally the pe-
riphery, with the lowest density of RGCs (241 = 19 RGCs/
mm?; Table 2).

Within the visual streak, different subregions can be
identified on the basis of RGC density. At its central
region (about 1.2 mm from the optic disc), we found a
subband with a high mean RGC density of 4,331 + 231
RGCs/mm?. About 8.5 mm temporally to the OD, we found
a small circular area (with a diameter of ~250 pm), where

RGCs density peaked to 5,735 = 1,066 RGCs/mm?. Addi-
tionally, we found an additional peak in RGC density in
the nasal arm of the visual streak, located about 6.5 mm
nasally to the OD, with a similar mean density of 5,658 *
290 RGCs/mm? (Fig. 3A). We will refer to these areas as
the area centralis.

The distribution of RGCs along the midperiphery was
not homogeneous. Thus, when we compared RGC density
in the different subregions of the midperiphery retina, we
found significant differences between them. Similarly,
RGC density in the periphery was heterogeneous (Table 2,
Fig. 3A).

RGC mean soma area

The mean soma area (in square micrometers) of RGCs
was larger in regions of lower RGC density and smaller in
regions of higher RGC density. This cellular parameter
was significantly different (P < 0.01) among the three
retinal regions. Thus, we found the smallest values of
mean RGC area in the visual streak (214 = 5 pm?), fol-



Fig. 3. Representations of pig retina whole mounts, showing reti-
nal ganglion cell (RGC) densities in the different analyzed fields.
A: Mean values of RGC density (in RGCs/mm?) in the different fields
of the five retinas analyzed. The five gray values represent RGC
isodensity groups (see key). VS, visual streak; MP, midperiphery; P,
periphery. B: Map of the pig retina showing the three main retinal
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regions: the visual streak (black), the midperiphery (gray), and the
periphery (pale gray). The images to the right illustrate Fluoro-Gold-
prelabeled RGCs in the visual streak (1), the midperiphery (2), and
the periphery (3) of the retina. A representation of the typical retinal
vascular pattern is also shown. d, dorsal; n, nasal; t, temporal; v,
ventral. Scale bars = 5 mm in A (applies to A,B); 20 pm in B1-3.
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TABLE 2. Porcine Retinal Ganglion Cell Mean Density' (RGCs/mm?)

Region Subregion Quadrants Total
Visual streak 2,641 + 149
Midperiphery  Dorsal 823 + 24 ND 763 =29 678 + 20%*
Ventral 422 + 18&% TD 887 = 39|
Nasal 616 + 22 NV 422 + 19| | ##
Temporal 762 = 358§ TV 422 = 38| ##
Periphery Dorsal 292 = 25 ND 344 =42 241 = 19%%f+
Ventral 166 + 23%t TD 250 = 28
Nasal 262 + 30 NV 181 + 32
Temporal 218 + 23 TV 140 + 28|

!Mean RGC density in the different subregions and quadrants of regions of the porcine
retina. To the right, mean RGC density in the whole region is shown. Values are
expressed as mean = SEM of the number of RGCs mm?. ND, nasodorsal; TD, temporal-
dorsal; NV, nasoventral; TV, temporal-ventral.
#*P < 0.01 with respect to the visual streak.

TP < 0.01 with respect to the midperiphery.
P < 0.01 with respect to dorsal.
§§P < 0.01 with respect to nasal.
[IlP < 0.05 and || [P < 0.01 with respect to ND.
# #P < 0.01 with respect to TD.

TABLE 3. Mean Porcine RGC Soma Area® (um?)

Region Subregion Quadrants Total
Visual streak 214 =5
Midperiphery Dorsal 266 = 3 ND 258 = 3 274 + 3F*
Ventral 289 + 4% TD 275+ 6
Nasal 267 = 3 NV 280 = 5|
Temporal 284 + 5§§ TV 310 9| || ##$
Periphery Dorsal 321 +8 ND 289 + 9 326 + THFT
Ventral 333 = 14 TD 347 = 9|
Nasal 302 = 10 NV 315 + 18
Temporal 353 = 98§ vV 367 = 20|

IMean RGC soma area values in the different subregions and quadrants of regions of
the porcine retina. In the right column, the mean RGC area in the whole retinal region
is shown. Values are expressed as mean = SEM of the soma area of RGCs in pm? ND,
nasodorsal; TD, temporal-dorsal; NV, nasoventral; TV, temporal-ventral.

*#*P < 0.01 with respect to the visual streak.

7P < 0.01 with respect to the mid periphery.

P < 0.01 with respect to dorsal.

§§P < 0.01 with respect to nasal.

[IlP < 0.05 and || [P < 0.01 with respect to ND.

# #P < 0.01 with respect to TD.

$P < 0.05 with respect to NV.

lowed by the midperiphery (274 = 3 um?), with the largest
values in the periphery (326 + 7 pm?; Table 3).

In the midperiphery, mean RGC soma area was signif-
icantly smaller in dorsal than in ventral subregions
(266 = 3vs. 289 + 4, P <0.01). RGC area was also smaller
in nasal than in temporal subregions (267 * 3 vs. 284 = 5,
P < 0.01). In contrast, in the peripheral retina, mean RGC
area was not significantly different between dorsal and
ventral subregions (321 = 8 vs. 333 *= 14, respectively),
but it was significantly lower in the nasal than in the
temporal subregion (302 = 10vs. 353 = 9, P < 0.01; Table 3).

RGC soma size distribution

Regional differences in RGC size described above were
also observed when we analyzed the distribution of soma
sizes via histograms (Fig. 4). Thus, we observe a normal
distribution of RGCs attending to the soma major axis
length in the visual streak, with a peak at 14 pm. In this
area, most RGCs (90%) have values of major axis length
under 19 um. Analysis of histograms of regions located
outside the visual streak revealed that the distribution of
RGCs in regions considered as midperiphery shows peaks
of frequencies at different values of soma sizes. This dis-
tribution could be interpreted as a trimodal one, suggest-
ing the presence of three RGC groups with regard to their
soma size. For representative fields of the midperipheral
retina, we found a first peak around 11 pm, a second peak
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around 15-18 pum, and a third peak of RGCs around 21
pm. Finally, for the retinal periphery, we found that most
(60%) of the few RGCs present in this region have a major
axis length with values above 20 pm, whereas, in the
midperiphery, this percentage was 35% and, in the visual
streak, than 10%.

These results demonstrate that the distribution of the
different sized RGCs in the porcine retina varies with
eccentricity. To analyze differences in the soma size dis-
tribution within the retina, by increasing the sample size
notably, we classified RGCs into three groups on the basis
of soma size and we the distribution of each through the
retina. Over the whole retina, small RGCs (<15 pm) rep-
resented 11.9% * 0.6% of all RGCs, medium-sized RGCs
(1520 pm) represented 46.1% = 0.7% of all RGCs, and
large RGCs (>20 pm) represented 42% *+ 0.9% of all
RGCs. Data were plotted in four gray value-coded maps,
which represented the mean percentages of small,
medium-sized, and large RGCs from the five retinas ana-
lyzed (Fig. 5A-C, respectively).

The percentage of small RGCs was significantly higher
(P < 0.01) in the visual streak (28% = 2%) than in the
midperiphery (8% = 1%) or in the periphery (3% = 1%).
The percentage of large RGCs was significantly higher
(P < 0.01) in the periphery (656% * 3%) compared with the
midperiphery (41% = 1%) or visual streak (23% * 2%).
Medium-sized RGCs were more homogeneously distributed
throughout the retina. Only in the periphery was the per-
centage of medium-sized RGCs significantly lower (P < 0.01)
than in the visual streak (32% *+ 3% vs. 51% * 1%; Fig. 6A).

When we compared the percentages of small, medium-
sized, and large RGCs in the different subregions of the
midperipheral retina, we found differences between the
dorsal and the ventral subregions (Fig. 6B). In contrast, no
significant differences were observed in the proportion of
the three cell size groups between nasal and temporal
hemiretinas (not shown).

On the other hand, in the peripheral retina, significant
differences (P < 0.01) in the percentages of the different
RGC types were found between nasal and temporal sub-
regions. Thus, percentages of small and medium-sized
RGCs were higher in the nasal than in the temporal retina
(4% * 1% and 40% * 4% vs. 2% * 1% and 25% *+ 3%,
respectively). In contrast, the percentage of large RGCs
was lower in the nasal than in the temporal retina (57% +
4% vs. 73% + 3%; P < 0.01; Fig. 6C). No such differences
were observed between the dorsal and the ventral
hemiretinas.

Distribution of RGCs (Nissl staining
method)

We measured the same parameters in Nissl-stained
RGCs as those measured in the RGCs back-filled with
Fluoro-Gold. The results obtained when analyzing the
distribution of presumptive RGCs stained with toluidine
blue were significantly different from those obtained when
we specifically back-filled the RGCs with Fluoro-Gold.
Thus, the mean RGC density estimated from Nissl-
stained retinas in the midperiphery (1,192 = 54 RGCs/
mm?) and periphery (689 + 89 RGCs/mm?) was signifi-
cantly higher than that estimated from retinas labeled
with Fluoro-Gold (699 *+ 38 and 315 =+ 25, respectively). In
contrast, RGC density estimated in the visual streak after
Nissl staining was similar to that observed with Fluoro-
Gold (3,386 = 472 vs. 3,043 = 344 RGCs/mm?; Table 4).
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Fig. 4. Retinal ganglion cell soma size distribution as a function of
eccentricity. The number of RGCs with a given major axis length was
calculated in different sample fields located at different eccentricities
from the optic disc (circle). The position of each sampling point is
shown as a black circle in Figure 1. Bin width is 1 wm, and in total
8,008 RGCs were analyzed. Each histogram, at the different points,

The distribution of the three RGC size groups is summa-
rized in Table 5.

DISCUSSION

In the present paper, we describe the distribution of
RGCs within the pig retina. The porcine retina was chosen
as a suitable model, principally because of its many sim-
ilarities with the human retina and because of its acces-
sibility in comparison with nonsimian primate retinas.

major axis length (um)

corresponds to the sum of frequencies for each field in the five retinas
analyzed. Note that the scale used for frequencies is different for the
visual streak (0-300 RGCs) and for the rest of the retina (0—60
RGCs). ND, nasodorsal; TD, temporal-dorsal; NV, nasoventral; TV,
temporal-ventral;, ON, optic nerve.

For RGC density, three main regions can be distin-
guished in the porcine retina; the region of highest density
was the visual streak, and that with the lowest density of
RGCs was the periphery. This distribution has also been
described for the human retina (Stone and Johnston,
1981; Curcio and Allen, 1990).

The presence of the visual streak specialization may be
a general feature of mammalian topography; it has been
described in nonprimates and also in primates (Stone and
Johnston, 1981). Thus, although the primate retina shows
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% OF SMALL, MEDIUM AND LARGE
RETINAL GANGLION CELLS

Bl 75-100%
B 45-75%
O 15-45%
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Fig. 5. Percentages of small (A), medium-sized (B), and large (C) retinal ganglion cells. The percent-
ages of different-sized RGCs are represented by four gray scales, ranging from 100% (black) to less than
15% (white; see key). n, nasal; d, dorsal; t, temporal; v, ventral. Scale bar = 5 mm.

a clear foveal specialization, it has been reported that
isodensity lines in ganglion cell density maps from differ-
ent species of primates are horizontally elongated, sug-
gesting the presence of a visual streak specialization. This
situation is clearly apparent even in the human retina
(Stone and Johnston, 1981; Curcio and Allen, 1990). An-
other similar feature between this proposed streak region
in primates and the porcine visual streak is that, in both
cases, only small branches and capillary plexuses, and not
large vessels, cross the structure.

Finally, not all species of primates posses a well-
developed fovea specialization; often it is relatively small
(Stone and Johnston, 1981). This may be equivalent to the
high density peak we observed in the porcine visual
streak.

RGC density

We found that the mean density of RGCs was about 50%
higher in the dorsal than in the ventral retina. Previous
studies of human retina have reported that RGC density
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Fig. 6. Percentages of small, medium-sized, and large RGCs in dif-
ferent regions of the retina. A: RGC size distribution in the three main
retinal regions: the visual streak, the midperiphery, and the periphery.
*#*P < 0.01, significantly different with respect to visual streak. B: Com-
parison of the RGC size distribution between the dorsal and the ventral
midperipheral retina. **P < 0.01, significantly different with respect to
the dorsal retina. C: Comparison of the RGC size distribution between
the nasal and the temporal peripheral retina. **P < 0.01, significantly
different with respect to the nasal retina. Values are expressed as the
mean = SEM of the percentages of each RGC size group.

was 60% higher in the dorsal than in the ventral retina
(Curcio and Allen, 1990). With regard to nasotemporal
RGC density asymmetry, similarities between human and
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TABLE 4. Comparison of Mean RGC Densities (RGCs/mm?) in the
Different Retinal Regions Obtained by Fluoro-Gold and Nissl

Staining Methods®
Fluoro-Gold Nissl Nissl (Hebel, 1976)?
Visual streak 3,043 + 344 3,386 + 472 4,084
Midperiphery 699 + 38 1,192 =+ 54%* 1,900
Periphery 315 = 25 689 + 89* 1,006

Walues are expressed as mean = SEM of the number of RGCs mm?2.

2Data for approximated RGC density inferred from Hebel’s study (1976).
*P < 0.05, **P < 0.01 with respect to Fluoro-Gold staining.

TABLE 5. Comparison of the Percentage of Small, Medium-Sized, and
Large RGCs Obtained With Fluoro-Gold and Nissl Staining Methods in the
Different Retinal Regions®

Fluoro-Gold Nissl

Visual streak

Small (<14 pm) 33.06 = 2.59 28.58 * 3.4

Medium-sized (15-20 pm) 51.03 + 2.02 51.36 = 2.5

Large (>21 pm) 16.33 = 2.07 21.43 = 3.42
Midperiphery

Small (<14 pm) 8.86 = 0.71 19.34 = 1.91*%*

Medium-sized (1520 pm) 50.23 + 1.30 41.65 * 1.25%

Large (>21 pm) 41.11 = 1.73 40.31 = 2.38
Periphery

Small (<14 pm) 3.25 £ 1.78 8.62 = 4.05

Medium-sized (15-20 pm) 43.50 £ 9.17 30.75 + 4.55

Large (>21 pm) 53.50 + 9.06 60 + 5.90

Walues are expressed as mean + SEM of the percentage of RGCs.
*P < 0.05, ¥P < 0.01 with respect to Fluoro-Gold staining.

pig are more difficult to evaluate, because different retinal
landmarks (as reference points) have been considered,
and, consequently, the nomenclature used in the present
work does not match that used for the human retina.
Thus, previous works on human RGCs (Stone and
Johnston, 1981; Curcio and Allen, 1990) use the terms
nasal and temporal retina to refer to the hemiretina lo-
cated nasally and temporally with respect to the foveal
center, respectively, whereas we define nasal and tempo-
ral with respect to the OD (Fig. 2). Authors have described
a higher mean density in nasal retina in comparison with
the temporal retina (Curcio and Allen, 1990), whereas we
measured a greater mean value of RGC density in the
temporal than in the nasal retina. These differences prob-
ably are due to differences in the reference points used.

The fact that pig retina is endowed with a smaller
number of RGCs in comparison with the human retina
does not rule out the pig retina as being a good model for
eye research. In fact, it has been reported that some non-
human primate retinas, such as those of the macaque
(Wissle et al., 1989), baboon (Fischer and Kirby, 1991), or
cebus monkey (Silveira et al., 1989), have more RGCs than
the human retina. Finally, we found that the mean area of
the pig retina (781 = 45 mm?) is more similar to that of the
human retina (883 mm?®) than that described for other
primates, whose retinas have areas ranging between 319
and 527 mm? (Stone and Johnston, 1981).

RGC soma sizes

The trends in RGC soma size distribution among differ-
ent parts of the retina described in the present work have
also been reported for other species. Thus, mean RGC
soma size is smaller in the central than in the peripheral
retina in different species of primates. The presence of
smaller cells in the central retina could be a response to
the mechanical need to pack many ganglion cells into a
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small region of retina, as has also been described for
primates (Stone and Johnston, 1981).

Upon comparison of the nasal and temporal retina, a
greater mean soma size was observed in the temporal
retina than in its nasal counterpart, as has been described
for the cat (Stone et al., 1980), opossum (Tancred et al.,
1977; Rowe et al., 1978), fox (Rapaport et al., 1979), dog
(Osmotherly, 1979), monkey, and human (Stone and
Johnston, 1981) retinas. It has been suggested that these
differences may reflect the different phylogenetic histories
of temporal and nasal regions of the retina and that these
differences may be common to all mammals.

Subtypes of RGCs have been identified in terms of sev-
eral morphological or physiological criteria in mammals,
and it has been described that the morphology of a specific
type of RGC changes as a function of eccentricity. Thus,
similar functional roles may be carried out by cells of
different sizes, depending on their location within the
retina (Fukuda et al., 1985; Dacey and Petersen, 1992;
Yamada et al., 1996, 2001; Rockhill et al., 2002).

It is of course not possible to identify the different RGC
types exclusively in terms of soma size, but by using this
parameter we were able to discern a differential distribu-
tion of RGCs within different parts of the retina. More-
over, we found that, in most of the retina, frequencies of
RGCs have a trimodal distribution. Previous studies on
porcine retina supported the existence of three RGC soma
groups with regard to the soma size (Prince et al., 1960),
and we have previously found this distribution of RGCs in
vitro (Garcia et al., 2002). Indeed, the existence of three
RGC size groups has previously been described in differ-
ent mammalian retinas, such as the rat (Fukuda, 1977),
cat (Chen and Weber, 2001), and primate (Herbin et al.,
1997) retinas. Moreover, in the human retina, the pres-
ence of three frequency peaks of RGC soma diameter at
11-13, 17, and 22 pm shown by Stone and Johnston (1981)
supports the existence of three distinct RGC groups. Pre-
vious studies have shown that RGCs express different cell
components as a function of the size of their soma. Thus,
large porcine RGCs were consistently labeled with silver
staining methods attributable to the presence of large
amounts of neurofilaments within their cytoskeleton
(Peichl et al., 1987). However, we recently demonstrated
that not only large RGCs but also small and medium-sized
RGCs in the adult porcine retina express neurofilaments.
Moreover, the expression of different subtypes of neuro-
filaments among RGCs was found to be similar, irrespec-
tive of soma size. Nevertheless, we did find differential
expression of other molecules, such as neurotrophin-3, in
different types of porcine RGCs (Garcia et al., 2003).

The present morphometric analysis of RGC soma sizes
in the porcine retina has revealed the existence of signif-
icant differences in soma sizes in different retinal loca-
tions, as has been reported previously for the human ret-
ina (Stone and Johnston, 1981; Curcio and Allen, 1990). In
the porcine visual streak, as well as in the primate fovea,
ganglion cells are more uniform in size as well as smaller
than in the rest of the retina. Despite the uniformity in
RGC size in these regions, it is possible that different
physiological types of RGCs are present there, because
studies of these cells in the macaque reported marked
variation of receptive field properties and axonal conduc-
tion velocities among RGCs in the fovea (Gouras, 1969; De
Monasterio, 1978).
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RGC staining methods

In the present work, we used Fluoro-Gold as an efficient
retrograde marker, which has been previously reported to
label the entire RGC population in different species. This
tracer has been successfully applied both to the superior
colliculus (Berkelaar et al., 1994; Kikuchi et al., 2000;
Danias et al., 2003; Hawkes et al., 2004) and to the optic
nerve (Hu et al., 1999; Nakazawa et al., 2002; You et al.,
2002). The Nissl staining method has been widely used to
study the topography of RGCs in several species, because
it is a simpler method of staining and it is not necessary to
have the animal alive. However, caution should be exer-
cised when using this technique, and it should be taken
into consideration that some of the cells that are consid-
ered as RGCs may be amacrine or glial cells. In the
present study, the data obtained from Nissl-stained reti-
nas did not closely match the data obtained from Fluoro-
Gold-labeled retinas. We found significant differences
(P < 0.01) both in the density and in the size distribution
of RGCs with these two methodologies. If we were to
assume that most of the cells that were stained with the
Nissl method but were not back-filled with Fluoro-Gold in
the ganglion cell layer correspond to displaced amacrine
cells, we could estimate the following: 343 displaced am-
acrine cells/mm? in the visual streak, 493 displaced ama-
crine cells/mm? in the midperiphery, and 374 displaced
amacrine cells/mm? in the periphery. However, we cannot
rule out the possibility that some of the cells stained with
Nissl but not with Fluoro-Gold in the RGC layer corre-
spond to astrocytes, which are quite abundant in this
layer (Ruiz-Ederra et al., 2003).

Hebel (1976), using the Nissl staining method, obtained
a higher RGC density than our estimate. These differ-
ences probably are due to tissue shrinkage, because Hebel
dehydrated the retina, whereas we used PBS/glycerin-
mounted retinas.

CONCLUSIONS

The distribution of porcine RGCs was found to be sim-
ilar to that reported for primates in terms of cell size and
distribution. Moreover, the variability in RGC distribu-
tion between individuals was found to be low. The porcine
retina may be considered, on the basis of these findings, to
be a useful model for ophthalmic research. The detailed
characterization of the distribution of RGCs within the
normal porcine retina reported in the present work will
facilitate a more precise evaluation of RGC death in future
studies concerning experimentally induced ocular pathol-
ogies, using the pig as a novel model.
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