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Abstract

To determine the number of wide-field, monostratified ganglion cell classes present in the human retina, we
analyzed a large sample of ganglion cells by intracellular staining im aitro, whole-mount preparation of the

retina. Over 1000 cells were labeled by horseradish peroxidase or Neurobiotin; some 200 cells had wide dendritic
trees narrowly or broadly stratified within either the inner (ON) or outer (OFF) portion of the inner plexiform layer.
Based on dendritic-field size and the pattern and extent of dendritic branching, we have distinguished six wide-field
cell groups. The giant very sparse ganglion cells included both inner and outer stratifying cells and were unique
both for their extremely large dendritic field (mean diametet077 um) and extremely sparsely branched

dendrites. Four of the cell groups had similarly large dendritic fields, ranging in mean diameter from 737 to 791
wm, but differed in the pattern and extent of dendritic branching, with the number of dendritic branch points
ranging from a mean of 33 to 129. Of these four groups, the large very sparse group and the large dense group
included both inner and outer stratifying cells, while the large sparse and large moderate groups consisted of inner
stratifying cells only. The thorny monostratified ganglion cells were distinct from the other cells in having medium
size dendritic fields (mean diameter517 um) and moderately branched, inner stratifying dendritic trees with

many thin, spiny, twig-like branchlets. All six groups had medium-size cell bodies, with mean soma diameters
ranging from 17 to 2lum. Though the physiological properties and central projections of human wide-field,
monostratified ganglion cells are not known, some of the cells resemble macaque ganglion cells known to project to
the lateral geniculate nucleus, the pretectum, or the superior colliculus.
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Introduction number of ganglion cell types that project to the LGN and to

. _— midbrain targets. For example, Hendry and Yoshioka (1994) have
Since Cajal first demonstrated over 100 years ago that the Vertes, own that cells in the interlaminar zones of macaque LGN im-

brate retina contains a great morphological diversity of ganglionmunoreactive for type Il calmodulin-dependent kinase provide in-

cells (Ramon y Cajal, 1893), the number of fqnctlonally d'Stht,put to the cytochrome oxidase-rich blobs in primary visual cortex,
ganglion cell types has been the focus of continued study. In pri:

nd Rodieck and Watanabe (1993) retrogradely labelled a popula-
mate retina, the morphology, physiology, and central projections oﬁ ( ) g y pop

h ) | f i lls. th | and mid on of large-field, monostratified ganglion cells following tracer
the two major classes o gangfion Ccels, the parasol and mi ge|¥1jection into the parvocellular layers of macaque LGN. Retro-
cells, have been well studied (Boycott & Dowling, 1969; Lev-

) ) ; rade labelling following tracer injection into the superior collic-
enthal et al., 1981, 1993; Perry et_al.,_1984, Watanabe & Rodiec ilus and pretectum of macague monkeys (Leventhal et al., 1981;
1989; Dacey & Petersen, 1992; Silveira et al., 1994; Ghosh et al

' d I hird ‘ i I th ”'Perry & Cowey, 1984; Rodieck & Watanabe, 1993) has revealed a
1996; Yamada et al., 1996). A third type of ganglion cell, the smal diversity of large-field ganglion cell types that project to these

bistratified cell, has also been well characterized (Rodieck & Wa-regions of the midbrain.

tanabe, 1993; Dacey, 1993; Dacey & Lee, 1994; Ghosh et al,, Golgi studies of human retina (Kolb et al., 1992) have sug-

1996). .The parasol, midget, and small t.)'Strat'f'ed ggngllon .Ce"Sgested that there may be as many as 20 different types of ganglion
transmit luminance and color related signals to primary visual

ia the | | icul | LGN). Th h h cells subserving the various pathways of parallel processing in the
cortexwa_t e latera genicu ate nuc eus ( )- These three pat Visual system, yet to date there have been no quantitative studies
ways are important for visual perception (Dacey, 1994’_ 1996), Yeht the number of ganglion cell types. As a first step towards de-
it is now clear that they represent only a small fraction of thetermining the number of ganglion cell types in the human retina,

we are analyzing a large sample of ganglion cells intracellularly
Correspondence and reprint requests to: Dennis M. Dacey, DepartmelwIed with either horseradish peroxidase (HRP) or Neurobiotin

of Biological Structure, HSC G514, Box 357420, The University of Wash- (Dacey etal., 1991; Dacey & Petersen, 1992; Dacey, 1993; Peter-
ington, Seattle, WA 98195-7420, USA. son & Dacey, 1998). In the present study, we show that there are
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at least six distinct groups of wide-field, monostratified ganglionbody (total magnification, 1940) were made for each cell.
cells in human retina. Based on morphological comparisons wittDendritic-field area was determined by tracing a convex polygon
studies in macaque, we suggest that some of these cells may reground the perimeter of the traced dendritic tree and entering the
resent human correlates of wide-field, monostratified macaque gareutline into a computevia a graphics tablet. Dendritic-field di-
glion cells that project to the LGN, the pretectum, or the superiorameter was expressed as the diameter of a circle with the same area
colliculus. as that of the polygon. Similarly, cell body size was expressed in
terms of an equivalent diameter.
The extent of dendritic branching was quantified as “number of

Materials and methods branch points” by counting the terminations of the dendritic branches
of the cells in the camera-lucida tracings. Branch point counts were

In vitro intracellular injection and histology made by one individual and verified by a second individual prior

in the isolated retina to cell classification. Some of the cells were notable for the pres-

ence of many fine dendritic spines and twig-like branchlets, raising

jgc]fi(l)r;vtgfh:?ggzl k\:\; T,Zlek;;n;ugtrg\:ﬁ,ﬁr.;tggsiﬂgégtr(%caegg;agr,]:'ethe question of which dendritic processes should be counted as
branches. We used the criterion that a process must be greater than
tersen, 1992; Dacey, 1993). Human eyes-(46, age range 16—82 b 9

. ) 10 um in length to be counted as a dendritic branch. This criterion
years) were obtained 90-120 min after death from donors to the : . .

) . . . . Was based on our observation that in ganglion cells where there are
Lions Eye Bank at the University of Washington. In brief, the

. . L . no “branchlets” and where dendritic branches can be unambigu-
retina was dissected free of the sclera and choroid in (:ontlnuouslxusly distinguished from dendritic spines, the longest spines mea-
oxygenated culture medium (Ames, Sigma Chemical Co., St. LouisSured were very fine caliber processes @«'FW in length

II\|/|(I32 ri?cdropslsgeg U;:r:r;]s;waerzl:]f'ggtg:gggg %nnggf it;ge nga Dendritic stratification in the inner plexiform layer (IPL) was
g” maint 'npd"n the ch pn?b F fo18-10 h P 9 9 Getermined by taking measurements with reference to the ganglion
cefls maintained In the chambe R - o cell layer border and inner nuclear layer border at several locations
Ganglion cells were observed under episcopic illumination fol-. i, TN . S -
lowing in Vitro staini ith idi Int lular ini in the dendritic tree. Stratification is described as being in the inner
owing in vitro staining with acridin€ orange. Intraceliuiar INec- -, o haif of the IPL without a more precise determination of the
tions were made into fluorescing cells with electrodes filled with

Lucifer yellow (~2%: Aldrich Chemical, Milwaukee, W) in depth of stratification. The reason for this is that whereas shrinkage

. . . in the plane of the retina was minimal-2%), we estimate about
e sAiass: ) S0-70% Vercal Shnkage i o preparaons s o reul o
. o . e tissue processing. At the eccentricities of the cells in the present
(~4%; Sigma Chemical Co., St Louis, MO) or Neurobiotin4%; ue p ng It ' P

- ; : study, the thickness of the IPL ranged from abouytr@ near the
Vector Labs, Burlingame, CA). Lucifer yellow fluorescence in the midperiphery to about 4um in the far periphery, making it im-

ilbescérrogz af‘tf] gqcélg;r]nieoéazgzt'mofr'ﬁzrc?;108 (jg%agﬂ!%r;rcr'eélrsf};{:: ossible to measure with reasonable accuracy the exact depth of
veawl xcitation T N ’ IeT T Stratification with the 1um scale of the microscope’s fine focus

515 nm), permitting direct observation of the electrode tip as it
penetrated a cell. Successful penetration was confirmed by passing
Lucifer yellow into an impaled cell. Ganglion cells were then filled
with either rhodamine-conjugated HRP or Neurobiotin.
Following an experiment, retinas were fixed for 2-3 h in
phosphate-buffered fixative (2% glutaraldehyde, 2% paraformal- o )
dehyde, or 4% paraformaldehyde; 0.1 M, pH 7.4). Cells injecteddentification of ganglion cell groups
with rhodamine-conjugated HRP were revealed using diaminobenT.
zidine (DAB) as the chromogen. Retinas were incubated in th
DAB solution (0.1% in 0.1 M phosphate buffer, pH 7.4) for 5 min,
then HO, (0.003%) was added and the retinas further incubate(g
for 3—4 min. Retinas were rinsed in buffer, wholemounted on

. : o . S
gelatin-coated slides, air dried, then dehydrated in a graded alCOh?(tr dendritic-field diameter as a function of eccentricity along with

series, cleared in xylene, and coverslipped. . . .
T ’ . . _data on parasol and midget ganglion cells from a previous stud
Neurobiotin injected cells were revealed by HRP histochemis- b get gang b y

. e ; ) (Dacey & Petersen, 1992) for comparison. The wide-field cells
try using the Vector ABC protocol (Vector, Elite kit). Retinas fixed - . i
in 4% paraformaldehyde were placed in 0.5% tritonX-100 (0.1 Mformed a cluster distinct from the two other major classes of mono

phosphate buffer, pH 7.4) f@® h atroom temperature, then incu stratified ganglion cells. Nineteen of the wide-field cells had a
' ) ’ " distincti hol hat incl | hi h
bated in buffer containing the Vector avidin-biotin-HRP complex distinctive morphology that included axonal branching and short,

. . . . terminal axon collaterals as described in a previous report (Peter-
for 3 h. The retinas were rinsed in bufferfbh before performing P port (

. . . son & Dacey, 1998) and are not discussed here. The remaining 184
siandard HRP Nistochemistry using DAB s the. chromogen 2Rge-field cells differed somewhat in dendriic-field size but showed

a greater diversity in the extent and pattern of dendritic branching,
suggesting they represented multiple cell types. To unequivocally
determine the number of discrete types represented by the wide-
field cells, information as to their distribution in the ganglion cell
The location of every injected ganglion cell relative to the foveallayer and the mosaics they form would be necessary. This was not
center was recorded for each retina. A camera-lucida tracing of thpossible in the present study where only a few to at most a dozen
dendritic tree (total magnification, 48Q and an outline of the cell  cells were randomly filled in each of 29 retinas.

Results

he cells in this study came from a sample of over 1000 intracel-
qularly injected human retinal ganglion cells containing a diversity
f morphological types (Dacey et al., 1991). Within this larger
ample, we found a heterogeneous group of 203 wide-field, mono-
ratified ganglion cells. Fig. 1 shows the wide-field cells plotted

Data analysis
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Fig. 1. Dendritic-field diameters of wide-field, parasol, and midget ganglion cells of the human retina plotted as a function of distance
from the fovea. Wide-field cells formed a cluster distinct from the other two major classes of monostratified ganglion cells.

Given the limitations of the present study, our approach was teeach cell represented by a data point in three-dimensional space as
classify the wide-field cells into broad groups as determined bydetermined by its dendritic-field diameter, number of dendritic
measurable morphological characteristics and obvious differencasranch points, and eccentricity. The orientation of the plots in
in patterns of dendritic branching. We used scatter plots to analyz€igs. 3, 6, and 9 are similar and were chosen to allow the best view
the cells on the basis of dendritic-field size, number of dendriticof clustering in the branch point numbdendritic-field diameter
branches, and eccentricity (Fig. 2). The majority of cells wereand branch point nhumbgeccentricity planes. None of the plots
similar in dendritic-field size, though there was a scattering of cellscompensates for the asymmetric distribution of ganglion cells in
with larger and smaller dendritic fields (Fig. 2A). The cells showedthe retina. Our sample included cells from all four retinal quad-
a wide range in the extent of dendritic branching, with some cellrants, yet we found no marked differences in dendritic-field diam-
densities apparent in the lower and middle branch point rangeter or branch point number when nasal cells were plotted separate
(Fig. 2B). When dendritic-field size was plotted as a function of from the other cells (not shown).
branch point number (Fig. 2C), cell densities were more pro- Giant very sparse cells had exceptionally large dendritic trees
nounced and some patterns became clearer. For example, ce(Bigs. 3 and 4A) with a mean dendritic-field diameter several
with the largest dendritic fields tended to have the sparsest branchundreds of microns larger than any of the other groups (Table 1).
ing dendritic trees whereas cells with the smallest dendritic fieldsThe cells were the most sparsely branched of the wide-field cells
fell into a midrange for dendritic branching. When all three pa- (Fig. 3 and Table 1), with typically thick, somewhat spiny, straight-
rameters shown in Fig. 2 were plotted simultaneously in a threeprojecting dendrites (Figs. 4A and 5A). In seven of these very large
dimensional space, clear clustering became apparent and we fouélls, including the one shown in Fig. 4A, some of the dendrites
that 179 of the cells fell into six groups which we have termedthinned and faded at their tips, indicating incomplete fills. The
giant very sparse, large very sparse, large sparse, large moderateean dendritic-field diameter for this group, therefore, may be
large dense, and thorny monostratified. Three of the six groupsomewhat larger than our calculations. Giant very sparse cells had
were further divided into inner (ON) and outer (OFF) cells basedmedium-size cell bodies, as did all the cells in this study (Table 1),
on stratification in the IPL. Five of the cells shown in Fig. 2 did not and consisted of both inner and outer stratifying cells. Axons were
fit into any of these groups and were designated “others” as disthin (~2 wm) and usually originated from the soma (arrow in
cussed below. Fig. 4A) though the axons of a few cells appeared to originate from
a secondary dendrite (arrow in Fig. 5A). Giant very sparse cells
showed a trend towards increasing dendritic field size with in-
creasing eccentricity but no trend in branch point number or soma
The giant very sparse group formed a cluster of 10 cells in thesize with eccentricity (not shown).
three-dimensional scatter plot of Fig. 3. The two-dimensional plots  Although most of the cells in this study were filled with HRP,
of Figs. 2A, 2B, and 2C comprise the three planes of Fig. 3, witha small number of cells, including the cell in Fig. 5A, were filled

Giant very sparse cell group
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A 1600 with Neurobiotin. Because of its small size, Neurobiotin can show
mean = 757 + 191 um tracer coupling between cells of the same type (homotypic cou-
1400]. "a"9° =996~ 1408 um o e . pling) or of different types (heterotypic coupling) when such cells
z * are coupled through gap junctions. The arrowhead in Fig. 5A shows
2 1200} . the stained soma of an amacrine cell which appeared to be coupled
2 . . %o * . to this giant very sparse ganglion cell.
£ 1000
3
§ 8001 . Large very sparse, large sparse, large moderate,
o . . and large dense cell groups
E 600- . The large very sparse, large sparse, large moderate, and large dense
400L monostratified ganglion cells were similar in dendritic-field size
and soma size (Table 1). They differed in the extent of dendritic
branching, as shown in the scatter plots of Figs. 3 and 6, where the

200 1 | 1 1 1 1 1
4

6 8 10 12 14 16 18 20 cells formed four distinct clusters. The large sparse and large mod-
eccentricity (mm from fovea) erate cells are also shown in the plot of Fig. 9 for comparison with
B 180 the thorny monostratified ganglion cells described below.
160l 2ﬁ322?3,174 : Large very sparse cells formed_a clus_ter of 58 (_:ells (Fig. 3).
K They generally had somewhat thick, spiny dendrites that pro-
. 140F . ' . ' jected straight from the cell body with a simple branching pat-
fg 120l : ., . tern (Figs. 4B and 5B). There was some variability in the spiny
o . . o L.t appearance and thickness of the dendrites, and some dendrites
§ 100 Ler e .° of a few cells showed some retroflexive branching. Large very
:rc_z') g0l A T '-',".-. cole e sparse cells had thin axons-2 um) that originated either from
5 * <o e e, the soma (arrow in Fig. 5B), from a primary (arrow in Fig. 4B),
§ 60 ¢ PRI TN * ,""-,:. . PR or from a secondary dendrite. The large very sparse group con-
S sl ,'o. % PR . sisted of both inner and outer stratifying cells (Table 1). Of the
IR TR PSR PN SR eight Neurobiotin-filled cells in the large very sparse group, two
20r- L A . inner and one outer stratifying cell showed coupling to what
0 ‘ L ! . L ! s appeared to be a single type of small-bodied amacrine cell. Large
4 6 8 10 12 14 16 18 20

very sparse cells showed a trend towards increasing dendritic-

eccentricity (mm from fovea) field size with increasing eccentricity, but no trend in branch

C 1600 point number or soma size with eccentricity (not shown).
The large sparse group consisted of 27 inner stratifying cells
1400 oo ° (Figs. 3, 6, 9, and Table 1). No outer stratifying cells were seen in
B ‘ this group. The cells had a similar morphology with somewhat
= 1200 . thick and fairly spiny dendrites that projected in a simple, straight
2 L T . ¢ pattern from the soma (Figs. 7A and 8A). Axons were thin
§ 1000F 0.8 :-' r Lt * (~2 pm) and originated from the soma (arrows in Figs. 7A and
o AR T * 8A) or, in a few cases, from a primary dendrite. Large sparse cells
S 800F Lo %20 v, P& ° . ; ; o ; e ;
S £yt R 20 " “ showed an increase in dendritic-field size with increasing eccen-
% 600l j-}' A ‘% 0..-.-' . . M, tricity, but no change in either soma size or branch point number
g o i, Wie W e 0% with eccentricity (not shown).
s00L e Lo Large sparse and large very sparse cells were very similar in
e their simple, radiate pattern of dendritic branching (compare
200 . A s L | . L L Figs. 7A and 4B), making it sometimes difficult to differentiate the
0 20 40 60 80 100 120 140 160 180

cells in these two groups based solely on a subjective judgement of
their appearance. For example, a sparsely branching cell with a
Fig. 2. Scatter plots of 184 wide-field, monostratified ganglion cells. (A) 1arge dendritic tree will look more “sparse” than a smaller cell with
The majority of cells formed a single cluster when plotted for dendritic- the same number of branches. The large sparse and large very
field size as a function of eccentricity, with some scattering of cells with sparse groups differed primarily in the extent of dendritic branch-
larger and smaller dendritic fields. (B) Cells showed a wide range in theing, forming distinct, nonoverlapping clusters in the plot of Fig. 3.
extent of dendritic branching when plotted for branch point number versusA|so, the large very sparse group included both inner and outer
eccentricity. Some cell densities in the lower and middle ranges of bram'%tratifying cells whereas we found no outer stratifying cells in the
point number can be seen but there is no apparent clustering. (C) Whel'érge sparse group (Table 1).

plotted fo_r_ dendritic-field diameter as a function of branch point number, The large moderate group consisted of 48 inner stratifying cells.
cell densities were more pronounced and some patterns became more op-

vious. Note that cells with the largest dendritic fields tended to have the S V\,"th the large sparse Ce,”S' no outer stratifying cells were seen
sparsest branching dendritic trees and cells with the smallest dendritit! thiS group. The plots of Figs. 6 and 9 show large moderate cells
fields fell in the middle range for branch point number. Closed symtsyjs ( forming a discrete cluster that does not overlap the large sparse or
denote cells shown in the three-dimensional scatter plots of Figs. 3, 6, anrge dense cell groups. Large moderate cells had a similar den-
9. Open symbolsd) denote the five cells described in the text as “others.” dritic morphology as typified by the cell shown in Fig. 7B. Den-

number of branch points
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Fig. 3. Three-dimensional scatter plot of wide-field, monostratified ganglion cells plotted by dendritic branch point number as a
function of dendritic-field diameter and eccentricity. Cells formed nonoverlapping clusters. Large sparse and large very sparse cells
were similar in dendritic-field size but differed in the extent of dendritic branching. Giant very sparse cells had the largest and most
sparsely branched dendritic trees. Large sparse cells are also shown in the plots of Figs. 6 and 9.

Table 1. Wide-field monostratified ganglion cells of the human retina

Mean dendritic Mean soma Mean number of
Eccentricity range field diameter Range diameter Range  branch points
Cell group Sample size (mm from fovea) (um = s.0.) (pm) (um x£s.D.)  (um) (£s.p.) Range
Giant very sparse—inner 5 8.6-15.3 108@71.1 787-1404 12 2.7 16-22 18+ 2.9 13-20
Giant very sparse—outer 7.6-17.3 166227.1 781-1408 23 5.0 16-28 16+ 2.6 13-19
Total 10 7.6-17.3 107% 236.2 781-1408 2+ 45 16-28 1A27 13-20
Large very sparse—inner 44 6.4-18.0 7#5341.8 501-1129 26 3.5 13-29 35t 4.6 25-43
Large very sparse—outer 14 4.6-14.8 80760.3 517-1069 124.2 15-30 2% 4.3 25-42
Total 58 4.6-18.0 73% 150.4 501-1129 28 3.7 13-30 33:5.0 25-43
Large spars® 27 48-17.1 79% 1740  463-1062 18 3.6 13-28 56+ 4.9 48-64
Large moderate 48 4.9-15.5 74% 126.6  523-1034 18 2.7 13-26 84t 6.7 71-97
Large dense—inner 17 7.6-16.6 79384.3 567-1186 12 3.0 14-26 12 18.5 109-174
Large dense—outer 4 12.9-18.1 176.2 643-811 161.3 15-18 135-15.6 117-148
Total 21 7.6-18.1 77% 170.6 567-1186 1829 14-26 129-17.9 109-174
Thorny? 15 8.5-18.5 51%# 1127  356-674 1#22 15-21 70E12.5 54-88

aThese are inner stratifying cells only.
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L

200 pm

Fig. 4. Camera-lucida tracings of two HRP-filled wide-field, monostratified ganglion cells. Axons are indicated by arrows. (A) Outer
stratifying giant very sparse ganglion cell located in lower retina 7.6 mm from the fovea. The cell had a dendritic-field diameter of 989
nm, soma diameter of 2&m, and 19 branch points. (B) Inner stratifying large very sparse ganglion cell from lower retina, eccentricity
6.4 mm. Dendritic-field diameter was 7Q&m, soma diameter was 24m, and the cell had 33 branch points.

drites were spiny and initially somewhat thick but tapered overeither from the soma or from a primary dendrite (arrows in
their length and gave rise to thinner terminal branches that filled irFigs. 7B and 8B). Cells in the large moderate group showed a
the dendritic field more densely than the large sparse cells. Thslight trend towards increasing dendritic-field diameter with in-
photomicrograph of Fig. 8B is of the same cell shown in Fig. 7B.creasing eccentricity and no change in branch point number or
Large moderate cells had thin axons2 wm) that originated soma size with eccentricity (not shown).
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Fig. 5. Photomicrographs of Neurobiotin- and HRP-filled wide-field, monostratified ganglion cells. Axons are indicated by arrows.
(A) Inner stratifying giant very sparse ganglion cell from lower retina, eccentricity 12.9 mm. The cell had a large dendritic tree
(diameter= 1037 um) with only 20 branch points. Soma diameter wasu2id. Some glial cell processes near the cell body have been
stained. Arrowhead indicates the small soma of an amacrine cell coupled to this Neurobiotin-filled ganglion cell. (B) Outer stratifying
large very sparse ganglion cell from lower retina, eccentricity 14.8 mm. The cell had a dendritic-field diameter.oh 2% 42

branch points. The unusually large soma (diamet80 nm) is partially obscured by stained glial cell processes. Scale=haé®d um.
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Fig. 6. Three-dimensional scatter plot of wide-field, monostratified ganglion cells. The large dense, large moderate, and large sparse
cells formed three nonoverlapping clusters when plotted by dendritic branch point number as a function of dendritic-field diameter and
eccentricity. The large moderate and large sparse cells are also shown in the plot of Fig. 9.
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200 pm

Fig. 7. Camera-lucida tracings of three HRP-filled wide-field, monostratified ganglion cells. Axons are indicated by arrows. (A) Inner
stratifying large sparse ganglion cell from nasal retina, eccentricity 13.1 mm. This cell had a very large dendritic ttea Bi76
diameter with 54 branch points. Soma diameter wasu2®2 (B) Inner stratifying large moderate ganglion cell from upper retina,
eccentricity 7.1 mm. Soma diameter was A8, dendritic-field diameter was 759m, and the cell had 90 branch points. (C) Outer
stratifying large dense ganglion cell from lower retina, eccentricity 18.1 mm. Soma diameter was. Densely branching dendritic

tree was 733um in diameter with 148 branch points.
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The large dense cells formed a cluster of 21 cells (Fig. 6) andsoma (arrows in Figs. 7C and 8C) and in only a few cases from a
included both inner and outer stratifying cells (Table 1). The den-primary dendrite. As with all of the cell groups in this study, large
drites of these cells tended not to cross one another, giving dense cells showed a trend towards increasing dendritic-field size
maze-like appearance to the dendritic tree. The cell in Fig. 7C haavith increasing eccentricity but no trend in soma size with eccen-
the dense, maze-like appearance typical of these cells, though thetrécity (not shown). Unlike the cell groups discussed above, the
were a few crossing dendrites in one area of the dendritic tredarge dense cells showed a trend towards increasing branch point
Large dense cells had thin axons that typically originated from thenumber with increasing eccentricity (not shown).

Fig. 8. Photomicrographs of four HRP-filled monostratified ganglion cells. Arrows indicate axons. (A) Inner stratifying large sparse
ganglion cell from nasal retina, eccentricity 15.2 mm. Soma wagrh7n diameter. Dendritic tree was 7@6n in diameter with 50

branch points. (B) Inner stratifying large moderate ganglion cell from upper retina, eccentricity 7.1 mm. A tracing of this cell is shown
in Fig. 7B. (C) Inner stratifying large dense ganglion cell from upper retina, eccentricity 13.2 mm. Cell had 120 branch points and a
dendritic-field diameter of 75pm. Soma diameter was 18n. (D) Inner stratifying thorny monostratified ganglion cell from temporal
retina, eccentricity 10.3 mm. Medium-size dendritic tree was 46¥in diameter with 80 branch points. Soma diameter wag2il

Scale bars= 100 um.
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None of the cells in the large sparse, large moderate, or largen Fig. 10), or from a primary (arrow in Fig. 8D) or secondary
dense groups were filled with Neurobiotin so it was not possible todendrite.
determine if any of these cells were heterotypically or homotypi- None of the thorny monostratified cells were filled with Neuro-
cally coupled. biotin. The thorny cells showed a trend towards increasing dendritic-
field size and decreasing number of branch points with increasing
eccentricity (not shown). The decrease in branch points with ec-
centricity may reflect a difficulty in filling the finer processes of
A total of 15 cells had medium-size dendritic trees comparedarger cells.
to the large dendritic trees of cells in the other five groups
(Table 1). When plotted for branch point number, they over-
lapped the large sparse and large moderate cell clusters (Fig. 9).
All 15 cells were broadly inner stratified. The dendritic morphol- Five of the wide-field monostratified cells in our sample did not
ogy of these cells, which we have termed thorny monostratifiedfall into any of the six groups discussed above. One cell, located at
was also distinctly different from cells in the other five groups an eccentricity of 14 mm, was densely branched (104 branch points)
(Figs. 8D and 10). Thorny monostratified cells had thick, veryand had an extremely large dendritic tree 1389 in diameter.
spiny primary dendrites that gave off thin, spiny, secondaryThis was the only “giant” dense cell in the sample (not shown).
branches that in turn had many shorter, very fine, spiny, twig- Four cells had axons that branched within about A@9of the
like branchlets (Fig. 10 inset). The overall appearance was of @ell body. In two of the cells, both axon branches were in the optic
thorny tangle of branches (Fig. 10). The cells in the photomicro-fiber layer and ran towards the optic disk. In the other two cells,
graph of Fig. 8D and the tracing of Fig. 10 had the retroflexive only one axon branch projected towards the optic disk while the
branching pattern typical of cells in this group, though the thornyother branch appeared to run in the IPL. We have previously de-
appearance of the dendrites is not as apparent in the photomicrseribed a type of human retinal ganglion cell with intraretinal axon
graph. Thorny cells had medium size cell bodies (Table 1) withcollaterals that terminate in the IPL (Peterson & Dacey, 1998). The
thin axons -2 um) that originated either from the soma (arrow four cells with branching axons in the present study did not exhibit

Thorny monostratified ganglion cells

thers

120
— .
110 T
& - Large moderate
i { - Large sparse
100 @ - Thorny
) =
£ 90
o
o
5 @
g
S 80+ ?
ks
2
E 70 &
c
L]
60
50 | I oA ,,J,‘\ 1<
—T | —
T T 2
iy ‘ T g 4
300 T ‘ T 8
#0500 600 708\E\ﬁ‘\"\‘\ e r14 12 10&(0“"‘0\163\
900 4000 T T 16 G
dendritic field diamete, (um) 100 1200 4300 ! e ¢

Fig. 9. Three-dimensional scatter plot of wide-field, monostratified ganglion cells. Cells were plotted by number of branch points as
a function of dendritic-field diameter and eccentricity. The large sparse and large moderate cells formed clusters distinct from each
other. Thorny cells had smaller dendritic fields and overlapped the large sparse and large moderate cells in the number of dendritic
branch points.
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Fig. 10.Camera-lucida tracing of an HRP-filled thorny monostratified ganglion cell from temporal retina, eccentricity 12.2 mm. Arrow
indicates axon. Soma diameter was dm, dendritic-field diameter was 424m, and the cell had 85 branch points. Arrowhead shows
area magnified in the inset to illustrate the thin, spiny branches with short, twig-like branchlets typical of these cells.

the short, thin, varicose terminal collaterals that were a distinctivevhether each group of wide-field cells represents a single mor-
characteristic of the axon collateral-bearing cells in our previougphological type or includes several morphologically similar types.
study. They are similar, however, in dendritic-field size, soma sizeCells in each of the six groups appeared to be fairly homogeneous,
and number of dendritic branches. It is always possible that thesthough there was some variability within groups. The large very
four cells had terminal collaterals that simply failed to stain. On thesparse cells in particular showed differences in the thickness and
other hand, the retina may contain another ganglion cell type ospiny appearance of the dendrites and may possibly represent more
types with branching axons. It is not possible to determine whichthan one cell type. On the other hand, the thorny monostratified
explanation may account for the ganglion cells with branchingcells were remarkably similar, suggesting that they may represent
axons in the present study based on a sample size of only four celts single type of cell.

and without an understanding of their retinal connections or central Cells similar to those of the present study have been seen in
projections. Golgi preparations of human retina (Kolb et al., 1992) and in
retrograde labeling studies in macaque following tracer injection
into midbrain nuclei and the LGN (Leventhal et al., 1981; Perry &
Cowey, 1984; Rodieck & Watanabe, 1993). Although these previ-
ous studies lacked information on the cell mosaics and could not
unequivocally determine specific cell types, the similarities be-
As mentioned above, the wide-field, monostratified cells in thetween cells of the present study and those described using different
present study came from a larger sample of some 1000 intracefetinal preparations and experimental approaches allow us to draw
lularly injected human retinal ganglion cells. Though ganglion some tentative conclusions as to the possible types of wide-field,
cells were targeted for filling in a random manner, there was anonostratified ganglion cells present in the primate retina.
sampling bias towards cells with medium-to-large cell bodies. It is

not possible, therefore, to estimate the percentage of human reting| . . . .

ganglion cells represented by wide-field monostratified cells base?omparlson to Golgi studies of human retina

on the present study. Kolb et al. (1992), using a Golgi preparation of human retina,
described two very sparsely branched, inner stratifying ganglion
cells with large dendritic fields. Though the cells appeared some-
what similar, the authors thought it likely they represented two
We classified the wide-field, monostratified ganglion cells of the different cell types since one of the cells was more sparsely branched
present study into six groups based on measurable morphologicahd had a larger though incompletely impregnated dendritic tree.
characteristics. The six groups are shown together in Fig. 11, whickVe also found two groups of very sparsely branched cells with one
summarizes the human monostratified ganglion cells describedroup having more sparsely branched and considerably larger den-
here and in previous studies (Dacey & Petersen, 1992; Peterson éritic trees (Figs. 3 and 4). It seems likely that the larger, more
Dacey, 1998) and illustrates the differences in dendritic-field sizesparsely branched cell described by Kolb et al. and the giant very
and morphology between midget, parasol, and wide-field cells. Iisparse cells of the present study may represent the same cell type,
is not possible, based on the present study, to say conclusivelgnd that the other sparsely branched cell with a smaller dendritic

Discussion

General remarks

Classification
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Fig. 11. Comparison of dendritic-field size of HRP-filled midget, parasol, and wide-field monostratified ganglion cells of the human retina. Numbers next

to the cells are distances (in mm) from the fovea. The giant very sparse, large very sparse, large moderate, large dense, and thorny cells, are the same a
shown in Figs. 4, 7, and 10. The large sparse cell is another example from this group and had a dendritic-field diamejenotitie to the mean field

size for large sparse cells. Axon collateral-bearing cells have been described previously (Peterson & Dacey, 1998) and one is shown heredor comparis

with the other wide-field cells.
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tree described by Kolb et al. may be the same cell type as cells idendritic branching and in dendritic-field size. Rodieck and Wa-
the large very sparse cell group described here. In the same studgnabe expressed some doubt that this second type actually pro-
Kolb et al. also described a type of inner stratifying ganglion celljected to the pretectum and thought the cells might have been labeled
with a medium-size dendritic tree that had many fine and spinyfrom injected fibers passing through the brachium to the superior
retroflexive dendrites. The Golgi-stained cell was strikingly simi- colliculus. In an on-going study in our lab of retrogradely labeled
lar to the thorny monostratified cells in the present study, suggestganglion cells, we have confirmed Rodieck’s and Watanabe'’s find-
ing that it may be an example of the same cell type. ing of two types of wide-field, sparsely branched, monostratified gan-
glion cells projecting to the pretectum in macague monkeys. Our
preliminary results (unpublished) included cells that were morpho-
logically very similar to Rodieck’s and Watanabe’s second type of
Leventhal et al. (1981) identified several classes of ganglion cellpretectum-projecting monkey cell and to the human large sparse cells.
that were retrogradely labeled following HRP injections into the pre-We also labeled very sparsely branched macaque cells with large den-
tectum and superior colliculus of macaque monkeys. The labeledritic trees that closely resembled Rodieck’s and Watanabe’s PT-
cells appeared to have large, sparsely branched dendritic trees, thougparse cells and the human giant very sparse cells.

the authors noted that some of the finer dendrites were not com- In summary, morphological similarities between human and ma-
pletely filled. Perry and Cowey (1984) also used HRP injections intocaque cells suggest that the giant very sparse and large sparse groups
the superior colliculus and pretectum of macaque monkeys to retmay represent human correlates of macaque cells shown to project
rogradely label ganglion cells and found that a heterogeneous group the pretectum, while the large dense cells may be the human equiv-
of cells with small- to medium-size cell bodies projects to the mid-alent of macaque cells that project to the superior colliculus.

brain. Though many of the cells in their study were also only par-

tially filled, the majority appeared to have large, sparsely branched

dendritic trees. More recently, Rodieck and Watanabe (1993) usedomparison to LGN-projecting macaque monkey cells

intracellular |nje?t||c|m qf HREto_flll ga}ngnohn cells labeled W(Ijthl'flu- In another study of retrogradely labeled macaque ganglion cells,
orescent tracer following injections into the pretectum and the S”Perry et al. (1984) concluded that the vast majority of cells pro-

perior colliculus of macaque monkeys. Like Leventhal et al. and-tecting to the magnocellular layers of the LGN weke 6t parasol

Perry and C°"_Vey' their _results ShOV.VEd that a r!“mb_er of dl_f'fere,n ells while the majority of parvocellular-projecting cells werg P

types of Iarge-ﬂ’eld ganglion cells Projeet to the m|dbr§|n. Rodieck Sor midget ganglion cells, and that the occurrence of other cell types
and Watanabe'g sample of well-filled ga}ngllon.cellls |ncludeq SeV'projecting to these regions was very rare. Their conclusions, how-
eral monostratified cell types morphologically similar to cells in the ever, were based largely on soma size since their method of ret-

present study”anfd art(aj discussed belor:/v. _ leul rogradely filling ganglion cells with HRP injected into the LGN

_ Among cells found to project to the superior colliculus, Ro- (¢ faijed to reveal the dendritic morphology of labeled cells. It
dieck and Watanabe described a group of large-field gangllon cellf1aS now been shown that a greater diversity of ganglion cell types
they termed maze cells and considered to rgpresent a snngle_ typ tojects to the LGN in primates (Rodieck & Watanabe, 1993) and
The maze cells had densely branched dendritic trees very similar @9+ 5 tirq geniculocortical pathway transmits color information to
the human large dense cells described here (Fig. 7C). The dendrltlgisual cortexvia the interlaminar zones of the LGN (Hubel &

fufeld diameters of hurlTanIDIar%e_c_ierf]_Stladcde_lls were rofughly twice th ivingstone, 1990; Hendry & Yoshioka, 1994; Martin et al., 1997).
of macaque maze cells. Dendritic-field diameters of human parasol | "y study of midbrain-projecting cells discussed above,

anq small bistratified ganglion cells, however, are also larger tharl‘-?odieck and Watanabe (1993) also labeled ganglion cells follow-
their monkey counterparts (Dacey & Petersen, 1992; Dacey, 1993?ng fluorescent tracer injection into the parvocellular layers of the

Despitt_e differences in dendritic-field size, the strikingly similar | =\ -4 \vere able to recover the full dendritic morphology of a
melllze-llke morp:ologr;]y of hulrlnan Iarge ﬂensel and macaque Ma3&rge number of cells. Though most of the labeled cells were
ce ; s§ggsstsé 3\t/t esebcel sbmlaﬁ € homo ogofuls. Imidget ganglion cells, Rodieck and Watanabe also described a
odieck an at_a_na € labele two types_, ot 1arge, sparsely;siatified cell type and a type of large, monostratified ganglion
_branched, monostratified ganglu_)n cells following tracer INjection oo The monostratified cells, which they termed parvocellular
into the pretectum. Qne type, which they termgd PT-sparse, closel iant, are remarkably similar to the human large moderate cells
resembled human glgnt Very sparse cells (F,',g' ,4A) in the exten Fig. 7B) in the extent and pattern of dendritic branching, and also
and pattern of dendritic branching. The_de_ndr_ltlc _flelds of Macaque, e similar in dendritic-field size and soma size, suggesting these
PT-sparse cells, however, were more similar in size to human l"’_‘rg%ay be equivalent cell types. Rodieck and Watanabe thought it
very sparse cells. As noted above, some ganglion cell types dlf'fe|5ossible that the sparse population of macaque parvocellular giant

in dendritic-field diameter in human and monkey retina. Though |tﬁ§”S may project to the interlaminar zones between the parvocel-
|

cannot be assumed that a difference in size betwgen human a ar layers of the LGN, though a precise determination of the
monke¥ gells_ W(_JUId hold trug_ for all tVPeS of ganglion cells, the target sites of parvocellular giant cells could not be made from the
c[ose similarity in the dendritic branching pattern of the human'n'ection site. Further studies of the morphology and physiology of
giant very sparse cells and macaque PT-sparse cells suggests t caque parvocellular giant cells are needed to determine their

;heyd r_n_ayf_ b@ e_quwalent cell types and that the_ d_|f'fere£cles Munctional role in visual perception and whether they make any
endritic-field size may represent a species variation. A larger. b tion to color pathways.

sample of wide-field, monostratified macaque cells would help to
determine whether monkey retina contains ganglion cells similar
to both the human giant very sparse and large very sparse cellsAcknowledgments
The other type of pretectum-projecting monostratified gangllonSpecial thanks to Kim Allen of the Lions Eye Bank, Toni Haun, and Keith

cell described by ROdiECk_and Wgtanabe was very similar to the hugoro for technical help. This work was supported by PHS Grant EY07031
man large sparse cells (Fig. 7A) in both the number and pattern odnd by NIH Grant EY06678.
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