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ABSTRACT

The morphology of ganglion cell dendritic trees varies across the cat
retina. Evidence is presented that the variation in two attributes of ganglion
cell dendritic structure can be accounted for by specific aspects of the topog-
raphy of the adult and developing retina.

The first attribute considered was the displacement of the center of the
dendritic field from the cell body in the plane of the retina. The results of
this study provide evidence that most ganglion cell dendritic fields are
displaced away from neighboring cells, i.e., down the retinal ganglion cell
density gradient. Because of the systematic dendritic displacement locally,
the centers of the dendritic fields are arranged in a more precise mosaic
than are their cell bodies.

The second attribute considered was the elongation and orientation of
the dendritic fields. From approximately embryonic day 50 to postnatal day
10 the cat retina undergoes a process of maturation (reviewed by Rapaport
and Stone: Neuroscience 11:289-301, '84) that begins at the area centralis
and spreads over the retina in a horizontally elongated wave. We found that
the elongation and orientation of retinal ganglion cell dendritic fields is
significantly correlated with the shape of the wave of maturation. The
orientation of a dendritic field is not predicted by the direction of its displace-
ment nor is it directly related to the distribution of neighboring retinal
ganglion cells.

These results indicate that the displacement of a ganglion cell’s den-
dritic field from its cell body results from mechanisms different from those
responsible for the orientation of the dendritic field. Factors that may be
responsible for these two attributes of ganglion cell dendritic morphology
are discussed.
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The dendritic structure of ganglion cells varies over the
cat retina. Certain aspects of this variation are related to
the topography of the retina. For example, cell body and
dendritic field size increases as ganglion cell density de-
creases (Boycott and Wassle, *74). The purpose of this paper
is to demonstrate the relation between two specific attri-
butes of ganglion cell dendritic tree structure and the topog-
raphy of the adult and developing retina.

The first attribute considered is the lateral displacement
of the center of the dendritic field from the center of the cell
body. Experimental evidence has been provided for compe-
tition beween ganglion cell dendrites (Linden and Perry,
’82; Perry and Linden, ’82; Eysel et al., ’85; Ault et al.,
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’85; Leventhal et al., ’87). If competitive dendritic interac-
tions are involved in normal ganglion cell development,
then the dendritic field of the most ganglion cells should
tend to be displaced from its cell body in the direction of
lowest density. It has been proposed that dendritic interac-
tions are responsible for the nonrandom arrangement of
ganglion cell bodies (Wissle and Riemann, ’78). If so, then
the mosaic formed by the centers of the dendritic fields
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should be more precise than the mosaic formed by their cell
bodies. This study provides evidence to support these
predictions.

The second attribute considered is the elongation and
orientation of the ganglion cell dendritic fields. The den-
dritic fields of all types of ganglion cells in cat retina are
elongated, and most are oriented approximately radially,
i.e., like the spokes of a wheel with the area centralis at the
hub (Leventhal and Schall, '83). While several hypotheses
have been proposed (Levick and Thibos, ’82; Thibos and
Levick, ’85; Eysel et al., ’85), the process by which ganglion
cell dendritic fields develop this characteristic elongation
and radial orientation is not presently known. Evidence
will be presented that the displacement of the dendritic
fields down the density gradient does not account for their
elongation and orientation. It will be demonstrated that
the elongation and orientation of ganglion cell dendritic
fields in the cat retina are correlated with the geometry of
retinal maturation.

MATERIALS AND METHODS
Subjects

Alpha- and beta-type ganglion cells were sampled from
the retinae of 12 adult cats; some of these animals provided
data for an earlier study (Leventhal and Schall, ’83).

Electrophoretic injection

Adult cats were prepared for electrophoretic injections as
described previously (Leventhal and Schall, ’83). Under
Nembutal anesthesia the subject’s head was positioned in
a stereotaxic apparatus, and the scalp, bone, and dura ma-
ter were removed from the appropriate regions. The cortex
was protected with a 4% solution of agar in saline. The
body temperature was maintained at 38°C. Neosynephrine
retracted the nictitating membranes, and atropine dilated
the pupils. Zero-power contact lenses protected the corneas
from desiccation. The optic disks and areae centralis were
projected onto a tangent screen 114 cm from the subject’s
retina.

Prior to all horseradish peroxidase (HRP) injections, pen-
etrations using low impedance (1-3 MQ) microcapillary
electrodes filled with 4 M NaCl were made into the dorsal
lateral geniculate nucleus (ILGNd) to locate specific repre-
sentations of the visual field. The positions of the receptive
fields of cells encountered in these penetrations directed
the placement of the injections. Once a satisfactory site was
located, the recording electrode was replaced with a micro-
capillary electrode filled with 10% HRP in Tris-HCI buffer
(pH 8.6) containing 1% dimethyl sulfoxide (DMSO). Aeccu-
rate positioning of this electrode was confirmed by record-
ing prior to the injection. HRP was injected using currents
of +3 pA (1.5 seconds on, 0.5 seconds off) for 2-3 hours. In
some cats 3-5 HRP injections were made into the optic
tract about 4 mm from the optic chiasm. The injections
were spaced mediolaterally and extended from the ventral
to the dorsal borders of the optic tract.

Histology and histochemistry

Subjects were maintained for 2 days following the HRP
injections. Under deep anesthesia, each subject was per-
fused through the heart with 700 ml of lactated Ringer’s
solution containing 0.1% heparin, followed by 1,000 ml of
1% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M
phosphate buffer at pH 7.4, followed by 600 ml of lactated
Ringer’s solution containing 5% dextrose; all solutions were
at 35°C. The brains were removed and the portions contain-
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ing the injection sites were blocked and stored for 2-4 days
in a 30% sucrose solution before frozen sectioning at 50 um.
The sections were collected in 0.1 M Tris-HCI buffer (pH
7.4), reacted for 20 minutes in 0.1 M Tris buffer containing
0.03% p-phenylenediamine dihydrochloride, 0.06% pyroca-
techol, and 0.02% Hy0, (PPD-PC reagent) (Hanker et al.,
17), and then transferred back into 0.1 M Tris-HC! buffer
before mounting.

Whole retinae were removed and processed immediately
after the perfusion. The retinae were rinsed in 0.1 M Tris
buffer (pH 7.4) for 5 minutes, incubated in 1% cobalt chlo-
ride (Adams, '77) in Tris buffer containing 0.5% DMSO for
20 minutes, rinsed in Tris buffer for 5 minutes, rinsed in
0.1 M phosphate buffer (pH 7.4) for 5 minutes, prereacted
in 0.1 M Tris buffer containing the PPD-PC reagent with
0.5% DMSO and no H50, for 15 minutes, reacted with fresh
PPD-PC reagent containing 0.5% DMSQO and H,O, for 20
minutes and finally rinsed in phosphate buffer for 30 min-
utes; all reactions were carried out at 35°C. Photomicro-
graphs of retinal ganglion cells illustrating the quality of
the staining obtained using these procedures have been
published (Leventhal, ’82; Leventhal et al., '85).

Morphological analyses

Cells were drawn under the camera lucida using a final
magnification of 225 x or 562.5 x. The drawing of each cell
was traced onto a digitizing tablet interfaced to a PDP 11/
23 computer. The high resolution of the digitizing tablet
(0.1 mm, Houston Instruments) provided for a very accurate
representation of the dendritic field. Each dendritic tree
was represented by a series of coordinate points; thicker,
proximal trunks were represented by more points than
were thin, distal twigs. The center of both the cell body and
dendritic tree were determined by calculating the mean
values of the coordinates representing the respective parts
of the ganglion ceil. The distance separating the center of
the dendritic field from the center of the cell body projected
into the plane of the retina was measured. The direction of
displacement of the center of the dendritic field from the
center of the soma was measured relative to the vertical
meridian, which was determined from the distribution of
labeled ganglion cells resulting from HRP injections into
the LGNd or optic tract.

Only that part of the dendritic field ramifying in its
specific sublamina of the inner plexiform layer (IPL) was
considered in the analysis of orientation. The cell body and
proximal trunk dendrites were excluded since electron mi-
croscopic reconstructions indicate that these support vir-
tually no synapses (Kolb, ’79; Stevens et al., ’80). Vectors
were drawn from the center of the dendritic field to each
point comprising the dendritic field. The angle of each vec-
tor was defined relative to the vertical meridian. Since
orientation was being determined, angles across the circle,
e.g., 10° and 190°, were equivalent. The vectors were
summed; the angle of the resultant vector gave the orien-
wation of the dendritic field. The length of the resultant
vector, termed orientation bias, provided a measure of how
elongated the dendritic field was. Orientation biases range
from O to 1 with 0 indicating a circular dendritic field.
Previous investigations (Levick and Thibos, ’82; Leventhal
and Schall, ’83) have demonstrated that dendritic fields
with an orientation bias of at least 0.1 may be considered
significantly elongated. A demonstration of the morpholog-
ical analyses of an alpha ganglion cell dendritic field is
shown in Figure 1.
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Fig. 1. A: Digitized representation of an alpha cell located superior to the
horizontal meridian. The scale bar is aligned parallel to the vertical merid-
ian of the retina. The asterisk is situated at the geometric center of the
dendritic field. B: Circular histogram of the distribution of the dendritic
field relative to the center of the cell body. Each line emanates from the
coordinates of the center of the cell body; the length of each line is propor-
tional to the amount of dendritic field in the given direction. The asterisk
indicates the direction in which the center of the dendritic field is displaced
from the center of the cell body. C: Circular histogram of the distribution of
the dendritic field relative to the center of the dendritic field. The asterisk
indicates the orientation of the dendritic field. Notice that the center of the
dendritic field is displaced vertically from the cell body, but the dendritic
field is oriented horizontally.
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Patch analysis

The dendritic fields of all of the alpha cells in selected
regions were drawn under camera lucida with a final mag-
nification of 225 x. Reducing the condenser setting on the
microscope allows the outlines of cell bodies that are not
filled with HRP to be seen (Leventhal, ’82). Since alpha cell
bodies are larger than any others in the ganglion cell layer,
they can be identifed unambiguously. Only regions contain-
ing no unfilled alpha cells were chosen for this analysis. A
computer replication of one of the patches has been pub-
lished (Schall et al., ’86b).

Ganglion cells whose dendritic fields ramify in the inner
sublamina of the IPL, ON-center celis (Nelson et al., *78),
appear to be distributed in a mosaic that is independent of
the mosaic of ganglion cells whose dendrities ramify in the
outer sublamina of the IPL, OFF-center cells (Wassle et al.,
’8la-c). In retinal wholemounts it is possible to distinguish
between the depths of ramification of overlapping dendritic
fields, so each dendritic field was assigned to either the ON
or OFF sublamina.

A map of the ganglion cell bodies in each patch was
drawn under camera lucida with a final magnification of
112.5%. The outline of each cell body in the map was traced
onto the digitizing tablet; the Cartesian coordinates of the
center of each cell body in a patch was stored. After deter-
mining the displacement of the center of the dendritic field
from the center of its cell body, the dendritic field center
could be placed in the map relative to the position of its cell
body. By using the Cartesian coordinates representing the
center of each cell body and dendritic field, the distance
was measured from each cell body and dendritic field to the
nearest cell body or dendritic field center, respectively.

Statistics

Specific statistical tests have been devised to analyze
distributions of angles, and several such tests were utilized
to analyze our data. A complete descrition of circular statis-
tics can be found in Batschelet ('81). The Rayleigh test
determines if a distribution of angles differs significantly
from a random distribution, i.e., whether the angles cluster
about some value in which case a high z value results. If a
certain angle is expected, than the V fest is a more powerful
test of whether the distribution of angles is peaked about
the expected value giving a high u value. To determine if
the mean of a sample of angles was different from the
expected angle, the confidence intervals given by Batsche-
let (81) were used. Watson’s U? test is a nonparametric
comparison of two distributions to determine whether or
not the two samples differ significantly; high U? values
indicate a difference.

RESULTS
Magnitude of dendritic displacement

The distance in the plane of the retina between the geo-
metric center of the dendritic field and the center of its cell
body was measured for 573 alpha and beta ganglion cells
across the cat retina. In Figure 2A the mean values of the
dendritic displacement are shown as a function of eccentric-
ity for alpha and beta cells; there was a significant ten-
dency for the center of the dendritic field of ganglion cells
to be displaced horizontally from the center of the cell body.
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Fig. 2. A: Absolute dendritic displacement for alpha and beta cells as a
function of eccentricity. The triangles represent the mean values of the
displacement of the center of the dendritic field from the center of the cell
body for alpha cells; the vertical bar represents the standard error. The
circles represent the mean displacement of beta cell dendritic fields; the
standard error at each eccentricity was smaller than the size of the symbol.
Means were calculated for cells in 1-mm intervals within 4 mm of the area
centralis and in 2-mm intervals therafter. Alpha cell dendritic fields are
displaced from their cell bodies more than are beta cell dendritic fields, and
the magnitude of displacement increases with eccentricity. B: Relative
dendritic displacement for alpha and beta cells as a function of eccentricity.
The distance in the horizontal plane of the retina betwen the center of the
cell body and the center of the dendritic field was divided by the dendritic
field diameter. The relative degree of displacement of alpha cell dendritic
fields does not change with eccentricity. The relative dendritic displacement
of peripheral beta cells is greater than that of alpha cells. Beta cell dendritic
fields in the central 1 mm are displaced significantly more relative to their
diameter than are their peripheral counterparts.

The magnitude of displacement tended to increase with
eccentricity, more so for alpha than for beta cells. Since
ganglion cell size increases with eccentricity, the increase
in absolute dendritic displacement was not unexpected.
Also, since alpha cells are larger than beta cells, it is not
surprising that the displacement of the dendritic fields of
alpha cells is greater than that of beta cells. It is of interest,
therefore, to determine whether the degree of dendritic
displacement relative to the size of the dendritic tree varies
with eccentricity and across cell types. The magnitude of
dendritic displacement was scaled to the size of the den-
dritic field by calculating the ratio of the magnitude of
dendritic displacement divided by the diameter of the den-
dritic field. The mean values of this displacement ratio for
alpha and beta cells are shown in Figure 2B. The relative
dendritic displacement of alpha cells remained approxi-
mately constant with eccentricity. The relative dendritic
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displacement of beta cells more than 1 mm from the center
of the area centralis also did not change appreciably with
eccentricity and was significantly greater than the relative
displacement of alpha cell dendritic fields. The relative
dendritic displacement of beta cells in the area centralis,
however, was significantly greater than that of their pe-
ripheral counterparts.

Direction of dendritic displacement

The angle difference was calculated between the direction
of displacement of the center of a cell’s dendritic field from
its soma and the polar angle of the cell on the retina. A
difference of 0° indicates displacement of the dendritic field
from the soma toward the area centralis, and differences of
+180° indicate dendritic displacement toward the retinal
margin, away from the area centralis. Outside the area
centralis there appeared a systematic relationship between
the direction of displacement of a ganglion cell’s dendritic
field from its cell body and its position on the retina. As
shown in Figure 3, most dendritic fields more than 1 mm
from the center of the area centralis were displaced from
their cell bodies away from the area centralis, toward the
retinal margin (mean angle = 172°,z = 34.9, P < 0.001).

Ganglion cell density varies over the cat retina. It is
peaked at the area centralis and decreases toward the edge
of the retina; along the horizontal meridian there is a ridge
of elevated density which is the visual streak. The relation-
ship between the direction of dendritic displacement of the
alpha and beta cells and the direction of the ganglion cell
density gradient at various locations on the retina is illus-
trated in Figure 4. The mean direction of dendritic displace-
ment was calculated for the cells within 1 mm X 15° bins
covering the retina and is represented by an appropriately
inclined arrow. The direction in which the ganglion cell
density slope was steepest was determined in each bin by
measuring the angle of the line orthogonal to the ganglion
cell isodensity contours in published ganglion cell density
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Fig. 3. Angle difference between the direction of displacement of the
dendritic field from the cell body of alpha and beta ganglion cells more than
1 mm from the area centralis. Differences near 0° indicate that the dendritic
field is displaced toward the area centralis, and differences near +180°
indicate that the dendritic field is displaced toward the retinal margin.
Notice that the dendritic fields of most ganglion cells are displaced from
their cell bodies away from the area centralis, toward the edge of the retina.
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Fig. 4. Relationship between dendritic displacement and the ganglion
cell density gradient. Each arrow represents the mean direction of displace-
ment of the dendritic fields of the ganglion cells in 1 mm x 15° bins covering
the retina; the mean directions of displacement of dendritic fields on the
nasal and temporal edges are shown separately. Solid arrows signify that
the distribution of displacement directions was significantly peaked (Ray-
leigh test with P < 0.05); dashed arrows were used otherwise; and no arrow
was drawn in the bins containing fewer than three cells. The number of
ganglion cells included at each radius is shown on the ordinate. Ganglion

maps (Hughes, *75; Stone, '78).! It was evident that the
dendritic fields of many ganglion cells were not displaced
exactly away from the area centralis; for example, most
dendritic fields in the visual streak were displaced away
from the horizontal meridian. The angle difference between
the direction of dendritic field displacement and the direc-
tion of the greatest ganglion cell density slope was calcu-
lated for each bin, and these values are shown in the
histogram in Figure 4. The distribution is not flat (mean
angle = —13°, u = 5.0, P < 0.0005), and the mean angle
difference is not significantly different from 0° (P < 0.05).
Thus, the direction of the ganglion cell density gradient
predicts the mean direction of displacement of the ganglion
cell dendritic fields from their cell body.

IThe ganglion cell density maps published by Hughes (75) and
Stone ('78) differ somewhat with respect to the density in the
visual streak. We analyzed our data using Hughes’ and Stone’s
maps separately and found no significant differences. Conse-
quently, the analyses presented used density values that were
averaged from both maps.

cell isodensity lines are superimposed on the figure; the values of density
(cells/mm?) represented by each line are as follows: a, 2,000; b, 1,000; ¢, 500;
d, 250; and e, 125. The 125 cells/mm? isodensity line could not be completed
owing to the change in scale on the abscissa representing the retinal mar-
gin. The differences between the mean direction of displacement and the
direction of the steepest ganglion cell density gradient in each bin are
shown in the histogram. Only those bins with significantly peaked distri-
butions of displacement directions were included. Notice that most ganglion
cell dendritic fields are displaced down the density gradient.

Arrangement of dendritic field center

The spatial distribution of the cell bodies and dendritic
field centers were analyzed in four groups of alpha cells.
The first patch of cells extended 1 to 4 mm from the area
centralis on the vertical meridian. The second patch cov-
ered from 2.5 to 4 mm from the area centralis on the
vertical meridian. The third patch was 3 to 8 mm from the
area centralis along the horizontal meridian. The fourth
patch extended 8 to 11 mm from the area centralis on an
oblique meridian. Figure 5 shows the disposition of some of
the cells with dendritic fields ramifying in the OFF sublam-
ina of one patch. The center of the dendritic field of most
ganglion cells is displaced from the cell body toward the
open area between other cells.

The mean and standard deviation of the separations of
nearest neighbor cell bodies and cell dendritic field centers
in each patch were calculated. The ratio of the mean to the
standard deviation of the distribution of distances between
nearest neighbors is a measure of the precision of spatial
arrangement (Wissle and Riemann, *78). This ratio will be
referred to as the mosaic ratio; the greater the mosaic ratio,
the more precise the arrangement. In Table 1 these data
are presented for the ON and OFF center ganglion cells in
each patch. In the third column of the table are written the
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Fig. 5. Spatial arrangement of ganglion cell bodies and dendritic fields.
This group of cells was included in patch number 1; the cells were approxi-
mately 3 mm from the area centralis on the vertical meridian. The dendritic
fields of these cells ramified in the OFF sublamina of the inner plexiform
layer. Notice that the dendritic field centers are displaced from their cell
bodies into the open areas between other cell bodies; this results in the
dendritic field center’s being distributed in a more precise mosaic than are
their cell bodies. In this small patch the mosaic ratio for the cell bodies was
3.90, and that for the dendritic field centers was 5.80.

differences between the mosaic ratios of the cell bodies and
their dendritic field centers. In each case the mosaic ratio
of the dendritic field centers is greater than that of the cell
bodies.

Because the mosaic of ON and OFF center cells is more
ordered than the mosaic of all the cells taken together, it
has been suggested that the dendritic fields in the ON
sublamina grow independently of those in the OFF sublam-
ina (Wissle et al., '8la-c). If so, then the eight pairs of
mosaic ratios (4 patches X 2 IPL levels) for the ON and

TABLE 1. The Ratio of the Mean to the Standard Deviation of the
Separations of the Nearest Neighbor Cell Bodies and Dendritic Field

Centers in Each Patch!
Cell Dendritic
bodies fields Difference
Patch 1
ON (n = 46) 3.62 4.83 +1.21
OFF (n = 55) 478 5.23 +0.45
Patch 2
ON(n = 21) 3.03 3.18 + 0.15
OFF (n = 26) 2.51 2.63 +0.12
Patch 3
ON(n = 64) 3.59 3.83 +0.24
OFF (n = 71) 3.76 3.90 +0.14
Patch 4
ON (n = 54) 3.61 4.27 + 0.66
OFF (n = 62) 5.63 5.76 + 0.13

ICells ramifying in the ON and OFF sublaminae were considered separately and the
number of cells is indicated. The differences between the values for the dendritic field
centers and the cell bodies are written in the third column. Notice that in every case
the mosaic ratio of the dendritic field centers is greater than that of the cell bodies.
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OFF cell bodies and their dendritic field centers may be
considered independent observations. With eight observa-
tions 28 or 256 outcomes are possible. The mosaic ratio for
the dendritic field centers was greater than that of the cell
bodies in each of the eight cases. The probability that this
result occurred at random is 1 in 256 or 0.0039, which is
unlikely.

Dendritic field orientation and the wave of
maturation

From approximately embryonic day 50 (E50) to postnatal
day 10 (P10) the cat retina undergoes a period of maturation
(reviewed by Rapaport and Stone, ’84). This maturation has
been characterized by several separate features, including
the appearance of the ganglion cell density gradient (Stone
et al.,, ’82), ganglion cell morphological differentiation (Ra-
paport and Stone, ’83b), formation of the outer plexiform
layer (OPL) (Rapaport and Stone, '82), and cessation of
neurogensis (Rapaport and Stone, *83a). A similar phase of
maturation has been observed in other species besides the
cat, such as the rat (Webster and Rowe, '85), the rabbit
(Stone et al., '85), and the human (Provis et al., ’85). In the
cat the process begins at the area centralis and expands
over the retina in a horizontally elongated wave. As a first
approximation the expanding region of maturity can be
described as an ellipse. The expansion of such an ellipse at
each point can be described by a vector whose angle and
magnitude vary with polar angle as shown in Figure 6.
This vector will be referred to as the wave vector. The wave
vector is directed horizontally and is longest on the horizon-
tal meridian and is vertical and shortest on the vertical
meridian. Since the wave of maturation extends more hor-
izontally than vertically, i.e., the horizontal component of
the wave vector is greater than the vertical, the wave
vector on the oblique meridians deviates from radial toward
horizontal.

The relationship between the orientation of significantly
elongated alpha and beta ganglion cell dendritic fields as
defined previously (Leventhal and Schall, ’83) and the an-
gle of the wave vector is illustrated in Figure 7. The mean
orientation of the ganglion cell dendritic fields within each
1 mm X 15° bin was calculated and is represented by a
short, thick line. Rapaport and Stone ('82) illustrated the
appearance of the OPL during retinal development; the
average elongation of the mature region was 2.2. Using
this value, the angle of the wave vector was calculated and
was represented by a long, thin line. The angle difference
was calculated between the mean orientation of the den-
dritic fields and the angle of the wave of maturation vector
in each bin and these values are shown in the histogram in

igure 7. There was a significant correlation between the
mean orientation of the dendritic fields in a spot of retina
and the angle of the wave of maturation vector in that spot
(mean difference = 0°, u = 8.09, P < 0.0005).

The angle difference was also measured between the mean
orientation of the dendritic fields in each bin and the value
of the polar angle of the bin. If the mean orientation was
more horizontal than the polar angle, the angle difference
was positive, and if the mean orientation was more vertical
than the polar angle, the angle difference was negative.
The mean angle difference between the mean orientations
and the polar angles of each bin was +16°, which is signif-
icantly different from 0° (P < 0.01). Thus, polar angle did
not predict dendritic field orientation as well as did the
angle of the wave vector.
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Fig. 6. A: An approximation of the geometry of the wave of maturation.
The concentric ellipses in A represent the mature area at two times; the
inner ellipse representing the earlier time. The expansion from the inner to
the outer ellipse at any point can be described with a vector. The angle of
the illustrated vector is given by O = atan (y/x). The horizontal major axes
of the ellipses extend a relative distance a, and the minor axes extend a
distance b, so the elongation of the ellipse is given by E = a/b. For the
illustrated ellipses E = 2.2, equal to the average elongation of the mature
area illustrated in Figure 5 of Rapaport and Stone ('82). The horizontal
component of the vector at a polar angle of P is given by x = a- cos(P), and
the vertical component, by y = b+ sin (P). Replace x and y such that O =
atan (b- sin(P)/a- cos(P)). This expression can be simplified since sin (P/
cos (P) equals tan (P) and a/b equals E to give the equation that was used to
estimate the angle through which the wave of maturation passes at a given
polar angle, = atan (tan(PYE). B: Vector orientation, O, plotted as a
function of polar angle, P. If E = 1, then O = P for all polar angles; this is
shown by the dotted line. The wave of maturation, however, is horizontally
elongated by a factor of 2.2. The orientation of the wave vector as a function
of polar angle with £ = 2.2 is shown by the solid line. In this case O is less
than P except on the horizontal meridian (P = 0°) where O = 0° and on the
vertical meridian (P = 90°) where O = 90°.

Further evidence of the relationship between the gan-
glion cell dendritic orientation and the wave of maturation
is obtained in comparing nasal and temporal retina. Since
the wave of maturation is more elongated in nasal than in
temporal retina (Rapaport and Stone, ’82), the wave vector
deviates horizontally more in nasal than in temporal ret-
ina. The horizontal deviation from radial of the dendritic
field orientations is more pronounced in nasal than in tem-
poral retina. The mean dendritic field orientation was not
different from the angle of the wave vector in nasal (mean
difference = 0°, u = 4.03, P < 0.0005) or temporal retina
(mean difference = -5°, u = 4.05, P < 0.0005).

Dendritic field elongation and the wave of
maturation

Some of the variation in ganglion cell dendritic tree elon-
gation could be accounted for by changes with meridian.
The mean orientation bias of dendritic fields sampled on
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the horizontal meridian was 0.27 (range 0.03 to 0.62 with a
mode of 0.27); the average orientation bias of ganglion cells
on the diagonal meridian was 0.22 (range 0.01 to 0.65 with
a mode of 0.17); and that of cells on the vertical meridian
was 0.20 (range 0.00 to 0.66 with a mode of 0.17). The
distribution of orientation biases of dendritic fields on the
horizontal meridian was significantly different from both
the diagonal (U2 = 0.28, P < 0.001) and vertical (U2 = 0.36,
P < 0.002) meridians. Thus, the dendritic fields in the
visual streak are more elongated than the dendritic fields
on the diagonal or vertical meridians. Since the mature
region extends more along the horizontal meridian, less
along the diagonal and least along the vertical meridian,
the variation in ganglion cell dendritic elongation was
qualitatively correlated with the variation of the relative
magnitude of the wave of maturation.

Some of the variability in ganglion cell dendritic elonga-
tion could also be accounted for by the orientation of the
dendritic field relative to the wave vector. The mean orien-
tation bias for the dendritic fields oriented within 22.5° of
the angle of the vector of wave of maturation was 0.25
(range 0.01 to 0.62; mode 0.27); the mean orientation bias
for the dendritic fields oriented from 22.5° to 67.5° off of
the angle of the wave vector was 0.20 (range 0.01 to 0.66;
mode 0.17), and the mean orientation of the remaining
ganglion cells was 0.18 (range 0.00 to 0.47; mode 0.17). The
distribution of orientation biases for dendritic fields orien-
tation within 22.5° of the angle of the wave vector is signif-
icantly different from the distribution of orientations biases
for dendritic fields oriented more than 22.5° off of the angle
of the wave vector (U2 = 0.59, P < 0.0001). These differ-
ences were more pronounced in the visual streak and in
nasal retina. Hence, throughout the retina dendritic fields
that are oriented parallel to the angle of the vector of the
wave of maturation were more elongated than dendritic
fields oriented otherwise.

DISCUSSION

The major findings of this study are the following: 1) the
center of the dendritic field of most alpha and beta ganglion
cells is significantly displaced from the center of the cell
body. The absolute magnitude of dendritic displacement
increases with eccentricity and is greater for alpha than for
beta cells. 2) The relative dendritic displacement of alpha
and beta cells in peripheral retina is approximately con-
stant and is greater for beta than for alpha cells; beta cell
dendritic fields are displaced significantly more in the area
centralis. 3) The dendritic fields of most ganglion cells in a
spot of retina tend to be displaced down the slope of gan-
glion cell density in that spot of retina. 4) The centers of
the dendritic fields are arranged in a more precise mosaic
than are their cell bodies. 5) The mean orientation of the
dendritic fields in a spot of retina can be predicted from the
angle through which the wave of maturation passes in that
spot of retina. 6) The elongation of the dendritic fields in a
spot of retina is qualitatively related to the relative mag-
nitude of the wave of maturation in that spot of retina.

Directed growth of dendritic fields

Previous investigators have noticed that the center of the
dendritic field of many ganglion cells is normally displaced
laterally from the center of the cell body (Leicester and
Stone, ’67; Honrubia and Elliott, *70; Boycott and Wissle,
"74; Wassle et al., ’81c). At least three events during retinal
development might be responsible for the systematic dis-
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Fig. 7. Relationships between dendritic field orientation and the geome-
try of the wave of maturation. The thick lines represent the mean orienta-
tion of the significantly oriented alpha and beta cell dendritic fields in each
1 mm x 15° bin. Solid lines signify that the distribution of orientations was
significantly peaked (Rayleigh test with P < 0.05); dashed lines were used
otherwise, and no line was drawn in bins containing fewer than three cells.
The number of dendritic fields included at each radius is shown on the
ordinate; since only significantly elongated dendritic fields were included,
the number of cells is less than that illustrated in Figure 4. The long, thin

placement of the ganglion cell dendritic fields from their
somas down the ganglion cell density gradient: 1) transret-
inal migration of the cell bodies, 2) passive stretching of the
retina, and 3) directed growth owing to dendritic
competition.

Rowe and Dreher ('82) have reported that the dendritic
fields of beta cells in the area centralis of the cat retina are
displaced from their cell bodies toward the center of the
area centralis. Although less prounced, such a pattern re-
sembles the primate fovea, which appears to result through
transretinal migration of the cell bodies away from the
center of the fovea (Hendrickson and Kupfer, '76). As sug-
gested by Rowe and Dreher, central cat beta ganglion cells
may undergo a similar transretinal migration. Qur finding
that, relative to their dendritic field diameter, beta cell
dendritic fields in the area centralis are displaced signifi-
cantly more than their peripheral counterparts is consis-
tent with this idea.

If transretinal migration can result in displaced dendritic
fields in central retina, then it is possible that such is also
the case in peripheral retina. The density gradient of gan-
glion cells may result from transretinal migration of ini-

line in each bin represents the angle of the wave vector in each bin. The
angles were calculated with the formula derived in Figure 4 using an
elongation of 2.2; ellipses of this elongation are superimposed with dotted
lines. The differences between the mean orientation of the dendritic fields
in each bin and the angle through which the wave of maturation passes in
that bin are shown in the histogram. The mean orientation of the dendritic
fields in a region of retina is highly correlated with the angle through which
the wave of maturation passes in that region.

tially uniformly distributed ganglion cell bodies toward the
center of the retina and into the visual streak. Such migra-
tion would also result in the correlation we have observed
between displacement and the density gradient if the den-
dritic fields do not move in the IPL. Recent evidence, how-
ever, indicates that the ganglion cell density gradient in
cat retina is formed by mechanisms other than ganglion
cell migration (Stone et al., ’82). Hence, while transretinal
migration of the ganglion cell bodies would not seem to be
a plausible explanation of the observed dendritic displace-
ment, it cannot be excluded at this time.

The displacement of dendritic fields from their cell bodies
may be a consequence of passive stretching as the retina
expands. Mastronarde et al. (‘84) have shown that the gan-
glion cell layer expands nonuniformly. These authors re-
port that there is relatively more radial expansion in central
retina and more tangential expansion in peripheral retina.
The degree of expansion of the IPL relative to the ganglion
cell layer is not known. While passive stretching of a den-
dritic field could result in a degree of the displacement, the
pattern of ganglion cell dendritic field displacement over
the retina does not appear to correlate with the pattern of
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retinal expansion. For example, within about 5 mm of the
area centralis in the visual streak, Mastronarde et al. found
that the retina expands radially, while the present results
indicate that the dendritic fields are displaced more verti-
cally, i.e., tangentially, from their cell bodies.

A variety of cells growing in vitro appear to explore their
immediate environment through extended filopodia, and
neurities extend where the filopodia attach (Letourneau,
’75). Dendritic fields appear to grow according to a similar
process of filopodial attachment (Skoff and Hamburger, *74;
Vaughn et al., *74). The filopodia of cultured cells attach to
other substrates better than to other cells; consequently,
the initial lamellipodia outgrowth extends away from
neighboring cells (Albrecht-Buehler, *76). Such a mecha-
nism can explain the significant correlation between the
direction of dendritic field displacement and the direction
of the ganglion cell desnity gradient. During development
the local ganglion cell density gradient may determine the
direction in which the dendritic fields are ultimately dis-
placed as the dendrites extend preferentially toward the
least dense region.

Manipulating the density of ganglion cells in restricted
areas of retina provides a test of this hypothesis. A small
lesion near the optic disk in neonatal rat or kitten results
in retrograde degeneration of the ganglion cells whose ax-
ons were transected; this results in a limited area of retina
that is depleted of ganglion cells. The dendritic fields of
ganglion cells on the border of such an evacuated region
extend their dendrities into the area of reduced ganglion
cell density (Perry and Linden, '82; Eysel et al., ’85; Ault et
al., ’85; Leventhal et al., ’87).

Wissle and Riemann (78) suggested that dendritic inter-
actions may be responsible for the development of the mo-
saic arrangement of ganglion cell bodies. Wissle et al. ('81b)
showed that the dendritic trees of alpha cells cover the
space between the cells very economically. The present
finding that the dendritic field centers are distributed in a
more precise mosaic than their cell bodies provides further
evidence that dendritic interactions during development
may be responsible for not only the complete but the uni-
form coverage of the retina with ganglion cell dendritic
fields.

Oriented growth of dendritic fields

The dendritic fields of ganglion cells in the cat (Leventhal
and Schall, ’83), ferret (Vitek et al., ’85), macaque (Schall et
al., '86a), and human retina (Rodieck et al., ’84) are elon-
gated and approximately radially oriented relative to the
area centralis or fovea. Since the elongation of ganglion cell
dendritic fields in the cat retina corresponds to that of their
receptive fields (Hammond, '74; Peichl and Wissle, '83),
and most ganglion cells respond best to radially oriented
stimuli (Levick and Thibos, ’82), it seems likely that the
structure of a ganglion cell’s dendritic field confers upon
the cell its physiological orientation sensitivity.

A sufficient explanation of ganglion cell dendritic field
elongation and orientation must account for at least four
observations. First, the dendritic fields are oriented with
respect to the area centralis and not the optic disk or some
other point. Second, most ganglion cell dendritic fields are
not oriented exactly radially with respect to the area cen-
tralis, but are oriented more horizontally than their polar
angle predicts. This horizontal deviation is more pro-
nounced in nasal than in temporal retina. Third, the den-
dritic fields in the visual streak are more elongated than
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those outside of the streak. Fourth, dendritic fields that are
oriented approximately radially (given the horizontal de-
viation) are more elongated than those oriented otherwise.
At least four events of retinal development might account
for the ganglion cell dendritic field elongation and orienta-
tion: 1) directed growth owing to competition, 2) formation
of the mosaic, 3) passive stretching owing to retinal expan-
sion, and 4) the wave of maturation which passes over the
retina from E50 to P10.

Comparing Figures 4 and 7, it is evident that the direc-
tion of displacement does not correlate with the orientation
of a dendritic field as exemplified by the cell in Figure 1. In
the total sample of ganglion cells there is no correlation
between the direction of dendritic displacement and the
orientation of the dendritic field. These two features of
ganglion cell dendritic morphology, therefore, probably de-
velop independently. Thus, dendritic competition, which
seems to be responsible for the systematic dendritic dis-
placement, does not seem to account for dendritic field
elongation and orientation.

As shown by Wissle et al. (81b) and the present report,
dendritic growth in the IPL results in the ganglion cell
dendritic fields covering the retina completely and uni-
formly. It may be that the ganglion cell dendritic fields
achieve their characteristic elongation and radial orienta-
tion as a consequence of forming the mosaic. If this were so,
the elongation and orientation of a dendritic field ought to
be predicted from its neighbrohood. Other than a mutual
tendency to be oriented parallel to the angle of the wave
vector, however, ganglion cell dendritic fields with similar
orientations are not clustered in the retina (Schall et al.,
’86b). Furthermore, the precision of the mosaic decreases
with eccentricity (Wissle and Riemann, *78), but the elon-
gation and systematic orientation of ganglion cell dendritic
fields do not change appreciably from 0.5 mm from the
center of the area centralis to the retinal margin (Leventhal
and Schall, ’83). Hence, dendritic growth within the gan-
glion cell mosiac does not account for the elongation or
systematic orientation of the dendritic trees.

Passive stretching of the dendritic fields postnatally be-
cause of expansion of the retina in cat also cannot be solely
responsible for the elongation and approximately radial
orientation of the dendritic fields (Mastronarde et al., ’84).
In the first place, the magnitude of expansion is insufficient
to stretch the dendritic fields to the degree observed. In the
second place, the pattern of expansion over the retina does
not correspond to the observed pattern of orientations. For
example, more than 5 mm from the area centralis the
degree of tangential expansion exceed the degree of radial
expansion, but dendritic fields from 0.5 mm from the area
centralis to the retinal margin tend to be oriented radially.
The expansion of the cat retina from E57 to maturity has
been determined by Wong ('85); similar considerations in-
dicate that passive stretching prenatally is also an insuffi-
cient explanation of the elongation and orientation of
ganglion cell dendritic fields.

The retinogeniculate pathway in the cat undergoes a
process of maturation beginning around E50. The number
of axons in the optic nerve declines from the early elevated
level (Ng and Stone, *82). During this period the afferents
from each eye segregate in the LGNd (Shatz, ’83) and su-
perior colliculus (Williams and Chalupa, ’82), and the gan-
glion cell terminal arbors elaborate in the LGNd (Sretavan
and Shatz, '84). Also during this period a wave of matura-
tion spreads over the retina (reviewed by Rapaport and
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Stone, '84). This maturation has been characterized by the
appearance of the ganglion cell density gradient (Stone et
al., ’82), ganglion cell morphological differentiation (Rapa-
port and Stone, ’83b), development of the OPL (Rapaport
and Stone, ’82), and cessation of neurogenesis (Rapaport
and Stone, '83a). This maturation appears in a centrifugal
spatiotemporal gradient, which begins at the area centralis
and expands in a horizontally elongated wave over the
retina. A similar wave of maturation has been observed
from P4 to P8 in the rat (Webster and Rowe, ’85), from E28
to P5 in the rabbit (Stone et al., ’85), and from E100 to E210
in the human (Provis et al., '85). It is also important to note
that retinal ganglion cells in the cat do not achieve morpho-
logical maturity until at least 3 weeks postnatally (Rusoff
and Dubin, "78).

Evidence has been provided in this study that the elon-
gation and orientation of the ganglion cell dendritic fields
in a spot of retina is highly correlated with the geometry of
the wave of maturation in that spot of retina. Based on this
evidence it may be hypothesized that the elongation and
orientation of ganglion cell dendritic fields are related to
the wave of maturation. This hypothesis has more explan-
atory power than the alternatives. Because the wave is
initiated at the area centralis, the dendritic field orienta-
tion relative to the area centralis can be rationalized. The
horizontal elongation of the wave in nasal and temporal
retina also predicts quantitatively the horizontal deviation
of the dendritic field orientations in both hemiretina. The
greater relative magnitude of the wave along the horizontal
meridian predicts the greater elongation and radial ten-
dency of the dendritic fields in the visual streak. As the
area of maturation nears the retinal margin, its shape
becomes more variable. This appearance correlates with
the slightly reduced radial tendency of ganglion cell den-
dritic fields observed near the edge of the retina (Leventhal
and Schall, ’83).

This hypothesis can be tested by analyzing the dendritic
morphology of ganglion cells in the retinae of other species.
A process of maturation similar to that observed in the cat
occurs in the human retina (Provis et al., ’85). The matura-
tion is initiated at the macula and spreads in a horizontally
elongated wave over the retina. The wave in the human
retina, however, is not as elongated as that in the cat. The
proposed hypothesis predicts that the dendritic fields of
ganglion cells in the primate retina should be oriented
more horizontally than radial, but the horizontal deviation
should be less than that observed in the cat. This was not
considered in an analysis of ganglion cell dendritic oriented
in the human retina (Rodieck et al., ’85). In the macaque
retina, however, there is a significant tendency for the
ganglion cell dendritic fields to be oriented more horizon-
tally than their polar angle, and the deviation is less than
that in the cat (Schall et al., ’86a).

While there is a centrifugal gradient of development in
the rat retina, the process of maturation is less defined
spatially and occurs more rapidly than that in carnivore or
primate retina (Webster and Rowe, ’85; V.H. Perry, per-
sonal communication). In correspondence with the hypoth-
esis, the dendritic fields of type I ganglion cells in the rat
retina are not as elongated as those in cat or monkey, and
there is no relation between dendritic field orientation and
retinal position (Dreher et al., ’85; Schall et al., ’87).

The mechanism through which the elongation and orien-
tation of retinal ganglion cell dendritic trees might be re-
lated to the wave of maturation is not presently clear. In
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vitro neurites extend preferentially parallel to an artifi-
cially oriented fibronectin substrate (Turner and Carbo-
netto, '84). It is possible that components of a substrate
upon which ganglion cell dendrites grow are aligned paral-
lel to the angle of the vector of the wave of maturation.
Dendrites extending parallel to the orientation of the sub-
strate may be facilitated, while dendrites growing other-
wise may not extend as well. The interactions between
dendrites presumably responsible for the displacement
away from other dendritic fields may be superimposed on
this elongated oriented growth.

CONCLUSIONS

The dendritic fields of most ganglion cells are displaced
down the slope of the ganglion cell density gradient. The
mosaic formed by the dendritic field centers is more precise
than that of their cell bodies. Dendritic competition may be
responsible for the observed displacement, but it does not
account for the orientation and elongation of ganglion cell
dendritic trees. Ganglion cell dendritic field elongation and
orientation appears geometrically correlated with, and may,
thererfore, depend on, the wave of maturation that passes
over the retina from E50 to P10. The means by which
dendritic tree growth is related to retinal maturation re-
quires investigation.
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