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ABSTRACT

Golgi-impregnated horizontal cells (HCs) as viewed in whole mount human retinas have
been studied by light microscopic (LM) techniques. Impregnated HCs have been drawn by
camera lucida and by the Eutectics neuron tracing method to provide quantitative data on
dendritic tree sizes, dendritic tree shapes, and dendritic terminals for statistical treatment and
cluster analysis. In addition, fractal analyses of HC dendritic branching patterns have been
performed.

Three significantly different HCs can be classified on both subjective and objective
morphological criteria in central and peripheral human retina. In the fovea all HCs are so small
that it is difficult to achieve a clear separation of the subtypes, although they can be
distinguished by the experienced observer. HI types are the classic HCs of Polyak (The Retina,
Chicago: University of Chicago Press, 1941) with distinct dendritic terminal clusters going to
cones and a fan-shaped axon terminal consisting of large numbers of rod-destined terminals.
HII cells have profusely branched, overlapping dendrites, with poorly defined terminals going to
cones and a short curled axon bearing small terminals also going to cones. The HIII types
exhibit larger diameter, more asymmetrically shaped dendritic trees and 30% more dendritic
terminal clusters than HI cells at any location on the retina. Many HIII cells appear to emit a
process from the cell body in the inner nuclear layer (INL) that descends into the outer strata of
the inner plexiform layer (IPL). The axon of the HIII cell may end in a loosely organized,
sprawling arborization.

Fractal dimensions of the horizontal cells also show significant differences between the
three groups. HII cells exhibit the highest fractal dimension followed by HI and HIII cells with
lower and lowest fractal dimensions, respectively. The fractal dimension of HII cells of rhesus
monkey, as determined from drawings by other authors in other publications, are the same as
HII cells of human retina. o 1994 Wiley-Liss, Inc.
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Horizontal cells (HCs) are important interneurons of the
first synaptic layer of the retina. Through lateral inhibition,
feedback, and feed-forward interactions to photoreceptors
and bipolar cells, they initiate spatial and spectral oppo-
nency for receptive field organization of second- and third-
order retinal neurons (Werblin, 1969; Baylor et al., 1971,
Kaneko, 1973; Dowling, 1987, for a review). In retinas of
nonmammalian species in which there is good trichromatic
or even tetrachromatic vision, three or four types of HC can
be recognized morphologically and are known to have
color-specific connections to cones (Stell and Lightfoot,
1975; Leeper, 1978; see Kolb and Lipetz, 1991, for a
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review). Physiologically, such ““color-coded”” HCs have been
identified as “chromaticity units” (Svaetichin and MacNi-
chol, 1958; Spekreijse and Norton, 1970; Fuortes and
Simon, 1974).

In mammalian retinas, when the animals have dichro-
matic color vision, two types of HC have been described
(Cajal, 1892; Boycott, 1974; Kolb, 1974; Wissle et al., 1978;
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Mariani, 1985; Gallego, 1986). Neither type in these species
appears to be selective for spectral cone types by morphologi-
cal criteria alone, although some differences in wavelength
sensitivity have been determined physiologically (Nelson et
al., 1985, 1990). These two types of HC have been shown to
provide surrounds for ganglion cells (Mangel, 1991).

Until recently, monkey and human refinas were also
thought to have two types of HC, as in the rest of the
mammals. The HI type is the one originally described by
Polyak (1941), and it is known to contact cones at its
dendrites and rods at its axon terminal (Boycott and
Dowling, 1969; Kolb, 1970; Gallego, 1986; Linberg and
Fisher, 1988). The second type, the HII cell, was distin-
guished as different from HI in 1980 (Kolb et al., 1980) and
is now generally accepted as being a purely cone-connected
HC (Boycott et al., 1987; Wissle et al., 1989; Wissle and
Boycott, 1991; Kolb and Lipetz, 1991; Kolb et al., 1992).
The two types of HC in primates have been suggested to be
the equivalent of the A- and B-types, present in nonprimate
mammals, both in showing similar overall photoreceptor
connections and in supposedly having no spectral selectivity
(Boycott et al.,, 1987; Wissle et al., 1989; Wissle and
Boycott, 1991). Since rhesus monkeys and humans have
good trichromatic color vision, one might expect the organi-
zation of their HCs to bear some similarity to those of other
vertebrates with similar good color vision. Thus perhaps
three types of HC, as occur in fish retinas, might be found.
Moreover, one could also entertain a hypothesis that HCs in
trichromatic primates might have spectrally specific connec-
tivities to cone photoreceptors (Gouras and Zrenner, 1981).

In this paper, we demonstrate that three types of HC can
be distinguished in the human retina on morphological
criteria that can be described by both subjective and
objective criteria. The third, HIII, type was added when
some of the authors of this paper thought they were
subdividing HI and HII cells into a data set for quantitative
analysis of dendritic field sizes with eccentricity. Instead of
HII types being discerned, the HI types had been subdi-
vided into two subtypes. The new subtype, which we have
called HIII (Linberg et al., 1987; Kolb et al., 1992), proved
to be approximately 40% larger in dendritic field area, was
often more asymmetrical, and bore 30% more dendritic
terminal clusters, probably destined for cones, than neigh-
boring HI cells at any point on the retina.

Following these initial reports (Linberg et al., 1987, Kolb
et al., 1992), we have gone on to put the finding of a new
HIII type on a more objective basis. Statistical analysis of
over 600 HCs in several different Golgi-impregnated retinas
has shown that HCs fall into three subtypes. In a further
attempt to unbias the data of this paper, one of the authors,
who was a totally naive observer, was set the task of
drawing 110 impregnated HCs by the Eutectics neuron
tracing system, and then we applied multivariate statistical
and cluster analyses to this database. The findings further
confirm that the HCs of the human retina fall into three
distinct morphological types. Furthermore, a fractal analy-
sis of dendritic trees of the three HC types confirms the
morphological differences and provides an objective numeri-
cal value to this classification scheme (Fernandez et al.,
1992b, 1994).

Evidence for these three subtypes being involved in
different chromatic tasks based on their differences in
connectivity to cone spectral subtypes is given in the
accompanying LM and electron microscopic (EM) analyses
(Ahnelt and Kolb, 1994a,b).
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MATERIALS AND METHODS
Human eyes

Human eyes were obtained from several southern Califor-
nian eye banks (UCLA, Loma Linda, Lions Doheny, Orange
County, and San Diego eye banks). All were corneal donor
eyes free of retinal pathology and came from a mixture of
age groups and sexes. The specimens were collected as part
of a large-scale anatomical investigation of the human
retina processed by Golgi techniques. The methods for
fixation and Golgi impregnation are given in a previous
publication (Kolb et al., 1992). We estimate shrinkage of
human retina to be no more than 10% after these whole
mount Golgi procedures. We have made no correction for
shrinkage in the quantitative methods used below.

Methods of analysis

Zeiss MOP computer analysis of camera lucida draw-
ings. Whole mounted human retinas were examined by
LM and HCs from 12 different, well impregnated retinas
were used for the analysis. All areas of retina were exam-
ined for HCs. Cells were drawn with a camera lucida on a
Zeiss research microscope. It was important that all HCs
were drawn in groups of cells that were impregnated in
close vicinity to each other so that dendritic field sizes were
always compared. The drawn HCs were then plotted on a
map of the whole retina to place their location relative to
the fovea. Distances were measured in millimeters of
eccentricity from the center of the fovea. Six hundred fifty
HCs were analyzed for dendritic tree area by entering data
on the cross-sectional area of linearly connected end points
of dendrites in a circular path, plus data on the number of
dendritic terminal clusters, into a Zeiss MOP computer
system. Statistical tests on these data were performed using
the SPSS/PC+ Advanced Statistics Package (SPSS Inc.).

Eutectics neuron tracing system. One hundred twelve
HCs were drawn on the Eutectics neuron tracing system so
that quantitative aspects of the cells could be computed
(Capowski, 1989). We used the following parameters deter-
mined by the system: 1) process length, 2) membrane
surface area {um?), 3) total cell volume (volume of the
dendrites in um?), 4) soma cross-sectional area (um?)), 5)
soma mean diameter, 6) soma form factor (this parameter
represents a measure of roundness and ranges between 0
(fAat) and 1 (circular), 7) spine density, 8) swelling density
(number of swellings or varicosities/um?), 9) number of
segments (a portion of the tree from branch point to branch
point), 10) segment length, 11) branch order (at the first
branch point the order increases to 2 and so on), 12) area of
influence (this represents the cross-sectional area of a
polygon drawn around the farthest dendrites of the whole
dendritic tree), 13) dendritic tree diameter (mean diameter
of the polygon above in um), 14) perimeter of the polygon
(pm), 15) dendritic form factor (defined as the ratio of the
polygon area to the area of a circle having the same
circumference), and 16) fractal dimension (see below). We
also counted the number of dendritic terminal clusters on
each cell in the case of HI and HIII cells. HIT cells have a
disorganized, profuse branching pattern, and their den-
dritic terminals are not clearly organized into dendritic
terminal clusters and so are not easily quantitated for this
feature.

Cluster analysis. To determine whether the HCs could
be classified into several groups, we performed a cluster
analysis. This analysis allows objects or cases to be classi-
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fied into categories by searching for relatively homogeneous
groups of features. Seven agglomerative clustering algo-
rithms from the SPSS/PC+ Advanced Statistics software
package were applied. The algorithm that produced the
clearest cluster structure was the Ward’s method.

Statistical validation. Statistical validation was per-
formed as described in another paper (DedJuan et al., 1992).
We used three procedures. 1) We made correlations be-
tween groups yielded by the different cluster methods by
constructing contingency tables and measuring the degree
of correlation by Cramer’s V. 2) We assessed cluster
consistency by obtaining randomly selected subsamples of
the data and comparing these subsamples to the total
sample cluster by contingency tables and Cramer’s V. 3) We
determined whether the groups produced by our analysis
were discrete enough to be distinguished by applying
discriminant analysis. Discriminant analysis is a multivari-
ate statistical method that allows one to identify the
variables that are important for distinguishing among
groups or objects (horizontal cells in our case) and develop a
procedure for predicting group membership for these ob-
jects and for new cases whose group membership is undeter-
mined. We used the Jackknife validation procedure to
reduce bias in group classifications (Klecka, 1980; Manly,
1986).

Fractal dimension. Fractal dimension (D) was calcu-
lated by the grid method described in greater detail else-
where {Fernandez et al., 1992b, 1994) using the IMAGE
software program (Rasband and Sheriff) available from the
National Institutes of Health. Eutectics drawings and
drawings of other authors were scanned into a Macintosh
IIsi and analyzed by the fractal portion of the IMAGE
program,

RESULTS

Morphological appearance of HCs in the
human retina

Figures 1 and 2 show camera lucida drawings of HCs as
they appear at different eccentricities in the human retina.
The micrographs in Figure 3 illustrate HCs found close to
each other at 10 mm eccentricity in one human retina.
Although they are most obvious at eccentricities beyond 5
mm (Figs. 2, 3), three morphologically distinct types of HC
can be discerned at all retinal locations. A distinction
between HI and HII cells is clearest because of obvious
differences in branching patterns. The distinction between
HI and HIII has to be made on comparisons of two cells
lying side by side, because the major difference between
them is in the size of their dendritic trees.

The cells lying at 200 pm and 350 yum from the fovea (Fig.
1) are some of the closest examples to the foveal center that
we found. Cells at 200 pm have a stretched appearance and
are in fact larger in diameter than cells of the foveal slope,
probably because they are reaching out to contact the
widely spaced and scarce cone pedicles of this region
(Ahnelt and Keri, 1991; Fig. 1, 200 pm). At 350 um from
the fovea, the HCs appear to be of two different dendritic
tree sizes. Some of them are very small in dendritic tree
diameter (15 pm across), possess an axon, and have bushy
dendrites converging with many terminals upon what are
probably four closely packed, small-diameter cone pedicles.
These we identify as HI cells (Fig. 1 HI, 350 um). The other
two HCs in Figure 1 (350 um) have much larger diameter
dendritic trees (30 pm for the longest axis). The one that we
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think is an HII has a profusion of wispy dendrites and few
clear terminals, while the other has lesser numbers but
thicker dendrites and seven distinct terminal clusters. We
suggest that the latter HC is an HIII type (Fig. 1, HIII, 350
wm). By 500 pm from the fovea (which is still on the foveal
slope), three types of HC can be more easily recognized. HI
cells have a compact, bushy dendritic tree, giving rise to
large, round dendritic terminals clustered in a manner that
suggests their contacting five closely packed cone pedicle
bases. HII cells are now evident as the more “wooly
looking” cell type, larger in dendritic tree diameter and
with the ill-defined clusters of terminals making it difficult
to say how many cones they might contact. HIII cells, in
contrast, are heavyset cells with asymmetrical dendritic
trees and dendrites bearing terminal clusters to fit seven to
nine cones. In overall appearance, HIII cells resemble the
HI cell but have larger dendritic fields (Fig. 1, HIII, 500
pm). At 2.5 mm eccentricity, the three different HC types
can be distinguished on the criteria that were just becoming
noticeable for cells on the foveal slope (Fig. 1, HI, HII, HIIT,
2.5 mm). HI cells appear to contact seven cones, while HIII
cells appear to contact 12 cones. HII cells have the typical
disorganized, profuse branching pattern (Kolb et al., 1980;
Boycott et al., 1987), and it is difficult to estimate how many
cones they may contact.

Beyond the central 5 mm radius from the fovea and into
peripheral retina, the three types of HC can be clearly
distinguished (Figs. 2, 3). HI cells have the typical appear-
ance described by Polyak (1941), with distinct radial den-
drites ending in definite clusters of large, round terminals
directed at overlying cone pedicles. HIII cells by comparison
are much larger in field size and usually have a distinct
asymmetry, with one or two longer, thick dendrites project-
ing out farther from the cell body than the remaining
dendrites. More dendritic terminal clusters are evident
than on HI cells, and moreover, numerous gaps in the
regular array of clusters suggest that some cone pedicles
that lie over or close to the major dendrites are being missed
(Figs. 2, 3e; Ahnelt and Kolb, 1994a,b). HII cells are more
obviously different from the other two types in being
profusely branched and having many wispy, crisscrossing
dendrites (Figs. 2, 3c). The dendritic tree diameters of HII
and HI cells look comparable in the peripheral retina, but
the tree size of HIII cells is always significantly larger than
that of either of the other two (Figs. 2, 3e).

All three types of HC appear to have an axon. Type HII
has a short, curled axon that arises from a dendrite and
passes some 200—400 pm in a meandering manner away
from the cell body (Figs. 2, 3d). Occasionally, the axon even
comes back upon the cell body to mix with terminals of the
dendrites. The single terminals or small clusters of two or
three terminals, produced along the length of the axon, are
known to innervate cone pedicles (Figs. 2, 3d; Kolb et al.,
1980; Ahnelt and Kolb, 1994ab). Axons belonging to HI
cells are thick (1-2 pm diameter) and usually run rather
straight out from the cell body or a primary dendrite (Fig. 2,
arrow) for 300-500 um before impregnation fails. Only a
few examples of a complete HI cell, from cell body to axon
terminal, in the rhesus monkey have ever been illustrated
(Mariani, 1985; Rodieck, 1988) but those that have clearly
show that the axon terminal is a fan-shaped, compact group
of branches and terminals such as are illustrated in Figures
3b and 4A (HIAT). HIII cells also produce an axon from
their cell body or a major dendrite, which, like that. of the HI
cell, runs off in a relatively straight trajectory (Figs. 2, 3e,
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Fig. 1. Camera lucida drawings of horizontal cells (HCs) found in
the fovea, foveal slope, and within the first 2.5 mm from the center of
the fovea. In the fovea, HCs are elongated and stretched-looking (200

arrows). The endings of HIII axons have not been seen in
this study, but axon terminal arborizations that are more
loosely organized and cover a greater area than the more
compact HI axon terminals are commonly observed. We
suggest that these might be the axon terminals of HIII cells
(Figs. 3f, 4A, HIIIAT?).

Many HIII cells have descending processes to
the IPL

During the course of our observations on HCs in the
human retina, we noticed that many of the HIII cells
emitted a process that descended through the INL into the
outer strata of the IPL. All such “bistratified”” HCs also had
a normal axon that remained in the OPL. The descending
processes of HIII cells were frequently quite similar to
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200 um

350 um

500 um

2.5 mm

wm). On the foveal slope, the three types HI, HII, and HIII become
recognizable, and by 2.5 mm the three types are more clearly classifi-
able. Axons are indicated by arrows.

bipolar cell axons. They branched into one or two short
secondaries that gave rise to fine, beaded processes that
were narrowly stratified in the outer portion of the IPL or
even partially in the amacrine cell layer of the INL. Figure
4B,C shows two examples from 8.5 mm and 15 mm
eccentricity, respectively, where the descending process
going to the IPL arose from the lower surface of the HIII
cell body. Other variations on these bistratified HCs include
the descending process coming from a large primary den-
drite and running laterally for some distance in the OPL
before turning down into the INL to reach the IPL or
projecting laterally from the cell body in the INL before
turning to plunge downward into the IPL. We have no
systematic quantitation of how frequently these HIII cells
with descending processes occur, but it was notable enough
(we have drawn dozens of them) that we suggest that they
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Fig. 2. The three HC types are distinguishable by morphological criteria at 5 mm, 10 mm, and 15 mm
eccentricity from the fovea. All three types have axons indicated by the small arrows.
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Fig. 3. Light micrographs (LMs) of the three types of HC taken
from closely situated cells at 10 mm eccentrieity in one human retina. a:
HI type cell with a small compact dendritic field has distinct clusters of
terminals contacting 13 cones. Axon is out of focus (arrow). b: HI type
axon (arrow) expands into a fan-shaped terminal arborization contain-
ing many terminals known to innervate rods. ¢: HII cell has an
irregular, wooly-appearance and ill-defined dendritic terminals. d: A
curly, thin axon of an HII cell (large black arrow) runs a short distance
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and loops around upon itself. Only one small terminal is impregnated
(solid arrow). A cone pedicle is Golgi-impregnated but apparently does
not receive a terminal from the HII axon (open arrow). e: An HIII cell
has a dendritic tree that is 40% larger than HI (a) and is asymmetrical
in shape. The dendrites end in 23 distinct clusters of terminals. The
axon is indicated by an arrow. f: A putative HIII axon (arrow) ends in a
loose, sprawling arborization that bears few terminals. x770.
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4 mm

HIIAT?

Fig. 4. A: Camera lucida drawings of HI (HIAT) and putative HIII = branches in “bipolar axon terminal-like”’ fashion (curved arrows). C:
axon terminals (HITTAT?) found at 4 mm eccentricity. Straight arrows

HIII cell from 15 mm eccentricity with a descending process branching
in A and B indicate axons. B: An HIII cell, found at 8.5 mm eccentricity,

in the outer strata of the IPL (curved arrows). The regular axon in the
has a descending process to the inner plexiform layer (IPL) that outer plexiform layer (OPL) is indicated by a straight arrow.
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may form as much as 20% of HIII cells of midperipheral
(Fig. 4B) and peripheral (Fig. 4C) retina.

Fractal dimensions of HCs in the
human retina

Mandelbrot’s (1982) fractal geometry has recently been
applied to analysis of neurons in the central nervous
system. Fractal dimension can provide a quantitative mea-
sure of the complexity of the borders of a neuron (Smith et
al., 1989; Morigiwa et al., 1991; Porter et al., 1991; Fernan-
dez et al., 1992b, 1994) and how completely the branches of
a neuron fill its dendritic field. The measure is called fractal
because it is usually a fraction and not a whole number. It is
called a dimension because it provides a measure of how
completely an object fills space. For example, in two-
dimensional space, a D value of 1 would represent a
one-dimensional straight line, while a D value of 2 would
represent a two-dimensional plane completely covering this
area. Since nerve cells seen in two dimensions are not
straight lines and they do not completely cover the two-
dimensional area, their D values fall between 1 and 2.
Neurons with lower D values have relatively few dendritic
branches, while neurons with higher D values are more
profusely branched and fill their dendritic fields more
uniformly.

We have calculated D values of 112 HCs drawn by the
Eutectics automated drawing system. The HCs were from
five different human retinas and eccentricities ranging
from 6 to 20 mm from the fovea. The HCs were entered into
the computer by a naive observer who did not select cells for
type but rather for their being isolated enough from
neighboring cells and therefore easy to draw. Among the
112 cells, all but four were HI or HIII cells. Drawings of
representative HI and HIII cells and their D values are
illustrated in Figure 5. The four HII cells drawn on the
Eutectics system (one of them illustrated in Fig. 5 and
another in Fig. 6) were from 10 to 15 mm eccentricity. We
do not have comparison of D values for Eutectics-drawn HII
cells at other eccentricities, i.e., closer to the fovea or more
peripherally in the retina, as we have for the other HC types
(however, see later in Results, where we show that D values
for HII cells from various eccentricities and from other
authors’ data. The HII cell in Figure 5 is quite representa-
tive of HII cells in general).

As can be seen, D values for HI cells are consistently
higher than D values for the larger HIII cells at whatever
eccentricity they occurred. Also, the D value for HII cells
(Fig. 5, 11-13 mm) was much higher than that of either HI
or HIII. When the D values of all 112 HCs are considered, it
is clear that this type of measure differentiates the three
groups (Table 1). An analysis of variance followed by a
pair-wise test for differences between group means (Scheffe
F test) shows the mean D values of each group, i.e., HI vs.
HII, HI vs. HIII, and HH vs. HIII, to be significantly
different (P < 0.01).

It is noticeable from the Eutectics-drawn cells (Fig. 5)
that HI and HIII cells of central retina (6 mm) have higher

TABLE 1. Mean and Standard Error of the Fractal Dimension (D) in 112
Human Horizontal Cells

Horizontal

cell type D value SE Number
HI 1.51 0.010 69
HII 1.61 0.010 4
HIII 1.47 0.011 39
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D values than HI and HIII cells in peripheral retina. There
appears to be an inverse relationship between fractal
dimension and greater eccentricity from the fovea. Undoubt-
edly this is due to the facts that HCs are designed to
innervate cones and that, with eccentricity from the fovea,
the cones become more and more widely spaced, meaning
that the HCs have to stretch their dendrites farther and
farther; i.e., their dendritic tree area increases with eccen-
tricity. Evidently the cells also become less bushy as cones
become more widely spaced, leading to lower D values for
both HI and HIII cells with eccentricity (Fig. 5).

In contrast, the HII cells, with inherently higher D values
to begin with, do not seem to exhibit the same centroperiph-
eral decline in D value. We wanted to see whether this was a
generalized finding in other Golgi preparations and other
primate retinas. In Figure 6 we illustrate several HII cells
from different eccentricities and species drawn by different
persons utilizing different drawing methods. All the cells,
even those from the rhesus monkey, have comparable D
values. Moreover, D values for cells from central retina vary
over the range 1.57 (monkey HII cell A from Kolb et al.,
1980) to 1.62 (monkey H2 cells C and D, from Boycott et al.,
1987; Wissle et al., 1989), as do cells from peripheral retina.
Thus HII cell B and HII cells E and F from this study of the
human retina (Fig. 6) have the exact same range of values.
It appears that HII cells in human and monkey retinas do
not differ significantly across species or within a species’
retina with eccentricity (mean D = 1.59, SE 0.001).

Cluster analysis of HCs in human retina

In order to determine objectively whether the HCs of the
human retina can be classified into groups, we turned to
cluster analysis (see Materials and Methods). This statisti-
cal method is designed to solve the following problem:
Given a sample of n objects, each of which has a score on P
variables, devise a scheme for grouping the objects into
classes so that “similar” ones are in the same class (Kachi-
gan, 1982; Manly, 1986). The method is completely numeri-
cal, and the number of classes is not previously known.
Thus we used it on the data generated from 45 Eutectics-
drawn HCs that were from the same retinal location (14
mm from the fovea) and for which we had the parameters
listed in Materials and Methods. In addition, we added the
D value that we had acquired independently on the same
cells.

Figure 7 shows a dendrogram of the hierarchical cluster-
ing analysis generated by the SPSS/PC+ program. The 45
HCs at the bottom are merged into clusters at different
stages depending on their degree of similarity (or distance
between clusters calculated within m-dimensional space,
where m = number of parameters). The dendrogram (Fig.
7) points out the existence of three groups of HCs in this
data set. We did not know the real composition of each
group, only that cells 1-14 belonged to the first group, cells
15-41 to the second, and cells 42—45 to the third group.
Later, by subjective evaluation, we determined that the
three groups corresponded to HIII, HI, and HII cells,
respectively (Fig. 7).

Discriminant analysis

To investigate the relative importance of the parameters
used to classify the HCs (listed in Materials and Methods),
we used a discriminant analysis as described elsewhere
(Deduan et al., 1992) and in Materials and Methods. By this
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Fig. 5. Eutectics-drawn HCs at different eccentricities from the fovea to show their morphological
differences and their individual fractal dimensions (D values). HI and HIII cells are shown at three different
eccentricities. A single example of an HII cell is illustrated at 11 mm.



HORIZONTAL CELLS IN HUMAN RETINA

Hil
D=1.57

50 &m

Fig. 6. Camera lucida drawings (A-D) and Eutectics drawings (E,F)
of HII cells in different retinas and drawn by different persons. The D
value of each cell is indicated. A: HII cell in rhesus monkey at 2 mm
eccentricity (illustrated in Kolb et al., 1980). B: HII cell from human
retina at 15 mm eccentricity. Some terminals on the axon are indicated
at the thick arrows. C: An H2 cell in rhesus monkey at 4.3 mm
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eccentricity (reproduced by permission from Boycott et al., 1987). D:
H2 cell from rhesus monkey at 5.7 mm eccentricity (reproduced by
permission from Wassle et al., 1989). E: HII cell in human retina at 11
mm eccentricity. F: HII cell from human retina at 15 mm eccentricity.
The axons (ax) are marked in all cases with a small arrow.
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Fig. 7. A dendrogram of the cluster analysis (generated by the
cluster module of the SPSS/PC+ Advanced Statistics) suggests that
three groups of cells are present in a sample of 45 cells at 10-15 mm
eccentricity. Data taken from Eutectics drawings from several human
retinas.

analysis, the parameter with the highest power to discrimi-
nate between the different HC types is selected, followed by
the parameter with the next highest discriminating power,
and so on, until all the parameters are evaluated. Table 2
presents the six most useful parameters (steps) entered in
each step of the discriminant analysis in order of signifi-
cance. The first step, i.e., dendritic tree diameter, is the
most significant parameter for discrimination between HI
and HIII cells. The first through third steps are probably
the most important for distinguishing HI and HII combined
from HIII cells. Step four is probably important for discrimi-
nating HII cells from HI and HIIT combined, thus forming
the three groups seen in the cluster dendrogram (Fig. 7).

Based on the best discriminating combination of param-
eters, a classification matrix is produced by the program
where each HC is classified into a group (HC type). The
percentage of cases correctly classified is taken as an index
of the effectiveness of the discriminant function. After we
obtain an estimate of the misclassification rate using the
“Jackknife” procedure (see Materials and Methods), the
least biased group classification of the HCs is made, and the
result is shown in Table 3. The overall accuracy of correctly
classifying HCs in this manner was 96%. In particular,
100% of the HII cells were thus classifiable. Ninety-six
percent of the HI cells were classified as HI (the other 4%
were classified as HIII cells), and 94% of the cells were
classified as HIII cells (the other 6% were classified as HI
cells).

Although we used the full range of parameters available
in the database, the analysis automatically rejected the
number of dendritic terminal clusters from the analysis,
because these are difficult to count on HII cells. However,
using a discriminant analysis on only HI and HIII cells, the
two most useful parameters were the number of dendritic
terminal clusters and dendritic tree diameter. Thus, using
only the dendritic tree diameter and number of dendritic
terminal clusters, we were able to classify correctly a cell as
HI or HITI 90% of the time.

Table 4 lists the mean and standard errors of the
different parameters used in classifying the HCs, summariz-
ing the data for these 45 HCs. It includes the D values. The
Student’s t test compares the HI and HIII cells for the
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TABLE 2. Stepwise Analysis: Steps in Order of Significance of the
Variables To Discriminate Between the Three HC Types

Wilk’s Equivalent
Step Variable Lambda F
1 Dendritic tree diameter 0.448 25.81
2 Process length 0.198 25.56
3 Cell volume 0.137 22.62
4 Membrane surface 0.116 877
5 Segment length 0.109 15.37
6 Swelling density 0.102 13.11
TABLE 3. Predicted Group Membership (%) Using
the Discriminant Analysis!
Cell type
Celi type HI HI1 HIII
HI 96 0 4
HIT 0 100 g
HIII 6 0 94

The percentage of all cases correctly classified is 96%.

various parameters and in the last column indicates which
of these prove to be most significant (Table 4).

Quantitative analysis on HC dendritic field
sizes and numbers of terminal clusters

We knew from previous studies that, like all retinal
neurons, HI cells increase in dendritic tree size with greater
and greater distances from the fovea (Kolb et al., 1980;
Boycott et al., 1987). Since we had data from the cluster and
discrimant analysis that HIII cells could be separated out as
different from HI cells, we wanted to see whether HIII cells
and HI cells independently increased in size in relationship
to eccentricity in the retina. Six hundred fifty HCs in 12
different human retinas were subjectively identified as to
being HI or HIII and were analyzed for dendritic field area
calculated as star polygon areas (the linearly connected end
points of dendrites in a circular path) and for numbers of
dendritic terminal clusters (see below). This was a data set
different from those for the 45 cells used for the cluster and
discriminant analysis. The 45 cells of the latter data sets are
plotted on the graphs of Figure 9A,B, so that their occur-
rence among the larger data set can be appreciated.

The dendritic field area (in wm?) for 369 HIs and 210
HIIIs is plotted against eccentricity of the cells from the
fovea in Figure 8A. In the first 5 mm from the fovea, the two
types of HC have approximately the same dendritic tree
areas and are not separable into size types on this kind of a
graph but beyond 5-6 mm from the fovea HIII become
separable from HI on dendritic area, occupying as a group
the larger dendritic field areas (open symbols, Fig. 8A). A
single, linear regression line can be fit to the data of the
graph, but it provides a much weaker coefficient of determi-
nation. i.e., r2 = 0.39, P < 0.02, than fitting two regression
lines each with a significant coefficient of determination,
i.e., for the HI cells r* = 0.65, P < 0.0001 and for the HIII
cells r2 = 0.69, P < 0.0001 (Fig. 8A, solid line and dashed
line, respectively). This means that, pooling HI and HIII
cells, only 39% of the variation in dendritic tree area is
explained by differences in eccentricity from the fovea. On
the other hand, 65% of subjectively named HI cells and 69%
of subjectively named HIII cells have dendritic field areas
that are accounted for by variation in eccentricity, when
two regression lines are calculated. We also did an analysis
of covariance using the dendritic tree area, the eccentricity
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TABLE 4. Mean and Standard Error of the Different Variables for Each Horizontal Cell Type

i HI HI1 HII HI-HIII
Variable (n=27) n=4) (n = 14) (t test)
Process length 7632 = 36.5 1,2389 =+ 588 919.7 + 674 P < 0.030
Membrane surface 1,4590 1146 1,845.8 =+ 209.9 14721 = 859 NS
Cell volume 32383 = 299 294.0 =+ 554 280.2 == 223 NS
Soma area 872 = 31 812 == 82 913 = 40 NS
Soma diameter 105 = 0.1 101 = 05 107 = 02 NS
Soma form factor 0.69 = 0.02 0.70 = 0.05 0.76 = 0.02 P < 0.050
Spine density 0.029 = 0.006 0.021 = 0.009 0.015 = 0.003 P < 0.050
Swelling density 0.140 = 0.008 0.110 = 0.007 0.107 = 0.004 P < 0.001
No. of segments 199.0 = 159 233.7 == 180 139.0 = 103 P < 0.003
Segment length 435 = 033 535 = 0.19 642 = 024 P < 0.001
Branch order 123 = 05 112 = 07 122 = 08 NS
Area of influence 3,733.9 +525.0 4,029.6 =+ 474.7 70372 = 5922 P < 0.001
Perimeter 2266 =+ 179 2475 = 85 32677 = 134 P < 0.001
Dendritic tree diameter 66.9 = 3.9 712 = 40 938 =+ 38 P < 0.001
Dendr. form factor 081 = 0.01 082 = 0.04 081 = 0.01 NS
Fractal dimension 153 = 0.01 161 = 0.01 147 = 001 P < 0.003

from the fovea, and the cell type (named subjectively) as
dependable variables. The analysis (performed using the
MANOVA module on the SPSS/PC+ Advanced Statistics;
see Materials and Methods) indicated that our data could be
better described using two regression equations, one for HI
cells and the other for HIII cells (P < 0.001). In addition,
we tried different nonlinear functions (quadratie, logarith-
mie, exponential), but we did not see a greater significance
(P > 0.02) than with the linear model. There is a significant
difference (P < 0.0001) between the linear regression lines
that were generated for HI and HIII cells (Fig. 8A).

A similar difference between HII and HIII cells is seen
from 5 mm eccentricity into peripheral retina (Fig. 8B)
based on an analysis of 281 cells (210 HIIIs and 71 HIlIs).
Again, the HII cells could be fit with a regression line and
coefficient that an analysis for covariance indicated as
significantly different from the HIII regression line and
coefficient (P < 0.0001). Thus HIII cells at any point on the
retina beyond 5 mm from the fovea are significantly larger
in dendritic tree area than either HI or HII cells. The HI
and HII cell groups overlap in dendritic tree size at all
eccentricities, as can be seen in Figure 8C. The difference
between regression lines fit to their distributions (Fig. 8C,
solid and dashed lines, respectively) is not significant.

The difference between dendritic field areas for HI and
HIII cells at different eccentricities in a single human retina
is illustrated in another way in Figure 9. Here, the scatter
in the data is appreciable, because we are lumping cell
measurements within a 4-6 mm bin at the different
eccentricities. From 0-6 mm, HI and HIII cells have
overlapping dendritic field sizes, and lumping the data in
this area where field size changes are rather small blurs the
distinction between them. However, two cell groups can be
assigned to different dendritic field size bins at eccentrici-
ties beyond 6 mm from the foveal center (Figs. 9B,C). Table
5 lists the averaged mean dendritic field areas of HI and
HIII cells with eccentricity; here it can be seen that there is
a difference between HI and HIII cells even within the first
6 mm of eccentricity, although there is a great deal of
scatter in the data (large SEs). This is probably because the
distinction between HI and HIII cells can really be made
only by comparing two cells side by side, which may not
always have be possible: Some misidentifications in this
subjective evaluation are bound to have occurred.

Figure 10 shows a plot of the numbers of dendritic
terminal clusters borne on the dendrites of HI and HIII
cells as related to position in the retina from the foveal
center. Dendritic terminal clusters were quantified on

drawings of HCs by circumscribing clusters of terminals
contained within the size of a putative cone pedicle pro-
jected from overlying cone inner segment mosaics (as was
done originally by Boycott and Kolb, 1973, and demon-
strated in the accompanying paper by Ahnelt and Kolb,
1994a). The plot (Fig. 10) indicates that HI cells have
smaller numbers of terminal clusters than HIII cells at all
eccentricities. The range for HI cells is from four clusters in
the foveal area to 18 in far peripheral retina (Fig. 10). HIII
cells, on the other hand, have a range from eight to 28
dendritic terminal clusters from fovea to 16 mm, respec-
tively (Fig. 10). Table 6 summarizes these data. Again, an
analysis of covariance, with accounting for the eccentricity
effect, indicates a significant difference between HI and
HIII cells (P < 0.001). Thus, as we saw in the discriminant
analysis, the number of dendritic terminal clusters on HI
and HIITI cells serves also to distinguish between the two
cell types.

DISCUSSION

In this LM study of Golgi-impregnated human retina, we
have obtained morphometric and statistical evidence from
an analysis of over 00 HCs that they fall into three distinct
morphological types. The HC type originally described by
Polyak (1941) can be subdivided into types HI and HIII on
criteria of dendritic tree size, length of dendrites, numbers
of contacts with cones, and fractal dimensions. The HII
type, which was added to Polyak’s groups a decade ago
(Kolb et al., 1980; Boycott et al., 1987), is the third unique
type of HC in the primate retina and was separated out
from the HI and HIII types primarily on fractal dimension
in the present study. This might be expected because of its
more profuse and tufted branching pattern than either of
the other two types (Kolb et al., 1980). The three types of
HC are distinguishable not only on morphology and mor-
phometry but also on connectivity with spectral cone types,
a topic dealt with in detail in the accompanying papers
(Ahnelt and Kolb, 1994a,b). We suggest that the answer to
the question posed by the title of this paper is yes.

Morphological differences between HI and
HIII cells

The difference between HI and HIII HCs was evident
only after a great deal of observation and making a large
number of drawings with both camera lucida and Eutectics
computer-aided technologies. When examining the draw-
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Fig. 8. A: Graph showing dendritic field area for HI and HIII cells
plotted against eccentricity from the fovea. Data are pooled from
several retinas (n = 579). Open star shows the mean size for 14 HIII
cells from the cluster analysis (mean = 7,090 pm?, SE 1,373). Solid star
shows the mean size for 27 HI cells from the cluster analysis (mean =
3596 um?, SE 535). B: Graph showing dendritic field area for HII and
HIII cells with eccentricity from the fovea (n = 281). Open star as for A.
Solid star shows the mean size for four HII cells from the cluster
analysis (mean = 4,028 pm?, SE 560). C: Graph showing dendritic field
areas for HII and HI cells with eccentricity from the fovea (n = 440).

ings, which were originally part of a database on sizes of
dendritic trees of HI and HII cells with eccentricity from
the foveal center to compare with rhesus monkey data
(Kolb et al., 1980), two size groups with parallel increases in
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Fig. 9. Three-dimensional plots of dendritic field areas of HI and
HIII cells at three different locations in the retina. A: 0-6 mm from
fovea. B: 6-10 mm from fovea. C: 10-16 mm from fovea. The counts are
from one human retina.

TABLE 5. Area of HC Dendritic Fields With Eccentricity
in the Retina {in pm?)

Eccentricity HI HIII

(mm) (mean = SE) (mean = SE)
2-4 769.1 = 78.0 1,037.8 = 143.7
4-6 1,413.3+ 664 2,129.6 + 108.6
6-8 2,139.9 = 74.6 2,834.1 = 1329
8-10 2,656.9 + 82.1 3,699.8 = 2255
10-12 3,155.6 = 147.1 5,928.0 = 4815

12-14
14-16

3,643.8 x 221.4
3,599.3 = 325.2

6,591.3 = 431.2
6,100.5 + 384.4

dendritic tree diameters and significantly different regres-
sion lines fit to the data emerged (Fig. 8A). On looking at
the drawings of the two cell groups, it was clear that the
larger group did not consist of HIIs but instead consisted of
cells that were a larger version of the standard HI cells.
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Fig. 10. Graph of the number of dendritic terminal clusters going to
cones on the dendrites of HI and HIII cells. The counts were made on
the same HCs as shown in Figure 8A.

TABLE 6. Number of Dendritic Terminal Clusters on HI and HIII Cells

Eccentricity HI HINI
(mm) (mean + SE) (mean + SE)
24 6.0 =08 8.0

4-6 107+ 0.4 13412
6-8 136 = 0.3 17508
8-10 175203 22.7+x08
10-12 179+ 05 246 =04
12-14 18506 25.6 = 0.8
14-16 18014 256714

Large, asymmetrical, Polyak-type HCs were described for
years as being the extremes of size for HI cells in far
peripheral retina. Polyak (1941), Boycott and Kolb (1973),
and Wissle et al., (1989) have all described such cells as HI
types. We would now call these HIII types and, as we have
seen from the data presented here, they occur alongside
their smaller companion HI cells at all points in the retina.
They are not simply phenomena of far peripheral retina.
The relatively narrower size differential between HI and
HIII dendritic trees and the asymmetrical aspect of the
HIII morphology is not always obvious in central and near
peripheral retina, particularly if impregnated HI and HIII
cells do not lie side by side for size and shape comparisons.
That is the reason why HIII cells have not been identified as
a separate group before.

It could be argued that, in the survey of HCs done
subjectively to pick cells as HI and HII for dendritic tree size
comparisons with eccentricity, we were selecting cells spe-
cifically to fall into two size ranges, thus biasing the
database and arbitrarily defining a new HIII type. To
counter this criticism, we commissioned a naive observer
who could not distinguish the HC types to draw about 100
HCs with the Eutectics neuron-tracing system. From this
computer database, we could perform a cluster analysis on
45 of the HCs found in approximately the same area of
retina. Using the quantitative parameters available from
the Eutectics-drawn HCs, they became split into three
groups by the cluster analysis (Fig. 7). The morphometric
parameters that distinguished the members of the three
groups could be objectively measured, rated by the com-
puter, and a discriminant analysis applied. Thus, with no
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one among the authors choosing cells to place into the HI,
HII, and HIII classification, the computer independently
places the cells into three different groups at the 96% level
each for cells we would call HIs and HIIIs and at the 100%
level for cells we would classify as HIIs (Table 3).

The HIII cells with their larger dendritic trees and
far-reaching dendrites could obviously contact more cone
pedicles than the smaller HI cells. In fact, the quantitative
data on dendritic terminal clusters (Fig. 10) reveal that
HIII cells contact about 30% more cones at any point on the
retina than HI cells. HIII cells close to the fovea contact
8-12 cones, and by the far peripheral retina they contact as
many as 25-35 cones. In contrast, HI cells connect with 4-5
cones in fovea and 15-20 cones in the farthest periphery.
An interesting relationship emerges between the dendritic
field area of the HI and HIII types and the cone photorecep-
tor density innervating them (Fig. 11A,B). Thus, if the
dendritic field areas of HI cells at different eccentricities
listed in Table 5 are compared with the number of possible
cones in such fields (Curcio et al., 1990), then HI cells have
a 90% coincidence of dendritic cluster number with possible
number of cones within the area covered by their dendrites
(Fig. 11A). Even though HIII cells have approximately 40%
larger dendritic fields, there is only about a 70% coincidence
of their terminal clusters with overlying cones (Fig. 11B).
This suggests that HIII cells are systematically related to
fewer cone types across the retina.

We show elsewhere that HIII cells avoid contact with
blue cone pedicles (B-cones; Ahnelt and Kolb, 1994a,b). It is
probable that the 10% B-cone population as well as some of
the G- and R-cones constitute the missed 30% of cones in
HIII cell dendritic fields. Furthermore, it is possible that
the asymmetrical dendritic trees characteristic of HIII cells
are the consequence of their avoidance of B-cones in their
fields.

In addition to differing in dendritic field size, shape, and
number of cones contacted, HI and HIII cells may differ in
the morphology of their axon terminals. The fan-shaped
terminal arborization, with a high density of terminals
destined for rod spherules, is well established as belonging
to the HI type in rhesus monkey retina (Polyak, 1941;
Boycott and Dowling, 1969; Kolb, 1970; Mariani, 1985;
Rodieck, 1988). However, it is interesting to note that
Boycott and Dowling (1969) originally pointed out two
forms of HC axon terminals. One of the types was more
loose and sprawling in morphology than the other, giving
the impression to the authors of perhaps contacting cones
as well as rods. We believe that these axon terminals may be
associated with HIII cells. However, further studies to stain
complete HIII cells and to ascertain whether their axonal
connectivity differs from that of HI axon terminals will
have to be carried out.

HIII cells with processes in the IPL

A large subpopulation of HIII cells appear to have a
process coming off the cell body or a primary dendrite that
descends into the INL and IPL, there to end as a varicose,
narrowly stratified, ‘‘bipolar cell-like” terminal (Fig. 4B).
These processes occur in addition to laterally running axons
in the OPL. Polyak (1941) categorically denied that HCs in
monkey retina could have descending processes to the IPL,
thinking that other authors describing such cells were
confusing large bipolar cells with HCs. Ramon y Cajal
(1892) described inner HCs in dog and ox retinas as being
“broken down into two types: HCs with descending proto-



384

plasmic processes and HCs without such processes.” More
recently, Silviera et al. (1989) have refocussed attention on
the existence of “biplexiform”” HCs in peripheral retinas of
some mammalian species. These biplexiform HCs were
revealed by neurofibrillar stains and are therefore likely to
be equivalent to A-type HCs of cat (Wéissle et al.,, 1978).
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Thus, for several reasons, we now consider Cajal’s inner
HCs to be equivalent to A-type HCs of mammalian retinas
in general (Boycott, 1974; Kolb, 1974; Mariani, 1985;
Gallego, 1986). By exclusion, then, B-type HCs are consid-
ered to be equivalent to Cajal’s outer HCs. What are the
inner and outer HCs of Cajal’s nomenclature in the human
(primate) retina? HI cells, because they have an axon and
morphology of the B-type cell of cat, can be considered outer
HCs of Cajal. It is then possible that HII and HIII cells are
the equivalents of Cajal’s two types of inner HC, with HIII
being the HC with the ‘“‘descending protoplasmic process.”’

Fractal dimensions of the HCs discriminate
between three different types

Knowing the fractal dimension (D value) of a neuron
gives an objective measure of the profuseness of its den-
dritic branching and how completely the dendritic field is
covered by its branches. In the case of human HCs, HII ceils
show the highest D value, HIII the lowest, with HI cells
having an intermediate value. Another study evaluating D
values of four neural classes and more than 50 different
neural types in the turtle retina (Fernandez et al., 1992b,
1994) came to the conclusion that a difference in fractal
value of 0.06 defined cell types. Using this criterion, then,
HII cells are clearly different from HI and HIII types in the
human retina. Furthermore, differences between the mean
D values of 45 comparably sized cells showed that there
were significant differences between HI and HII cells and
HII and HIII cells (P < 0.001 for both). HI cells were less
significantly different (P < 0.003) from HIII cells though,
varying only by a 0.05 fractal value. Thus fractal dimen-
sions indicate objectively what we knew subjectively, that
HII cells have a much more profuse and tufted branching
pattern (Kolb et al., 1980) than either HI or HIII cells,
while HI and HIII cells have a similar radiate and relatively
unbranched branching pattern. This might suggest that HI
and HIII cells derive from a common ancestry, but HII cells
have a uniquely different developmental history.

One question we asked was whether D values of HCs are
related to the cone density decline with eccentricity in the
human retina. As is summarized in Figure 11C,D, values of
HI and HIII cells are inversely related to eccentricity and
decreasing cone density. Thus both HI and HIII cells have
higher D values in the foveal area of central retina than in
peripheral retina. The regression lines for both classes of
cell parallel the declining cone density with eccentricity
(correlation of HI cells to cone density = 0.835, correlation
of HIII cells to cone density = 0.836; Fig. 11C). The HII
cells, on the other hand, have a flat regression line that does

Fig. 11. A: Graph showing the number of dendritic clusters going to
cones in the dendritic fields of HI cells plotted against eccentricity. The
solid line shows the number of cones expected to be present in the same
area as the HI cell’s dendritic fields occupy. There is a close parailel
between the cluster counts (dashed line) and the expected cone counts
with a 90% coincidence. B: Graph showing the number of dendritic
clusters going to cones in HIII cells dendritic fields with eccentricity. In
this case the coincidence is not as good as for the HI cells. HIII cells
contact only 70% of the expected cones in their dendritic fields. C: D
values of the three types of HC as plotted against eccentricity. At the
same eccentricities, the cone counts/mm?2 from Curcio et al. (1990) are
plotted. The regression lines for the HI and HIII cells are similar, with
correlation coefficients of 0.835 and 0.836, respectively, to the cone
distribution for a line between 4 and 22 mm from the fovea. The HII cell
regression line shows no correlation to the cone distribution (—0.18).
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not paralle] the slope of the cone density decline at all
(correlation of HII cells to cone density = —0.18; Fig. 11C).
This may be another indication that HII cells have a
different relationship with the cone mosaic than HI and
HIII cells. The latter cells may be more related to the
distributions of the G- and R-cones, which form the major
components of the cone mosaic (90%) and show a decline in
density with eccentricity, whereas the HII cells may be
related to a different cone mosaic that maintains a rela-
tively constant distribution density across the whole retina,
i.e., the B-cone mosaic (Ahnelt et al., 1987; Curcio et al.,
1990).

Why three types of HC in the human retina?

All the vertebrate animals with good color vision have
cone photoreceptors whose maximal sensitivity corre-
sponds to the three primary colors of light and an organiza-
tion at the first synaptic level of cone-selective, and thus
wavelength-selective, input to HCs. In these retinas, the
HCs can be classified into three types both on morphologi-
cal and physiological criteria (Svaetichin and MacNichol,
1958; MacNichol and Svaetichin, 1958; Spekreijse and
Norton, 1970; Miller et al., 1973; Fuortes and Simon, 1974;
Stell and Lightfoot, 1975; Leeper, 1978; Lipetz, 1978, 1985;
Djamgoz and Downing, 1988; Kamermans et al., 1991).
Models for the origin of color opponency that can be
detected in second- and third-order neurons of the retina
have been proposed in which a cascade of feedback and
feed-forward signals occurs in the different HC types. Such
models require three different HC types for creating red/
green antagonism and blue/yellow antagonism. The finding
of the new HIII type now adds the potential for this model
to apply to trichromatic primates.

In the two accompanying papers (Ahnelt and Kolb,
1994a,b), we present evidence to support the hypothesis
that the three types of HC in human retina have a
color-selective bias to their cone connectivity. Thus we have
been able to demonstrate that HII cells have a special
connectivity pattern with the B-cones, while HIII cells
avoid B-cones altogether. HI cells appear to contact all
spectral cone types but with minimal involvement with the
B-cones compared with the red and green cones. Although
we have some distance to go before we fully understand how
these different HCs might be generating color opponency at
the OPL in the primate retina, the presence of the three
separate units needed for the architecture of these path-
ways has at least now been demonstrated.
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