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Abstract

To study the detailed morphology of human retinal ganglion cells, we used intracellular injection of horseradish
peroxidase and Neurobiotin to label over 1000 cells irrawitro, wholemount preparation of the human retina.

This study reports on the morphology of 119 wide-field bistratified and 42 diffuse ganglion cells. Cells were
analyzed quantitatively on the basis of dendritic-field size, soma size, and the extent of dendritic branching.
Bistratified cells were similar in dendritic-field diameter (mears.n. = 682 + 130 um) and soma diameter

(mean= s.p. = 18 £+ 3.3 um) but showed a broad distribution in the extent of dendritic branching (mean.

branch point number 67 + 32; range= 15-167). Differences in the extent of branching and in dendritic
morphology and the pattern of branching suggest that the human retina may contain at least three types of
wide-field bistratified cells. Diffuse ganglion cells comprised a largely homogeneous group whose dendrites
ramified throughout the inner plexiform layer. The diffuse cells had similar dendritic-field diameters @nean=
486 + 113 um), soma diameters (means.n. = 16 + 2.3 um), and branch points numbers (mears.n. = 92 +

32). The majority had densely branched dendritic trees and thin, very spiny dendrites with many short, fine,
twig-like thorny processes. Five of the diffuse cells had much more sparsely branched dendritiecG@dsgnch
points) and less spiny dendrites, suggesting that there are possibly two types of diffuse ganglion cells in human
retina. Although the presence of a diversity of large bistratified and diffuse ganglion cells has been observed in a
variety of mammalian retinas, little is known about the number of cell types, their physiological properties, or their
central projections. Some of the human wide-field bistratified cells in the present study, however, show
morphological similarities to monkey large bistratified cells that are known to project to the superior colliculus.
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Introduction characterized (Dacey, 1983Dacey & Lee, 1994; Ghosh et al.,
. o . . . . . 1996). Although no direction-selective ganglion cells have yet been
Bistratified ganglion cells in mammalian retina project to the lat-: e . . . .
. . . identified in primate retina, Kolb et al. (1992), in their Golgi study

eral geniculate nucleus (LGN) and midbrain targets, and are known : - ) P4 )

; : L of human retina, reported finding a bistratified ganglion cell that
to mediate such functions as color opponency and direction selec- . - o= .
. . . ; : was morphologically similar to the ON-OFF direction-selective
tivity. In rabbit retina, the detailed morphology and physiology of anglion cells described in rabbit retina. In monkey retina, Ro
ON-OFF direction-selective bistratified ganglion cells has beerpa 9 ) Y '

well described (Barlow et al., 1964; Oyster & Barlow, 1967; Amthor g::fr;i?igg \é\gtsa?r?;e S’ge ?:?)todfhsgZzeir%rdé\;%zslugs@zgﬂz; Iairsge
et al., 1984, 1988 Famiglietti, 1992: Yang & Masland, 1992; proj P ' 9

' - . known about the physiological properties of these cells.
Oyster et al., 1993; Vaney, 1994). In cat retina, while several types Diffuse ganglion cells have been observed in dog (Ramon y

of bistratified ganglion cells have been morphologically and phyS'CajaI, 1892), cat (Pu et al., 1994: O'Brien et al., 1999), monkey

e o e 1 ey (Pak, 104 Rodec & Vianabe, 1980 chimpanes (Pobak
Y. 1941), and human (Kolb et al., 1992) retina. These studies suggest

projections are not known. In primate retina, a diversity of bistrat- . . -
o . . . . . that there may be at least three types of diffuse ganglion cells in
ffied ganglion cells has been described in Golgi studies of humar#nammalian retina, yet there have been no quantitative studies of
retina (Kolb et al., 1992) and in retrograde labeling studies of Y q

macaque retina (Rodieck & Watanabe, 1993), yet only the smaIEhe morphology .Of diffuse cells anq I|tt!e 'S known. of their phys-
bistratified, or blue-ON color-opponent cell type has been Welllologlcal properties and central projections. As a first step toward
' characterizing both wide-field bistratified and diffuse ganglion cell
types in human retina, we have quantitatively analyzed a large
Address correspondence and reprint requests to: Dennis M. Dace?ampl,e, OT 161, Intracellulz?lrly stained ganglion cellslpased on
Department of Biological Structure, Box 357420, The University of Wash- dendritic-field size, soma size, and the extent of dendritic branch-
ington, Seattle, WA 98195-7420, USA. ing. Our findings suggest that the human retina may contain at
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least three types of bistratified cells beyond the small bistratifiedDendritic-field area was determined by tracing a convex polygon
cell, and possibly two types of diffuse ganglion cells. Morpholog- around the perimeter of the traced dendritic tree and entering the
ical comparison of the wide-field bistratified cells of the presentoutline into a computevia a graphics tablet. Dendritic-field di-
study with retrogradely labeled monkey ganglion cells suggestameter was expressed as the diameter of a circle with the same area
that some of the human wide-field bistratified cells may represents that of the polygon. Similarly, cell body size was expressed in
correlates of monkey large bistratified cells known to project to theterms of an equivalent diameter.
superior colliculus. The extent of dendritic branching was quantified as “number of
branch points” by counting the terminal tips of the dendritic branches
of the cells in the camera-lucida tracings. Total dendritic branch

Materials and methods points were counted for each cell independently by two observers.
For cells exhibiting many fine dendritic spines and twig-like branch-
In vitro intracellular injection and histology lets, only processes greater than/A® in length were counted as

branches. This was based on our observation that for ganglion cells

We have previously described the vitro retinal whole-mount where dendritic branches can be unambiguously distinguished from

preparation and intracellular injection technique (Dacey & Pe-d - . - )
endritic spines, the longest spines measured were (8#7in

tersen, 1992; Dacey, 1988 Human eyesr( = 46, age range length P 9 P

16-82 years) were obtained 90120 min after death from donors Dendritic stratification in the inner plexiform layer (IPL) was

to the Lions Eye Bank at the University of Washington. Retlnalsdetermined by taking measurements with reference to the ganglion

were dissected free of the sclera and choroid in continuously Xzl layer/IPL border and the inner nuclear layéPL border at

ygenated culture medium (Ames, Sigma Chemical Co., St. I‘Owsmultiple locations in the dendritic tree. In our preparation, shrink-

MO) and placed flat in a superfusion chamber on the stage of %\ge in the plane of the retina was minimal3%), but we estimate

light microscope. There was no apparent deterioration in the mor- . . . .
o . about a 60—70% vertical shrinkage as a result of tissue processing.
phology of cells maintained in the chamber feB-10 h. y g P g

- . L o At the eccentricities of the cells in the present study, the thickness
Ganglion cells were observed under episcopic illumination fol- ; .
oY - X . L of the IPL ranged from about@m near the mid periphery to about
lowing in vitro staining with acridine orange. Intracellular injec-

. . . . . "4 um in the far periphery. While it was possible to determine if a
tions were made into fluorescing cells with electrodes filled with e g :

. i . : . f th ter half of the IPL, it t
Lucifer yellow (~2%; Aldrich Chemical, Milwaukee, WI) in process ramified in the inner or outer half of the 't was no

. . . possible to measure with reasonable accuracy the exact depth of
20 mM, pH 7.0 MOPS buﬁgr (Sigma Chemlcgl Co., St I.‘OU'S’ MO) tratification with the 1xm scale of the microscope’s fine focus
and either rhodamine-conjugated horseradish peroxidase (HR %hob
(~4%; Sigma Chemical Co., St Louis, MO) or Neurobiotin4%; '
Vector Labs, Burlingame, CA). Lucifer yellow fluorescence in the
electrode and acridine orange fluorescence of ganglion cells werBesults
observed with the same excitation filter (410—490 nm; barrier
filter 515 nm), permitting direct observation of the electrode tip asCell identification
it penetrated a cell. Successful penetration was confirmed by pas

ing Lucifer yellow into an impaled cell, Ganglion cells were then This study includes a sample of 119 wide-field bistratified and 42

. o . . . diffuse ganglion cells derived from a larger sample of over 1000
ﬁ”elg \l';"th.elther rhodamlne-cl?onjligated HRPfgr I;e:rot;otén.h . intracellularly filled human ganglion cells representing a diversity
orowing an expenment, retinas were fixed for - N of morphological cell types (Dacey et al., 1991). Cells classified as

phosphate-buffered fixative (2% glutaraldehyde, 2% paraformal-_. o ; . :
X - istratified had dendrites that formed two arbors discretely strati-
dehyde or 4% paraformaldehyde; 0.1 M, pH 7.4). Cells mmctedﬁed in both the inner and outer portions of the IPL. The wide-field

with rhodamine-conjugated HRP were revealed using dlam'nOber'Bistratified ganglion cells of the present study were distinguished

Si'ge (lD'tA.‘B) %sl(t;e_ CSTTAOg:n' I;e:mzsﬁwereJn;zb?te(; n th%rom the previously described small bistratified ganglion cell type
solution (0.1 in 0.1 M phosphate buffer, pH 7.4) for Smin, ;e *199a) by the size of the dendritic field. This distinction

then HO, .(0'003%) was addgd anq the retinas further incubate an be seen in Fig. 1, where the dendritic-field diameters of wide-
forl St'_4 mltn.dR(le_(tjlnas \.Nzr? (rjlntshed '3 Eu(l;fert. \:jvhole m%undtecli oﬂfifeld bistratified and small bistratified ganglion cells are plotted as
gelatin C?a € ds'l esi ar rled, en f_ Y ;Ia edin a graded aiconQisnction of eccentricity. Cells classified as wide-field bistratified

senes, cleared In xylene, and coversipped. formed a cluster distinct from the small bistratified cell type.

¢ Ne.urotbhloty -|r:Jeci:\e|:3dCcellst we:e\r/evtealeéjllt)yklj:RFéht|§tocr;g més' The 42 ganglion cells classified as diffuse had dendritic arbors
ry using the vector protocol (Vector, Elite kit). Retinas fixe that appeared to course throughout the IPL. The dendritic fields of

N . of Tri
mh4/° Ea:aftc;rr;alde:ygivrgehpli\ced |nt0.5A>Trt|tonXt#OO _(0‘1 Mthese cells were also quite large but were in general somewhat
phosphate buffer, pH 7.4) f® h atroom temperature, then incu- oo y01 than the wide-field bistratified cells (Fig. 2). The dendritic

;)at:dhlr]rﬁuffe;_ contammg_ thec;/chorﬁaV|f(i;r;]-b|0(tjln-HRP co(rjnfplex morphology of diffuse ganglion cells was also distinct from the
or 5. 1he retinas were rinsed in butter and processeaior - i4e field bistratified cells, as described below.

HRP histochemistry using DAB as the chromogen as described
above.
Wide-field bistratified ganglion cells

The wide-field bistratified ganglion cells were all similar in dendritic-
field size. They form a single cluster in the scatter plot of Fig. 3a,
The location of every injected ganglion cell relative to the fovealwhere dendritic-field diameter (means.n. = 682+ 130 um) has
center was recorded for each retina. A camera-lucida tracing of thbeen plotted as a function of eccentricity. The cells were also
dendritic tree (total magnification, 480 and an outline of the cell  similar in that they had medium size somas (measip. = 18 +
body (total magnification, 1940) were made for each cell. 3.3um), asillustrated in the plot of Fig. 3b. When the total number

Data analysis
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eccentricity (mm from fovea)

field diametews.eccentricity. All cells had large dendritic fields though the

their clear bistratification. The photomicrograph of Fig. 5a shows
another example of a wide-field bistratified cell with a sparse

Fig. 2. Wide-field bistratified and diffuse ganglion cells plotted by dendritic- dendritic tree_ a_'nd a simple, radif"‘te p_a_ttem of branching.
The remaining 70% of the bistratified cells had thinner den-

bistratified cells on the whole were somewhat larger than the diffuse gandrites and a more complex, retroflexive, overlapping pattern of

glion cells.

branching, as illustrated in the cell tracings of Figs. 4b and 4c.
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FIGURE 4
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Fig. 5. Photomicrographs of four wide-field bistratified ganglion cells. Arrows indicate axons. Scale-t&#rgm. (a—c) HRP-filled

cells. (a) This cell, located 12.6 mm from the fovea in temporal retina, had thick, slightly spiny dendrites and a simple, radiate pattern
of branching similar to the cell shown in Fig. 4a. The sparsely branched (branch goddsdendritic tree was 832m in diameter

and the cell had a soma diameter of 2. Focus is on the inner dendritic arbor. (b) Another example of a very densely branched
(branch points= 120) cell similar to the cell of Fig. 4b, located 6.5 mm from the fovea in superior retina. Focus is on the outer dendritic
arbor. The cell had a dendritic-field diameter of 46t and a soma diameter of 2dm. (c) Moderately branched (branch poirts

75) cell located in inferior retina 9.3 mm from the fovea. Dendritic morphology is similar to the cell of Fig. 4c, with thin, spiny,
retroflexive and overlapping dendrites. Dendritic-field diameter wasG84soma diameter was Jum. Focus is on the outer dendritic

arbor. (d) Neurobiotin-filled cell located 14.7 mm from the fovea in superior retina. Focus is on the outer dendritic arbor. This
moderately branched (branch poirts66) cell had a dendritic-field diameter of 1080n and a soma 1Zm in diameter, and was

similar in dendritic morphology and branching pattern to the cells of Figs. 4c and 5c. The cell showed extensive tracer coupling to a
large number of amacrine cells of diverse morphology (arrowheads).

Fig. 4. Camera-lucida tracings of three HRP-filled wide-field bistratified ganglion cells illustrating the morphological diversity of
the cells in this group. Axons are indicated by arrows. (a) Sparsely branched (branch=pd&@8jscell with thick, slightly spiny
dendrites and a simple, radiate pattern of branching. The cell had a dendritic-field diameter pfim618 soma diameter of

24 um, and was located in inferior retina 7.4 mm from the fovea. (b) Densely branched (branch pali28) cell located in
superior retina 9.0 mm from the fovea. The cell had a soma diameter gfni4nd a dendritic-field diameter of 533m, with
smooth dendrites and a retroflexive and overlapping pattern of branching. (c) Moderately branched (branch péjntell from
superior retina located 12.4 mm from the fovea. The spiny, overlapping dendrites formed a dendritic tremn 781diameter.
Soma diameter was 1jm.
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There were also differences in the depth of stratification among
the wide-field bistratified cells. For example, about ten cells with
a morphology similar to the cell shown in Fig. 4a had inner den-
drites that appeared more broadly stratified compared to the outer
dendrites which were narrowly stratified close to the border of the
inner nuclear layer. However, this was also true of two cells with
a morphology similar to the cell of Fig. 4c. On the other hand,
several cells similar to the cell of Fig. 4a formed inner and outer
dendritic arbors that appeared to straddle the middle of the IPL.
Due to the degree of vertical shrinkage in our tissue, no attempt
was made to precisely quantify this apparent diversity in the level
of stratification of the two arbors. These differences, however, do
point to the possibility of a larger representation of cell types in our
sample than is suggested from the more obvious morphological
differences illustrated in Figs. 4 and 5.

Although many of the wide-field bistratified cells had inner and
outer dendritic arbors that were coextensive and similar in size, for
more than half of the cells this was not the case. The disparity in
the size of the inner and outer arbors ranged from cells that were
only weakly or partially bistratified—where the majority of the
dendritic tree ramified in one portion of the IPL while only a few
dendrites, or segments of dendrites, ramified in the other portion—to
cells that were strongly bistratified yet had one arbor that was
larger or more dense than the other. No relationship between full
versuspartial bistratification and cells exhibiting morphological
differences as illustrated in Fig. 4 could be detected. Partial bi-
stratification has been observed in other mammalian retinas and
will be discussed in more detail below.

The cell shown in the photomicrograph of Fig. 5d was the only
wide-field bistratified cell filled with Neurobiotin, a small molecular-
weight tracer that, unlike HRP, can be used to show tracer coupling
when cells of the same type (homotypic) or different types (het-
erotypic) are coupled through gap junctions (Vaney, 1991). The
cell in Fig. 5d had a moderately branched, retroflexive dendritic
tree similar to the cells shown in Figs. 4c and 5c, and appeared to
be heterotypically tracer coupled to a diverse population of ama-
crine cells (arrowheads in Fig. 5d). All tracer-coupled cells had
small somas located in the inner nuclear layer. Although the cou-
pled cells were lightly and incompletely filled, they appeared to
comprise possibly three types of amacrine cells: somewhat sparsely
branched inner stratifying cells (far left, Fig. 5d), more densely
branched outer stratifying cells (topmost cell, Fig. 5d), and smaller
cells with only the soma lightly stained (upper right, Fig. 5d). No
homotypic tracer coupling or heterotypic coupling to other gan-
glion cell types was observed.

iffuse ganglion cells

dritic branching was apparent (c), the small sample of five cells with fewer . . . .
than 50 branch points all shared the same morphology as the cell shown fOr'ty-two of the wide-field ganglion cells had dendrites that ram-

Figs. 7b and 8b.

ified throughout both the inner and outer portions of the IPL. The
group was homogeneous in dendritic-field size (Fig. 6a), with a
mean dendritic-field diameter (meah s.p. = 486 £113 um)
about 200um smaller than the wide-field bistratified cells. Like
the wide-field bistratified cells, these cells had medium size somas

Most of these cells had spiny dendrites (Fig. 4c) although a few(mean= s.n. = 16 + 2.3 um) (Fig. 6b). The diffuse cells appeared
had relatively smooth, nearly spine-free dendrites (Fig. 4b). Theréo be composed of both densely branched and sparsely branched
was great variability, however, in the extent of dendritic branchingcells that differed in dendritic morphology. The scatter plot of
among these cells, ranging from very densely branched (Figs. 4Big. 6¢ plots branch point number as a function of eccentricity.
and 5b) to moderately branched (Figs. 4c and 5c), although a few\lthough no clear clustering based on the extent of dendritic branch-
spiny and retroflexively branched cells had dendritic trees as sparselng was observed, the small sample of five cells with fewer than 50
branched as the cell in Fig. 4a.

branch points shared the same morphology as the cell shown in
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Fig. 7b, while the remaining 37 cells were all similar in dendritic presence of many very fine caliber, twig-like thorny branchlets

morphology to the cell shown in Fig. 7a. (inset, Fig. 7a) that both ascended and descended to terminate
The dendritic morphology of the majority of diffuse ganglion throughout the IPL. The photomicrograph of Fig. 8a shows another

cellsis illustrated by the camera-lucida tracing of the cell in Fig. 7a.example of these “thorny” diffuse ganglion cells.

The cell had a very densely branched dendritic tree with somewhat A camera-lucida tracing of one of the five sparsely branched

thin, very spiny dendrites. These cells were remarkable for thaliffuse cells is shown in Fig. 7b. The same cell is also shown in the

25 pym ‘ W\}\‘Mj
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Fig. 7.Camera-lucida tracings of two HRP-filled diffuse wide-field ganglion cells. Axons are indicated by arrows. (a) Located 13.2 mm
from the fovea in superior retina, this cell had a densely branched (branch ali®3) dendritic tree with thin, very spiny dendrites.
Dendritic-field diameter was 536m; soma diameter was L6m. The arrowhead indicates a section of the dendritic tree shown in an
enlarged view in the inset to illustrate the short, thin, twig-like thorny processes. (b) A sparsely branched diffuse cell from nasal retina
16.1 mm from the fovea. The cell had 43 branch points and a dendritic-field diameter @fr69%oma diameter was 1dm. This

cell is also shown in the photomicrograph of Fig. 8b.
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Fig. 8. Photomicrographs of wide-field diffuse ganglion cells. Arrows indicate axons. Scale=t&03.m. (a) Another example of a
“thorny” diffuse ganglion cell similar to the cell shown in Fig. 7a, located 5.3 mm from the fovea in inferior retina. This more centrally
located cell had a dendritic-field diameter of 2j2vh and a soma diameter of 16m. (b) Same cell as shown in Fig. 7b.

photomicrograph of Fig. 8b. These cells also had thin, spiny deneells as one group while noting the differences represented within
drites, though the dendrites were not as spiny as the more denselye group.

branched cells represented by the tracing of Fig. 7a. The sparsely

branched diffuse cells also had very thin, spiny, short termina'(:omparisons with other studies

processes that ascended and descended throughout the IPL but,

again, these were less common than in the densely branched dif- gisiratified ganglion cells

fuse cells. Rodieck and Watanabe (1993) intracellularly injected HRP into
monkey retinal ganglion cells labeled with fluorescent tracer fol-
lowing injections into the pretectum, superior colliculus, and par-
vocellular layers of the lateral geniculate nucleus (LGN). Their
results revealed only one type of bistratified cell, the small bistrat-
ified cell, projecting to the parvocellular layers of the LGN. How-
Wide-field bistratified cells exhibited a great diversity in the mor- ever, a great diversity of large bistratified cells were found to
phology of their dendritic trees, suggesting the presence of multiproject to the superior colliculus. The authors classified these cells
ple cell types, yet without information about their distribution in into two groups, S- and T-cells, while noting that both groups
the ganglion cell layer and the mosaics they form, it is not possibleappeared to contain multiple cell types. Although we were unable
to unequivocally determine the number of discrete types repreto classify the human wide-field bistratified cells into subgroups
sented by these cells. The cells came from 28 retinas, each dfased on the morphological parameters available to us in this
which had only a few or at most a dozen randomly filled cells. Westudy, about 70% of the cells in our sample had moderate to densely
used scatter plots to analyze the cells based on measurable mdranched dendritic trees with complex and retroflexive patterns of
phological characteristics yet observed no clustering that wouldranching very similar to many of the large bistratified cells in
indicate subgroups of cells with similar characteristics. We haveRodieck’s and Watanabe’s two groups of superior colliculus-
therefore, treated the wide-field bistratified cells as one group angbrojecting cells. For example, the cell of Fig. 4b closely resembles
have attempted to describe the morphological diversity observethe monkey T-cells, while the cell of Fig. 4c is similar to the
within the group. monkey S-cells. The monkey S- and T-cells were somewhat smaller
The diffuse ganglion cells on the whole were remarkably mor-than the human bistratified cells, ranging in dendritic-field diam-
phologically homogeneous with the exception of a small group ofeter from ~200 to 600um. Differences in dendritic-field size
five cells that had unusually sparsely branched dendritic treesbetween monkey and human have been observed in several gan-
Although these sparsely branched cells suggest that our samptgion cell types. Monkey small bistratified cells are smaller than
may contain at least two types of diffuse cells, the small size of theheir human counterparts (Dacey, 1893as are monkey parasol
sample of sparsely branched cells made it difficult to observe cleacells (Dacey & Petersen, 1992). The similarities between monkey
clustering around the parameters used in this study. As with thend human bistratified cells, however, suggest that some of the
wide-field bistratified cells, we have, therefore, treated the diffusewide-field bistratified cells in our sample may represent human

Discussion

Classification
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correlates of large bistratified cells that project to the superiorogical characterization of these cells has not yet been published.
colliculus in monkey. Although these results from cat retina are intriguing, the evidence
Rodieck and Watanabe observed that cells in both of their groups as yet too slim to allow speculation on the possible central
showed a variable degree of bistratification, with some cells veryprojections of diffuse ganglion cells and it would be premature to
weakly or only partial bistratified, yet the authors reported beingmake definite comparisons between human and cat diffuse cells.
unable to find any pattern within this variability. As described
above, we also noted the presence of variable degrees of bistra%’-ummar of classes of h i I
fication among the cells in our sample. Partial bistratification has y uman gangfion cetis
previously been observed in rabbit retina (Amthor et al., )89 The present study concludes a broader survey of the detailed mor-
Where a patch of the mosaic formed by a distinct bistratified cellphology of human retinal ganglion cells. Ganglion cells in a total
type in rabbit retina has been analyzed, it has been shown thaif 46 retinas were targeted for intracellular filling with either HRP
although the distribution of the inner and outer dendritic arbors ofor Neurobiotin in a random manner, although there was a bias
individual cells varied in a manner that appeared haphazard whetowards cells with medium to large cell bodies. Our total sample of
viewed in isolation, the dendrites of the population of neighboring1241 cells, therefore, while representing much of the diversity of
cells together provided a seamless coverage of the retina (Vaneganglion cells in human retina, would not contain examples of all
1994). It seems reasonable to expect that future similar studies afell types, especially cells with small somas. Golgi studies of
cell mosaics in primate retina will show that the variability ob- human retina (Kolb et al., 1992) have suggested that there may be
served in the distribution of the arbors of human and monkey larges many as 20 different types of ganglion cells. Figs. 9 and 10
bistratified cells may be largely due to the variability of individual summarize the results of our survey and illustrate the morpholog-
cells within a distinct cell type, rather than to differences in theical diversity of the cells in our sample.
pattern and extent of bistratification between cell types. Camera-lucida tracings of monostratified ganglion cells are
In a Golgi study of human retina, Kolb et al. (1992) describedshown in Fig. 9. The 539 midget ganglion cells made up the largest
a bistratified ganglion cell (their G11 cell) that the authors thoughtpercentage of all the cells in our sample and included both inner
may be the human equivalent of the rabbit ON—OFF direction-and outer stratifying cell types (Dacey & Petersen, 1992; Dacey,
selective cell type as described by Amthor et al. (188 light 1993n). Parasol cells were the next most common (277 cells) and
of subsequent studies in both human and monkey retina (Rodieciklso included both inner and outer stratifying types (Dacey &
& Watanabe, 1993; Dacey, 1983Dacey & Lee, 1994), it seems Petersen, 1992). Nineteen cells (axon collateral-bearing) had large,
more likely that the cell described by Kolb and colleagues was arsparsely branched dendritic trees and distinctive intraretinal axon
example of the small bistratified blue-ON cell type. The small sizecollateral processes and represented a single type of inner strati-
of the dendritic tree and the differences in dendritic morphologyfying cell (Peterson & Dacey, 1998). The 184 wide-field mono-
between the inner and outer tier dendrites of the Golgi-impregnatedtratified cells were classified into six groups based on similarities

cell are characteristic of the small bistratified cell type. in dendritic-field size and the extent of dendritic branching (Pe-
terson & Dacey, 1999), as illustrated in the tracings of Fig. 9. Of
Diffuse ganglion cells these, three groups (giant very sparse, large very sparse, and large

In earlier studies of mammalian retina, several examples oflense) included both inner and outer stratifying cells while the
ganglion cells that ramified broadly throughout the IPL were ob-remaining three groups (large sparse, large moderate, and thorny)
served in vertical sections of Golgi-impregnated dog (Ramon ycomprised only inner stratifying cells. In Fig. 10, we have sum-
Cajal, 1892) and primate (Polyak, 1941) retina. More recent studmarized the 119 wide-field bistratified and 42 diffuse ganglion
ies of Golgi-impregnated whole-mount human retina (Kolb et al.,cells of the present study along with a tracing of one of the 61
1992) described three possible types of diffuse ganglion cells. O$mall bistratified cells described in a previous study (Dacey, 4293
these, only one cell (their cell G5) showed some similarity with theThe results of our survey suggest that the human retina contains
cells in our sample. The cell had a densely branched dendritic trepossibly 20 or more types of ganglion cell types.
similar in size and branching pattern to the majority of diffuse cells  These results are in general agreement with the number of cell
in the present study, yet the dendrites of the Golgi-impregnated cetlypes reported by Kolb et al. (1992) in their Golgi study of human
were thicker and less spiny and the authors did not observe theetina, although the two studies differ in some respects regarding
presence of the thin, thorny branchlets that were a predominarihe classification of individual cell types. These differences may be
feature of the HRP-filled cells. Taken together, the results of theat least partly due to the different methods used. The Golgi method
Kolb et al. study and the present study suggest that there may beas been widely used to study the morphology of retinal neurons
at least four and possibly five types of diffuse ganglion cells in theand has contributed greatly to our understanding of the structure of
human retina. the retina, yet it has the drawback of being unpredictable as to the

In cat retina, Pu et al. (1994) injected Lucifer yellow and bio- types, numbers, and distribution of impregnated cells in individual
cytin into ganglion cells retrogradely labeled with fluorescent tracerpreparations. By using intracellular injection of HRP and Neuro-
following injections into the geniculate wing, a thin layer of cells biotin to stain a large sample of ganglion cells at a broad range of
located along the lateral margin of the pulvinar nucleus. With oneeccentricities, we were able to recover the complete morphology of
exception, the labeled cells constituted a single morphological clasadividual cells and control for eccentricity-dependent changes.
of monostratified ganglion cells that the authors termed epsilorOur survey adds to our growing understanding of the retina by
cells. The exception was one well-filled diffuse ganglion cell with providing a morphologically detailed and quantitative analysis of
highly branched and overlapping dendrites that exhibited a profuthe diversity of human retinal ganglion cells.
sion of fine spines. The cat diffuse ganglion cell bears some sim- The structure of human and monkey retina are virtually iden-
ilarity with the human cell shown here in Fig. 7a. More recently, tical. Old-World monkeys such as the macaque share with humans
O'Brien et al. (1999) reported preliminary results of physiological the property of trichromatic color vision, making monkey retina,
recordings from two cat diffuse ganglion cells. A detailed morpho-and macaque retina especially, ideal models for studying human
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Fig. 9. Camera-lucida tracings summarizing the diversity of human monostratified ganglion cells revealed through intracellular
injection of HRP. Axons are indicated by arrows. Numbers next to cells are distances from the fovea. From Peterson and Dacey, 1999.
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Fig. 10. Camera-lucida tracings summarizing the diversity of human bistratified and diffuse ganglion cells revealed through intracel-
lular injection of HRP. Arrows indicate axons. Numbers next to cells are distances from the fovea. Three examples of the diversity
within the group of wide-field bistratified cells, and two examples of the diversity within the group of diffuse cells are illustrated. These

cells are also shown in Figs. 4 and 7. The small bistratified cell is from Daceyal993

retinal structure and function. To date, the morphology, physiol-ganglion cells and are important for visual processing, it is clear
ogy, and central projections of parasol, midget, and small bistratthat they represent only a small fraction of the number of ganglion
ified ganglion cells in monkey retina have been well studied (Boycottcell types. A full understanding of the diverse population of human
& Dowling, 1969; Leventhal et al., 1981, 1993; Perry & Cowey, wide-field monostratified, bistratified, and diffuse ganglion cells

1984; Watanabe & Rodieck, 1989; Dacey & Petersen, 1992; Roawaits future studies in primate retina where, combining intracel-
lular staining and recording along with retrograde labeling from

dieck & Watanabe, 1993; Dacey, 19932000; Dacey & Lee,
1994, Silveira et al., 1994; Ghosh et al., 1996; Yamada et al.central targets, it will be possible to fully characterize the distinct

1996). Although these three cell classes make up the majority ofell types represented by these cell classes.
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