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The Mosaic of Midget Ganglion Cells in the Human Retina 

Dennis M. Dacey 

Department of Biological Structure, The University of Washington, Seattle, Washington 98195 

To study their detailed morphology, ganglion cells of the 
human retina were stained by intracellular tracer injection, 
in an in vitro, whole-mount preparation. This report focuses 
on the dendritic morphology and mosaic organization of the 
major, presumed color-opponent, ganglion cell class, the 
midget cells. Midget cells in the central retina were recog- 
nized by their extremely small dendritic trees, -5-l 0 pm in 
diameter. Between 2 and 6 mm eccentricity, midget cells 
showed a steep, IO-fold increase in dendritic field size, fol- 
lowed by a more shallow, three- to fourfold increase in the 
retinal periphery, attaining a maximum diameter of -225 Am. 
Despite large local variation in dendritic field size, midget 
cells formed one morphologically distinctive class at all ret- 
inal eccentricities. 

Two midget cell types were distinguished by their dendritic 
stratification in either the inner or outer portion of the inner 
plexiform layer (IPL), and presumably correspond to ON- and 
OFF-center cells respectively. The mosaic organization of 
the midget cells was examined by intracellularlyfilling neigh- 
boring cells in small patches of retina. For both the inner and 
outer midget populations, adjacent dendritic trees apposed 
one another but did not overlap, establishing a coverage of 
no greater than 1. The two mosaics differed in spatial scale, 
however: the outer midget cells showed smaller dendritic 
fields and higher cell density than the inner midget cells. An 
outer:inner cell density ratio of 1.7: 1 was found in the retinal 
periphery. An estimate of total midget cell density suggested 
that the proportion of midget cells increases from about 45% 
of total ganglion cell density in the retinal periphery to about 
95% in the central retina. Nyquist frequencies calculated 
from midget cell spacing closely match a recent measure of 
human achromatic spatial acuity (Anderson et al., 1991), 
from -6” to 55” eccentricity. 

Outside the central retina, midget cell dendrites arborized 
in clusters within the overall dendritic field. With increasing 
eccentricity, the dendritic clusters increased in number and 
remained small (- 1 O-20 pm diameter) relative to the size 
of the dendritic field. Because neighboring midget cell den- 
dritic trees do not overlap, the mosaic as a whole showed 
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a pattern of clusters and holes. We hypothesize that midget 
cell dendritic trees may contact individual axon terminals of 
some midget bipolar cells and avoid contacting others, pro- 
viding a basis for the formation of cone-specific connections 
in the IPL. 

[Key words: primate, in vitro preparation, visual acuity, 
color vision, parvocellular pathway, coverage factor] 

The central retina of the primate contains a specialized vertical 
pathway that links a single cone photoreceptor through a bipolar 
cell to a single ganglion cell. The existence of this private line 
from photoreceptor to ganglion cell was first inferred from Golgi 
preparations (Polyak, 194 1; Boycott and Dowling, 1969; Kolb, 
1970) and has recently been confirmed by electron microscopic 
reconstruction of single cells (Kolb and Dekorver, 199 1; Calkins 
et al., 1992). The ganglion cells in this pathway were termed 
midget ganglion cells because their dendritic trees were found 
to be only about 5-10 Frn in diameter. 

The midget cells almost certainly belong to the class of phys- 
iologically identified, color-opponent ganglion cells (for reviews, 
see Shapley and Perry, 1986; Kaplan et al., 1990). Color-op- 
ponent cells generally have very small receptive fields (De- 
Monasterio and Gouras, 1973, and midget cells have the small- 
est dendritic fields of all primate ganglion cells. The midget cells 
provide the major projection to the parvocellular layers of the 
dorsal lateral geniculate nucleus (Leventhal et al., 1981; Perry 
et al., 1984) where cells with small, color-opponent receptive 
fields are recorded (e.g., Wiesel and Hubel, 1966; Creutzfeldt et 
al., 1979; Derrington et al., 1984; for a review, see Lennie and 
D’Zmura, 1988). Lesions confined to the parvocellular layers, 
or direct destruction of parvocellular-projecting ganglion cells, 
compromise color vision, peak visual acuity, and the transmis- 
sion of high-spatial- and low-temporal-frequency signals (Mer- 
igan and Eskin, 1986; Merigan, 1989; Schiller et al., 1990; Mer- 
igan et al., 199 1; Lynch et al., 1992). The midget cell population 
is thus implicated as a substrate both for the spatial resolution 
limit across the visual field and for color vision (Shapley and 
Perry, 1986; Lennie et al., 1991). 

Despite the presumed importance of midget ganglion cells in 
primate vision, fundamental questions about their anatomical 
organization remain unanswered. In both human and macaque, 
it has been concluded that midget ganglion cells form a single 
population that shows a characteristic increase in dendritic field 
size with increasing eccentricity (Perry et al., 1984; Rodieck et 
al., 1985; Watanabe and Rodieck, 1989; Dacey and Petersen, 
1992). These studies all agree on a further subdivision of the 
midget cells into two distinct populations that stratify in either 
the inner or outer portion of the inner plexiform layer (IPL) and 
presumably correspond, respectively, to ON- and OFF-center 
types. However, it has also been reported that human midget 
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cells remain small (and presumably transmit signals from single 
cones) far into the retinal periphery and that larger, midget-like 
cells are present in central retina (Kolb et al., 1992). Since a 
number of distinct color-opponent cell types have been distin- 
guished physiologically (DeMonasterio and Gouras, 1973, such 
larger field midget-like cells could, if present, represent an an- 
atomically and functionally distinct population of parvocellular- 
projecting ganglion cells. 

A second question concerns the relationship of midget cell 
density to achromatic spatial acuity. On the one hand, there is 
evidence in macaque that, from peripheral to central retina, 
midget cells make up a constant fraction of the ganglion cell 
population, about 80% (Perry et al., 1984). This estimate has 
been used in calculations of cell density and of the spatial res- 
olution limit of the midget cell mosaic as a function of eccen- 
tricity (Thibos et al., 1987; Lennie et al., 1990; Merigan and 
Katz, 1990; Wbsle and Boycott, 199 1). From these calculations 
it has been concluded that the intercell spacing of midget cells 
may set the limit on spatial acuity for both human and macaque 
in the retinal periphery. On the other hand, the actual dendritic 
overlap and intercell spacing of midget cells have never been 
directly observed, and there is indirect evidence to suggest that 
the proportion of midget cells changes dramatically as a function 
of eccentricity (Connolly and Van Essen, 1984; Schein and 
DeMonasterio, 1987; Dacey and Petersen, 1992). It has also 
been pointed out that certain measures of human spatial reso- 
lution may be subject to sampling artifacts that could lead to 
an overestimation ofacuity limits in peripheral vision (Williams 
and Coletta, 1987; Anderson et al., 1991). Thus, a further as- 
sessment of the potential link between the anatomy of midget 
cells and acuity requires an understanding of the human midget 
cell mosaic, together with a measurement of human spatial res- 
olution in the periphery that is free of sampling artifacts. 

A final question concerns the neural basis for color opponen- 
cy. Both anatomical and physiological evidence has recently 
converged to suggest that cone-specific connections arise at the 
level of the IPL (Reid and Shapley, 1992). Horizontal cells 
contact all cone types nonselectively (Boycott et al., 1987; Was- 
sle et al., 1989a), and do not convey chromatically selective 
signals (Dacheux and Raviola, 1990). However, midget bipolar 
cells contact single cones even in the retinal periphery and could 
thereby transmit a cone-specific signal to the midget ganglion 
cells (Boycott and Wassle, 199 1). For example, red ON-center 
cells could directly contact only the submosaic of midget bipolar 
cells that receive input from red cones, while neighboring green 
ON-center cells would overlap and selectively connect to the 
midget bipolar cells that receive from green cones (Whsle and 
Boycott, 1991). This hypothesis suggests that the shape and 
overlap of midget cell dendritic trees could provide evidence as 
to whether such selective connections exist. 

In the present study I have used intracellular injection tech- 
niques in an in vitro preparation of the human retina (Dacey 
and Petersen, 1992) to address the above questions. It was found 
that midget ganglion cells form only two distinct cell mosaics. 
These stratify broadly in either the inner or outer portions of 
the IPL, and presumably correspond to ON- and OFF-center 
types, respectively. Midget cell dendritic trees display nonov- 
erlapping territories with a coverage for both the inner and outer 
mosaics of no more than 1. Estimates of cell density suggest 
that the midget cell population does not make up a constant 
proportion across the retina, but rather increases from -45% 
of total ganglion cells in retinal periphery to - 95% in the central 

retina. Anatomical resolving power, calculated from midget cell 
spacing, closely matches a recent measure of human achromatic 
spatial acuity (Anderson et al., 1991) from -6” to 55” eccen- 
tricity. Over this eccentricity range, midget cell dendritic trees 
arborize into multiple, small clusters of high dendritic density, 
suggesting that peripheral midget cells make selective contact 
with a limited submosaic of midget bipolar cells within their 
dendritic fields. 

Materials and Methods 
In vitro isolated retina. The retinal preparation and the intracellular 
injection technique were developed to study the morphology of neurons 
in the macaque and other mammalian retinas (Vaney, 1985, 1986; 
Dacey, 1988; Watanabe and Rodieck, 1989). These methods were ap- 
plied with little modification to human retinas that were dissected from 
eyes obtained 90-120 min after death. Eyes (n = 46; age range, 16-82 
years) were accepted from donors to the Lions Eye Bank at the Uni- 
versity of Washington. Eyes were taken both from cornea donors and 
from donors whose eyes were medically unsuitable for cornea donation. 
No obvious differences in the data were observed over the range of ages 
sampled and this variable was not further studied. 

To isolate the retina, the eye was sectioned with a razor blade at the 
comeoscleral junction and the vitreous was drained from the eye cup. 
The eye cup was then placed in a continuously oxygenated tissue-culture 
medium (Ames, Sigma) at room temperature, and the retina was dis- 
sected free of the sclera and choroid and then freed from the eye cup 
by cutting the optic nerve head. Isolated retinas were left in the oxy- 
genated medium for a l-2 hr “recovery” period and subsequently placed 
flat, photoreceptor side down, in a superfusion chamber on the stage of 
a light microscope. Each retina was maintained in the chamber for -8- 
10 hr with no apparent deterioration in morphology. At the end of an 
experiment the retina was removed from the chamber and fixed for 2- 
3 hr in a phosphate-buffered fixative (2% glutaraldehyde, 2% parafor- 
maldehyde or 4% paraformaldehyde; 0.1 M, pH 7.4). Intracellular in- 
jection experiments were typically performed consecutively on both the 
left and right eyes of a pair. Because experiments could be conducted 
on only one retina at a time, the retina from the fellow eye was main- 
tained free floating in oxygenated medium during the course of the first 
experiment. 

Intracellular injection and histology. Retinal cells were stained in vitro 
with the fluorescent dye acridine orange and observed under blue ep- 
iscopic illumination. Intracellular injections were made into the fluo- 
rescing cells under direct microscopic control with beveled, microcap- 
illary glass electrodes. Electrodes were filled with a solution of Lucifer 
vellow (-2%: Aldrich) in 20 mM. DH 7.0 MOPS buffer (Sigma), and 
either rhodamine-conjugated horseradish peroxidase (HRP) (:4%; Sig- 
ma) or Neurobiotin (-4%; Vector Labs). HRP-filled electrodes were 
beveled to a resistance of -40 MR. Neurobiotin-filled electrodes were 
beveled to a resistance of - 80 MQ or left unbeveled (- 120 MB). Lucifer 
yellow fluorescence in the electrode and the acridine orange fluorescence 
of the ganglion cells were observed with the same excitation filter (4 1 O- 
490 nm; barrier filter, 515 nm), permitting direct observation of the 
electrode tip as it penetrated a cell. Lucifer yellow was passed into an 
impaled cell with l-2 nA negative current for 30 set to confirm a 
successful penetration and to identify the cell type being injected or to 
determine its depth of stratification in the inner plexiform layer. Rho- 
damine-conjugated HRP was subsequently passed into the cell with l- 
5 nA positive current for l-3 min and was observed directly with a 
green filter (excitation filter, 545 nm longpass; barrier filter, 590 nm). 
Neurobiotin was injected with 0.1-0.5 nA positive current for 30-60 
set but, as it was unconjugated to a fluorescent tag, could not be observed 
passing into the cell. 

For the cells that were injected with rhodamine-conjugated HRP, the 
HRP was demonstrated using diaminobenzidine (DAB) as the chro- 
mogen. Retinas were incubated in the DAB solution (0.1% in 0.1 M 
phosphate buffer, pH 7.4) for 5 min. H,O, (3.0%) was then added to 
DAB solution (30 ~1 in 30 ml) and agitated for 3-4 min. Retinas were 
rinsed in buffer, whole-mounted on gelatin-coated slides, and air dried 
for a few hours. The tissue was then dehydrated in a graded alcohol 
series, cleared in xylene, and coverslipped in DPX. When the retina 
was mounted in this way there was little shrinkage in the plane of the 
retina (-2OYo). Radial shrinkage was -60%; the inner plexiform layer, 
for example, was reduced from -25-30 pm thickness (measurements 
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Figure 1. Ganglion cells stained with the fluorescent dye acridine 
orange in an in vitro whole-mount preparation of the isolated human 
retina. Plane of focus is on the ganglion cell layer in the retinal periphery. 
The distinctive soma size range of midget ganglion cells permitted them 
to be reliably targeted for intracellular injection. The small arrowheads 
indicate the cell bodies of two midget ganglion cells. The large arrow- 
heads indicate the cell bodies of the other common ganglion cell class, 
the parasol cells. The larger cell body of each pair tends to belong to 
the cell type with dendrites that stratify in the inner portion of the IPL, 
the presumed ON-center cells. Scale bar, 25 Wm. 

taken from in vitro, a&dine-stained retinas) to about - lo- 12 pm after 
dehydration. 

The injected Neurobiotin was revealed by an HRP reaction product 
using the Vector ABC protocol (Vector, Elite kit). Retinas fixed in 4% 
paraformaldehyde were first placed in 0.5% Triton X-100 (in 0.1 M 
phosphate buffer, pH 7.4) at room temperature for 3 hr, and then in- 
cubated in buffer containing the Vector avidin-biotin-HRP complex for 
3 hr. The tissue was then rinsed in buffer for 1 hr and standard HRP 
histochemistry was performed using DAB as the substrate, as described 
above for the HRP reaction. T&on-treated retinas were easily damaged 
by dehydration and were therefore whole-mounted in an aqueous so- 
lution of glycerol and polyvinyl alcohol (Heimer and Taylor, 1974). The 
mountant partially dries to a water-retaining, rubbery film that provides 
reasonable tissue clarity and permits long-term storage and analysis of 
the retinas with little or no shrinkage. 

Conversion to angular eccentricity in degrees. In order to convert 
distance from the fovea in millimeters to degrees of visual angle, the 
nonlinear conversion of Drasdo and Fowler (1974) was used. In their 
schematic human eye, the distance-to-angle conversion is 275 pmlde- 
gree in the fovea and decreases to - 135 pm/degree at 90” eccentricity. 
The nonlinear relationship between retinal distance and visual angle 
(Fig. 2 in Drasdo and Fowler, 1974) is well fitted by the second-order 
polynomial equation y  = 0.1 + 3.4x + 0.035~~ (R = l.O), where y  is 
eccentricity in degrees and x is eccentricity in millimeters. Conversion 
to angular eccentricity in the central retina is complicated by the lateral 
displacement of ganglion cells from the inner segments of the photo- 
receptors from which they receive input. Therefore, ganglion cell ec- 
centricity was converted to inner segment eccentricity for all cells within 
3 mm of the fovea. The lengths of photoreceptor axons (Henle fibers) 
have been measured directly for the macaque retina (Perry and Cowey, 
1988; Schein, 1988), but in the human retina it has been predicted that 
Henle fibers are somewhat longer than in the macaque (Curcio and 
Allen, 1990). Direct measurements of human Henle fiber lengths using 
the method of Schein (1988) (C. Curcio, personal communication, un- 
published observations) bear out this prediction, and were used to gen- 
erate the following equation to correct for ganglion cell displacement: 
y  = -0.020 + 0.46x + 0.20~~ (R = l.O), where y  is inner segment 
eccentricity in millimeters and x is ganglion cell eccentricity in milli- 
meters. 

Data analysis. For each retina the location of every injected ganglion 
cell relative to the fovea1 center was recorded. Each cell was photo- 
graphed, and a simple camera lucida tracing of the dendritic tree (total 

magnification, 480 x or 960 x ) and an outline of the cell body at higher 
magnification (1940 x) were made. A measure ofdendritic field diameter 
was acquired for the intracellularly filled ganglion cells by tracing a 
convex polygon around the perimeter of the traced dendritic tree. The 
area of this polygon was then calculated by entering the outline into a 
computer via a graphics tablet. Dendritic field diameter was expressed 
as the diameter of a circle with the same area as that of the polygon. 
Cell body area was similarly expressed in terms of an equivalent di- 
ameter. 

Measurements of the depth of stratification in the inner plexiform 
layer of the midget cell dendritic trees were obtained in two cases for 
overlapping pairs of midget cells; one member of each pair branched 
in the inner portion of the IPL and the other branched in the outer 
portion. A fifth cell, an outer branching midget cell, was also included. 
All cells were located in peripheral, temporal retina, the two cell pairs 
at 13 and 14 mm eccentricity and the single cell at 15.5 mm eccentricity. 
Tissue pieces containing the cells were cut from reacted retinas prior to 
mounting and were embedded in plastic resin (Medcast). Vertical sec- 
tions through the dendritic fields were cut at 10 pm with a glass knife 
and mounted on slides in serial order. A detailed camera lucida tracing 
of each section was made (total magnification, 1940 x), that indicated 
the outer and inner borders of the inner plexiform layer and all HRP- 
labeled dendritic segments. Each of these tracings was then placed on 
a graphics tablet and overlain with a grid of lines orthogonal to the 
retinal layers and spaced 5 pm apart. The locations of the inner and 
outer borders of the inner plexiform layer, and of the labeled dendrites 
that intersected each grid line, were then entered into the computer. 
Measurements were made on every serial section that contained labeled 
dendrites. The relative depth of stratification (expressed as a percentage 
of the total thickness of the inner plexiform layer) was then calculated 
at each point of measurement. A histogram displaying all the depth 
measurements was then compiled. 

The dendritic trees of the midget cells displayed distinct regions of 
high density or “clusters,” surrounded by regions of low density or 
“holes.” To quantify the tendency toward dendritic clustering, contour 
plots of the midget dendritic tree densities were made using commercial 
software (Transform, Spyglass Inc.) and a Macintosh computer. Camera 
lucida tracings of the branching patterns of dendritic trees were con- 
verted to PICT files at 150 dni using a Microtech Grav Scale Scanner. 
Using Transform, the PICT image if the dendritic trek was converted 
to an array of 8-bit data values. Before generating a contour plot the 
data set was smoothed to eliminate the sharp edges created by individual 
dendrites. The data smoothing was accomplished by averaging the value 
at a given point in the data set with those ofits eight immediate neighbors 
and then assigning the average value to each of the points. The smooth- 
ing procedure was repeated 15 times for each dendritic tree and a gray 
scale image of the smoothed data set was generated. Finally, contour 
lines were overlaid on this image at 30% and 70% of maximal image 
density for each of the dendritic trees. The areas bounded by the 70% 
contour lines were defined as clusters of high dendritic density and the 
area of each cluster was measured. 

Results 
An in vitro preparation of the human retina 
The appearance of cells in the isolated human retina, when 
maintained in oxygenated Ames medium at room temperature, 
was very similar to that of cells observed in the isolated macaque 
monkey retina maintained in the same way (Dacey, 1989a, 1990; 
Watanabe and Rodieck, 1989). Acridine orange intensely stained 
the basophilic material of the cell bodies in the ganglion cell 
layer against an unstained background (Fig. 1); fluorescent cy- 
toplasm surrounded an unstained nucleus containing an in- 
tensely stained nucleolus. With some practice it was possible to 
distinguish reliably a number of morphologically distinct gan- 
glion cell types on the basis of soma size, shape, and subtle 
details of the acridine fluorescence. Dendritic field diameters 
were determined for a sample of 1225 intracellularly filled ret- 
inal ganglion cells, including midget, parasol, and many other 
ganglion cell types (e.g., Dacey, 1993). Cells that were included 
in this database showed uniform staining that ended abruptly 



Figure 2. Intracellularly stained human midget ganglion cells. A, Fovea1 cell, 0.8 mm eccentricity, temporal retina. The four panels show successive 
planes of focus from cell body and axon (Ieft) to terminal dendritic arbor (right). B, Near retinal periphery, 2.4 mm eccentricity, temporal retina. 
C, Near retinal periphery, 3.2 mm eccentricity, upper retina. Two cells are shown; the upper cell is partly out of the plane of focus. D, Mid retinal 
periphery, 7.8 mm eccentricity, temporal retina, E, Retinal periphery, 9 mm eccentricity, upper retina. F, Far retinal periphery, 16 mm eccentricity, 
nasal retina. Scale bar, 50 pm (for all panels). 
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Figure 3. Identification of midget 
ganglion cells by dendritic field diam- 
eter. Dendritic field diameter of all in- 
tracellularly stained ganglion cells is 
plotted as a function of retina1 eccen- 
tricity. Midget ganglion cells were iden- 
tified qualitatively by their distinctive 
dendritic morphology. When dendritic 
field diameter of all cells was plotted, 
the midget cells, as expected, formed a 
distinct cluster that showed little over- 
lap with the nonmidget ganglion cells. 
The few midget and nonmidget cells that 
did show overlapping dendritic field di- 
ameters (in the retina1 periphery) are 
actually located in different retina1 
quadrants: the largest midget cells in 
the retinal periphery reside in the tem- 
poral retina1 quadrant whereas the 
smallest nonmidget cells reside in the 
nasal retinal quadrant. 
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at the distal ends of the dendrites and appeared completely 
stained by the HRP or Neurobiotin injection. 

Identification of midget ganglion cells 
Intracellularly filled midget ganglion cells, as characterized in 
the macaque retina (Watanabe and Rodieck, 1989) and ob- 
served in Golgi studies of the human retina (Rodieck et al., 
1985; Kolb et al., 1992) were easily recognized as the dominant 
cell group in our sample of injected cells (Fig. 2). With practice 
it was possible to recognize the cell bodies of midget cells and 
fill them at most eccentricities. Injections of midget cells were 
technically difficult, however, in the central 24 mm of retina. 
In this region the increased thickness of the inner limiting mem- 
brane, optic fiber layer, and ganglion cell layer, together with 
the small size of the ganglion cell bodies, made a successful 
electrode penetration difficult and the sample of recovered cells 
was consequently lower than in the retinal periphery. 

The midget cells had small cell bodies, and dendritic trees 
that were extremely small compared to the dendritic trees of all 
other morphologically characterized ganglion cells. By this qual- 
itative feature we identified 539 midget cells from the total 
sample of 1225 filled cells. The midget cells appeared to com- 
prise a single morphologically distinct group and, as shown in 
previous studies of both human and macaque, increased in den- 
dritic field size with retinal eccentricity (Fig. 2). A scatterplot 
of dendritic field diameter for all stained ganglion cells as a 
function of retinal eccentricity indicated a clear separation be- 
tween those cells classified as midgets and all other cells between 
0 and 9 mm eccentricity (Fig. 3). Between 9 and 16 mm eccen- 
tricity a few of the largest midget cells (dendritic field diameter 
of 180-225 pm) overlapped with the smallest nonmidget cells. 
However, even for these few cells there was not a true overlap 
because the smallest nonmidget cells were from the nasal retina, 
where cell density is high and ganglion cell dendritic trees are 
relatively small, and the largest midget cells were from temporal, 
upper and lower retina, where cell density is much lower and 
dendritic trees are relatively large. Thus, all of the cells that were 
initially identified as midget cells by their appearance also formed 
a single, distinct group on the basis of dendritic field diameter 
in a given retinal quadrant. 

Midget dendritic field size range 
The relationship between dendritic field size and retinal eccen- 
tricity for the midget cells was not linear. In the central retina, 
from -0.25 to 2.0 mm (O-6’) eccentricity, the dendritic tree 
was composed of a single, primary dendrite that terminated in 
a small arbor between 5 and 10 pm in diameter (Figs. 4, 5). 
Although the arbor size was somewhat variable, there appeared 
to be no systematic increase in arbor size over this eccentricity 
range. Between 2 and 7 mm (6-25’) eccentricity, the dendritic 
tree showed a steep 1 O-fold increase in dendritic field size (Fig. 
4). Over this range dendritic field diameter exceeded soma di- 
ameter. The dendritic arbor also became more complex, show- 
ing second- and third-order branches that often arborized into 
multiple clusters within the dendritic field (Figs. 6, 7). The ten- 
dency of the midget cell dendritic tree to form regions of high 
and low density, and its possible significance, are examined 
below. Between 7 and 20 mm (25-75”) the dendritic tree showed 
a more gradual two- to threefold increase in size while the den- 
dritic tree retained its characteristic morphology (Fig. 8). 

A distinct feature of the midget cell population was the large 
scatter in field sizes in the retinal periphery. As observed in the 

midget cells - central retina 1 

0.5 mm 

0.8 mm 

0.8 mm 

0.9 mm 

2.0 mm 

- Fovea 20 pm 

Figure 5. Dendritic morphology of midget ganglion cells within 2 mm 
of the fovea. Midget cells from the central retina give rise to a single 
primary dendrite that branches into a single, compact arbor of fine 
branchlets and varicosities. The cell shown at 2 mm eccentricity (bot- 
tom) gives rise to two major dendrites that terminate in a slightly larger 
dendritic field than more centrally located cells. Retinal eccentricity is 
given for each cell. 
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Figure 6. Dendritic morphology of 
midget ganglion cells from the near ret- 
inal periphery. From 2 to 2.5 mm ec- 
centricity the dendritic field size of 
midget ganglion cells begins to increase. 
The larger dendritic arbors display a 
nonuniform distribution of dendritic 
branches within the dendritic field; ter- 
minal branches often arborize into 
multiple clusters within the dendritic 
field. The dendritic clusters surround 
regions that show a very low density of 
dendritic branches. Retinal eccentricity 
and level of stratification (inner or out- 
er) in the IPL are given for each cell. 

midget cells - near periphery 

3 2 outer mm,  

3.8 mm.  Inner 

5 4 Inner mm,  

macaque retina (Watanabe and Rodieck, 1989), midget cells in 
the nasal retinal quadrant in humans showed smaller field di- 
ameters than cells in the temporal, upper or lower quadrants. 
However, even excluding cells from the nasal quadrant, there 
was a consistently large variation in dendritic field size at a 
given eccentricity. Between 5 and 10 mm from the fovea, the 
midget cells showed a 2.8fold range in dendritic field diameter. 
Between 10 and 15 mm this range increased slightly to about 
threefold. This large variation in midget dendritic field size at 
a given retinal location thus appeared to be a relatively constant 
proportion of the mean dendritic field size. This scatter was 
larger than that previously observed for either the midget or 
parasol ganglion cells of the macaque retina (Watanabe and 
Rodieck, 1989). 

The variation in dendritic field size was a consequence of 
variation in the dendritic branching patterns of cells. The largest 
cells at a given retinal eccentricity tended to have more sparsely 

branching dendritic trees. This is illustrated for two neighboring 
midget cells in Figure 9. A cell with a smaller, more densely 
branched tree was filled adjacent to a cell with a larger tree that 
branched sparsely in multiple, widely spaced subfields. Evidence 
is presented below that this variation in dendritic tree mor- 
phology is an inherent feature of the human midget cell mosaic. 

Inner and outer midget cell types 
The midget ganglion cells could be divided into two cell types 
on the basis of their depth of stratification in the IPL, as pre- 
viously found in macaque (Polyak, 1941; Perry et al., 1984; 
Watanabe and Rodieck, 1989). One type stratified in the inner 
half of the IPL and the other type in its outer half, presumably 
corresponding respectively to ON- and OFF-center cell types 
(Famiglietti and Kolb, 1976). I will refer to these two types as 
the inner midget and the outer midget cells, respectively. 

Midget cells at eccentricities beyond 1.5 mm could be iden- 
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Figure 7. Midget ganglion cells from mid-peripheral retina. The cells 
illustrated are from the same retina, separated by about 500 pm at 6- 
7 mm eccentricity. At this eccentricity the midget cells reach a dendritic 
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tified as either inner or outer cells in whole-mounts by measuring 
the distance from the cell body to the level of major dendritic 
stratification. After dehydration the IPL measured about 1 O- 12 
Km in total thickness; cells that were identified as inner midget 
cells tended to be stratified - 2-5 pm from the parent cell body, 
and those identified as outer cells were stratified -7-10 pm 
from the parent cell body. Inner midget cells tended to have 
larger dendritic trees than outer midgets. A scatterplot of inner 
and outer midget dendritic field diameter as a function of retinal 
eccentricity showed that the population of inner midgets was 
on average about 30% larger in dendritic field diameter than 
the outer midgets (Fig. 1 OA). The inner midget cells also showed 
a slightly larger soma size than the outer midget cells (mean f 
SD, for inner cells, 18.6 f 2.3 pm; for outer cells, 17.4 * 2.3 
pm; p < 0.0001, Student’s t test). 

Could the size difference between the inner and outer midget 
cells be artifactual? It could be argued that the intracellular 
injection technique introduced a bias that favored the recovery 
of inner midget cells with large dendritic trees, or that some 
experimenter bias occurred when the cells were classified as 
either inner or outer types. To address these problems, intra- 
cellular injections were made into pairs of inner and outer cells 
with highly overlapping dendritic trees. It was possible to target 
overlapping inner/outer midget pairs for injection in the retinal 
periphery because midget cell bodies that were closely spaced, 
with a separation of about 25 pm or less, were invariably an 
inner/outer cell pair with highly overlapped dendritic trees. Den- 
dritic field sizes of clearly identified inner and outer cells could 
thus be compared at the same location in the same retina (Fig. 
1OC). In 29 out of 30 inner/outer pairs, the inner cell showed 

t 

field diameter of 50-75 pm. Dendrites continue to show characteristic 
clustered branching patterns. Most cells that branch in the outer portion 
of the IPL display a single primary dendrite that extends vitread before 
arborizing. 

midget cells - far periphery 

superior retina - 10 mm eccentricity 

Figure 8. Midget ganglion cells from the far peripheral retina. Both cells are from a single retina, located within a few hundred micrometers of 
each other at 10 mm eccentricity. Dendritic field diameter, 75-l 50 pm. At this eccentricity and beyond, the clustering patterns of the dendritic 
tree are highly variable, ranging from cells with relatively densely branching, small dendritic fields to cells with larger and more sparsely branching 
fields. 
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Figure 9. Variable dendritic mor- 
phology of neighboring midget cells in 
the far retinal periphery. The two cells 
shown are neighboring midget cells at 
13 mm eccentricity that both stratify at 
the same depth in the outer portion of 
the IPL. The upper cell has a smaller, 
more compact dendritic tree; the lower 
cell has a larger tree that is divided into 
multiple distinct and widely separated 
arbors. 

outer midget cells 

superior retina, 13 mm eccentricity 50 urn 

a larger dendritic field diameter (Fig. 10B). The increase in _. . , . . , . II ~ , . , , 
diameter ranged from -20% to 60% and averaged -3O%, the 
same as was observed in the original sample of single cells. 

Both the inner and outer midget cells appeared broadly strat- 
ified over about a third of the depth of the IPL. In whole-mount 
preparations the dendrites of an individual cell crossed over one 
another at different depths. Thus, a stratified pattern of branch- 
ing was observed in which two or more tiers of dendrites were 
clearly distinguished at distinct focal planes (Fig. 11A). The 
depth of stratification was measured, as described in Materials 
and Methods, in serial vertical sections taken through five cells 
(two overlapping inner/outer cell pairs and a single outer midget; 
all cells from the retinal periphery). For the inner midget cells, 
90% of the dendritic measurements occupied about 30% of the 
total depth of the IPL, falling between 55% and 85% depth (inner 
nuclear layer cell border = 0%, ganglion cell layer border = 
100%) (Fig. 11B). Inner midget cells dendrites did not invade 
the inner 10% of the IPL. The outer midget cells extended den- 
dritic branches to the outer border of the IPL and were stratified 
more broadly than the inner midgets, extending over about 40% 
of the IPL depth, with 90% ofthe dendritic measurements falling 
between 10% and 47% depth. 

Clustered dendritic morpnology of nonfoveal midget Ceh 

Outside of the central 2 mm, as midget cells increased sharply 
in dendritic field diameter, a distinct spatial nonuniformity in 
the branching patterns of the dendritic trees was observed. With- 
in one dendritic tree, branches tended to form small, dense 
clusters, separated by regions of very low dendritic density. The 
degree of clustering can be appreciated by comparing the branch- 
ing pattern of a midget cell with that of a parasol cell, the other 
common primate ganglion cell type that projects to the dorsal 
lateral geniculate nucleus (Leventhal et al., 1981; Perry et al., 
1984). The parasol cell distributes its dendritic branches uni- 
formly throughout the dendritic field, economically filling the 
available space with a relatively constant density of processes. 
By contrast, the midget cell shows obvious dendritic clusters 
and equally obvious “holes” within the dendritic field (Fig. 
12A,B). 

The dendritic clustering appeared to be characteristic of all 
nonfoveal midget cells; there was great variation, however, in 
the pattern of the clustering from cell to cell. Some cells showed 
few clusters and thus appeared sparsely branched; other cells 
showed a number of clusters and were more densely branched. 
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Figure 10. Dendritic field size difference between inner (presumed ON-center) and outer (presumed OFF-center) branching midget cells. A, 
Scatterplot of midget dendritic field size as a function of retinal eccentricity with cells categorized as inner (solid circles) and outer (open circles) 
branching types. Inset plots the inner to outer cell dendritic field diameter ratio and shows that a relatively constant ratio of 1.3 is maintained 
across the retina. B, Dendritic field diameter for inner midget cells is plotted against diameter of outer midget cells for 30 midget cell pairs with 
overlapping dendritic fields. A line indicating an inner:outer ratio of 1.3 was drawn through the data. C, An example of one inner/outer midget 
cell pair used for the plot shown in B. Both cells display are similar overall morphology but the inner cell is larger than the outer cell. The inset 
polygons were traced around the perimeter of the dendritic fields and show their actual spatial relationship in the retina. 

There also appeared to be variation in the size of the clusters. maximum. The results of such an analysis for one midget and 
It thus seemed possible that the midget cells could be further one parasol cell are shown in Figure 12. The midget cell had 
divided into distinct types on the basis oftheir clustering pattern. distinct regions of high dendritic density (clusters) and low den- 
To test this possibility, the degree of dendritic clustering was dritic density (holes) that clearly reflected the patchy organi- 
quantified and compared for 118 well-filled midget cells. Con- zation of the dendritic tree illustrated in the camera lucida trac- 
tour plots of dendritic density were generated from digitized ings in Figure 12, A and B. There was also a reasonably close, 
images of individual dendritic trees (see Materials and Meth- but not always perfect, match between the subjectively observed 
ods). Dendritic clusters were defined as those regions of the number of dendritic clusters (Fig. 12A,B, approximately eight 
dendritic tree that had a density equal to or greater than 70% clusters) and the clusters that were arbitrarily defined by the 
of the maximum density. Dendritic “holes” were defined as that 70% contour lines (Fig. 12C, nine clusters). By contrast, the 
part of the dendritic field that had a density lower than 30% of parasol cell displayed a relatively uniform distribution of den- 
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Figure Il. Depth of stratification of midget cell dendritic trees. A, 
Whole-mount view of an outer midget cell intracellularly filled with 
Neurobiotin. Left, Plane of focus is on dendritic branches that stratify 
closest to the cell body. Right, Plane of focus shifted about 6-8 pm 
farther from the cell body; a second group of dendritic branches comes 
into focus. This cell thus appeared to be broadly stratified over about 
a third of the depth of the IPL. Scale bar, 25 pm. B, Measurements of 
dendritic depth sampled from vertical sections through three outer and 
two inner midget cells. For outer cells (shaded bars) 90% of the dendritic 
measurements fell within 1 o-47% ofthe total depth ofthe IPL, indicated 
by the upper bracket at the right. For inner cells (open bars) 90% of the 
dendritic measurements fell between 55% and 85% depth, indicated by 
the lower bracket. Inner midget cells did not extend terminal dendrites 
into the innermost 10% of the IPL. 

drites such that the 30% density contour line fell near the outer 
border of the dendritic tree, and the contour plot did not reveal 
any “holes” within the dendritic field. The 70% contour line 
bounded a single large, more proximal part of the field where 
density was higher and relatively uniform. 

The number of clusters per cell tended to increase with in- 
creasing distance from the fovea. All but one of six cells in the 
database between 2 and 3 mm eccentricity showed two small 
clusters within a larger dendritic field (Fig. 13; also see cell 
tracings in Fig. 6). As dendritic field size increased fourfold, 
from -50 to 200 Km diameter, the mean number of clusters 
per cell increased from two to seven (Fig. 14A,C). However, at 
any given eccentricity the variation in cluster number was large. 
For example, among the 18 midget cells with a diameter of 100 
+ 5 Km the number of clusters ranged from one to eight (mean 
+ SD = 4.4 f 1.7). Three other cells with comparable dendritic 

field areas, shown in Figure 140, displayed from three to eight 
clusters each. 

The size of the dendritic clusters was not strictly correlated 
with the number of clusters per cell or with the diameter of the 
dendritic tree. Cluster diameter (Fig. 148) ranged from -7 to 
25 pm with a mean of 13 pm (SD = + 3). For small cells, many 
clusters were in the same size range as those of larger cells (Fig. 
14C). The variation in cluster size and number together pro- 
duced a range of morphologies that could appear quite distinc- 
tive from one another. Sparsely branching cells with a few widely 
spaced clusters were observed at the same retinal eccentricities 
as densely branching cells with a larger number of closely spaced 
clusters. 

The overall picture of midget dendritic morphology that 
emerges from this analysis can be summarized as follows. All 
cells with dendritic field diameters over 5-10 Mm displayed a 
tendency for the dendritic tree to break up into small clustered 
domains. These clusters tended to increase in number with in- 
creasing dendritic field size, though the number of clusters was 
highly variable. At the same time the clusters tended to remain 
small relative to the overall size of the dendritic tree. Thus, the 
largest cells with relatively few clusters appeared sparsely 
branched, and the smaller cells with many clusters appeared to 
be densely branched. Midget cells could not be subdivided into 
distinct morphological variants by cluster diameter, cluster 
number, or both features combined. 

Midget cell mosaics 
Neither dendritic field size nor morphology provided a basis 
for subdividing midget cells beyond the well-established inner 
and outer types. If only these two types are present, then they 
should establish two independent mosaics of cell bodies; within 
each mosaic, all the dendritic trees should stratify at the same 
depth in the IPL. This arrangement would be equivalent to what 
has been found for the (Y-Y and p-X cells of the cat’s retina 
(Wglssle et al., 1981a,b) and for the magnocellular-projecting 
parasol cells of the macaque and human retina (Watanabe and 
Rodieck, 1989; Silveira and Perry, 1991; Dacey and Petersen, 
1992). One property of these, as well as other identified ganglion 
cell mosaics (Buhl and Peichl, 1986; Dann and Buhl, 1987; 
Dacey, 1989a; see also WPssle and Boycott, 1991, for a review), 
is that the degree of overlap between neighboring dendritic trees 
is approximately the same across the retina, yielding a dendritic 
network of uniform and characteristic coverage (dendritic field 
area x cell density). It was difficult, however, to envision how 
a single inner and a single outer midget mosaic could account 
for such a large variation in the dendritic field size and in the 
branching patterns of single cells observed in the present results. 

I addressed this question directly by intracellularly filling all 
neighboring inner or outer midget cells within a small patch of 
retina. To do this I took advantage of the size difference between 
somata of the inner and outer cells, which was visible in the 
retina in vitro and could be used to target either population 
reliably for intracellular injection. It was necessary to inject a 
number of cells of the same type that were nearest neighbors. 
This task was possible in the mid-peripheral and far peripheral 
retina where cell density was relatively low and the spacing of 
neighboring midget cells appeared very regular. Using this ap- 
proach I injected 2 1 patches of midget cells (11 inner cell patches 
and 10 outer cell patches), containing from 4 to 30 cells/patch 
(mean + SD = 6 + 6 cells). Patches were located 7-12 mm 
from the fovea. 
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Figure 12. Method for quantifying the 
tendency of midget ganglion cells to 
form localized regions of high dendritic 
density within their dendritic fields. A, 
Camera lucida tracings of a midget cell 
from the nasal retinal periphery (left) 
and a parasol cell (the other common 
ganglion cell type of the primate retina) 
also from the retinal periphery (right). 
To facilitate comparison of branching 
patterns, the two cell types are shown 
at different magnifications. B, Simpli- 
fied tracing of the dendritic branching 
pattern of both cells (soma and axon 
omitted). The midget cell dendritic tree 
shows multiple regions of high and low 
dendritic densities; by contrast, the par- 
asol cell shows a comparatively even, 
space-filling branching pattern. C, Con- 
tour plots made from digitized and 
smoothed images of dendritic tree out- 
lines shown in B. Contour lines follow 
the 30% and 70% of maximum density 
values. For the midget cell this defines 
distinct regions of high and low den- 
dritic density. The regions bounded by 
the 70% contour lines are designated as 
dendritic clusters. For the parasol cell, 
dendritic density is lower in the pe- 
riphery of the field and relatively uni- 
form over the center of the field; no 
patches of high and low density, as de- 
fined by the 30% and 70% contour lines, 
can be seen. 

Several features of the morphology of the cells indicated that 
within each patch, all the members of a single mosaic had been 
injected. First, the arrangement of the cell bodies, evaluated by 
measuring cell-to-cell spacing, was highly regular. Second, the 
coverage factor was constant across a patch, and was the same 
for patches from different retinal eccentricities. Third, the depth 
of stratification of all injected cells in a patch was identical. 
Fourth, adjacent dendritic trees were shaped to interdigitate and 
fill the available space like interlocking pieces of a jigsaw puzzle 
(Wglssle et al., 198 lc). Finally, when a cell was not completely 
filled, an obvious hole in the mosaic was apparent. 

The largest patch, containing 42 inner midget cells, illustrates 
the regular intercell spacing and uniform coverage for this mo- 
saic (Fig. 15). For all neighboring cells the dendritic field cov- 
erage was consistently less than, but very close to 1. That is, the 
adjacent dendritic trees approached one another but showed 
virtually no overlap. Moreover, single dendrites from neigh- 
boring cells rarely crossed over one another and in no case did 
the dendritic trees intermingle. Multiplying the density of cells 
in this patch (40 cells/mm*) by the mean dendritic field area 

(0.027 mm2) gave a coverage of 1.1. This calculated coverage 
suggested that there should be a some small overlap of the 
dendritic trees. However, as shown in Figure 15C, the irregular, 
interlocking shape of the dendritic trees served to reduce the 
real coverage to 1, or slightly less than 1. The regular spacing 
of the cell bodies in the patch is shown in Figure 15B. One 
measure of this regularity is given by the ratio of the mean 
nearest neighbor distance to its standard deviation (Wgissle and 
Riemann, 1978). For the patch of peripheral inner midget cells 
shown in Figure 15, the mean nearest neighbor distance was 
145 pm and the standard deviation was 18 pm, giving a ratio 
of 8, which approaches the high degree of regularity (- 9.5) found 
for the peripheral red/green cone mosaic (Curcio et al., 199 1). 

Comparison of neighboring inner and outer patches in a single 
retina confirmed that the outer midget cells were consistently 
about 30% smaller in dendritic field diameter than their inner 
counterparts (Fig. 16). Both the inner and outer mosaics had a 
coverage very close to 1. As a consequence, the outer cells formed 
a mosaic of higher density than the inner cells. The density ratio 
of outer to inner midget cells was 1.7:1. Thus, at least beyond 
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Figure 13. Dendritic clustering in midget cells is first observed between 
2.4 and 3.2 mm eccentricity. Smoothed gray scale images and contour 
plots of midget cells from the near peripheral retina are shown. Contour 
lines follow the 30% and 70% density values as in Figure 12. At this 
eccentricity the cells show a distinct tendency to divide into two separate 
regions of high dendritic density. The dendritic clusters may be relatively 
widely spaced as for the cells shown at 3.2,2.7, and 2.4 mm eccentricity, 
or they may be closely spaced as for the two cells shown at 3.0 mm. 
Only one cell in the sample of filled cells over this eccentricity range 
(lower left, 2.5 mm; camera lucida tracing for this cell is shown in the 
upper left of Fig. 6) had an arbor that did not divide into clusters. 

7 mm eccentricity, there must be five outer midget cells for 
every three inner midget cells. The data on inner and outer 
dendritic field size for eccentricities less than 7 mm (Fig. 10) 
suggested that this density difference may also hold at more 
central locations. 

The range of dendritic field sizes observed within a single 
patch, whether of inner or outer cells, can also account for the 
large local scatter in dendritic field diameter illustrated in Figure 
4. For example, the inner cells in the patch shown in Figure 15 
ranged in diameter from 140 to 270 pm (n = 29; mean + SD 

= 186 & 22 pm). Given that the ratio of inner to outer dendritic 
field diameter was 1.3: 1, and assuming that the outer mosaic 
shows the same local scatter as the inner mosaic, a mean of 
- 140 pm and a diameter range of - 100-200 km would be 
predicted for the outer midget cell mosaic at the retinal location 
shown in Figure 15. The predicted diameter range for all midget 
cells at this location would therefore be - 100-270 pm. This 
variation of nearly threefold is close to that found for the midget 
sample as a whole and supports the hypothesis that the sample 
of midget cells shown in Figure 4 is derived from only two 
ganglion cell mosaics. 

The detailed dendritic structure within the patches revealed 
the significant variation in the clustered dendritic morphology 
of the midget cells (Fig. 14). As in the total sample of midgets, 
the cells in the patches ranged from very densely branching and 
highly clustered, to sparsely branching and minimally clustered 
(e.g., arrowheads in Fig. 15A indicate the two extremes). Thus, 
much if not all of the morphological variation that has been 
described for the sample of single cells can also be observed in 
any single small patch of cells. 

The filled cell patches also revealed that the dendritic clusters 
and holes within the dendritic field of single midget cells were 
maintained in the cell mosaic as a whole (Figs. 17, 18). Based 
on the dendritic networks formed by other ganglion cell mosaics 
(e.g., Wassle et al., 198 la,b; Dacey, 1989), it was anticipated 
that the dendritic clusters and holes would interdigitate such 
that the dendritic network formed by the complete mosaic would 
display a uniform density. However, the midget cell dendritic 
trees did not overlap, and the holes were not filled in by the 
interdigitation of neighboring dendrites (Fig. 17). Contour plots 
of dendritic density across cell patches thus revealed the same 
regions of high and low density observed in single cells (Fig. 
18). 

Discussion 
Midget ganglion cells: two types, two mosaics 
In this study human midget ganglion cells were identified by 
their characteristic dendritic field size at a given retinal location. 
Midget cell dendritic fields showed no overlap in size with those 
of any other ganglion cell type at a given retinal location, and 
by this measure formed a single distinct grouping. The human 
midgets were divided into two types, presumed to correspond 
to ON- and OFF-center cells, by the depth of stratification of 
their dendritic trees, in agreement with previous studies (Perry 
et al., 1984; Rodieck et al., 1985; Watanabe and Rodieck, 1989). 

Despite the general agreement among previous studies, sup- 
ported by the present results, regarding the subdivision of midget 
cells into only the inner and outer types, there is still some 
dispute about the number of ganglion cell types in the midget 
size range. A recent Golgi study of human retina has suggested 
that the ganglion cells with the smallest dendritic fields at all 
eccentricities can be subdivided by differences in dendritic field 
size alone (Kolb et al., 1992) into the Pl cells (-5-15 pm di- 
ameter), and the P2 cells (- 1 O-60 pm diameter). In the present 
study no such subdivision on the basis ofdendritic field diameter 
was possible (see Fig. 4). A distinct subgroup of midget cells in 
the far retinal periphery with dendritic field diameters in the 
range of 15-20 pm, as reported by Kolb et al. (1992), was not 
observed. The smallest peripheral midget cells had diameters 
of 35-45 Mm in the nasal retina; in the other retinal quadrants 
some cells as small as 50 Km in diameter were found between 
7 and 8 mm eccentricity (Fig. 4A). I can suggest two possible 
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explanations for this discrepancy. Given the great variability in 
the dendritic field size range for the inner and outer midgets, 
such small cells in the retinal periphery could exist, especially 
in the smaller, outer cell mosaic, but they would be very rare 
and would not comprise a separate and complete mosaic (as- 
suming a coverage of one or greater). Alternatively, the clustered 
nature of the peripheral midget cell’s dendritic tree could be the 
basis for rare observations of peripheral midgets with small 
dendritic fields. Some cells possess multiple, spatially distinct 
arbors, each arbor much smaller than the total dendritic field 
(e.g., Figs. 9, 12); a partial Golgi impregnation of such a ccl1 
could result in an artifactual image of an extremely small den- 
dritic field in the retinal periphery. 

Although the existence of Kolb’s Pl and P2 cell types could 
not be confirmed in the present study, the great variability in 
midget cell dendritic field size did suggest that distinct subpo- 
pulations beyond the inner and outer mosaics might exist in 
this sample. However, the range of dendritic field sizes within 
each mosaic argues against this possibility. The inner midget 
cells showed on average a 30% larger dendritic field diameter 
than their outer cell counterparts (Fig. 10); this difference is a 
property of the mosaic as a whole (Fig. 16). Taking both mosaics 
together, there is an almost threefold variation in dendritic field 
size at a given retinal location. This variation predicts nicely 

Figure 14. Number and size of midget 
cell dendritic clusters as a function of 
eccentricity. A, Number of dendritic 
clusters per cell plotted against den- 
dritic field diameter. Average cluster 
number increases with increasing den- 
dritic field size but cluster number is 
highly variable. B, Mean cluster di- 
ameter ranges between 10 and 20 pm 
over most of the dendritic field size 
range. C, Contour plots of smoothed, 
gray scale images illustrate how the 
number of clusters increases with den- 
dritic field size but the range of cluster 
sizes remains about the same. q,.Con- 
tour plots illustrate the variabthty in 
cluster number for cells of similar den- 
dritic field sizes. dfd, dendritic field di- 
ameter (in pm). 

the degree of scatter shown in Figure 4 without recourse to 
additional unidentified cell types in this size range. 

Midget cell coverage and density 
Assuming that the coverage of 1 found for the midget cell patch- 
es holds over the entire retina, it is possible to calculate the 
density of midget cells using the dendritic field size data shown 
in Figure 4. Figure 19A plots midget ganglion cell density (cov- 
erage/dendritic field area in cells/mm*) as a function of retinal 
eccentricity using the values from the curve fit to the data in 
Figure 4. These values were compared with the mean density 
values from the temporal, upper and lower meridians for the 
total ganglion cell counts in human retinas given by Curcio and 
Allen (1990). This comparison suggests that the proportion of 
midget cells steadily increases as the fovea is approached. Den- 
sity was relatively constant at about 45-50% ofthe total ganglion 
cell population from 15 to 9 mm eccentricity; from 8 to 3 mm 
eccentricity, density increased to about 95% of the total ganglion 
cell population (Fig. 19B). 

This picture of human midget ganglion cell topography con- 
trasts with results in macaque, where midget ganglion cells have 
been reported to make up a constant proportion of the ganglion 
cell population, about 80%, at all retinal locations (Perry et al., 
1984), so it is necessary to consider possible sources of error in 
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Figure 15. The midget cell mosaic. A, Patch of 42 inner midget cells intracellularly filled with Neurobiotin. Tracings of the dendritic trees were 
made for all cells (29 cells) that showed complete dendritic filling. B, Injected ccl1 bodies (solid circIes) show a highly regular distribution. C, 
Tracings around the dendritic fields of filled cells reveal that neighboring dendritic trees do not overlap and show a coverage of 1 or slightly less. 

the results plotted in Figure 19. The coverage of 1 for the midget highly unlikely, however, because it would mean that the midget 
cells is derived from cell patches at eccentricities of 7 mm or cells would not have the minimum coverage required to sample 
greater. If midget coverage progressively decreased toward the all points in the visual field. Alternatively, there is the possibility 
fovea, the percentage of midget cells would be lower. This seems that Curcio and Allen (1990) overestimated the total number 

Figure 16. Difference in size and den- 
sity of inner and outer midget cell mo- 
saics. Cell bodies are shown in darker 
shadingand the dendritic fields are out- 
Iined and lightly shaded. Adjacent 
patches of inner and outer midget cells 
show that both cell types show similar 
coverage very close to 1. Outer cells have 
on average smaller dendritic field di- 
ameters, resulting in a mosaic of higher 
density. Ratio of outer cell density to 
inner cell density is 1.7: 1 
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of ganglion cells in the retinal periphery, and that midget cells 
actually comprise a much greater proportion than the 45-50% 
shown in Figure 19. The number of amacrine cells present in 
the ganglion cell layer increases greatly in the retinal periphery, 
and if some of the displaced amacrines were counted as ganglion 
cells, ganglion cell density would be significantly overestimated. 
In the macaque retina, immunostaining for GABA combined 
with retrograde degeneration of ganglion cells has shown that 
in the far periphery about 80% of the neurons in the ganglion 
cell layer were displaced amacrine cells (Whsle et al., 1990). In 
the human retina, Curcio and Allen (1990) estimated the num- 
ber of displaced amacrine cells based on soma size and other 
morphological criteria to reach about 75% in the far retinal 
periphery in fair agreement with the more conclusive findings 
in macaque. Thus, it seems unlikely that the human ganglion 
cell counts are in error by more than 5%. 

The central-to-peripheral decrease in the proportion of midget 
cells supports the previous suggestion that the ratio of human 
midget to parasol ganglion cells changes from about 30: 1 in the 
central retina to about 3:l in the retinal periphery (Dacey and 
Petersen, 1992). It has been reported that the ratio of the den- 
sities of parvocellular to magnocellular neurons in the macaque 
dorsal lateral geniculate also changes from about 4: 1 in the far 

Figure 17. Neighboring midget cell 
dendritic trees avoid intersecting and 
maintain a constant coverage. High- 
magnification camera lucida tracings of 
inner and outer midget cell patches show 
that the individual dendrites of neigh- 
boring dendritic trees avoid entering 
into adjacent fields. The result is that 
the spatial inhomogeneities of the in- 
dividual dendritic trees are preserved 
within the cell patch. Outlines of the 
dendritic trees (inset at lower right) il- 
lustrate the lack of overlap of the neigh- 
boring dendrites. 

periphery to about 40: 1 in the central representation (Connolly 
and Van Essen, 1984). The present data on midget cell density 
thus provide renewed support for the hypothesis that the dif- 
ferent threshold gradients observed for the sustained-chromatic 
and transient-luminance channels of human vision are related 
to the different density gradients ofthe magno- and parvocellular 
pathways (Drasdo et al., 1991; for review, see Drasdo 1991). 

Midget cell Nyquist frequency and visual acuity 
It is now well accepted that for central vision, spatial acuity is 
limited by the spacing of the cone photoreceptors (Banks et al., 
1987; Williams and Coletta, 1987; Hirsch and Curcio, 1989; 
Anderson et al., 199 1). However, beyond about 6-7” eccentric- 
ity, the maximum spatial resolution afforded by cone spacing- 
the Nyquist frequency-exceeds psychophysical measures of vi- 
sual acuity. The cone Nyquist frequency falls off to about 10 
cycles/degree peripherally, whereas visual acuity declines sharp- 
ly to less than 1 cycle/degree in the peripheral temporal retina. 

Two psychophysical studies have suggested that the density 
of parvocellular-projecting ganglion cells may limit spatial res- 
olution in the periphery (Thibos et al., 1987; Merigan and Katz, 
1990). In these studies measures ofgrating acuity were compared 
with Nyquist frequencies calculated from published values of 
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Figure 18. Contour plots of dendritic 
density show that inhomogeneities ex- 
ist within the midget cell mosaic as a 
whole. Holes in individual dendritic 
trees are not filled in by neighboring 
trees. A.&$, Tracings around the five 
individual inner midget cell dendritic 
trees that make UD a oatch show no 
overlapping dendrites. kight, Contour 
plot of 30% and 70% of maximum den- 
sity of the smoothed gray scale image 
of the patch. Retinal eccentricity = 13 
mm. &Left, Tracings around four in- 
dividual dendritic trees that make up a 
more centrally located patch of inner 
midget cells. Right, Contour plot as in 
A. Retinal eccentricity = 9 mm. 

A 

midget cell density across the macaque retina. Merigan and Katz 
compared grating acuity in macaque monkey with the Nyquist 
frequency derived from the estimated density of a single midget 
cell mosaic, that is, one-half the estimated total midget cell 
density, assuming that a single mosaic represents an indepen- 
dent sampling array. Thibos and colleagues compared human 
grating acuity, using interference fringes imaged directly on the 
retina, to estimates of total midget cell density in macaque mon- 
key. Despite the twofold variation in ganglion cell density that 
was employed, both studies suggested that midget cell density 
sets the acuity limit beyond about lo”, and this conclusion has 
gained some acceptance (Lennie et al., 1990; Wlssle and Boy- 
cott, 199 1). 

There are two potential difficulties with the above results that 
have prompted another look at the relationship between the 
midget cell mosaic and spatial acuity. First, the calculations in 
both studies were based on ganglion cell density estimates in 
which midget cells were assumed to make up a constant pro- 
portion of the retinal ganglion cells across the retina (Perry et 
al., 1984). Thus, their cell density estimates for the macaque 
differed from those calculated here for the human. Second, a 
more recent study (Anderson et al., 199 1) has found significantly 
lower values for human spatial resolution across the visual field 
than those measured by Merigan and Katz or Thibos and col- 
leagues. Both Merigan and Katz and Thibos and colleagues 
measured grating acuity using a discrimination protocol in which 
the orientation of the grating was detected. Anderson and col- 

ccc = 13 mm 

leagues suggest that such an orientation protocol is not “alias- 
free” and can lead to acuity estimates that are up to 1.5 times 
higher than the Nyquist frequency of the underlying mosaic 
(Williams and Coletta, 1987). These authors therefore adopted 
a discrimination protocol based on the detection of the direction 
of motion of a grating, which they argued was free of sampling 
artifacts. Anderson and colleagues then went on to compare 
their results with the Nyquist frequency calculated from mea- 
sures of total ganglion cell density in the human retina by Curcio 
and Allen (1990). Not surprisingly, they found that the Nyquist 
frequency for the total ganglion cell population was higher, by 
a factor of -2, than achromatic acuity. 

The finding of a coverage of 1 for the human midget ganglion 
cells makes it now possible to calculate the highest anatomical 
resolving power for the midget cell mosaic. The Nyquist fre- 
quency, assuming hexagonal packing of ganglion cells, equals 
l/v/3(0), where D is the intercell spacing in degrees (Snyder 
and Miller, 1977). For the midget cells, D is equivalent to the 
dendritic field diameter. Figure 2OA plots spatial resolution in 
cycles/degree for the midget ganglion cells from 1” to 55” using 
the dendritic field diameters given by the equation for the curve 
fit to the data in Figure 4. These data are compared to the recent 
data of Anderson et al. (1991), Merigan and Katz (1990), and 
Thibos et al. (1987) and the classical findings of Wertheim (189 1). 
In the retinal periphery the grating acuities measured by Thibos 
and colleagues in human and by Merigan and Katz in macaque 
are about 1.5-2 times higher than the human midget cell Nyquist 
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frequency. By contrast, the data given by Anderson et al. (199 1) 
for achromatic acuity closely match the midget Nyquist fre- 
quency from 55” to about 6-7”. In addition, the classical data 
of Wertheim, considered an underestimate of peripheral acuity 
by modem standards, also closely match both the anatomical 
data and the results of Anderson and colleagues from about 10” 
to the far periphery. The correspondence between these diverse 
sets of data supports the conclusion that spatial resolution mea- 
sured by Anderson and colleagues is a function of the sampling 
density of the mosaic of midget cell dendritic fields. The pre- 
viously reported correspondence between human and macaque 
acuity and macaque midget cell density may be a consequence 
of overestimates of both acuity and midget cell density in the 
retinal periphery. 

Further evidence that the midget cell mosaic limits acuity in 

Figure 19. Calculation of midget gan- 
glion cell density as a function of retinal 
eccentricity. A, Midget cell density is 
calculated from the dendritic field area 
given by the equation for the curve 
shown in Figure 4 and a coverage of 1 
across the retina. The midget cell den- 
sities are compared with published val- 
ues for total ganglion cell density (Cur- 
cio and Allen, 1990). Total ganglion cell 
density was taken as the mean of values 
for the temporal, upper and lower me- 
ridians. B, From the two sets of data 
plotted in A the percentage of midget 
cells of the total ganglion cell popula- 
tion is shown as a function of eccen- 
tricity. From 15 to 8 mm eccentricity, 
the midget cells make up 45-50% ofthe 
aandion cells. From 8 to 4 mm, relative 
density increases dramatically’to reach 
about 95% of the total ganglion cells. 

16 

the retinal periphery relates to the transition in dendritic mor- 
phology seen for midget cells around 6” eccentricity. This is the 
eccentricity where visual acuity begins to match the midget cell 
Nyquist limit. Figure 20B indicates that between 0” and 6”, all 
midget ganglion cells show the minimum dendritic tree diam- 
eters, 5-l 0 pm. At this eccentricity the ratio of ganglion cells to 
cones is greater than 2: 1 (WPssle et al., 1989a; Curcio and Allen, 
1990). There are therefore enough ganglion cells that signals 
from a single cone photoreceptor can be conveyed indepen- 
dently to both ON- and OFF-center midget ganglion cells. Con- 
sequently, the spatial resolution afforded by cone spacing can 
be preserved in the output of both the ON and OFF midget 
ganglion cell mosaics. Beyond 6” eccentricity, midget cell den- 
dritic trees enlarge and form multiple dendritic clusters. These 
clusters suggest the convergence of input from more than one 
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Figure 20. Comparison of the midget 
cell Nyquist frequency with measure- 
ments of human spatial resolution. A, 
Given a constant dendritic field overlap 
of 1, the midget dendritic field diameter 
is equivalent to intercell spacing and, 
assuming approximately hexagonal 
packing, the Nyquist limit for human 
midget cells = l/(43 x dendritic field 
diameter). To generate the curve shown 
in this figure for the midget cells, den- 
dritic field diameter was taken from the 
equation for the curve fit to the data 
given in Figure 4. The curves for the 
midget cells and the data of Anderson 
et al. (199 1) are closely matched from 
55” to about 6” eccentricity. The curve 
shown for Wertheim’s classical data also 
matches the midget Nyquist frequency, 
as well as the data of Anderson and 
colleagues, from about 10” out to the 
far periphery. (Wertheim’s data were 
given as normalized relative to fovea1 
resolution, his Table 2; absolute reso- 
lution in cycles/degree was calculated 
for the temporal retina by reference to 
the data provided in Table 1 of the orig- 
inal work). Other recent measures of 
grating acuity in both human and ma- 
caque (Thibos et al., 1987; Merigan and 
Katz, 1990) give higher values for spa- 
tial resolution in the periphery. B, Scat- 
terplot of dendritic field diameter ver- 
sus eccentricity for midget cells in the 
central and near peripheral retina pro- 
vides an anatomical explanation for the 
point at which the Nyquist frequency 
given by midget cell dendritic field di- 
ameter matched spatial acuity. From 0 
to 6“ midget cells have single arbors that 
receive signals from only a single cone 
photoreceptor; in this region cone spac- 
ing limits spatial resolution. Beyond 6” 
the midget cells show multiple den- 
dritic clusters that are assumed to re- 
ceive convergent input from a number 
of cones and the acuity limit would 
thereby be shifted to the midget cells at 
this eccentricity. Open circles, tempo- 
ral, upper and lower retina; solid circles, 
nasal retina. 
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cone bipolar cell. Consistent with this conclusion, it has been 
shown that at about this eccentricity the ratio of ganglion cells 
to cones declines to less than 2: 1, so convergent input from 
multiple cones to single midget ganglion cells becomes probable 
(Whsle et al., 1990). Correspondingly, spatial acuity should no 
longer attain the cone Nyquist frequency but instead must be 
limited by the midget cell Nyquist frequency. 

An asymmetry in the spatial scale of the ON and OFF midget 
mosaic 

In a previous report we showed that the inner midget and parasol 
ganglion cells (presumed ON-center) were consistently larger in 
diameter than their outer (presumed OFF-center) counterparts 

(Dacey and Petersen, 1992). Such an asymmetry has not been 
previously noted for either macaque or human ganglion cells, 
though the presence of size differences between ON- and OFF- 
center ganglion cell pairs has been observed in other mammalian 
species (for review, see Peichl, 199 1). This finding was confirmed 
and extended in the present study. Intracellular staining of midg- 
et cell patches showed that the dendritic coverage for both the 
inner and outer cell mosaic was the same. As a consequence, 
the smaller-diameter outer cells formed a higher-density mosaic 
than the larger-diameter inner cells. Given a difference of about 
30% in dendritic field diameter, the density ratio of outer to 
inner midget cells should be about 1.7: 1. This result also predicts 
that the spatial resolution afforded by the OFF-center mosaic 
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midget ganglion cell dendritic tree 

Figure 21. Hypothesis that dendritic 
clustering in peripheral midget cells re- 
flects selective connections with a sub- 
set of midget bipolar cells. The upper 
panel shows a camera lucida tracing of 
a small patch of presumed flat midget 
cone bipolar cells from macaque mon- 
key retina revealed by immunostaining 
for the calcium-binding protein recov- 
erin (Milam et al., 1993). The cell bod- 
ies are stippled and the axon terminals 
are solid. Also shown is a tracing of a 
human midget ganglion cell at about 
the same retinal eccentricity. In the low- 
er left panel a tracing has been made 
around the axon terminal arbors of all 
bipolar cells to illustrate their mosaic 
organization in the IPL. The middle 
panel is a simplified tracing of the den- 
dritic branches of the midget ganglion 
cell to illustrate more clearly the ten- 
dency of the dendrites to form clusters. 
Scale bar, 25 pm. In the right panel the 
ganglion cell tree has been superim- 
posed upon the bipolar mosaic. The 
dendritic tree is not arranged to make 
uniform contact with all of the 17 or so 
bipolar terminals within its field. The 
size of the dendritic clusters approxi- 
mates the size of one to three bipolar 
axon terminal fields. The holes between 
the clusters are regions where bipolar 
terminals may make few if any contacts 
with the midget cell dendritic tree. 

should be about 1.3 times that of the ON-center mosaic, at least 
in the retinal periphery where such a size difference has been 
directly observed. There is psychophysical evidence that the 
visual system shows a greater sensitivity to decrements in light 
level than to light increments (e.g., Bowen et al., 1989; Tyler et 
al., 1992; for review, see Fiorentini et al., 1990; Bowen et al., 
1992) but how this finding relates to receptive field sizes of 
ON- and OFF-center neurons is not clear. Human visual evoked 
potentials generated by positive and negative contrast stimuli 
believed to isolate the ON- or OFF-visual pathways suggest that 
the response to stimulation of the OFF-pathway shows finer 
spatial tuning than the ON-pathway response (Zemon et al., 
1988), but this conclusion has not yet been supported by other 
approaches. 

Dendritic clusters and the color selectivity hypothesis 
Beyond the central retina, midget cells possess dendritic trees 
that are not spatially homogeneous; terminal dendrites cluster 
into small regions of high density. Moreover, because the den- 
dritic trees of neighboring midget cells do not overlap, the clus- 
tered dendritic morphology is preserved in the overall midget 
cell mosaic. Previous studies of midget cell morphology have 
not commented on the tendency for dendritic clustering, but a 
careful review of the published camera lucida tracings reveals 
many examples of this type of morphology (Perry et al., 1984, 
their Fig. 2C-F, Watanabe and Rodieck, 1989, their Fig. 2d-f, 
Kolb et al., 1992, their Fig. 18) and Kolb and colleagues did 
note that in mid-peripheral retina midget cells sometimes “have 
two dendritic heads.” The present results show that the tendency 
for the midget cell to form spatially distinct dendritic clusters 
is a characteristic feature of the great majority, if not all, of the 
midget cells beyond the central 2-3 mm. 

In central retina the cone-specific center responses of par- 
vocellular-projecting ganglion cells are presumed to be a con- 
sequence of the one-to-one connectivity between a single cone, 
a midget bipolar cell, and a midget ganglion cell (Boycott and 
Dowling, 1969; Kolb, 1970; Kolb and Dekorver, 199 1; Calkins 
et al., 1992). However, color-opponent responses have also been 
observed beyond the central 6-7” (Wiesel and Hubel, 1966; 
Gouras, 1968; DeMonasterio and Gouras, 1975) where it is 
probable that midget ganglion cells receive convergent input 
from more than one midget bipolar cell. At this eccentricity it 
is not at all clear how a cone-specific center response would be 
generated. In a recent review, Wassle and Boycott (199 1) spec- 
ulated that color-opponent receptive fields may arise by selective 
connections between midget bipolar cells and ganglion cells in 
the IPL. They pointed out that, in peripheral retina, irregularity 
in the dendritic morphology of the midget cells may reflect this 
selectivity to some degree. This idea is a logical extension of 
recent findings indicating that horizontal cells do not make col- 
or-selective connections with cones (Boycott et al., 1987; Whsle 
et al., 1989a; Dacheux and Raviola, 1990), but that midget 
bipolar cells contact only single cones well out into the retinal 
periphery (Boycott and WHssle, 1991). It has now been shown 
that the density of cone bipolar cells is great enough to deliver 
cone-specific signals to the IPL, even in the periphery, where 
the ratio of cone bipolar cells to cones allows for one ON and 
one OFF midget bipolar cell per cone (Martin and Griinert, 
1992; Milam et al., 1993). Moreover, recent electrophysiological 
results suggest that both the centers and surrounds of color- 
opponent cells receive specific red cone or green cone input (Reid 
and Shapley, 1992) further reinforcing the requirement for col- 
or-selective connections at the level of the midget cone bipolar- 
midget ganglion cell connection. 
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Is it possible that the dendritic clusters reflect selective con- 
nections made with a cone-specific subset of bipolar cells within 
the midget cell’s dendritic field? In thinking about this question 
it is helpful to compare the midget cell dendritic morphology 
with that of the mammalian horizontal cell. The main dendrites 
of horizontal cells give rise to multiple small clusters of finger- 
like terminals; each terminal marks a region of synaptic contact 
with a single cone pedicle. Because the horizontal cell makes 
nonselective contact with every pedicle in its field, the dendritic 
clusters provide an unambiguous map ofthe spacing and density 
of the array of overlying cone pedicles. The dendritic clusters 
of the midget ganglion cells are not as distinctly defined as those 
of the horizontal cells but could be clearly delineated by making 
topographic maps of dendritic density. Isodensity maps showed 
the midget cells to have highly clustered dendritic trees when 
compared to the parasol ganglion cell type. For the horizontal 
cell dendritic clusters it is only the visualization of the overlying 
cone pedicles that clearly reveals their functional significance. 
Similarly, superposition of the mosaic of midget cone bipolar 
axon terminals and the midget ganglion cell dendritic tree might 
demonstrate whether the dendritic clustering reflects selective 
connections between the two mosaics. 

Recently a selective immunostain for the presumed flat midg- 
et bipolar cells in macaque retina (Milam et al., 1993) has made 
such an exercise possible. Figure 2 1 compares the bipolar axon 
terminal mosaic to the dendritic morphology of a single human 
midget cell at 6 mm eccentricity. Overlaying the midget cell 
dendritic field with the mosaic of biDolar axon terminals reveals 
two important features of their sDatia1 relationship. First. the 
sizes ofthe midget cell dendritic clusters are appropriate to make 
selective contact with one or a few bipolar axon terminals in the 
field. Second, the “holes” in the dendritic field that separate the 
clusters suggest that a number ofbipolar terminals in the midget 
cell’s field would not make direct contact with the midget cell 
dendritic tree. In the example shown there are about 18 bipolar 
axon terminals in the midget cell’s dendritic field, but only about 
nine of them significantly overlap the midget ganglion cell den- 
drites. It is possible, then, that a color-selective center response 
of the midget ganglion cell derives from a submosaic of midget 
bipolar cells that convey signals from only one population of 
cones, either red or green. If  this were the case, then the bipolar 
cells that overlap with the “holes” in the midget cells dendritic 
field could mediate the opponent surround by providing indirect 
inhibitory input via a sign-inverting amacrine cell. This ana- 
tomical picture is also consistent with the evidence that for many 
red-green opponent cells the “surround” does not in fact sur- 
round the center but is coextensive with it (Reid and Shapley, 
1992). 
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