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Abstract

Cell soma area or diameter distributions are generally very skewed and present some unusual
problems in characterization and description. In this study of ganglion cell soma size in rabbit retina,
our conclusions are based on a statistical method which not only characterizes this particular
neuronal population but which also may be of considerable value in other species and other parts of
the nervous system.

To facilitate comparisons between retinas, we used ganglion cell density as the measure of retinal
location. The rabbit retina has a horizontally extended area centralis, the visual streak, which we
show to have a uniformly high peak cell density along most of its length. Cell density maps were
used to estimate the total number of ganglion cells in the retina; the mean for three retinas was
about 406,000 cells, which corresponds well to an earlier count of optic nerve axons (394,000 + 20,000;
Vaney, D. I, and A. Hughes (1976) J. Comp. Neurol. 170: 241-252).

Contrary to other reports, we could not find any large differences in ganglion cell size distributions
between the inferior peripheral retina and the visual streak nor could we confirm the report of a
large cell area temporalis (Provis, J. M. (1979) J. Comp. Neurol. 185: 121-138). Cell size distributions
in the superior and inferior retina were very different, however, and, within the inferior retina, there
was a small but systematic change in cell size between the periphery and the visual streak. In
general, small and medium size cells were present in nearly constant proportions throughout the
inferior retina, while the large ganglion cells showed a small decrease in proportion from the
periphery to the visual streak; the decline in large cells was a linear function of cell density. In terms
of ganglion cell soma size, there was no sharp distinction between the visual streak and the peripheral

retina.

Soma sizes in neuronal populations have been investi-
gated throughout the central nervous system. Among
other things, soma size has been used to delimit specific
nuclei or nuclear subdivisions, to characterize normal
growth and development, and to demonstrate the effects
of deafferentation or alteration of sensory input. In the
retina, the possibility of a relationship between soma size
and physiological or morphological cell classes has
prompted a number of studies on ganglion cell soma size
and variation with retinal location.
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A problem common to quantitative studies of cell size
is that of dealing with size distributions which are gen-
erally unimodal, sometimes multimodal, and often very
skewed. Normal, or Gaussian, distributions are the ex-
ceptions. As a result, cell size distributions do not lend
themselves to the use of familiar statistics, such as means
and standard deviations, thus creating difficulty in char-
acterizing the distributions and evaluating any changes
which occur along a particular experimental variable. In
this study of rabbit retinal ganglion cell size, we will
apply a method which circumvents these difficulties and,
in consequence, should be useful in studies of other
neuronal populations.

Ganglion cell size in rabbit retina is of interest princi-
pally for two reasons: first, the rabbit retina contains a
variety of physiologically classified ganglion cells (Barlow
et al., 1964; Levick, 1967; Caldwell and Daw, 1978), some
or all of which may be associated with somata of specific
size ranges. There is already evidence that one cell class,
the on-type direction-selective cells, have somata which
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are among the largest in the ganglion cell population
(Oyster et al., 1980). Second, the rabbit retina has a large,
horizontally extended area centralis, the visual streak
(Davis, 1929). The sheer size of this region facilitates
physiological and anatomical studies concerned with the
differences between the central and peripheral retina.

There have been three major anatomical studies of
rabbit ganglion cells in which soma sizes have been
measured (Hughes, 1971; Provis, 1979; Vaney, 1980).
Although the initial study by Hughes was later shown to
include an appreciable number of cells other than gan-
glion cells (Vaney and Hughes, 1976; Vaney, 1980), the
original description of ganglion cell soma size variation
with retinal location has remained basically intact. Pe-
ripheral retina is thought to contain mostly large and
medium size cells, while the visual streak is dominated
by small ganglion cells (Hughes, 1971; Vaney, 1980).
Provis (1979) also has reported that a subgroup of very
large ganglion cells have their maximum density near the
temporal end of the visual streak, thereby raising the
possibility of some functional specialization in this region.

It is somewhat surprising, therefore, to note the soma
size distributions reported by Oyster et al. (1980) in their
study of ganglion cells labeled by horseradish peroxidase
injections into the rabbit’s medial terminal nucleus. The
size distributions for unlabeled cells in the periphery and
visual streak were different, but the differences were not
large enough to be consistent with major systematic
changes in cell size between the peripheral and central
retina. It was largely this result which prompted us to re-
examine ganglion cell soma size variation with retinal
location.

In so doing, we needed to establish some measure of
retinal location which would be consistent between reti-
nas having different absolute dimensions and would not
be dependent on a priori assumptions about symmetry.
We chose ganglion cell density as our distance metric
and therefore did cell counts as well as cell area mea-
surements. Because of the significant variation in peak
cell density between individual retinas shown by Provis
(1979), we also felt it necessary to use several retinas in
this study. Finally, for reasons considered at the outset
of this discussion, the form of the cell size histograms
presented some interesting and generally unaddressed
problems in statistical evaluation. Our statistical method
is fairly simple, yet it permitted us to characterize and
describe the variation of ganglion cell soma size concisely
throughout the rabbit retina. The method has sufficient
flexibility to be widely applicable to description of cell
size in other species and structures.

Materials and Methods

Histological procedures. The eyes used in this study
were removed from deeply anesthetized New Zealand
red rabbits which were killed by an overdose of 1% Surital
(thiamylal sodium).

Each eyeball was placed in Ringer’s solution and gently
massaged to loosen the retina from the pigment epithe-
lium, and the vitreous chamber was injected with 40%
formaldehyde. The anterior segment, including the lens,
was removed by cutting around the globe about 2 to 3
mm behind the limbus. By grasping the vitreous with
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forceps in the region where streaks of pigment from the
ciliary body could be seen (i.e., near the vitreous base),
the vitreous often could be removed as a whole.

Four scissor cuts were made in the eyecup so that the
retina, when removed, could be flattened in the shape of
a Maltese cross. The retina was teased away from the
pigment epithelium with a soft brush, cut loose at the
optic nerve head, and floated, vitreal surface up, onto a
gelatinized slide. Excess fluid was blotted from the slide
which then was placed in formalin vapor for about 1 hr.

After the retina was dry and affixed to the slide, it was
washed in distilled water and then stained with either
Richardson’s stain (retina 105R) or cresyl violet (retinas
105L and 103R). The stained retina was washed, dehy-
drated in alcohol, cleared in terpineol, and covered with
Permount and a coverslip.

Ganglion cell counts. Our microscope was equipped
with a X 63 oil immersion objective and X 1.6 interme-
diate magnification. The resulting overall magnification
using the camera lucida was X 1000 with a field of view
of 0.024 mm’. The diameter of this field (175.4 pm)
corresponds to about 1° of visual angle for the rabbit eye.

Ganglion cell counts were made at the intersections of
a 0.5-mm grid superimposed on the retina. At each step,
all ganglion cells in the field were counted. Cells partially
in the field were counted only if they intersected the
upper border. The number of ganglion cells at a given
location divided by the area of the count field gave the
cell density. These values were indicated on a drawing of
the retina magnified about 16 times by a microprojector
and isodensity contours were plotted on this enlarged
retinal density map.

In making the cell counts, a distinction was made
between small ganglion cells and glia. This problem has
been discussed in some detail by Stone (1978) and
Hughes (1975) for ganglion cell counts in cat retina. Glia
were distinguished by their location (they were often in
the nerve fiber layer), differences in staining, and their
smooth, generally oval contours. Cells classed as small
ganglion cells looked more like irregular polygons.

Examples of cells omitted from our ganglion cell sam-
ples are shown in Figure 1. The uppermost photograph
(Fig. 1A) is from the visual streak; with the exception of
the small cells indicated by arrows, all of these somata
would be designated as ganglion cells. In Figure 1, B and
C are of another group of cells photographed at higher
magnification with the ganglion cells in focus in Figure
1B and with a plane of focus slightly deeper in the retina
(Fig. 1C). The small cell out of focus in B (arrow) but
more sharply focused in C has a very smooth, almost
circular contour and would not be classed as a ganglion
cell.

We did not attempt to differentiate among the various
types of cells which were excluded from our samples. It
is likely that a substantial portion of the cells that we
called “glia” and therefore omitted from the sample were
“coronate cells” as described by Vaney (1980). We will
consider this possibility in more detail later.

Ganglion cell area measurements. At 1-mm intervals,
outline drawings were made with a camera lucida of all
ganglion cell bodies in the microscope field. The areas
enclosed by these outlines were measured using a cali-
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Figure 1. Photomicrographs of cells in the ganglion cell layer. The dimension scales are 20 pm in A and 10 pym in B and C.
Cells to be excluded from the ganglion cell sample are indicated by arrows. In A, photographed in the visual streak, the cells not
classed as ganglion cells are small and have noticeably smoother contours than their neighbors. Another small cell is slightly out
of focus in B (arrow) but is shown more clearly in C when the plane of focus is slightly deeper in the retina. It also would be

eliminated from the sample.

brated Numonics graphics calculator. Since the x-y co-
ordinates were recorded for each field of cells drawn, it
was possible to relate cell size to retinal location.

There was an inherent variability in the measurement
of cell area. Based on repeated measurements of different
cell outlines, the standard deviation ranged from 3.21 to
8.06 um?® This is a conservative estimate of the error,
however, and we made additional drawings of a single
field of cells in which the field was rotated randomly
about a fixed center between each drawing. Measure-

ments of each identified cell in all drawings permitted an
estimate of the combined drawing and measurement
errors. The standard deviation for measurements on 91
cells was between 3.87 and 16.07 um?® and showed a slight
increase with mean cell size. This error is still quite small
and acceptable.

For any given cell, the outline drawing was made with
the cell borders in good focus, which was usually the
condition which gave a maximum cross-sectional area.

Data analysis. The basic form of the cell area data is
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a histogram showing the relative frequency of occurrence
as a function of cell area. Frequencies were computed
from the number of cells in successive increments of area
(usually 10 um?) divided by the total number of cells in
the sample (). That is, relative frequency = n:/N. It is
useful, however, to transform the cell size histogram to a
cumulative frequency distribution by adding the relative
frequencies in order. Thus, cumulative frequency = (1/
N)Zn.. Each data point now represents the fraction of
cells in the sample having that area and smaller.

There are several advantages in using cumulative fre-
quency distributions. These distributions lend them-
selves to quantitative statements, the summation by
which they are generated tends to reduce the sampling
noise inherent in the original histograms, and finally,
there are statistical methods available by which the
distributions may be compared. The Kolmogorov-Smir-
nov test is one example, but these tests are sensitive to
a variety of features, such as skew, dispersion, and central
tendency (e.g., Siegel, 1956), and can state only whether
two distributions are different. Although this may be
useful information, the result does not indicate the nature
of the difference between distributions and is not readily
applicable when more than two distributions must be
compared. It is for these reasons that we took an addi-
tional step in the analysis.

We choose to model the cumulative frequency distri-
bution by generating analytical curves to fit the cumu-
lative frequency data. For this purpose, we used a family
of flexible and relatively simple curves called Weibull
functions (Johnson and Kotz, 1970). These functions
have the form

FA)=1-—exp[-{(InA —1In v)/a}f]

Where A is the cell area and a, 8, and y are variable
parameters of the distribution. The parameter vy is a shift
parameter which is approximately the size of the smallest
cell area observed; we assigned y a constant value and
then used a nonlinear curve- ﬁtting routine (Marquardt,
1963) to estimate the values of & (a scaling parameter)
and B (a shape parameter) which produced the best fit
curve for each set of cumulative frequency data.’ The
probability density function which corresponds to the
original cell size histogram is obtained by differentiating
the Weibull cumulative distribution function.

Although the use of Weibull functions in the analysis
may seem an unnecessary complication, there are sig-
nificant benefits. For example, the curve-fitting proce-
dure represents an additional smoothing operation, elim-
inating the inevitable sampling noise. In addition, calcu-
lations of quantitative values, such as medians or other
percentiles, become extremely simple. Most important of
all, however, is the ability to characterize fully a distri-
bution by three numbers (i.e., by the parameters of the
distribution). Because of this feature, one can not only
demonstrate differences between cell size distributions
but, as we will show, the nature of the differences can be
specified.

% As an alternative to the nonlinear curve fitting, we have devised a
simple graphical method for parameter estimation which requires only
a hand calculator. Details are available on request.
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Results

Ganglion cell density. The appearance of ganglion
cells in a flat-mounted rabbit retina is illustrated by
drawings from microscope fields from different retinal
regions (Fig. 2). The areas selected encompass most of
the range of cell density for this particular retina and
were located on a line perpendicular to the visual streak.

Cell density was never very high; even in the upper-
most field, from a location near the center of the visual
streak, there is considerable space between adjacent cells.
This field was superior to the highest density point in
the streak and the next field (2,814 cells/mm?®) was just
inferior to the peak. Cell density changes rapidly in this
part of the retina, but successive fields show the reduced
rate of change occurring in peripheral retina.

Note that all of the fields in Figure 2 show some large
cells. They are more obvious in the lower density fields,
but several are clearly present at the highest density as
well. Similarly, very small and intermediate size ganglion
cells can be observed in all fields. The impression is that
some ganglion cells of all sizes can be found at any retinal
locus, a point with which we will deal quantitatively in a
later section.

Our ganglion cell counts are shown in their most com-
plete form in Figure 3. Two of these perspective plots are
included for each retina. The first, to the left, views each
retina from its inferior-nasal aspect, while the second, to
the right, shows the retina from the superior-nasal direc-
tion.

In all three retinas, the peak cell density appears as a
serrated ridge extending along the center of the visual
streak. Inferiorly, cell density falls quite rapidly down to
1,500 to 1,000 cells/mm?, after which, density falls much
more slowly out to the retinal periphery. A similar situ-
ation holds on the superior aspect of the visual streak
except that the superior retina contains a region of zero
density extending laterally from the optic nerve head.
This region lies under the myelinated fiber band; al-
though ganglion cell density is not strictly zero here, it is
very low (e.g., Davis, 1929) and the myelination prevents
adequate staining of the few cells present.

The peak cell densities in the three retinas are some-
what different and some local maxima can be seen; a
local peak in the temporal retina of retina 105L is partic-
ularly obvious. These retinas show considerably less in-
dividual variation than reported in earlier work (Provis,
1979), however, and the results are consistent with the
notion that a line of high cell density, uniform to within
about +10%, extends along the center of the visual streak.

Variation in cell density along the center of the visual
streak is most probably the result of the placement of
the sampling grid. Density changes rapidly here and since
the streak also is traversed by bundles of axons, shifts of
the count grid by a few hundred micrometers could affect
the calculated densities by 500 to 1,000 cells/mm?. If any
local region of particularly high cell density exists, it is
smaller than 0.5 mm in extent (the size of our count grid)
and has escaped detection in all three retinas.

The spatial relationships of the major isodensity con-
tours to one another and to the optic nerve head are
shown in Figure 4. As Hughes (1971) has reported, the
center of the visual streak is approximately 3 mm below
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Figure 2. Microscopic views of ganglion cells at different retinal locations. Ganglion cell somata as seen and drawn through a
camera lucida are illustrated for seven retinal locations along a line perpendicular to the visual streak. The upper five fields were
separated by 1 mm on the retina, while the lower three were separated by 2 mm. Cell densities, in cells per mm?, were obtained
by dividing the number of cells (including those partially within the field, drawn with dotted outlines) by the area of the field of
view (0.024 mm?). Cells classed as something other than ganglion cells were not drawn and none are included here.

the center of the nerve head. The entire visual streak, as  11.6° in vertical extent, assuming a posterior nodal dis-
defined by the 2,000 cells/mm® isodensity contour is, on tance of 9.9 mm (Hughes, 1972).

average, about 26 mm long and 2 mm wide. In visual Ganglion cell soma size. Rabbit retinal ganglion cells
space, these dimensions correspond to 150° in length and  are not unusually large. The largest cell measured had
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Figure 3. Ganglion cell density as a function of retinal location. Ganglion cells were counted and densities were computed at
0.5-mm intervals across the retina. For the three retinas shown here, density has been plotted as the z axis in a three-dimensional
coordinate system. Isodensity contours have been plotted at 500 cells/mm? density increments, with the bolder contours at 1,000
cells/mm? intervals. Cell density is quite uniform along the visual streak which extends almost completely across the retina.

an area of 712 um?®, corresponding to a mean diameter of
about 30 um. Only a small fraction of the total had areas
larger than 300 um® (20 um diameter). The smallest cells
were about 25 um® in area or 6 um in diameter. This cell

size range is similar to other results on rabbit retina
(Bech, 1957; Hughes, 1971; Provis, 1979; Vaney, 1980)
and in a variety of other species (cat: Hughes, 1975;
Wassle et al., 1975; hamster: Tiao and Blakemore, 1976;



The Journal of Neuroscience

105L

Rabbit Ganglion Cell Size and Density

1337

105R

103R

Figure 4. Ganglion cell isodensity contour maps. The isodensity contours at 1,000 cells/mm? intervals shown as bold lines in
Figure 3 are reproduced here on plane views of the three retinas. The numbers on the isodensity contours, when multiplied by
1,000, give the cell density. The visual streak, bounded by the 2,000 cells/mm? contour line, is about 26 mm long and 2 to 2.5 mm
wide. The center of the visual streak is approximately 3 mm below the nerve head, shown by the irregularly shaped hole in the

superior retina.

rat: Fukuda, 1977; opossum: Hokoc and Oswaldo-Cruz,
1979; possum: Freeman and Tancred, 1978; cow: Hebel
and Hollander, 1979).

To show the variation of ganglion cell size with retinal
eccentricity, we have used cell density as the measure of
retinal location. The density regions were those defined
by the isodensity contours in Figure 3 and all cells within
each region were combined. For each density region, we
generated a cell size histogram showing the relative fre-
quency of occurrence as a function of cell area. These
histograms are shown in Figure 5 for both retinas in
which cell size measurements were made.

One obvious characteristic of the histograms is that
they are unimodal. Although some histograms seem to
have secondary maxima, this appearance is produced by
unusually high or low relative frequencies in just one or
two areal increments. This is sampling noise, and it
cannot be regarded as significant.

A second general impression is the similarity of the
histograms, particularly those from the inferior retina.
Their maximum relative frequencies are between 0.1 and
0.12 and occur at cell areas between 75 and 100 yum®. The
most obvious trend in the data is the decrease in cell size
range from the inferior periphery to the visual streak;
there appear to be more large cells in the peripheral
retina. It is also clear that there is no abrupt change in
cell size distributions between the inferior periphery and
visual streak. A more pronounced difference can be seen
when comparing the histograms from the superior retina
to their inferior retinal counterparts and it is for this
reason that they will be treated separately. In all cases,
the smooth curves plotted through the histograms form
a basis for description. The curves have been derived
from the data plotted as cumulative frequency distribu-
tions, however, and these are shown in Figure 6.

With the data in this form, the more extensive repre-
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Figure 5. Cell size histograms as a function of cell density. The histograms were generated for each of the retinal regions
bounded by the isodensity contours in Figure 3. N refers to the number of cells in each sample. The cell size histograms were
generated by dividing the range of areas into 10-um? areal increments, counting the number of cells whose areas fell in each of
these divisions, and dividing by the total number of cells in the sample. This relative frequency or probability of occurrence is the
ordinate for the histograms. The curves fit through each histogram are Weibull probability density functions which are discussed
in the text. Although cell densities in the superior and far peripheral inferior retina are comparable, the cell size histograms are
clearly different. The superior retina contains more large cells. Within the inferior retina, the histograms exhibit a small change
from the periphery to the visual streak; the streak histograms have fewer large cells and peak more strongly in the medium cell
size range. Very few cells anywhere in the retina had areas larger than 500 um?.
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Figure 6. Cumulative cell area distributions as a function of cell density. These data points were generated by summing the
successive frequencies in the corresponding histograms in Figure 5. Each data set spans a cumulative frequency range from 0.0 to
1.0 and the increments indicated on the ordinate are 0.1 unit. The smooth curves are Weibull functions which are described in the
text. In this form, the data can be used to compare, among retinal regions, the proportions of cells falling in a given size range or,
conversely, the size range encompassed by a specified proportion of the cell samples. For example, the median is that area for
which the ordinate equals 0.5. For the inferior retina, the medians differ by only a few square micrometers, while the median size
in the superior retina is appreciably larger. Most of the difference in cell size distributions between retinal regions is occurring in

the upper 50% of the cell size range.

sentation of large cells in the peripheral retina, both
inferior and superior, is indicated by the more gradual
rise of the functions and the long tails at large cell areas.
This is particularly noticeable in the superior retina
curves. At the same time, the differences between the
inferior retina curves are not extreme, and the nature of
the differences still remains to be considered.

As discussed under “Materials and Methods,” we used
Weibull functions to model the cumulative frequency
distributions. The estimated parameters are given in
Table I and the resulting Weibull functions are the
smooth curves plotted through the data points in Figure
6. The curves fit the data extremely well, except for the

superior retina in which the analytical functions overes-
timate the number of very small cells. With this excep-
tion, we feel justified in using the family of Weibull
functions as our basic description of ganglion cell size in
the rabbit retina.

The appropriateness of this description is reinforced
by returning to the smooth curves fit to the histograms
in Figure 5. These are the Weibull probability density
functions obtained by differentiating the expression for
F(A) and incorporating the appropriate values for & and
B. The coincidence with the cell size histograms in the
inferior retina is remarkably good, especially since the
curves were not specifically fit to the histograms.
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TABLE I
Characteristics of the Weibull functions
Retina 105L°* Retina 105R"
Density
Region N 2 Median Cell N B Median Cell
@ Area @ Area
um® m’
Periphery
<500 1.871 2.964 78.6 1.932 3.303 84.8
500-1000 1.894 3.178 81.4 1.932 3.816 87.0
1,000-1,500 1.897 3.306 82.2 1.957 3.754 88.8
1,500-2,000 1.847 3.499 79.4 1.898 3.877 84.6
Visual streak
2,000-2,500 1.850 3.521 79.7 2.000 3.563 91.5
2,500-3,000 1.845 4.166 81.5 1.865 3.765 81.7
3,000-3,500 1.850 4.074 81.6 1.826 4.100 79.9
3,500-4,000 1.855 4.162 82.3 1.772 4.335 76.7
Superior retina
500-1,000 2.061 3.497 96.3 2.013 2.550 86.0
<500 2.109 3.534 100.7 2.125 3.097 99.4

* Regressions: & = —0.00012d + 1.8871; r = —0.6587. ,@ = 0.0004d + 2.8701; r = 0.9371.
? Regressions: & = —0.00004d + 1.985; r = —0.7194. § = 0.0002d + 3.4227; r = 0.7628.

Although the changes occurring between cell size dis-
tributions in the inferior retina are small, it can be shown
that the changes are both significant and systematic.
This conclusion is embodied in the variation of the
Weibull function parameters which are tabulated in
Table I and plotted in the upper part of Figure 7. Since
the parameter y was held constant, it has not been
included.

The scaling parameter, &, exhibits very little change
with ganglion cell density in the inferior retina. The
regression line does have a slight negative slope, however,
which is significantly different from zero (a < 0.05). Small
as the change may be, it is consistent between the two
retinas. The shape parameter, 8, shows a definite increase
with increasing cell density; the change is more pro-
nounced in retina 105L and the coefficient of correlation
for the linear regression is also higher.

The small decrease in & from the inferior periphery to
the visual streak indicates a decrease in the large cell
population and an increase in the proportion of small
cells. The increase in 8, however, is indicative of de-
creases in both small and large cells and a corresponding
increase in the medium cell  population. Since both
changes are occurring together and are to some extent
offsetting, the expectation is that the large cell population
will decline from the periphery to the visual streak. This
supports the impression reached by inspection of the
data in Figures 5 and 6 but adds an important additional
conclusion: the change is linear with cell density. Having
shown the significance and nature of the changes, the
Weibull functions can be used to show more precisely
their extent.

For each retina, we calculated the percentiles 10, 25,
50, 75, and 90 from the Weibull functions for the different
density regions. These are shown in the lower graphs in
Figure 7. The change in each percentile area with cell
density indicates where the major changes in cell size are
occurring. The three smallest percentiles for each retina
(10, 25, and 50) show very little change from the inferior

periphery to the visual streak, suggesting that the small
and medium cell size populations are nearly constant
throughout the inferior retina.

The most striking and consistent changes are those
exhibited by the 75th and 90th percentiles. Both decrease
from the periphery to the visual streak. Since the smaller
percentiles do not change markedly, we may conclude
that the variation in cell size distributions is a linear
decrease in the large cell population from the inferior
peripheral retina to the visual streak. Moreover, the
decline in the 90th percentile is the more extreme, mean-
ing that most of the decrease in large cells is within the
largest 10% of the cell population.

Another way to evaluate the results is to select cell size
groups and see what fraction each group contributes to
the total cell population in each density region. Since the
cell size distributions and their corresponding Weibull
functions are unimodal, we have no basis on which to
divide the samples into cell size groups. For purposes of
comparison, however, we can use the cell size divisions
used earlier by Hughes (1971). His diameter ranges of 6
to 10, 10 to 14, and 14 to 18 um correspond approximately
to area divisions of 30 to 80, 80 to 160, and 160 to 260
um?®. We added a fourth category of cell areas larger than
260 um?® to include the full range of cell sizes that we
observed.

As determined from the Weibull functions, the propor-
tions of cells in these size ranges are shown in Figure 8 as
a function of ganglion cell density. For the two largest
cell size categories, the results are similar for both retinas;
the proportions of cells between areas of 160 to 260 and
>260 um’ are declining from the inferior periphery to the
visual streak. The retinas give different results for the
two smallest cell size categories; it is the smallest cells
which increase in retina 105R, but the next largest cate-
gory increases in retina 105L.

The failure of the data on the two retinas to agree
completely is not altogether surprising. The retinas un-
doubtedly have been subject to different amounts of
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Figure 7. Parameters of the Weibull distributions (top) and percentile areas (bottom) as a function of cell density in the
inferior retina. The two parameters which were allowed to vary in fitting Weibull functions to the data in Figure 5 are plotted in
the upper graphs (the parameter y was constant at 15 um?). For both retinas, the shape parameter B increased and the scaling
parameter & decreased. The decrease in &, though small, was statistically significant. The equations for the regression lines are
given in Table 1. Area ranges encompassed by different percentiles of the distribution functions are given in the lower graphs.
The smallest percentiles (10, 25, and 50) show little change in area with increasing cell density, indicating little change in the
proportions of small cells between the periphery and the visual streak. The larger percentiles (75 and 90) do decline, however,
showing a decrease in the proportion of large cells from periphery to streak.

nonuniform shrinkage. The shrinkage effects should be
more noticeable in comparisons of absolute cell size (Fig.
8) than in relative measures of cell size change (Fig. 7).
In fact, the unknown influences of shrinkage argue
against comparisons of absolute cell size ranges.
Regional variations unrelated to cell density. Since
Provis (1979) concluded that the rabbit retina contains
more very large ganglion cells near the temporal extrem-
ity of the visual streak, we looked for nasal-temporal
differences in cell size distribution by several different
methods. First, the retinal density maps were divided
into nasal and temporal halves by a line passing vertically
through the optic nerve head. The cell size histograms
for nasal and temporal halves of the various isodensity
regions were not significantly different. We also com-
pared two retinal strips about 1 mm wide and 3 mm long
(major axis vertical) located symmetrically at the ends
of the visual streak, a comparison designed to replicate
one made by Provis (see Figs. 9 and 11 of Provis, 1979).
Again, no nasal-temporal difference in cell size distribu-
tion could be demonstrated. Finally, we located all of the
cells in our samples with areas larger than 300 um?
corresponding roughly to the large cells (20 pum diameter)

mapped by Provis (1979). A temporal region of relatively
high density for these cells was not found.

Although we could not confirm the presence of a nasal-
temporal difference in cell size distribution in these reti-
nas, we did find a clear difference between the superior
and inferior retina (Figs. 5 and 6) which has not been
reported before. The differences between the superior
and inferior retina are reflected in the quantitative values
of the Weibull distribution parameters; the a values are
particularly large for the superior retina samples (Table
I) and are consistent with the presence of more large
cells as noted earlier. It is also likely that an adequate fit
of the Weibull functions to the superior retina data would
require a larger value for v, reflecting a relative scarcity
of the smallest ganglion cells normally found in the
inferior retina.

Unfortunately, we cannot comment on those portions
of the superior retina having cell densities greater than
1,000 cells/mm?. Density changes so rapidly on the su-
perior aspect of the visual streak (Fig. 3) that our cell
size samples taken at 1-mm intervals include very few
cells in this region.

The number of ganglion cells in the rabbit retina. We
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Figure 8. Proportions of cells in different size ranges as a function of cell density in the inferior retina. The data points were
computed from the Weibull functions in Figure 6. Results for both retinas show that the proportions of large (160 to 260 pm®) and
very large (>260 um?) cells decline from the periphery to the visual streak. The results for small (30 to 80 pm*) and medium (80
to 160 um?®) cells differ for the two retinas. This difference may be attributable to differential shrinkage which has affected the
visual streak region of retina 105R to a greater extent than in retina 105L.

have used cell density maps like those in Figure 4 to
estimate the total number of ganglion cells in the rabbit
retina. We began by measuring the areas bounded by
isodensity contours at 500 cells/mm?® intervals. These
areas, multiplied by the mean number of cells per unit
area, gave the estimated number of cells in a specific
density region. The mean number of cells per unit area
was determined by summing the individual densities
from each count field in the particular region and dividing
by the number of such count fields. Since the rate of
change of cell density varies from one density region to
the next, these mean densities are not exactly the same
as the midpoint between the upper and lower isodensity
limits. The area corresponding to the nerve head was not
included in the total retinal area. The results of these
calculations are shown in Table II.

The estimated number of cells in each density region
obviously varies between retinas, but the difference be-
tween the highest and lowest estimates is no greater than
15% for any region. When the number of cells in a given
density region is converted to a percentage of the total,
the consistency between the three retinas is even more
striking. Except for the high density regions in retina
103R, the proportion of cells in a given density region
varies only a few percent between retinas. Our mean
estimate of 406,375 ganglion cells in the rabbit retina is
within the figure of 374,000 to 414,000 optic nerve fibers
established by Vaney and Hughes (1976).

In these three retinas, the visual streak occupied be-
tween 9.5% and 10.7% of the total retinal area (mean =
9.9%). The number of ganglion cells in this region was
between 34.0% and 37.1% of the total number of cells
(mean = 35.1%). In other words, the visual streak, which
comprises about one-tenth of the total retina, contains
just over one-third of the ganglion cells.

Other estimates of the number of ganglion cells are
547,000 (Vaney and Hughes, 1976), 262,000 (Provis, 1979),
and 373,500 (Vaney, 1980). Since these ganglion cell

counts used computation methods similar to ours, the
discrepancies should be explained. The simplest expla-
nation of the low number obtained by Provis (1979) is
that many cells were excluded from the counts, and they
should not have been. Although the proportion of ex-
cluded cells was not specified, it appears to have been a
substantial fraction of the total. The count by Vaney and
Hughes (1976) was later thought to have included gan-
glion cells, coronate cells, and some “unclassified” cells.
Vaney’s (1980) recent estimate of 373,500 cells removed
the coronate and unclassified cells from the original
count.

Relative to the optic nerve axon count, Vaney’s (1980)
ganglion cell estimate is a bit low and ours is somewhat
high. Even so, the estimates differ by only 8% and this
agreement is certainly acceptable given the assumptions
and corrections involved.

Discussion

Ganglion cells, glia, or displaced amacrine cells? The
cell counts and cell area measurements in this study were
subject to two sources of ambiguity. The first was the
presence of glial cells in the ganglion cell layer. Features
of size, shape, and staining properties of glial cells have
been discussed by a number of other workers (e.g.,
Hughes, 1975; Stone, 1978; Vaney, 1980) and these cri-
teria permit glia to be removed from the sample with a
fair degree of confidence. Errors introduced by confusing
glia and small ganglion cells were probably inconsequen-
tial.

A more serious question concerns the identity of those
cells which remain after the obvious glia have been
eliminated; a substantial portion of them are probably
displaced amacrine cells. The rabbit retina contains cho-
linergic amacrine cells (Masland and Mills, 1979); many
are displaced and may constitute up to 20% of the cells
in the ganglion cell layer (Hayden et al., 1980). Displaced
amacrine cells also have been demonstrated by their
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TABLE II
Estimates of total ganglion cell number®
Retina 105L Retina 105R Retina 103R
l]?{e;@lty Area Mean Number of Cells Area Mean  Number of Cells Area Mean Number of Cells
gion Den- Den- Denr ———
mm”® % sity No. % mm?® % sity No. % mm® % sity No. %

<500 2129 (47.7) 297 63,231 (16.1) 2772 (52.7) 308 85,378 (21.0) 255.7 (49.1) 259 66,226 (15.8)
500-1,000 1148 (25.7) 804 92,289 (23.5) 1320 (25.1) 675 89,100 (21.9) 1325 (254) 624 82,680 (19.7)
1,000-1,500 465 (104) 1,252 58,218 (14.8) 433 82) 1,210 52393 (12.9) 594 (11.4) 1,228 72,943  (17.4)
1,500-2,000  24.7 (5.5) 1,834 45,300 (11.6) 23.0 (4.4) 1,767 40,641 (10.0) 23.9 4.6y 1,761 42,088 (10.0)
2,000-2,500 16.8 (3.8) 2,288 38,438 9.8) 177 (34) 2,226 39,400 9.7y 15.0 (2.9) 2,269 34,035 (8.1)
2,500-3,000 122 2.7 2,504 30,549 (7.8) 155 (3.0) 2,765 42,858 (10.5) 10.5 2.0) 2,754 28,917 (6.9)
3,000-3,500 13.0 (2.9) 3,266 42,458 (10.8) 14.3 2.7) 3,242 46,361 (11.4) 7.1 (1.4) 3,198 = 22,706 (5.4)
3,500-4,000 49 (1.1) 3,761 18,429 (4.7) 2.9 (0.5) 3,670 10,643 (2.6) 5.4 (1.0)y 3,704 20,002 (4.8)
4,000-4,500 0.7 0.2) 4,209 2,940 (0.8) 0.1 (<0:1) 4,014 401 (0.1) 7.6 (1.5) 4,212 32,011 (7.6)
4,500~5,000 0.1 (<0.1) 4,842 484 (0.1) 3.2 (0.6) 4,657 14,902 (3.6)
5,000-5,500 0.6 (<0.1) 5,155 3,093 0.7
Periphery 3986  (89.3) 259,938 (66.0) 4755 (90.4) 267,512 (65.7) 4715 (90.5) 263,937 (62.9)

(<2,000)
Streak 47.7  (10.7) 133,208 (34.0) 505 (9.6) 139,663 (34.3) 494 (9.5) 155,666  (37.1)

(>2,000)
Totals 446.6 392,346 526.0 407,175 520.9 419,603

* The mean area was 497.8 mm” and the mean number of ganglion cells was 406,375.

immunoreactivity to substance P (Famiglietti et al., 1980)
and by staining with intraretinal injections of horseradish
peroxidase (Amthor et al., 1980). It also has been argued
that a particular group of cells in the ganglion cell layer,
the coronate cells, can be distinguished in Nissl-stained
preparations and that these are also displaced amacrine
cells (Hughes and Vaney, 1980; Vaney et al., 1981). The
proportion of coronate cells ranges from approximately
7% in the visual streak to some 30% in the peripheral
retina.

1t is clear from the results with horseradish peroxidase
staining that small ganglion cells and displaced amacrine
cells can have the same soma diameters. They differ,
however, in the way dendrites branch from the soma.
Displaced amacrine cells tend to have just a few primary
dendrites which branch toward the inner plexiform layer,
leaving the soma’s cross-sectional outline quite smooth
in appearance. Ganglion cells not only have more den-
drites but they generally branch more laterally. Since the
Nissl stains encroach a bit into the initial segment of the
primary dendrites, the ganglion cell somata have a char-
acteristic irregular outline (see, for example, Figs. 1 and
2).

Our criterion for identifying ganglion cells is based
largely on soma shape. It is fairly simple to apply and
produces consistent results. Like other criteria for distin-
guishing ganglion cells from other cells in Nissl-stained
preparations, however, there is no unequivocal indepen-
dent check on the validity of the criterion used. Even so,
there are several reasons for believing that we have, for
the most part, excluded displaced amacrine cells from
our sample. First, judged by the photographs of glia,
ganglion cells, and coronate cells presented by Hughes
and Vaney (1980), the coronate cells have smooth, con-
tinuous outlines, which fits with our criterion. Second,
our cell size histograms (Fig. 5) do not show many more
small cells in the peripheral retina; the presence of cor-
onate cells should be most obvious here (Hughes and

Vaney, 1980; Vaney et al., 1981). Finally, our estimates of
the total number of ganglion cells in the rabbit retina
agree well with Vaney and Hughes’ (1976) count of optic
nerve axons. This suggests that, if coronate cells or
displaced amacrine cells were included in our ganglion
cell samples, their proportion was quite small.

Nature of the visual streak. As Hughes (1977) has
pointed out, the rabbit’s visual streak is different from
that in most other retinas; there is no single localized
region of high cell density. Instead, as we have shown in
Figure 3, the peak cell density is fairly uniform along a
ridge extending horizontally across the retina.

By convention, the boundary of the visual streak is
taken to be the 2,000 cells/mm?® isodensity contour
{Hughes, 1971). It should be noted, however, that there
is no sharp demarcation between the streak and the
peripheral retina. A slightly less arbitrary criterion for
the visual streak limit would be the cell density at which
the rate of density change shows a marked inflection
between slowly increasing density in the peripheral retina
and rapidly increasing central density. Figure 3 suggests
that this inflection, in the inferior retina, occurs at about
1,500 cells/mm?.

In a sense, the smooth, continuous variations of cell
density and cell size from the inferior peripheral retina
to the central retina conflict with electrophysiological
results showing different distributions of physiological
cell classes in these two regions (Levick, 1967; Oyster,
1968). This apparent dichotomy was inevitable, however,
since the physiological studies pooled the cell samples
from these two retinal regions. A more likely situation is
one of continuous change in the proportions of physio-
logical cell classes. Thus, the various cell groups would
be represented differently in the center of the visual
streak and the extreme inferior periphery but would have
nearly similar proportions on either side of the visual
streak boundary.

In other words, our results suggest that the visual
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streak is not fundamentally different from the rest of the
inferior retina. Since it represents one extreme of a
continuum of variable properties, however, the visual
streak still must be regarded as a special region of partic-
ular functional importance. '

Cell size and retinal location. There are several major
differences between our conclusions and those of earlier
studies of rabbit retinal ganglion cell size. First, we found
that ganglion cell soma size does not change markedly,
within the inferior retina, between the periphery and the
visual streak (Figs. 5 and 6). Even though the changes
are small, they are quite systematic. We described the
cell size distributions with Weibull functions and found
that only one of the three functional parameters changed
markedly with ganglion cell density (Fig. 7). This esti-
mated parameter, f, increased linearly as a function of
cell density; from the inferior periphery to the visual
streak, it characterizes a decline in proportions of large
and very large cells and a slight increase in the proportion
of small to medium cells (Fig. 7). A slight decline in the
other variable parameter, &, acts to prevent much change
in the small cell population.

The decreasing proportion of large cells from the pe-
riphery to the visual streak agrees with earlier results,
but we found the changes to be very much smaller than
Hughes (1971) reported. We did not find, however, either
a substantial increase in the small cell population or a
sharp decrease in the medium cell group in the visual
streak (Hughes, 1971). The changes that we observed
were quite small and in the opposite directions (Figs. 7
and 8).

Our results also differ from the ganglion cell diameter
histograms presented by Vaney (1980). His histograms
show a definite increase in the proportion of small cells
from the inferior periphery to the visual streak, although
the increase appears smaller than in the earlier results
by Hughes (1971). In this case, however, the histograms
excluded a group of small “unclassified” cells which were
thought to be neither glia nor coronate cells. We have
undoubtedly called these ganglion cells and their pres-
ence, particularly in our peripheral retina samples, would
explain much of the difference between Vaney’s histo-
grams and ours. Although these unclassified cells have
been treated as something other than ganglion cells
(Hughes and Vaney, 1980), the evidence (lack of horse-
radish peroxidase back-filling) is not compelling.

In another recent study, cells in the ganglion cell layer
of rabbit retina were divided into three groups: glia,
displaced amacrine cells, and ganglion cells (Vaney et al.,
1981). The ganglion cell soma size histograms for the mid
and far peripheral inferior retina, where the proportion
of displaced amacrine cells is thought to be highest,
peaked at values considerably larger than those shown
in Figure 5. If the displaced amacrine and ganglion cells
were to be combined, however, the resulting histograms
would be much more like those presented here.

Since the neurofibrillar stains used by Vaney et al.
(1981) to identify displaced amacrine cells also stain some
ganglion cells, it is possible that a portion of the cells
designated as displaced amacrine cells are small ganglion
cells whose fine axons are resistant to the reduced silver
stains. If so, much of the difference between their gan-
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glion cell size histograms and our results could be ex-
plained on this basis.

Another major difference is that we have been unable
to confirm the report by Provis (1979) that very large
ganglion cells (>20 pm diameter or 300 um® area) have a
peak density near the temporal end of the visual streak.
In general, we found the density of these very large cells
to be nearly constant throughout the inferior retina,
including much of the visual streak. We have no certain
explanation for the discrepancy between our results and
those by Provis except to comment that the methods for
locating large cells were different. We measured areas,
whereas Provis located large cells by eye, i.e., subjec-
tively. Since there is no discontinuity in the cell size
histograms to separate large cells from smaller cells, the
subjective evaluation has more potential for error. On
the other hand, we measured cell areas at 1-mm intervals;
it is possible that we missed the large cell area in both
retinas, although Provis’s maps showed it to be several
millimeters in extent.

Finally, we found the cell size distributions in the
superior retina to be clearly different from those in
comparable regions of the inferior retina (Figs. 5 and 6;
Table I). At present, we do not know what this difference
means; we have no reason to suspect a similar shrinkage
artifact in both retinas. If we assume that different soma
size ranges may be associated with different physiological
cell groups, it is possible that the superior retina has
physiological classes of ganglion cells in different propor-
tions than the inferior retina or that new physiological
cell classes may be found here. Preliminary results from
ganglion cell recordings in the superior retina support
the former hypothesis (M. -S. Lee, E. S. Takahashi, and
C. W. Oyster, unpublished observations).

Soma size and cell classification. In studying ganglion
cell size in rabbit retina, one possibility was that limited
ranges of soma sizes might be associated with specific
morphological or physiological cell classes. It is clear,
however, that the soma size histograms do not exhibit
more than one statistically significant mode; thus, the
soma size results are mute with respect to this problem.

It is possible that a given physiological or morpholog-
ical cell group contains all soma sizes. On the other hand,
we have evidence that at least one class, the on-type
direction-selective cells, have somata which are among
the largest in the ganglion cell population (Oyster et al.,
1980). It might seem that the lack of a secondary mode
representing the on-type direction-selective cells in the
overall cell size distribution is contradictory, but there
are some good reasons why a subsidiary size mode for
this or any other discrete cell class should not be present.

In the particular case of the on-type direction-selective
cells, this group constitutes only 5 to 7% of the total
ganglion cell population (based on extracellular recording
frequency) but have somata which are spread throughout
the largest 20% of the cell population. There must be
other cell types whose somata fall in the same range of
sizes, probably with somewhat different distributions.
Thus, the contribution of the on-type direction-selective
cells to the overall distribution of soma size is small, on
the one hand, and intermingled with cells from different
groups, on the other. Viewed in this light, the multitude
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of physiological cell types in the rabbit retina makes it
unlikely that any one group can make a distinguishable
contribution to the overall cell size histograms.

To be sure, ganglion cell size histograms with several
modes have been reported, those for cat retina being the
most clear cut and most extensively documented. The «
cell group has soma diameters which are completely
separate from the rest of the cell size distribution (Boy-
cott and Wissle, 1974). It should be recognized, however,
that this is an exceptional case, and the cat retina is not
representative of other species in which ganglion cell size
has been studied. In other retinas, subsidiary modes are
small and none show the separation of a cell population
in any way comparable to the « cells in cat retina.

Analytical description of cell size. The Weibull func-
tions that we have used to characterize the ganglion cell
size distributions in rabbit retina are potentially appli-
cable to a variety of similar problems in retina and
central brain nuclei. As an example, soma size distribu-
tions of cat lateral geniculate neurons (Hickey et al.,
1977) have been treated successfully with Weibull func-
tions (Kirk, 1976). The wide variations in shape obtain-
able with the Weibull functions lead us to believe that
other cell size distributions will be readily described by
this family of curves.

In addition to the advantages of data smoothing, quan-
titative description, and statistical evaluation, the model-
ing of cell size distributions with Weibull or other ana-
lytical functions provides a very concise description of
cell size change. In this particular case, ganglion cell size
in the rabbit’s inferior retina can be described by the
equation

F(A)=1—exp - [(In A/15)/1.86)°

Using mean values of & and B from two retinas,
a = 1.86, y = 15, and 8 = 0.0003 (density) + 3.19. Thus,
for a particular ganglion cell density, the distribution
function of ganglion cell area can be obtained by solving
for B and then using this value to solve for F(A) at
different cell areas. The derivative of the distribution
function gives the corresponding probability density
function. Similar descriptive equations for other retinas
would provide a more rigorous method of interspecies
comparison. The same approach also would apply to
problems of evaluating cell size changes in retina or
central nuclei as a function of time during periods of cell
growth.

The analytical method using Weibull functions might
not appear to apply to multimodal cell size histograms
like those in cat retina. We are not aware of any a priori
reason, however, why these distributions could not be
characterized by the appropriate combination of several
Weibull functions. Such a description certainly would
provide a marked improvement in our ability to state
how cell sizes within specific groups change as a function
of retinal eccentricity and may solve statistical analysis
problems encountered in evaluating ganglion cell size in
cat retina (e.g., Stone et al., 1978).

It is also possible that the Weibull functions may prove
useful in the description and evaluation of neuronal
features other than soma size. Axon diameter distribu-
tions, for example, are characteristically skewed (e.g.,
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Vaney, 1980) and would be obvious candidates for this
approach. Other morphological characteristics involving
size, such as dendritic branch angles or dendritic lengths,
also may follow this particular distribution (cf., Lindsay
and Scheibel, 1976). The ability of the analysis to char-
acterize skewed distributions and, as we have shown, to
detect relatively small changes between distributions
makes the method worth serious consideration for prob-
lems of this type.
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