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The On-Off direction-selective
(DS) ganglion cells in the rabbit retina comprise four discrete subtypes that orthogonally
code the direction
of image motion. This study examined
the dendritic
relationships
between
different subtypes
of
On-Off DS cells, which were identified
by their distinctive
type 1 bistratified
(BiSl) morphology
following
the intracellular injection of a biotinylated
tracer or Lucifer yellow under
direct microscopic
control. The dendrites
of BiSl cells that
had closely spaced somata, which presumably
comprised
subtypes of On-Off DS cells with different preferred
directions, were not randomly superimposed
but were fasciculated into loose bundles.
By contrast,
tracer coupling
revealed that neighboring
On-Off DS cells of one subtype were
highly territorial,
providing complete
coverage of the retina
with minimal overlap. This mirrors, on a larger scale, the
territorial
organization
within the dendritic tree of individual
DS cells, suggesting
that similar interactions
shape both the
branching
pattern and the spatial extent of these neurons.
Moreover,
the dendrites
at the edge of the dendritic
field
often formed tip-to-shaft
or tip-to-tip contacts with dendrites
from coupled cells, thus appearing
to form closed dendritic
loops that may be equivalent
to those found within the dendritic tree. Consequently,
the dendrites
of one subtype are
distributed
uniformly
and economically
across the retina.
The resulting
plexus forms a strikingly
regular scaffold on
which the presynaptic
interneurons
generate
direction
selectivity.
[Key words: retinal ganglion cell,.direction
selectivity, dendritic territories,
tracer coupling,
Neurobiotin,
rabbit]

Direction-selective (DS) neuronsrespondoptimally to stimulus
movement in a “preferred” direction, but are inhibited by
movement in the reverse “null’ direction. In the rabbit retina,
there are two distinct types of DS ganglion cellsthat give either
On-Off or On-center responsesto flashedillumination (Barlow
et al., 1964). The On-Off DS cells comprise four physiological
subtypes with preferred directions to the anterior, posterior,
superior, and inferior (Oyster and Barlow, 1967). The On-Off
DS cells in the rabbit retina can be readily distinguishedfrom
other retinal ganglion cells by their type 1 bistratified (BiSl)
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morphology (Amthor et al., 1984, 1989;Famiglietti, 1987,1992a;
Yang and Masland, 1992; Oyster et al., 1993). The dendrites of
thesecellsare narrowly stratified at 20% and 70% depth of the
inner plexiform layer, in sublamina a (Oh) and sublamina b
(On), respectively. The terminal dendrites, which range from
3rd to 15th order, are distributed throughout the dendritic field
in each sublamina and their retroflexive branching creates a
regular space-filling lattice in which somedendrites appear to
form closedloops. Examples of all four subtypesof On-Off DS
cells have been injected with horseradishperoxidaseor Lucifer
yellow, but the preferred direction of a cell cannot be inferred
from the pattern of dendritic branching.
Although the dendritic morphology and the receptive-field
properties of individual DS cells have been well characterized,
it was not known whether each subtype provides independent
coverage of the retina. This study resolvesthe issueby taking
advantage of the finding that tracer coupling labels the cellular
array of one subtype of On-Off DS cells, which were identified
by their distinctive BiSl morphology (Vaney, 1990b, 1991).
Photochromic intensification of the labeled cells now reveals
that the den&tic trees of the coupled subtype are highly territorial, providing almost seamlesscoverage of the retina, despite pronounced variability in the shapeand size of individual
ganglion cells.
Some of these findings were reported at the 1992 FASEB
Summer ResearchConference on Visual Processingand the
1993 ARVO Annual Meeting (Vaney, 1993).
Materials and Methods
Experimentswereperformedon adult pigmentedrabbitsof eithersex
in accordwith the Australiancodeof practicefor the careanduseof
animalsfor scientificpurposes.Followinganaesthesia
with 4% Halothanein air, 0.4 pg of 4’,6-diamidino-2-phenyl-indole
(DAPI; Sigma)

in 20 ~1 of deionized water was injected into the vitreous, l-2 d before
pentobarbitone overdose and enucleation (Masland et al., 1984).
The preparation of the isolated retinal whole-mounts and the techniques for intracellular injection of identified neurons under direct microscopic control (Vaney, 1984) have been described in detail elsewhere
(Hampson et al., 1992). In brief, the retinal preparations were superfused
with carbogenated Ames medium (Sigma), containing 2.0 gm/liter of
NaHCO, (pH 7.4 at room temperature) and 1 ml/liter of fetal calf serum.
The tips of the injection micropipettes were filled with either 42 Lucifer
yellow (Sigma) in deionized water or l-2% Lucifer Yellow and 34%
N-(2-aminoethyl)-biotinamide
hydrochloride
(Neurobiotin;
Vector
Laboratories) in 0.1 M Tris buffer, pH 7.6. Lucifer yellow was iontophoresed into the impaled cell with - 1 nA current for about 30 set
whereas Neurobiotin was iontophoresed with +0.5 nA current for l-2
min. In some of the early experiments, biocytin (Horikawa and Armstrong, 1988) was used instead of Neurobiotin (Kita and Armstrong,
1991; Vaney, 1991). The tracer-filled cells were left to equilibrate in
Ames medium for 0.5-4 hr before fixation in 4% paraformaldehyde for
40-60 min.
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Fzgure I. Fluorescence micrograph of a DAPI-labeled rabbit retina
viewed under ultraviolet excitation, with the focus on the ganghon cell
layer. The nuclei of displaced amacrine cells are smaller and brighter
than those of adjacent ganglion cells. The large crescent-shaped nucleus
(arrow)is indicative of a type 1 bistratilied (BiSl) ganglion cell. Scale
bar, 50 pm.
The cells filled with Neurobiotin or biocytin were visualized by incubating the retina with a streptavidin-biotinylated-HRP
complex
(Amersham) and then detecting the peroxidase activity using diaminobenzidine (DAB, Sigma) as the chromogen (Vaney, 1991). In some
preparations, the DAB reaction product was photochromically intensified in the presence of 0.02% nitro blue tetrazolium in 0.1 M Tris
buffer, pH 8.2 (Vaney, 1992), either soon after DAB processing or, in
some cases, up to 2 years later (e.g., Fig. 6). All of the cells illustrated
in the paper have been photochromically intensified. The cells filled
with Lucifer yellow were incubated with an antiserum to the dye (Pow
et al., 1993), which was visualized by a modified ABC procedure (Vaney,
1992). The processed retinae were coverslipped in 50% glycerine in
phosphate buffer.
The injected cells were examined and photographed on a Zeiss Axioplan microscope and their dendritic trees-were mapped directly under
the drawing tube, using a 63 x oil-immersion objective to confirm the
dendritic relationships of overlapping cells. In order to reconstruct the
dendritic plexus over an extended area, the dendritic trees ofthe coupled
cells were individually mapped at medium power and then retraced
over a montage of micrographs taken at lower power. Inked drawings
of the coupled cells were digitized on a scanner and then graphically
reconstructed on a Macintosh Quadra 950 using MACDRAW
PRO.
The local density of coupled ganglion cells was calculated empirically
using the mean distance from the soma of the injected cell to the five
nearest somata of the tracer-coupled cells. In the reference field, which
is mapped in Figure 4B, the I8 coupled cells had a density of 55 cells/
mm2 and the mean distance to the coupled somata was I45 pm. For
all other tracer-coupled cells, the density was calculated from the mean
distance using the following equation: cell density = 55 x (145/mean
distance)‘.

Results
IdentiJication of type 1 bi.stratiJiedganglion cells
In the ganglion cell layer of the rabbit retina, the fluorescent
nuclear dye DAPI brightly labeled the uniform population
of
displaced cholinergic amactine cells (Masland et al., 1984). Although the nuclei of adjacent ganglion cells were only weakly

0

100 pm

Figure 2. Graphic reconstruction of a rabbit retinal ganglion cell that
was identified as an On-Off direction-selective cell from its BiSl morphology. The dendrites in the On sublamina (b) of the inner plexiform
layer have been vertically separated from the overlapping dendntes m
the Off sublamina (a). The branching systems arising from each of the
four primary dendrites are coded in different colors, showing that they
tile the dendritic field with minimal overlap in each sublamina. This
Neurobiotin-filled
cell did not show tracer coupling to neighboring BiSl
cells. Retinal eccentricity: 5 mm below visual streak.

labeled, they were clearly defined and the somata could be readily impaled with a micropipette
under direct visual control. When
randomly selected ganglion cells were injected with Lucifer yellow in the isolated superfused retina, about 10% of the cells had
a distinctive
bistratified
morphology
corresponding
to that of
the On-Off direction-selective
(DS) ganglion cells (see below).
It became apparent that those cells with the type 1 bistratified
(BiS 1) morphology
usually had a large crescent-shaped
nucleus
(Fig. 1). When this selection criterion was used, the success rate
for impaling BiSl ganglion cells was boosted to about 80% in
the visual streak and mid-peripheral
retina, with a lower success
rate in the far periphery (Vaney et al., 1989).
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Figure 3. Neurobiotin-filled
BiS 1 cells in the far periphery and peak visual streak (irzret) of the rabbit retina, viewed at the same magnification
in photochromically intensified preparations. Each injected cell (white dot) shows homologous tracer-coupling to a ring of surrounding BiSl cells,
the somata of which are located outside the dendritic field of the injected cell. Retinal eccentricities: 9 mm and 0 mm (inset). Scale bar, 100 pm.

Although the initial selectionof crescent-shapednuclei wasa
subjective process,the subsequentidentification of the BiSl
morphology was quite objective, becausethese cells have the
most distinctive morphology of any ganglion cell type in the
rabbit retina. The two to four primary dendrites of a BiSl cell
formed branching systemsthat tiled the dendritic field with
minimal overlap in eachsublaminaof the inner plexiform layer
(Fig. 2) as previously describedfor On-Off DS cells that had
beeninjected with horseradishperoxidase(Oyster et al., 1993).
Tracer-coupling
pattern of BiSI ganglion cells
When the BiSl ganglion cells in the superfusedrabbit retina
were injected

with biocytin

or Neurobiotin,

many of the cells

showedtracer coupling to surroundingganglioncellsof the same
morphological type, as reported in preliminary form (Vaney,
1990b, 1991). Such homologous coupling was shown by 49
(37%) of the 131 BiSl ganglion cells that were well filled with
biotinylated tracer. Seventeenof the 22 preparations contained
three or more filled cells, which always compriseda mixture of
coupled and noncoupled cells in proportions that did not vary
markedly from the combined total (37 f 12%, *SD).
There was no evidence that the time in vitro affected the
incidence of tracer coupling, as shown by sequential preparations taken from the samerabbit. In one case, 17 ganglion cells
in the left retina were injected l-2 hr after enucleation; 10 of
the cells were well filled, including eight BiSl cells. In the right

retina,

33 ganglion

cells were injected

3-5 hr after enucleation;

2 1 of the cells were well filled, including 16 BiS 1 cells. In both
retinae, 38% of the filled BiSl cells showedtracer coupling.
The tracer-coupling pattern of the BiSl cells was quite stereotyped in that the strongly labeled somata of the coupled
ganglion cells,which formed a regulararray around the injected
soma, were usually located outside the dendritic field of the
injected cell. Thus, the dendritic organization of the coupled
BiSl cells resemblesthat. of each subtype (On or 08) of the
a-ganglion cells (Wbsle et al., 198la; Peichl et al., 1987). The
BiSl cells were directly tracer coupled to five to seven neighboring cells over most of the retina, but the small BiSl cellson
the peak visual streak were usually coupled to only four neighboring cells (Fig. 3).
The ring of BiSl cells labeled by tracer coupling sometimes
showedsecondary coupling to an outer ring of somata, particularly in photochromically intensified preparations (seeFig. 36
of Vaney, 1991). Thus, a continuous array of about 20 coupled
cellswas labeled, enabling the local cell density to be measured
with some precision.
Some of the BiSl ganglion cells that showedstrong homol-

ogous coupling also showed weaker heterologouscoupling to
scatteredamacrine cells of diverse types that did not appear to
contact the injected soma or the pipette track (seeFigs. 9, 11).
Such “inappropriate” coupling (Vaney, 1994)cannot be attributed to artifactual fusion of the cell membranesby the advancing
micropipette (Kaneko et al., 1981), becauseit was associated
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Figure 4. Graphic representation of the somatic array of tracer-coupled BiS 1 cells at different eccentricities from the visual streak. For each injected
cell, the dendritic fields are shown separately for sublamina a (horizontalhatching)and sublamina b (vertical hatching). Micrographs of fields A,
0, and Bare shown, respectively, in Figures 3 and 11 of this article, and Figure 36 of Vaney (1991).

only with coupled BiS 1 cells and not with the noncoupled BiS 1
cells.
Dendritic-jkld size of BiSl ganglion cells
Following the practice of Oyster et al. (1993), the dendritic field
in each sublaminawas delimited by line segmentsjoining ad-

jacent dendritic terminals on the perimeter of the traced cell,
thus forming a complex polygon that outlined deepindentations
in the arborization. The resulting area was about 20% (+8%
SD) smaller than the equivalent dendritic field delimited by a
conventional convex polygon (Famiglietti, 1992a).
The dendritic-field size of the coupled BiSl cells increased
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with retinal eccentricity from the horizontal visual streak (Fig.
4). The smallest cell, which was located in the peak visual streak,
had a dendritic-field area of 7900 pm2 in sublamina a (100 pm
equivalent diameter) and 9200 pm2 in sublamina b (108 pm
equivalent diameter). This cell was comparable in size to the
smallest On-Off DS cell injected by Amthor and his colleagues
(6800 pm* in sublamina a and 7300 pm2 in sublamina b; Oyster
et al., 1993). By contrast, the coupled BiSl cells located more
than 10 mm from the visual streak were almost 20 times larger,
typically having a dendritic-field area in each sublamina of about
130,000 Frn2 (407 pm equivalent diameter).
The dendritic-field area ofthe noncoupled BiS 1 cells appeared
to match that of coupled BiSl cells at each retinal eccentricity,
as shown by an analysis of 14 pairs of injected cells located
outside the visual streak. On average, the summed dendritic
fields of the coupled BiS 1 cell were 1.04 (kO.22 SD) times larger
than those of the adjacent noncoupled cell.
Cell density and dendritic-field coverage
The density of coupled BiS 1 cells in the peak visual streak was
calculated to be 145 cells/mm2, thus accounting for 3% of the
ganglion cells, which have a peak density of about 5000 cells/
mm2 (Provis, 1979; Vaney, 1980; Oyster et al., 1981, 1987;
Hughes, 1985). The density of coupled BiS 1 cells dropped rapidly on the shoulders of the visual streak, reaching 55 cells/mm*
at I mm eccentricity, and then declined more gradually with
eccentricity in peripheral retina (Fig. 4).
The dendritic-field area of the coupled BiSl cells increased
almost linearly with the retinal area per coupled cell (the inverse
of cell density), indicating that the dendritic-field coverage was
relatively constant across the retina (Fig. 5). For 28 injected cells
located from the peak visual streak to the far periphery, the
sublamina a fields showed a coverage of 1.49 & 0.37 (&SD),

pm’)

Figure 5. Graph of dendritic-field area
as a function of retinal area per cell (the
inverse of cell density) for the tracercoupled BiSl cells. Each point marks
the mean area of the two fields in sublaminae a and b, whereas the termination point of the vertical line marks
the dendritic-field area in sublamina b.
The 27 blackdotsrepresent separate injected cells and the asterisks
represent
an array of eight coupled cells that are
reconstructed in Figure 12. The local
dendritic-field coverage can be calculated by multiplying the dendritic-field
area by the cell density: all but one of
the cells showed a one- to twofold coverage (dottedlines), with a mean coverage of 1.42 (so/idline).

the sublamina b fields showeda coverage of 1.34 + 0.56, and
the summed fields/2 showeda coverage of 1.42 -t 0.28. Thus,
the sublaminaa fields of thesedrawn cells were 11%larger than
the sublamina b fields, but the difference was not significant
becauseof the great variability in the relative size of the two
fields.
The lower variance for the summedfields reflectsthe finding
that those BiSl cells that had an extra-large dendritic field in
one sublamina, usually had an extra-small field in the other
sublamina. Consequently, all but one of the coupled BiSl cells
had a dendritic-field coverage between 1.0 and 2.0 for the
summedfields/2. In two extreme cases,the arborization in sublamina b was largely vestigial and, thus, these nominally bistratified cellswere essentiallymonostratified. One of thesecells
is shown in Figure 12: the sublamina b arborization occupied
19,000 pm2(158 pm equivalent diameter), giving a theoretical
coverageof only 0.2; the greatly expanded arborization in sublamina a occupied 232,000 pm* (543 pm equivalent diameter),
giving a theoretical coverage of 2.8. By contrast, the summed
fields/2 had a coverageof 1,5, which wascloseto the meanvalue
for coupled BiS 1 cells.
Overlap of coupled and noncoupledBiSl cells
About 63% of the well filled BiSl cells did not show tracer
coupling and it seemedprobable that they comprisedsubtypes
of On-Off DS cells that were distinct from the coupled subtype(s). Exhaustive mapping of small patchesof retina with an
intraocular recording electrode had indicated that On-Off DS
cells with overlapping receptive fields have different preferred
directions (He et al., 1992). It was expected, therefore, that a
coupled array of BiS 1 cells should be extensively overlapped by
noncoupled subtypes, analogousto the overlap of the On- and
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Figure 6. Micrographof the sublamina
b arborizationsof two Neurobiotin-injected
BiS1 cellsthat havecloselyspacedsomataandoverlapping
dendriticfields,presumablycomprisingOn-Off DS cellswith differentpreferreddirections.The centralcell is homologously
coupled(c) to five
BiSl cellsof the samesubtype,whereas
the other injectedcellis noncoupled(n). Retinaleccentricity:2 mm belowvisualstreak.Scalebar, 50 pm.

Off-subtypes of a-ganglion cells (Wassleet al., 198la; Peichl et
al., 1987).
This was confirmed by Neurobiotin injections of pairs or
triplets of BiS 1 cellsthat had closely spacedsomata,presumably
comprising On-Off DS cells with different preferred directions
(Fig. 6). Successfulfilling of overlapping BiS1 cellswasachieved
in seven cases,comprising five pairs of cells and two triplets.
In five of thesecases,including the two triplets, one cell showed
tracer coupling and the other cell(s) did not; in the other two
pairs, neither cell showedtracer coupling. There were no pairs
in which both injected cells showedcoupling to separatearrays
of ganglioncells. Thesefindings suggestthat the BiS 1 cellscomprised one coupled subtype and two or more noncoupled subtypes. The dendrites from different BiS 1cellscrossedabove and
below each other, indicating that the subtypes of On-Off DS
cells were not microstratified within each sublamina.
Dendritic fasciculation of overlapping cells
Although the somata and dendritic fields of overlapping BiSl
cellswere spatially independent, the dendrites tended to fasciculate in loose bundles, particularly in sublamina a where the
branching frequency is higher (Famiglietti, 1992a). When triplets of BiSl cells were injected with Neurobiotin or Lucifer
yellow, fasciclescontaining three dendrites were sometimesob-

served in the region of triple overlap (Fig. 7) indicating that
the dendritic fasciculation probably involves all subtypesof OnOff DS cells, and not just pairs of subtypeswith opposite preferred directions.
In such preparations, it was difficult to trace accurately the
fasciculateddendrites to their cellsof origin. The following strategy wasadopted to overcome this problem (Vaney et al., 1989).
A singleBiSl cell was filled with Lucifer Yellow and then photographed under fluorescenceexcitation in the tissuechamber
before an overlapping BiS 1cell wasinjected with Lucifer yellow;
the focal seriesof fluorescencemicrographs enabled the dendritic trees to be disentangledand separatelymappedfollowing
the immunoperoxidase reaction (Fig. 8).
Territorial organization of tracer-coupled cells
In order to map the extended dendritic plexus formed by the
coupled subtypeof BiS 1cells,the labelingcontrast wasincreased
by photochromic intensification of the DAB reaction product
(Vaney, 1992). In a few outstanding preparations,this revealed
the complete morphology of coupled cells, whoselightly labeled
dendrites could usually be distinguished from those of the injected cell (Fig. 9). Graphic reconstruction of neighboringcells
showed that, in each sublamina, the dendritic trees of coupled
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Figure 7. High-powermicrographs
of
three BiSl ganglioncellswith closely
spaced
somata,bresumably
comprising
On-Off DScellswith differentDreferred
directions.The cellswereinjectedwith
Luciferyellow,whichwasmadeopaque
by immunoperoxidase
methodsand
photochromicallyintensified.Thedendritic fields of the cellsoverlap substantially and their dendritesare fasciculatedin both the On sublamina
(b)
andthe Off sublamina(a). Retinaleccentricity: 3 mm belowvisual streak.
Scalebar, 25 pm.

BiSl cells provided complete coverage of the retina with little
overlap. Consequently, the dendritic fields locked together with
jigsaw precision, particularly in sublamina b adjacent to the
ganglion cell layer (Fig. 10).
The territorial organization of the coupled BiS 1 cells was best
demonstrated in a fortuitous preparation in which the injected
cell was strongly coupled to seven neighboring cells (Fig. 11).
Laborious reconstruction of the coupled array under high-power
objectives showed that the neighboring dendritic fields in each
sublamina were remarkably variable in their shape and size (Fig.
12). In fact, this local variability appeared to account for most
of the scatter in dendritic-field size at a given density of BiSl
cells, with little contribution from individual variation (Fig. 5).

The reconstructed cells showed greater dendritic-field overlap
in sublaminaa than sublaminab and, correspondingly, the sublamina a fields of these eight cells were 11% larger than the
sublamina b fields.
Although the sublaminaa arborization of eachcell arosefrom
the sublamina b arborization, the two fields tended to be spatially independent, notwithstanding the inverse sizerelationship
that was noted previously. Some cells gave rise to dendritic
branches in sublamina a that were separatedfrom the major
arborization, but these isolated dendrites occupied gapswithin
the surrounding dendritic trees. One coupled cell contacted the
injected cell in sublamina a only, while another coupled cell
made contact in sublamina b only.
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Figure 8. Graphic reconstruction of two BiS 1 ganglion cells with overlapping dendritic fields in the On sublamina (b) and the Off sublamina (a).
The black cell was injected with Lucifer Yellow and photographed under fluorescence excitation before the red cell was injected with Lucifer yellow;
the fluorescence micrographs enabled the dendritic trees to be disentangled and separately mapped following the immunoperoxidase
reaction.
Retinal eccentricity: 2 mm below visual streak.

,

Figure 9. Micrograph of a Neurobiotin-injected
BiSl cell (white dot) and two tracer-coupled cells of the same subtype (asterisks), showing their
dendritic arborizations in sublamina u. The injected ganglion cell also shows weak “inappropriate”
coupling to three presumptive amacrine cells
(arrowheads).
Retinal eccentricity: 10 mm below visual streak. Scale bar, 50 pm.
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Figure IO. Graphic reconstruction of
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k

100 pm

Dendritic relationshipsof coupledBiSl cells
The territorial organization of the coupled BiSl cells reflected
a striking

pattern

of dendritic

architecture.

The dendrites

at the

edgeof the dendritic field often formed tip-to-shaft or tip-totip contacts

with dendrites

from coupled

cells, thus appearing

the tracer-coupled BiSl cells illustrated
in Figure 9, showing their dendritic arborizations in the On sublamina (b) and
the Off sublamina (a).

to form closed dendritic loops that may be equivalent to those
found within the dendritic tree (Fig. 13). The dendritic-field
tiling was most pronounced in sublamina b, where dendrites
usually terminated at their first point of contact with a neighboring cell. Consequently,the dendritic treesofthe coupledBiS 1
cells provided almost seamlesscoverage of the retina, with the

Figure Il.
Micrographs of the extended dendritic plexus formed by a subtype of On-Off DS cells. The Neurobiotin-injected
BiSl cell (white dot)
shows strong homologous coupling to seven neighboring BiSl cells, five of whose somata are included here (asterisks). The dendrites of the tracercoupled cells form an ordered plexus in both the On sublamina (b) and the Off sublamina (a) of the inner plexiform layer. In addition, five isolated
neurons of different types are weakly labeled (arrowheads), probably reflecting “inappropriate”
coupling or artifactual coupling. Retinal eccentricity:
12 mm below visual streak. Scale bar, 100 pm.

The Journal of Neuroscience,

terminal dendrites of this subtype being distributed uniformly
and economically across the retina.
The strong tracer coupling shown in Figure 11 enabled the
fine structure of the dendritic plexus in sublamina a to be compared with that in sublamina b over an extended area (Fig. 14,
top). This revealed that many of the dendrites in one sublamina
followed the approximate course of dendrites in the other sublamina. When the sublamina a plexus was rotated 180” about
the center of the field (Fig. 14, bottom), the correspondence
between the two patterns was markedly reduced, although this
was not quantified in this study.

Discussion
Subtypes of On-Of DS cells
Two lines of evidence indicated that the tracer-coupled BiSl
cells comprised a single morphological subtype and thus corresponded to a single physiological subtype of On-Off DS cells.
First, about 37% of the well-filled BiSl cells showed tracer coupling in most retinae, indicating that coupling was not dependent
on the state of the preparation. Second, when several BiSl cells
with closely spaced somata were injected with Neurobiotin, only
one of the overlapping cells showed tracer coupling.
These results are compatible with the hypothesis that the BiSl
cells comprise three noncoupled subtypes, each accounting for
about 20% of the cells, and one subtype that is homologously
coupled, accounting for about 40% of the cells. The coupled
BiSl cells may correspond to the On-Off DS cells whose preferred direction is to the anterior because this physiological
subtype comprised 3844% of the On-Off DS units encountered
during intraocular recording experiments (Oyster, 1968; Daw
and Wyatt, 1974; He et al., 1992). On the other hand, the anterior subtype comprised only 23% of the On-Off DS units
encountered by Amthor and colleagues during extracellular recordings from rabbit eyecup preparations (Oyster et al., 1993).
If the cell density of each noncoupled subtype was half that
of the coupled subtype, then the dendritic-field area of the noncoupled BiS 1 cells should be twice that of the coupled BiS 1 cells,
presuming that each of the noncoupled subtypes also achieved
complete coverage of the retina. However, the size ofthe coupled
cells was similar to that of adjacent noncoupled cells, supporting
the alternative hypothesis that the-four subtypes of On-Off DS
cells are present in equal numbers, with each subtype comprising
about 10,000 ganglion cells or 3% of the total population. The
On-Off DS cells usually account for 21-26% of the ganglion
cells encountered with extracellular recording electrodes in the
rabbit retina (Oyster, 1968; Daw and Wyatt, 1974; Caldwell and
Daw, 1978; Vaney et al., 1981; cf. Levick, 1967), but this oversampling can be attributed to their relatively large somata
(Amthor et al., 1989) and axons (Vaney et al., 198 l), analogous
to the high encounter frequencies of a-ganglion cells in the cat
retina (Cleland et al., 1975).
A recent abstract by Amthor and Oyster (1993) directly confirmed that neighboring On-Off DS cells with the same preferred
direction tiled the retina with minimal overlap and, moreover,
this territorial organization was shown by each of the four subtypes of On-Off DS cells. They independently reported that
overlapping cells with different preferred directions have fasciculated dendrites, but they did not test whether any of the
subtypes showed tracer coupling when injected with biocytin or
Neurobiotin.

November

1994, 14(11)

6311

Dendritic territories of retinal ganglion cells
The territorial organization of the dendritic trees of the coupled
subtype resembles, on a larger scale, the territorial organization
of the branching systems of individual On-Off DS cells (Oyster
et al., 1993). This suggests that similar dendritic interactions
shape both the branching pattern and the spatial extent of these
cells (compare Figs. 2, 12). Thus, the closed dendritic loops
found within the dendritic tree of individual On-Off DS cells
(Amthor et al., 1984) may be an internal expression of the tipto-shaft contacts formed between the dendrites of neighboring
cells. However, most of the terminal dendrites within the cell
do not make such contacts. This suggests that if the dendrites
simply grow until they contact another dendrite of the same
subtype, then contact between dendrites from the same cell is
usually followed by retraction.
The dendritic-field organization of the On-Off DS cells differs
in several ways from that reported for other types of retinal
ganglion cells. The shape and size of the coupled BiSl cells
cannot be predicted from the somatic array whereas, for each
subtype (On or Oh) ofcu-ganglion cells, the overlapping dendritic
domains are delimited by the neighboring somata (Whsle et
al., 198 1b; Peichl et al., 1987; Dacey and Brace, 1992). Moreover, the On a-cells in rabbit retina showed only a 1.5-fold
variation in dendritic-field area at each retinal eccentricity (Peichl
et al., 1987). By contrast, the eight coupled BiSl cells reconstructed in Figure 12 showed at least a fourfold variation in
dendritic-field area within each sublamina, but only a 1.6-fold
variation in the summed fields from both sublaminae. Thus,
the total amount of dendrite produced by neighboring BiSl cells
was rather constant, but its distribution between the two sublaminae appeared haphazard when viewed in isolation.
The monoamine-accumulating
(MA) ganglion cells in the cat
retina showed a two- to threefold coverage of their dendritic
fields (Dacey, 1989) comparable to the coverage ofeach subtype
of the a-cells in cat retina and the parasol cells in macaque retina
(Dann et al., 1988; Dacey and Brace, 1992). The dendritic trees
of the MA ganglion cells were not randomly superimposed but
tended to interdigitate so as to minimize the number of dendritic
crossings and maintain a uniform dendritic density across the
region of overlap (Dacey, 1989). This resembles the dendritic
organization ofthe BiS 1 ganglion cells, particularly in sublamina
a where the overlap appears to be greater. Dacey (1993) recently
reported that each subtype (On or Oh) of the midget ganglion
cells provided almost complete coverage of the human retina
with virtually no overlap. The dendrites of neighboring midget
cells rarely crossed or touched, and thus, these cells appear even
more territorial than the coupled BiSl cells.
Neuronal coupling of DS cells
Previous studies demonstrated that the complex pattern of tracer coupling shown by the AI1 amacrine cells accurately reflected
the connectivity of their gap junctions (Vaney, 199 1; Hampson
et al., 1992). Thus, the homologous tracer coupling shown by
the BiS 1 cells can be parsimoniously attributed to the presence
of gap junctions at dendritic contacts between neighboring cells
of the coupled subtype. Moreover, the tip-to-shaft and tip-totip contacts made by the tracer-coupled BiSl cells resembled
those made by electrically coupled amacrine cells in fish retinae
(Negishi and Teranishi, 1989, 1990; Teranishi and Negishi,
199 1); in some cases, electron microscopy confirmed that the
fish amacrine cells were connected by gap junctions (Naka and

\
-.
i

The Journal

of Neuroscience,

November

1994,

14(ll)

8313

Figure 13. High-powermicrographshowingthe overlappingdendritictreesof an injectedBiSl cell (white dot) and a tracer-coupled
neighbor,
corresponding
to the redcellandthe lowergreencellof Figure12a,respectively.Arrowheads markthe tip-to-shaftdendriticcontactsin sublamina
a. Scalebar, 25 pm.

Christensen,1981; Zimmerman, 1983; Negishi et al., 1991; Hidaka et al., 1993).
On the other hand, there appear to be no reports from ultrastructural studiesthat ganglion cells make gapjunctions in any
retina. It is possible,however, that suchgapjunctions may not
be recognized in ultrathin sections, given that freeze-fracture
studieson mammalian retinae (Raviola and Raviola, 1982) revealed that many of the gap junctions in the inner plexiform
layer are quite small or comprise loosely arranged connexons
enclosingislandsof particle-free membrane.Another possibility
is that tracer coupling may also be mediated by other types of
intercellular junctions. Famiglietti (199 1) reported that the fasciculated dendrites of presumptive On-Off DS cells were connected by puncta adherentia, but theseprobably involved overlapping cells of different subtypes and, therefore, would not
account for the pattern of tracer coupling observedin this study.
If the tracer-coupledBiS 1cellsare connectedby gapjunctions,
then the receptive fields of the corresponding subtype of OnOff DS cells should be significantly larger than the dendritic
fields. However, recordingsmadeby Yang and Masland (1992)
from isolated rabbit retina indicated that the receptive field

closely matched the dendritic field for all subtypesof the OnOff DS cells. Again, it is not known whether any of the cells
would show tracer coupling under their experimental conditions.
Similar findings have beenreported for the AI1 amacrinecells
in rabbit retina: these narrow-field neurons are homologously
coupled by small gap junctions (Dacheux and Raviola, 1986;
Strettoi et al., 1992) that readily passbiotinylated tracers (Vaney, 199l), but their receptive fields are not significantly larger
than their dendritic fields in dark-adapted eyecup preparations
(Bloomfield, 1992). However, it now appearsthat dim background illumination producesa dramatic increasein both the
extent of tracer coupling and the receptive-field size of the AI1
cells (Xin et al., 1994). It thus seemsplausiblethat the illumination level might also affect the strength of coupling between
the On-Off DS cells.
,Dendritic fasciculation
What is the functional significanceof the dendritic fasciculation
of overlapping BiSl cells, which presumably comprise On-Off
DS cells with different preferred directions? The On-Off DS

t
Figure 12. Graphic reconstructionof the tracer-coupledBiSl ganglioncellsillustratedin Figure 11, showingthe dendritic plexusin the On
sublamina(b) andthe Off sublamina(a). The Neurobiotin-injected
BiSl cell(red) ishomologously
coupledto sevenneighboringcells(blue,black,
green),presumablycomprisingOn-Off DS cellswith the samepreferreddirection.
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Figure 14. Top, Graphic reconstruction of the central portion (500 x 700 pm) of the dendritic plexus illustrated in Figures I1 and 12, showing
that dendrites in sublamina a (red) often follow the approximate course of dendrites in sublamina b (black). Bottom, When the sublamina a plexus
is rotated 180” about the center of the field, the correspondence between the two patterns is markedly reduced.
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cells receive much of their excitatory drive from mirror-symmetric populations of cholinergic amacrine cells (Masland and
Ames, 1976; Ariel and Daw, 1982) which costratify narrowly
with the BiSl ganglion cells (Famiglietti, 1987, 1992b). The
processes of the cholinergic amacrine cells also form loose fascicles (Tauchi and Masland, 1985; Brandon, 1987; Famiglietti
and Tumosa, 1987) that follow the course of BiSl dendrites
(Vaney et al., 1989). Moreover, the pattern of the cholinergic
meshwork in sublamina a shows a good correspondence with
that in sublamina b (Brandon, 1987; Famiglietti and Tumosa,
1987) and this appearsto be reflected in the correspondence
between the two arborizations of the coupled BiSl cells (Fig.
14).
The striking dendritic fasciculation suggests
that a small neuronal assemblage,
comprisinga bundle of ganglioncell dendrites
running a “gauntlet” of presynaptic amacrine boutons and bipolar terminals (Brandon, 1987;Famiglietti, 199l), may contain
all the neuronal wiring that is necessaryfor abstracting image
motion in four orthogonal directions. Such fasciculation would
facilitate contact betweenthe processesof presynaptic neurons
and the dendrites of the On-Off DS cells,enabling eachprocess
to provide simultaneousinput to the four overlapping subtypes,
as required by several related models of direction selectivity
that are characterized by their neuronal parsimony (Vaney,
1990a;Borg-Graham and Grzywacz, 1992).
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