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ABSTRACT 
A new and remarkable type of amacrine cell has been identified in the 

primate retina. Application of the vital dye acridine orange to macaque retinas 
maintained in vitro produced a stable fluorescence in the somata of apparently 
all retinal neurons in both the inner nuclear and ganglion cell layers. Large 
somata (-15-20 pm diam) were also consistently observed in the approximate 
center of the inner plexiform layer (IPL). Intracellular injections of horserad- 
ish peroxidase (HRP) made under direct microscopic control showed that the 
cells in the middle of the IPL constitute a single, morphologically distinct 
amacrine cell subpopulation. An unusual and characteristic feature of this cell 
type is the presence of multiple axons that arise from the dendritic tree and 
project beyond it to form a second, morphologically distinct arborization 
within the IPL; these cells have thus been referred to as axon-bearing ama- 
crine cells. 

The dendritic tree of the axon-bearing amacrine cell is highly branched 
(-40-50 terminal dendrites) and broadly stratified, spanning the central 50 % 
of the IPL so that the soma is situated between the outermost and innermost 
branches. Dendritic field size increases from -200 pm in diameter within 2 mm 
of the fovea to -500 pm in the retinal periphery. HRP injections of groups of 
neighboring cells revealed a regular intercell spacing (-200-300 pm in the reti- 
nal periphery), suggesting that dendritic territories uniformly cover the 
retina. 

One to four axons originate from the proximal dendrites as thin ( ~ 0 . 5  
pm), smooth processes. The axons increase in diameter (-1-2 pm) as they 
course beyond the dendritic field and bifurcate once or twice into secondary 
branches. These branches give rise to a number of thin, bouton-bearing collat- 
erals that extend radially from the dendritic tree for 1-3 mm without much 
further branching. The result is a sparsely branched and widely spreading 
axonal tree that concentrically surrounds the smaller, more highly branched 
dendritic tree. The axonal tree is narrowly stratified over the central 10-20% 
of the IPL; it is approximately ten times the diameter of the dendritic tree, 
resulting in a 100 times greater coverage factor. 

The clear division of an amacrine cell’s processes into distinct dendritic 
and axonal components has recently been observed in other, morphologically 
distinct amacrine cell types of the cat and monkey retina and therefore repre- 
sents a property common to a number of functionally distinct cell types. It is 
hypothesized that the axon-bearing amacrine cells, like classical neurons, use 
action potentials to transmit signals over long distances in the IPL and, on the 
basis of previous immunohistochemical results, contain the inhibitory neuro- 
transmitter GABA. 
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The amacrine cells of the vertebrate retina are a major 
class of interneurons that make synaptic contact exclusively 
in the inner plexiform layer (IPL) where they influence the 
transmission of signals from the bipolar cells to the ganglion 
cells, the output neurons of the retina. The amacrine cells 
are surely the most diverse and least understood population 
of vertebrate retinal neurons, and it has long been recog- 
nized that this cell class must compose a large number of 
functionally distinct subpopulations. As a group they show a 
great variety of shapes and dendritic field sizes (e.g., Kolb et 
al., '81, '88), contain a number of neuroactive peptides and 
virtually every classical neurotransmitter candidate (re- 
views: Brecha, '83; Dowling, '87), may be both pre- and post- 
synaptic to bipolar cells, ganglion cells, and to each other 
(Dowling and Boycott, '66; Dowling, '68; Sakai et  al., '86), 
and may give rise to only graded potential changes or to 
spikelike impulses (Miller and Dacheux, '76; Barnes and 
Werblin, '86; review: Miller, '79). 

Recently the discovery of markers for specific cell types 
has made it possible to identify clearly and characterize the 
morphology of distinct amacrine cell types. The advantage 
of this approach is that an entire subpopulation of cells may 
be revealed for analysis. For example, the fluorescent mole- 
cule 4,6-diamidino-2-phenylindole (DAPI) has been used as 
a marker for the cholinergic amacrine cell population in rab- 
bit retina (Tauchi and Masland, '84) and for a morphologi- 
cally identified glycine-accumulating amacrine cell (the A11 
amacrine) in the cat's retina (Vaney, '85). Other fluorescent 
markers have been used to identify and study possible sero- 
toninergic (Vaney, '86; Sandell and Masland, '86; Wassle e t  
al., '87) and dopaminergic amacrine cell populations (Tau- 
chi and Masland, '86; Voigt and Wassle, '87; Dacey, '88, '89). 
In each of these studies it was possible to determine from 
the numbers and unique shape of a given cell type the den- 
sity and spatial arrangement of the dendritic plexus that 
arises from the total population of identified cells. This is a 
particularly significant step in developing hypotheses for 
the function of morphologically distinct cell types because 
of the possibility that individual amacrine cell processes 
establish electrically and synaptically isolated components 
(e.g., Elias and Stevens, '80; Miller and Bloomfield, '83; 
Masland et  al., '84). 

In this paper a new amacrine cell type in the macaque 
retina is identified and characterized with the light micro- 
scope following intracellular HRP injections. The cell type 
was observed in an in vitro whole-mount preparation after 
staining with the fluorescent vital dye acridine orange. 
Acridine orange is nonselective, brightly labeling the somata 
of apparently all retinal neurons; however, one population of 
cells was selectively identified by their large size and unu- 
sual but consistent location in the approximate center of the 
IPL. These unique features permitted the cells to be tar- 
geted for intracellular staining under direct microscopic 
control. The most striking feature of this cell type is the 
presence of multiple axons that arise from and project for 
millimeters beyond the dendritic tree, suggesting that the 
axon-bearing amacrine cells may use spiking axons to con- 
vey signals laterally within the IPL. 

MATERIALS AND METHODS 
In vitro preparation 

Retinas were obtained from the tissue program of the 
Regional Primate Research Center at the University of 
Washington. A total of 18 retinas were obtained from 

Macaca nemestrina (n = 4) and M .  fascicularis (n == 14). 
The animal was placed under deep barbiturate anaesthesia 
and the eyes were removed. Each eye was immediately 
hemisected and the vitreous was removed. The eyecup was 
placed in oxygenated Ames medium (Ames and Nesbett, 
'81), and the retina was dissected, care being taken to 
remove any remaining vitreous from the retinal surface. A 
series of radial cuts were made in the retina, and it was laid 
flat, vitreal-side up, in a superfusion chamber and mounted 
on the stage of a light microscope equipped for episcopic 
illumination. The bottom of the chamber is formed by a 
microscope slide and the retina is held in place by adherence 
to a thin layer of gelatin on the slide. The retinas were 
viewed with either transmitted or episcopic illumination 
while being continuously superfused with oxygenated Ames 
medium (-3 ml/minute). Retinal cells were stained in vitro 
by adding a few drops of acridine orange (-1 mM solution in 
Ames medium) to the chamber while continuing the super- 
fusion to wash away excess dye. Retinas were maintained in 
vitro for several hours a t  room temperature with no appar- 
ent deterioration in cellular morphology a t  the light micro- 
scopic level. 

Intracellular injections of HRP 
and Lucifer Yellow 

Intracellular microelectrodes were formed from thin- 
walled microcapillary glass pulled to an initial resistance of 
175-250 MR on a Brown-Flaming micropipette puller. The 
electrodes were filled with a 4% solution of rhodamine-con- 
jugated HRP (Sigma) and Lucifer Yellow (Aldrich) in 
MOPS buffer (pH 7.6) and beveled to a final resistance of 
70-100 Mfl with a K.T. Brown beveler. The epifluorescence 
microscope used to observe the in vitro fluorescence is 
equipped with a stage-mounted micromanipulator such that 
microelectrodes can be positioned independently of focus 
(stage height). An oil-driven microdrive mounted to the 
manipulator was used to advance the microelectrode manu- 
ally. The electrode tip and the retina were viewed together 
at high resolution with a 40x water-immersion, long-work- 
ing-distance objective (Zeiss) that was modified to permit 
the proper angle of electrode approach to the tissue (Brown 
and Flaming, '86). 

Both Lucifer Yellow fluorescence in the microcapillary 
electrode and the acridine fluorescence can be observed with 
the same filter combination (excitation filter, 410-490 nm; 
barrier filter 515 nm long pass). This permitted the elec- 
trode tip to be positioned near the fluorescing cell under 
direct microscopic control. Cell penetration was achieved by 
tapping the base of the microscope and subsequently con- 
firmed while still observing the target cell by passing Lucifer 
Yellow into the cell with negative current (0.1-1.0 namp for 
5-10 seconds). If the penetration was successful, the cell was 
then injected with rhodamine-HRP by passing positive 
current (3-8 namps; 1-3 minutes). The accumulation of rho- 
damine-HRP in the cell and the quality of the cell's mor- 
phology were directly monitored by observing the rhoda- 
mine fluorescence (excitation filter, 545 nm; barrier filter, 
590 nm) slowly increase in brightness and extend into the 
cell's processes during the course of the injection. Retinas 
were removed from the superfusion chamber after 2-5 hours 
and fixed in phosphate-buffered 1% glutaraldehyde (0.1 M; 
pH 7.4) for 2 hours. HRP reaction product was demon- 
strated in the intact retinal whole mounts by using diamino- 
benzidine as the chromagen according to a standard proto- 
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Fig. 1. Acridine orange fluorescence in a whole-mount in vitro prep- 
aration of MacaCa fascicularis retina. A Plane of focus in the ganglion 
cell layer shows a range of soma sizes and shapes that accumulate the 
dye and fluoresce green under blue episcopic illumination. The large 
soma of a parasol ganglion cell is indicated by the arrowheads. B Plane 
of focus shifted to the approximate center of the inner plexiform layer 
(IPL) illustrates a single, weakly fluorescent soma (arrowheads). Cells of 

this size, shape, and unusual laminar position were consistently 
observed with acridine fluorescence in vitro. Intracellular HRP injec- 
tions into these cells showed that they constitute a single amacrine cell 
type whose distinct morphology is detailed in the following figures. 
Excitation filter, 410-490 nm; barrier filter, 515 long pass. Scale bar = 

50 pm. 

col (Dacey, '85). The retinas were mounted on slides 
vitreal-side up without counterstaining. 

Data analysis 
Soma and dendritic field sizes were determined for a sam- 

ple of 64 HRP injected cells that appeared to show complete 
filling. The reaction product within these cells appeared 
uniformly dark out to the distal dendritic tips. Cells judged 
to be incompletely filled showed lighter and nonuniform fill- 
ing marked by gradual fading of the HRP reaction product 
in the distal dendrites. Soma area was determined by 
entering the soma outline (at 1 ,500~)  into a computer via a 
graphics tablet. Soma diameter was expressed as the diame- 
ter of a circle with the same area. To calculate dendritic field 
area a convex polygon was traced around the dendritic field 
perimeter (at 400x) and entered 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. 

For 58 cells the stratification of the dendritic tree and 
soma within the IPL was determined from the whole 
mounts by reading the scale on the microscope focus knob 
(calibrated to 1 pm intervals). For each cell a depth reading 
was taken for the borders of the inner nuclear and ganglion 

Fig. 2. Figure 2 appears on pages 279-281. Illustration of the distinct 
dendritic tree and axonal tree of the axon-bearing amacrine coll of the 
IPL. A: Low-magnification photo-micrograph of a single, HRP-filled 
cell shows the dendritic tree in the center surrounded by long, sparsely 
branching processes. Scale bar = 200 pm. B. Complete camera lucida 
tracing of a second cell reveals this pattern more clearly and shows that 
the long processes all originate from the dendritic tree of the injected 
cell. Scale bar - 400 pm. C. Higher magnification of the dendritic tree 
and the proximal parts of the axons of the cell shown in B. Thick proxi- 
mal dendrites give rise to multiple axons that extend beyond the den- 
dritic tree where they begin to branch. The origin of four axons is indi- 
cated by the arrowheads. D. Higher magnification of part of the axonal 
arborization of the cell shown in B. Thick parent axons (arrows) give rise 
to long collateral branches that bear distinct varicosities along their 
lengths. Scale bar in C and D = 100 pm. 
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Fig. 3. Proximal dendritic morphology of the axon-bearing amacrine 
cell of the IPL is illustrated in a photomicrograph (A) and a camera 
lucida tracing (B). The large, multipolar soma typically gives rise to 
three or four thick primary dendrites that radiate in the plane of the 
soma and bifurcate successively several times. The third- and higher- 
order branches are long relative to the parent branches and taper along 
their lengths to become extremely thin (<0.5 pm in diameter). The ter- 

minal branches usually extend radially to their termination without fur- 
ther branching but follow an irregular, undulating course through the 
depth of the IPL (see Fig. 5). The thick proximal dendrites display dis- 
tinct spinelike processes not obvious on the terminal dendritic branches. 
The origins of the axons from the dendrites are indicated by the arrow- 
heads in both A and B and are further illustrated in Figure 6. Scale bar 
in A and B = 25 pm. 
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Fig. 4. Dendritic tree and soma size for the axon-bearing amacrines. 
A Scatter plot of dendritic field diameter as a function of retinal eccen- 
tricity for 64 HRP filled axon-bearing amacrine cells shows that the den- 
dritic field size increases from -200 r m  in diameter at  2 mm from the 
fovea to -500 M r n  in the periphery. Linear regression statistics show a 

positive correlation coefficient of 0.74. B Scatter plot of soma diameter 
as a function of retinal eccentricity for the same sample of cells shown in 
A. Diameter ranged from 14 to 21 pm (mean = 17.8 pm, SD = 1.5 pm). 
Linear regression showed a positive correlation coefficient of 0.45. 

cell layers with the IPL. These borders were judged by clos- 
ing down the microscope condenser diaphragm and bringing 
the unstained cell bodies at  the borders of the two cellular 
layers into focus. Measurements of IPL thickness made in 
this way were consistently 11-13 Fm (the same measure- 
ments made in vitro after acridine staining give an IPL 
thickness of -35 pm, indicating a shrinkage of about 70% 
after mounting and dehydration). The plane of focus of the 
soma and of the outermost and innermost dendritic 
branches were measured and expressed as a percentage of 
the total thickness of the IPL. The stratification of the 
axonal tree for a single cell was determined by the same 
method for a number of sampled locations along the axonal 
branches. The manner in which the dendritic tree occupied 
the space between the outermost and innermost branches 
was also determined for a single cell by tracing it with a com- 

puter system designed to preserve z-axis depth information 
during camera lucida tracing (Eutectics) and by using the 
computer to rotate the cell by 9 0 O .  

RESULTS 
Identification of axon-bearing amacrine 

cells in vitro 
The axon-bearing amacrine cells could be consistently 

recognized by the characteristic position of their somata in 
the IPL. Acridine staining of the retina in vitro produced a 
bright green fluorescence of somata and nuclei in the gan- 
glion cell layer (GCL) (Fig. 1A) and a less intense fluores- 
cence in the inner nuclear layer (INL). Weakly fluorescing 
neuronal somata were also observed as the plane of focus 
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Fig. 5. A Depth of stratification within the IPL for the dendritic 
tree and soma was determined by measuring the position of the somata 
and the outermost and innermost borders of the dendritic trees relative 
to the inner nuclear layer (INL) and ganglion cell layer (GCL) borders 
for 58 HRP-filled cells. The results are expressed in the histogram as a 
percentage of the total thickness of the IPL and indicate that the den- 
dritic tree extends over approximately the central 50% of the IPL, bor- 
dered by a narrow, unoccupied band along the inner and outer IPL mar- 
gins. B A 90' computer rotation of the HRP-filled cell illustrated in 

was gradually shifted through the IPL (Fig. 1B). Large, 
round somata (-15-20 pm diameter) were consistently pres- 
ent at a low density in the approximate center of the IPL, 
15-20 pm from the borders of both the INL and the GCL 
when measured in vitro. Intracellular injections of Lucifer 
Yellow into these cells revealed their dendritic branching 
pattern and suggested that they composed a morphologi- 
cally homogeneous group of neurons. Subsequent injections 
of HRP confirmed this hypothesis and provided a detailed 
picture of the cell's morphology for analysis. Sixty-four cells 
have been identified and recovered after HRP injection and 
provide the data for a light microscopic characterization of 
the axon-bearing amacrine cells in the following results. 
Both midget and parasol cells, the most common ganglion 
cell types of the primate retina (Watanabe et  al., '87), and a 
few other amacrine cell types were occasionally observed in 
the IPL and injected with HRP. The parasol cells were the 
only other cells in the IPL that had a soma size and shape 
that were similar to the axon-bearing amacrines; however, 

Figure 9A illustrates the way in which the dendritic tree spans the cen- 
tral portion of the IPL. The dendrites are not segregated but span the 
entire central portion of the IPL such that soma is situated between the 
innermost and outermost dendritic branches. The dots on either side of 
the dendritic tree mark the locations of the GCL and INL borders mea- 
sured during the initial computer tracing of the cell. Shrinkage along the 
z-axis, estimated at  70% (see Materials and Methods) was compensated 
for by the computer before plotting the neuron structure. 

their slightly larger size (-20-25 pm diameter) and tendency 
to lie closer to the GCL allowed them, with some practice, to 
be recognized easily. 

Well-filled cells recovered after intracellular HRP injec- 
tion all showed a characteristic and striking dual morphol- 
ogy (Figs. 2,3): a distinct dendritic tree gave rise to multiple 
axonlike processes that arborized to form a second, morpho- 
logically distinct arbor that concentrically surrounded the 
dendritic tree. The dendritic tree and axonlike processes 
were restricted to the IPL, and these neurons were therefore 
placed in the amacrine cell class. Axon was chosen as the 
best overall light microscopic term to describe the morphol- 
ogy of the long processes. A similar descriptive terminology 
has evolved for axon-bearing horizontal cell types of the 
retina (e.g., Mariani, '85). Whether the amacrine cell pro- 
cesses show the ultrastructural features characteristic of 
functional axons awaits electron microscopic analysis. Evi- 
dence for the hypothesis that these processes may actually 
generate action potentials is considered in the Discussion. 
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Fig. 6. Axonal morphology of the axon-bearing amacrine cells. From 
each cell one to four axons (n = 64, mean = 2.5, SD = 0.7) originate close 
to the soma from the proximal dendrites, typically near the first branch 
point (mean distance of 29 pm from the soma; SD = 8.9 pm). A. At lower 
magnification this photomicrograph illustrates the initial branching of 
the axon as it extends beyond the dendritic tree (arrowheads). Note that 
the axon remains smooth but becomes thicker as i t  approaches its first 
branch point. Secondary branches give rise to thin, varicose collaterals 
(small arrows). B. Part of the field in A shown here at  higher magnifica- 
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tion illustrates the morphological difference between the thick and 
smooth main branches of the axon and the thinner collateral branches 
that bear varicosities along their lengths (arrowheads). C: The origin of 
one axon from a proximal dendrite is illustrated by the arrowheads in 
this photomicrograph (see Fig. 3A for another example). Note that the 
axon begins as a relatively thick process and then becomes extremely 
thin and smooth as it courses through the dendritic field. Scale bar for 
upper and lower panels = 25 pm. 

-500 pm in diameter. Four thick primary dendrites radiate 
in the same plane as the soma within the IPL. The primary 
dendrites branch successively three or four times. The suc- 
cessive branch points tend to occur close to one another, 
producing a tuft of long terminal dendrites that radiate to 

The soma and dendritic tree 
A complete camera lucida tracing of a single HRP-filled 

axon-bearing amacrine cell is illustrated in Figure 2B-D. 
This cell, located in the temporal retina 9 mm from the 
fovea, displayed a moderately branched dendritic tree about 
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Fig. 8. Estimation of cell density and coverage factor for the axon- 
bearing amacrine cells. Because it was not possible to do systematic cell 
counts to determine the density of the axon-bearing amacrine cells, 
patches of neighboring cells in the IPL were injected with HRP to pro- 
vide an estimate of local cell density and dendritic coverage factor. 
A:Photomicrograph of two neighboring HRP-filled axon-bearing ama- 
crine cells illustrates the degree of dendritic tree overlap for this ama- 
crine cell population. Scale bar = 200 pm. B: Patches of HRP-filled, 
axon-bearing amacrine cells from central and peripheral retina. The 
polygons were traced around the extremities of the dendritic branches 
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the periphery of the field without much further branching. 
The dendrites bear a moderate covering of fine spicules, 
spinelike structures and short, branched appendages (Fig. 
3A,B) and can be easily distinguished from the axonal com- 
ponent of the cell, which is considered in detail in the next 
section. 

The relationship of dendritic tree and soma size to dis- 
tance from the fovea for the axon-bearing amacrines is illus- 
trated in the scatter plots in Figure 4. Dendritic tree size 
showed a threefold increase, ranging from -200 ym in diam- 
eter (at 1.9 mm from the fovea) to -600 ym in diameter (at 
14 mm eccentricity). This size change showed a strong posi- 
tive correlation with distance from the fovea (R = 0.74). 
Soma size ranged from 14 to 21 pm in diameter (n = 64, 
mean = 17.8 pm, SD = 1.5 pm). A small central-to-periph- 
era1 increase in soma size was also present (R = 0.45) (Fig. 
4B). 

The soma of the axon-bearing amacrine cell was located 
in the approximate center of the IPL and the dendritic tree 
appeared broadly stratified such that the soma was situated 
between the inner and outer dendritic branches. To esti- 
mate the stratification of the dendritic tree and soma rela- 
tive to the total thickness of the IPL, the borders of the INL 
and GCL, the soma, and the inner and outermost branches 
of the dendritic tree were brought into focus and their rela- 
tive depth was read from the calibrated scale on the micro- 
scope focus knob for each cell in the sample (Fig. 5A). The 
results, expressed as % distance from the GCL border, gave 
a mean depth for the soma of 48% (range = 36-80%, 
SD = 14%), a mean depth of the innermost dendrites of 
28% (range = 18-50%, SD = lo%),  and a mean depth for 
the outermost dendrites of 74% (range = 72-9070, 
SD = 13%). The manner in which the dendrites were orga- 
nized over this span of the IPL was determined by making a 
camera lucida tracing of one cell with a computer system 
designed to preserve depth information. A 90” computer 
rotation of this cell (Fig. 5B; a camera lucida tracing of this 
cell is also illustrated in Fig. 9A) showed that the stratifica- 
tion of the dendritic tree observed in the histogram did not 
result from the segregation of dendrites at  different depths 
of the IPL; by contrast, individual dendrites followed a wavy 
course through the entire depth of stratification and fre- 
quently crossed over one another. The result is a broadly 
stratified cell with dendrites that extend over the entire cen- 
tral 50% of the IPL. 

The axonal tree 
For the majority of cells two or three axons arose from the 

proximal dendritic tree (n = 64, range = 1-4, mean = 2.5, 
SD = 0.7). In three instances one axon only was observed, 
and in one of those cases the axon originated from the soma. 
There was a clear tendency for the axons to originate from a 
thick, primary dendrite near the first branch point (Fig. 6). 
Measurement of the linear distance of the axon’s origin from 
the soma showed a narrow, unimodal distribution (n = 64 
cells, mean = 29 pm, range = 12-47 pm, SD = 8.9 pm). 

Individual axons showed a characteristic structure that 
could be reliably distinguished from the cell’s dendrites. At 
their origin on a dendrite the axons often appeared about 
the same thickness as the parent dendrite; however they 
immediately tapered to an extremely thin ( t0 .5  pm), 
smooth, and straight process that contrasted with the spiny, 
meandering, and irregularly shaped dendrites (Figs. 3, 6A). 
As the axon extended beyond the bounds of the dendritic 

tree it remained smooth but gradually thickened (-1-3 pm). 
No attempt was made to quantify this distinct thickening, 
but it was apparent on every axon that was well stained. The 
axon typically bifurcated once or twice at  the border of the 
dendritic field. These daughter branches coursed in a vari- 
ety of directions away from the dendritic field and gave rise 
to fine collateral branches (Figs. 2,6B). The collaterals bore 
distinct varicosities along their length and could be traced 
for 1-3 mm without further branching. The axons that arose 
from an individual cell radiated away from the cell in dif- 
ferent directions such that the total arborization concentri- 
cally surrounded the dendritic tree. In instances in which 
only one or two axons arose from a cell the axons often bifiir- 
cated close to their origin, and the daughter branches then 
radiated in opposite directions to fill in the “open space” in 
the axonal arbor. Thus despite the variation in axon number 
(from one to four) the total arborization pattern was essen- 
tially the same for each of the cells. 

In no instance could an HRP-filled axon be traced to an 
apparent termination. The DAB reaction product gradually 
faded, typically at  about 2 mm from the soma, until the axon 
could no longer be clearly observed. Thus to estimate a min- 
imum size for the axonal tree, the longest process on each 
cell was measured, (n = 64, mean = 1.9 mm, SD = 0.46 mm, 
range = 0.95-3.2 mm). This process was then taken as the 
minimum radius of a presumed circular axonal field. A scat- 
ter plot of the axonal tree diameter estimated in this way, 
together with the dendritic tree diameters for the same cells, 
as a function of retinal eccentricity (Fig. 7A) shows that the 
axonal tree is at  least 10x the size of the dendritic tree in 
both central and peripheral retina. 

The axonal tree was restricted to the IPL and appeared to 
be stratified in the center of the IPL. To provide a measure 
of the depth of stratification for the total axonal tree each 
axon’s relative depth was measured at  100 pm intervals 
along the length of the entire axonal tree of a single cell. At 
each point the axon’s plane of focus relative to the INL and 
GCL borders was determined as described for the dendritic 
tree depth (see above). The results for 187 sample points 
from the four axons of the cell illustrated in Figures 3B and 
9A show that the axonal tree is, like the dendritic tree, 
located in the approximate center of the IPL, but that, by 
contrast with the dendritic tree, it is more narrowly strati- 
fied, spanning the central 20% of the IPL (Fig. 7B). 

Estimate of independent axonal and dendritic 
tree coverage factors 

The dendritic field overlap (coverage factor) for the axon- 
bearing amacrines was estimated by making HRP injections 
into neighboring axon-bearing amacrine cells in both central 
and peripheral retina (Fig. 8). Because of the weakness of 
the acridine fluorescence in the IPL and the contrasting 
intensity of the overlying cells in the GCL it was not possible 
to confidently determine cell density by making systematic 
cell counts. However, in some instances neighboring cells 
within the IPL were observed and injected. From these 
examples (Fig. 8A,B) it was possible to make an estimate of 
cell density from the intercell spacing in the patch of 
injected cells. In four examples from the retinal periphery 
injected cell bodies showed a mean near-neighbor separa- 
tion of 248 pm (n = 16, SD = 44; range = 180-340) giving a 
density of 20-25 cells/mm2 assuming an approximate hexa- 
gonal packing geometry for the cells (Wassle et al., ’81). 
Multiplying this estimate by dendritic field area for periph- 
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era1 axon bearing amacrine cells gives a coverage factor of 
four to five. This estimate is consistent with the observed 
dendritic overlap in the patches and appears to be main- 
tained as cell density increases and dendritic field size 
decreases in central retina (Fig. 8B). 

Given the estimated cell density of 20-25 cells/mm2 in the 
retinal periphery and a minimum axonal field diameter of 
-6 mm, the coverage factor for the axonal tree would be 
approximately 500-700, about 100 times that of the den- 
dritic tree. The approximate density of the plexus produced 
by this extensive overlap can be estimated from the total 
length of the axonal processes on a single cell. This was 
found to be -40 mm for the cell shown in Figure 2. Multiply- 
ing this number by cell density gives a total of 800-1,000 mm 
of axon/mm2. By contrast, the dendritic tree gives rise to 
only about 15% of the total length of the cell's processes (-7 
mm) and a density of -150 mm/mm2. Thus, despite the rela- 
tively sparse branching pattern of the axonal tree, the exten- 
sive overlap should give rise to a plexus of processes in the 
IPL at  least six times the density of that for the dendritic 
tree. Given that the axonal tree is not completely filled with 
HRP and is more narrowly stratified within the IPL than 
the dendritic tree (Figs. 5, 7) the true density difference is 
likely to be greater than the above estimate. 

DISCUSSION 
Several morphological features establish the axon-bear- 

ing amacrine as a new and clearly identifiable cell type in 
the macaque retina. These features include a characteristic 
dendritic field size, branching pattern, and depth of stratifi- 
cation; the unusual location of the soma in the center of the 
IPL; and the morphologically distinct axons that originate 
from the dendritic tree and give rise to a second, widely 
spreading arborization within the IPL. Although the dual 
morphology is one of the most striking features of this cell 
type, its division into distinct dendritic and axonal compo- 
nents is not a unique property of the axon-bearing amacrine 
identified here. Several Golgi studies have recognized long, 
axonlike processes that arise from the dendritic trees of 
amacrine cells in both mammalian and nonmammalian reti- 
nas (e.g., Ram6n y Cajal, 1893; Famiglietti, '81; Mariani, '82; 
Kolb et al., '88; Rodieck, '88). Variation in the morphology 
of the dendrites and axonlike processes of these amacrine 
cells-from small dendritic trees that give rise to a single 
axon to large, sparsely branching main dendrites that give 
rise to multiple axonlike processes-suggests that they in- 
clude a number of distinct cell types. Several recent studies 
also reveal multiple axon-bearing amacrine cell types by 
other anatomical techniques. Somatostatin-immunoreac- 
tive amacrine cells of the rabbit's retina show a single axon- 
like process that arises from the soma and projects for long 
distances from the inferior to superior retina (Sagar, '87); a 
similar cell type appears to also be present in the chick's 
retina (Catsicas et al., '87). Axonlike components have been 
identified in the morphology of a population of monoamine- 
accumulating amacrine cells in the cat's retina (Dacey, '86, 
'88). In these cells each of the main dendrites abruptly tap- 
ers to form a thin, bouton-bearing process that extends for 
-3 mm beyond the dendritic tree. Neurofibrillar stains in 
cat and rabbit retina also reveal a single population of wide- 
field amacrine cells with long, axonlike processes that arise 
from the distal dendrites, but they appear to be morphologi- 
cally distinct from the monoamine-accumulating amacrines 

(Vaney et al., '88). In teleost fish and pond turtle retinas 
intracellular injections of Lucifer Yellow reveal long, axon- 
like processes that arise from and extend beyond the den- 
dritic trees of some amacrine cells (Djamgoz et al., '83, '85; 
Teranishi et  al., '87; Ammermuller and Weiler, '88). In these 
studies the overall extent and detailed morphology of the 
processes were difficult to determine. However, variation in 
the responses to light and in the proximal dendritic mor- 
phology of the injected cells suggested that a number of 
morphologically and physiologically distinct cell types were 
observed. 

The recent identification of a second amacrine cell sub- 
population in the macaque retina with distinct dendritic 
and axonal components also indicates the presence of multi- 
ple axon-bearing cell types in this species (Dacey, '89). This 
amacrine cell type corresponds to the large dopaminergic 
cell type that has been observed with catecholamine histo- 
fluorescence (Mariani et al., '84) or immunohistochemical 
staining for tyrosine hydroxylase (Nguyen-Legros et al., 
'84). It was identified by its large soma size in acridine- 
orange-stained retinas maintained in vitro and subse- 
quently recognized as the large dopaminergic amacrine by 
colocalizing tyrosine hydroxylase immunoreactivity in Lu- 
cifer Yellow-injected cells. A comparison of its morphology 
with the axon-bearing amacrine described in the present 
study is shown in Figure 9. Although the two cell types dis- 
play clear dendritic and axonal components the fine mor- 
phological details of each component are distinct. The dopa- 
minergic amacrine (Fig. 9B) is easily distinguished by its 
sparse dendritic branching and dense covering of short, 
spinelike appendages. Like the axon-bearing amacrine of 
the IPL the axons of the dopaminergic cell arise from the 
proximal dendrites very close to the soma and have also 
been traced for over 3 mm within the IPL. By contrast, the 
axons on the dopaminergic amacrine are very thin and 
unbranched in their course through the dendritic field. 
They lack the thick, smooth primary and secondary 
branches of the cell shown in Figure 9A and show large vari- 
cosities along their entire length. Taken together these 
observations further support the hypothesis that the axon- 
bearing amacrines compose a major group of distinct cell 
types present in the vertebrate retina and that the cell type 
described in the present results is a single, clearly identified 
example in the macaque monkey. 

What is the function of the axonal component of the 
axon-bearing amacrine cells? One hypothesis is that the 
dendritic and axonal components are electrically isolated 
from one another and have totally independent synaptic 
functions. This hypothesis predicts that the initial part of 
the axon would function as a high-resistance path to the 
passive spread of current between the axon arbor and den- 
dritic tree; both components would then make pre- and 
postsynaptic contacts and function independently (Nelson 
et  al., '75). However, details of the morphology of the axons 
argue against this idea. The axons arise close to the soma 
from thick, axon-hillock-like structures, taper for a short 
distance, and then gradually flare to a uniform diameter; the 
main branches give rise to thin terminal collaterals that bear 
varicosities. All of these features resemble classically recog- 
nized axon morphology and suggest the alternative hypoth- 
esis that action potentials are triggered at  the axon's origin 
on the proximal dendrites, travel distally, and invade the 
axonal tree, causing transmitter release from the boutons on 
the collateral branches. 
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Intracellular recordings from nonmammalian amacrine 
cells support the spike-generation hypothesis. Tetrodo- 
toxin-sensitive dendritic spikes have been well documented 
in nonmammalian amacrine cells (Miller and Dacheux, '76; 
Werblin, '77; Murakami and Shimoda, '77; review, Miller, 
'79; Barnes and Werblin, '86). Calcium action potentials, 
have also been described in amacrine cells of the carp's 
retina (Takahashi and Murakami, '88). Variation in spike 
size and threshold suggests that the spikes originate from 
multiple loci a t  different distances from the recording site. 
Recently, HRP or Lucifer Yellow injections of teleost ama- 
crine cells after intracellular recording have shown that 
spiking amacrine cells often give rise to thin, axonlike pro- 
cesses that project beyond the main dendritic tree (Djamgoz 
et al., '85; Teranishi et  al., '87; Ammermuller and Weiler, 
'88), suggesting a functional link between the axonlike pro- 
cesses and the spikes. Consistent with this possible link, 
Ammermuller and Weiler ('88) have shown that, for an ama- 
crine cell with distinct dendritic and axonlike components, 
the receptive field size was relatively small and closely 
matched to the proximal dendritic tree size, despite the 
presence of axonlike processes that increased the cell's over- 
all diameter to several millimeters. The axonlike processe 
thus do not appear to provide a source of inputs to the cell's 
receptive field center or surround. 

If the axons do give rise to spikes that propagate over long 
distances within the IPL, what might their function be? One 
clue comes from the mosaic of processes formed by the 
axon-bearing amacrine subpopulation. The present results 
show that the extensive overlap of the axonal trees will give 
rise to a meshwork of processes many times more dense than 
the axonal tree of a single cell. This meshwork in a given 
local patch of retina represents convergence of axons that 
originate from neighboring cells spread concentrically 
around that patch up to a distance of a t  least 2-3 mm. 
Because processes of the axonal tree of a single cell decrease 
in density with increasing distance from their origin (e.g., 
Fig. 2B), the synaptic contribution of a single cell to a given 
local patch would be a weighted function of its distance from 
that patch. This type of neural geometry could generate a 
finely graded, local summation of signals that conveys infor- 
mation about the pattern of activity over a relatively large 
area of visual space (at least 10-15"). Such a neural mecha- 
nism is implicated in the ability of ganglion cells to  adjust 
sensitivity to local spatial and temporal changes in contrast 
beyond the classical receptive field (Werblin, '72; Schwartz, 
'73; Werblin and Copenhagen, '74; Thibos and Werblin, '78; 

Fig. 9. Evidence for multiple types of axon-bearing amacrine cells in 
the macaque retina: a comparison of the axon-bearing amacrine of the 
IPL with the dopaminergic amacrine cell. In the Discussion it is argued 
that  the axon-bearing amacrine of the IPL represents only a single 
example of a number of amacrine cell types in all vertebrate retinas that  
show axonal and dendritic components. This figure contrasts the mor- 
phology of the axon-bearing amacrine cell of the IPL (A) with the large 
dopaminergic amacrine cell (B) recently identified in the macaque 
retina by correlated intracellular injection of Lucifer Yellow and tyro- 
sine hydroxylase immunohistochemistry (Dacey, '89). The dopaminer- 
gic amacrine also gives rise to multiple axonlike processes from the cell 
body or proximal dendrites that may extend beyond the dendritic tree 
for over 3 mm. However, the two cell types are easily distinguished by 
clear differences in the detailed morphology and stratification of the 
both the dendritic and axonal tree. The small arrowheads indicate ori- 
gins of the axons from the dendritic tree and the large arrowheads in B 
indicate that the axons have been truncated for the purpose of the illus- 
tration. Scale bar = 150 pm in both A and B. 

Enroth-Cugell and Jakiela, '80). This nonlinear behavior 
has been termed the contrast gain control (Shapley and 
Victor, '79) and, it has been argued, is one of a hierarchy of 
neural mechanisms subserving visual adaptation (Shapley 
and Enroth-Cugell, '84). 

Is there any evidence for a neurotransmitter candidate for 
the axon-bearing amacrines of the IPL? GABA immuno- 
reactivity has been observed in large cells located in the 
middle of the macaque IPL (Hendrickson et  al., '85), and 
several neuropeptides, including substance P, cholecysto- 
kinin, corticotropin-releasing factor, and vasointestinal 
polypeptide, have also been localized in amacrine cell bodies 
within the IPL (Brecha et al., '82; Tornqvist and Ehinger, 
'88; D. Marshak, personal communication). The morphology 
of the peptide-immunoreactive cells suggests, however, that 
they correspond to other, distinct amacrine cell types (per- 
sonal observations). By combining Lucifer Yellow injections 
of axon-bearing amacrine cells with subsequent immunohis- 
tochemical demonstration of GABA and other transmitter 
candidates (e.g., Smithson et al., '84; Werblin et  al., '88; 
Dacey, '89), it  should be possible to directly determine the 
neurotransmitter profile of the axon-bearing amacrines. 
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