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 Figure 13.1     The retina creates 20 neural representations of the  “ movie ”  that enters the eye. 

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Retinal input

Retinal output

 In evolution, the 20 retinal circuits could have been 
organized into 20 separate pairs of eyes with overlap-
ping fields of view. Although this would have been 
simpler with regard to the wiring and positioning of the 
circuit elements, some cell types, such as photorecep-
tors, are needed for all circuits. Photoreceptors are 
indeed numerous — they account for  > 80% of all retinal 
neurons ( Jeon, Strettoi,  &  Masland, 1998 ) — and it is 
economical to share bulk common resources across cir-
cuits. The layered structure presented above, which 
allows an efficient use of common resources, gives rise 
to a hierarchical organization of cell types. Cells at the 
bottom of the hierarchy, such as photoreceptors, 
provide input to many ganglion cell types, whereas a 
specialized amacrine cell higher in the hierarchy influ-
ences few ganglion cell types. Shared resources and cell 
type hierarchy have important consequences for under-
standing both retinal processing and visual disorders. 
Common operations needed for all circuits, such as the 
gain control required for light adaptation ( Fain, 2011 ), 
are more likely to be carried out at the front by common 
elements. Similarly, one expects that cells whose dys-
function gives rise to noticeable visual defects are low 
in the hierarchy. On the other hand circuit elements 
responsible for specialized ganglion cell computations 
are higher in the hierarchy. 

 The structure of the retina appears to be tailor-
made to extract many different features from the 
visual scene. Under daylight conditions the image is 
captured by cone photoreceptors. The first processing 
stage, an interaction with the inhibitory horizontal 

cells, contributes a step of lateral inhibition that 
affects all downstream circuits ( Kamermans & Fahren-
fort, 2004 ;  Wu, 1992 ). In dim light visual transduction 
is accomplished by the rods, and their signals are sub-
sequently fed into the cone system by several elabo-
rate pathways ( Bloomfield & Dacheux, 2001 ). From 
then on the rod-derived signals are largely processed 
as though they came from cones. For the purposes of 
this chapter, we therefore focus on circuits down-
stream of the cone bipolar cells. 

 Each cone is connected to ~10 types of bipolar cell 
( W ä ssle et al., 2009 ). Some of these bipolar types are 
distinguished by their neurotransmitter receptors with 
different kinetics ( DeVries, 2000 ), and in turn they ter-
minate at different levels of the inner plexiform layer. 
Therefore, the signals in different strata of the inner 
retina already parse the visual input according to differ-
ent temporal features. Because there are more ganglion 
cell types than strata, the activity carried from the outer 
to the inner retina by each bipolar cell type is further 
diversified. Different features can emerge within a 
stratum because ganglion cell types have different 
spatial extents and different receptors, and their cir-
cuits may include different amacrine cell types ( Taylor 
 &  Smith, 2011 ). Notably, features carried by bipolar 
cells can also be recombined locally by the action of 
vertical amacrine cells. 

 The elaboration of visual features as discussed above 
is a columnar operation: restricted in space and orga-
nized across or within strata. Retinal processing also 
occurs laterally across space as a result of the lateral 
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Fig. 5. The types of ganglion cells
identified thus far in the retina of
the cat. Ongoing work in the rab-
bit and monkey confirms this
diversity, and many of the cells
observed are probably homologs
of those seen in the cat. Courtesy
of D. Berson77–80.

882 nature neuroscience  •  volume 4  no 9  •  september 2001

cat and monkey, a very large, very rare neuron has tonic
responses to light and projects to a pretectal nucleus; it seems
to control pupillary size. A similarly rare neuron projects to the
cat suprachiasmatic nucleus, presumably to entrain circadian
rhythms. Remarkably, this cell seems to be directly photosen-
sitive (D.M. Berson, F.A. Dunn & M. Takao, Invest. Ophthal-
mol. Vis. Sci. 42, S113, 2001)86.

The primate fovea, with its huge number of midget cells,
seems to have been superimposed upon existing ganglion cell
populations that were little changed during the primate’s evo-
lution from earlier mammals. Some of these cells seem to cor-
respond to neurons present in lower mammals and carry out
‘vegetative’ functions, such as the control of pupil size and opto-
kinetic responses. Evidence for autonomous subcortical path-
ways that mediate these functions in the monkey is that both
survive combined lesions of the visual cortex and superior col-
liculus87. It takes only a few neurons to measure the ambient
level of illumination, which controls the pupillary aperture.
There is no particular need for this number to increase as the
total number of ganglion cells increases, and they end up as a
small fraction of the total cells. A monkey retina that has
1,050,000 midget ganglion cells could comfortably ‘contain’ the
ganglion cell population of an entire cat or rabbit retina within
its remaining 450,000 cells11.

For this purely statistical reason, non-midget, non-parasol
cells in the monkey have largely been ignored. However, mod-
ern methods, notably, visually guided microinjection88,89, are
now providing an increasingly clear anatomical view of the other
ganglion cells of the monkey90–93. There is some reason to sus-
pect that the geniculostriate system receives non-midget, non-
parasol types of information, and learning more about these cells’
physiology seems important (see below).

Visual function: new certainties and new questions
A reward of structural studies is the level of certainty that their
hard-won conclusions provide. The demonstration that X and

Y cells are anatomically distinct
entities helped still an acrimo-
nious taxonomic controversy
among electrophysiologists.
Psychophysicists had long sus-
pected that vision along the
blue–yellow axis is different
from vision along the red and
green axis, which is given a
concrete basis in the sparseness
of blue cones and their bipolar
cells. An exact synaptic
wiring33,47,91,94 now underpins
the receptive field of the blue-
ON ganglion cell, accurately
predicted 35 years ago95.

A different kind of contri-
bution comes from the quan-

titative nature of such studies. Human visual acuity, for
example, is now known to precisely match the packing density
of the foveal cones43,96. This contribution is sometimes taken
for granted, but should not be; our concept of central visual
processing would be different if primate M cells were not 8%
of all ganglion cells, as shown anatomically, but 30–50%, as
would be concluded from their encounter frequency in elec-
trophysiological experiments. As modeling of higher visual
processes becomes more precise, knowledge of such physical
parameters becomes increasingly useful.

Structural results also raise new questions; the cell popula-
tions of the retina hint at unsuspected subtleties in the retina’s
input–output relationships, some of which must have conse-
quences for vision. For example, what are the remaining phys-
iological types of retinal ganglion cells, and how do they
contribute to behavior? The question here is the physiological
response properties of the non-concentric (X and Y, M and P)
types of cells and their function in the central structures to
which they project. For subcortically projecting cells, those
roles may be very sophisticated. The ON directionally selec-
tive cell of the rabbit, for example, projects to the accessory
optic system and drives optokinetic responses85,97; the baroque
morphologies of non-midget, non-parasol cells that project
subcortically in the monkey suggest equally subtle physiolo-
gies. These questions should be answerable by in vitro record-
ing followed by microinjection89,92.

We need to complete our understanding of the synaptic basis
of color vision. Here our colleagues who study higher visual cen-
ters are struggling; the cortical coding of color has been a tan-
gled subject98–100. If the red–green axis is coded in the retina by
a distinct, dedicated set of retinal ganglion cells, then one might
expect a single cortical mechanism to code for color along both
the red–green and blue–yellow axes. If red and green are trans-
mitted separately, via the late-evolving midget system, higher
centers may have anatomically and/or computationally inde-
pendent ways of handling the two axes.
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Spatial contrast sensitivity



Ganglion cell receptive field modeled as difference of Gaussians

Difference of Gaussians (DOG)
Spatial Receptive Field Model

Surround Component

Center Component

Receptive Field Profile

Rodieck (1965); Enroth-Cugell & Robson (1966)



  

Cat Retinal Ganglion Cell Additivity Test

Enroth-Cugell & Pinto (1970)
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Ganglion cell receptive field modeled as difference of Gaussians

Enroth-Cugell & Robson (1966)



Frequency-domain representation of the difference of Gaussians

Enroth-Cugell & Robson (1984)



Linearity of summation in X cells

Enroth-Cugell & Robson (1984)



Linearity of summation in X cells, but not Y cells

Enroth-Cugell & Robson (1966)



Linearity of summation in X cells, but not Y cells

Enroth-Cugell & Robson (1966)



Nonlinear mechanisms of the Y cell receptive field

Enroth-Cugell & Robson (1966); Hochstein & Shapley (1976)



connectivity, they are hard to conceptualize: they feed back to
the bipolar cells that drive them, they synapse upon retinal
ganglion cells, and they synapse on each other (Figure 5; Dow-
ling and Boycott, 1966; Eggers and Lukasiewicz, 2011; Jusuf
et al., 2005; Lin et al., 2000). Their great structural diversity
makes them a daunting target for experimentation. In the
absence of some feature—natural or man-made—that allows
a single type to be systematically targeted, obtaining an
adequate experimental sample is virtually impossible. But prog-
ress is being made, especially in cases where an amacrine cell
type is structurally distinctive or can be genetically marked.
An early survey of amacrine cell types counted 29 types of

amacrine cell in the rabbit retina (MacNeil et al., 1999; MacNeil
and Masland, 1998). How well has this estimate stood up, and
what have we subsequently learned about the functions of
amacrine cells? The answer to the first question is that there
has been no subsequent survey of this type, but there have
been no big surprises and nothing to suggest that the popula-
tions of amacrine cells in other species are less complex. Those
types of amacrine cells for which we have specific stains are
generally the same in other species. But there were two weak-
nesses to the original survey. First, some of the cells were clas-
sified on the basis of very few examples. So far, better methods
have confirmed the original descriptions (Wright and Vaney,
2000), but it is to be expected that they will need, at the very
least, a fine-tuning. Second, there was uncertainty about the
number of wide-field amacrine cell types, which can cover the
retina with a very small, absolute number of cells, and thus are
rarely encountered. Recent studies show that there are more

wide-field cells than originally described. If the traditional defini-
tion of a retinal cell type is followed, there would be at least
16 types of wide-field amacrine cell (Lin and Masland, 2006).
However, the difference between them is primarily that they
stratify at different levels. By far the most striking feature of
these cells is their huge spread (Figure 6), and it is economical
(though somewhat inconsistent) to classify them as a single
cell type that performs the same function for different sets of
partners. Using this definition, the total number of known ama-
crine cell types would remain around 30.
Three Generalizations about Amacrine Cell Functions
First, amacrine cells create contextual effects for the responses
of retinal ganglion cells. This includes the classic ‘‘center
surround’’ antagonism, but also a variety of other, more subtle,
effects (review, Gollisch and Meister, 2010). A nice example is
object motion detection, a phenomenon in which a retinal
ganglion cell responds to stimulus motion, but only to motion
relative to the overall background of the scene. This provides
a signal that distinguishes true motion of an object in the world
from self-induced motions of the observer, especially eye move-
ments, which cause everything to shift across the retina at the
same time (Figure 6). Interestingly, this computation was
observed for only a subset of retinal ganglion cells. The plethora
of wide-field amacrine cells suggests that other context depen-
dencies, as yet unimagined, remain to be discovered.
Second, many amacrine cells—perhaps a majority of the total

number—perform some variety of vertical integration (the term is
meant to contrast with lateral integration, as carried out by hori-
zontal and wide-field amacrine cells). Only a small fraction of the
13 narrow field amacrine cell types found byMacNeil et al. (1999)
were restricted to branching in narrow strata; the rest communi-
cate among several, sometimes all, of the layers of the IPL, like
the cell shown in Figure 5. This means that they carry ON infor-
mation into the OFF strata, and vice versa. This is termed cross-
over (for the crossing between ON and OFF layers) inhibition
(because amacrine cells release GABA or glycine). It is the
subject of very active investigation, which reveals a variety of
interesting controls on the flow of information through the retina.
The details are beyond the scope of this review, but an example
is the finding that some ‘‘excitatory’’ responses of ganglion cells
to light are actually a release of amacrine mediated inhibition
(Buldyrev et al., 2012; Demb and Singer, 2012; Farajian et al.,
2011; Grimes et al., 2011; Molnar et al., 2009; Nobles et al.,
2012; Sivyer et al., 2010; Werblin, 2010).
Third, most of the functions of amacrine cells are narrowly

task-specific. An example is amacrine cell A17, a widely
spreading neuron that places hundreds of electrotonically iso-
lated synaptic boutons in contact with the output sites of the
rod bipolar cell. At those points, the amacrine cell feeds back
an inhibitory signal that improves the fidelity of information trans-
mission by the rod bipolar cell (Grimes et al., 2010; Sandell et al.,
1989). This is the A17 cell’s primary, perhaps sole, task: and the
A17 amacrine is in any case irrelevant to events that happen
under daylight conditions. Another highly specialized amacrine
cell, recently discovered in the ground squirrel retina, creates
a specific receptive field property in a single type of ganglion
cell (Chen and Li, 2012; Sher and DeVries, 2012). A blue-ON
ganglion cell is well-known: it is excited by the blue-ON bipolar

Figure 5. The Structure and Generalized Connectivity of Narrow
Field Amacrine Cells
(A) Type 7 glycinergic amacrine cell of the mouse retina. Note that this cell
communicates ‘‘vertically,’’ interconnecting the ON and the OFF layers of the
IPL. Cell image is adapted from Menger et al. (1998).
(B) Block diagram of amacrine cell pathways. Amacrine cells receive input from
bipolar cells and other amacrine cells. They make outputs back upon bipolar
cells, to ganglion cells, or to other amacrine cells. Thus amacrine cells
participate in feedback inhibition, feed-forward inhibition, and lateral inhibition.
A single amacrine cell can have all of these arrangements or a subset of them.
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cell that selectively contacts blue cones. But electrophysiolog-
ical recordings have encountered a blue-OFF ganglion cell, in-
hibited when the stimulus lies at the short wavelength end of
the spectrum. How can this happen if the only path through
the retina is the blue-ON bipolar, carrying an excitatory signal?
It turns out that a specific amacrine is driven directly by the
blue-ON bipolar cell. The amacrine cell, like virtually all amacrine
cells, is inhibitory to its postsynaptic partners. When excited
by the blue-ON bipolar cell, this amacrine cell performs a sign
inversion: it inhibits the ganglion cell upon which it synapses,
thus creating a ganglion cell that is selective for blue stimuli
and responds to a blue stimulus by slowing its firing—a blue-
OFF ganglion cell.

A final task-specific case is the role of the starburst amacrine
cell. In 1965, Horace Barlow and William Levick reported that
certain ganglion cells of the rabbit retina respond selectively to
the direction of stimulus motion, and, in a report classic for its
intelligence and detail, described the key features of the cells
(Barlow and Levick, 1965). The directional preference is the
same for all small regions within the receptive field of the cell;
a ganglion cell with a receptive field 500 mm in diameter can
discriminate 40 mm movements anywhere within its receptive
field (Figure 7). This ‘‘local subunit,’’ is a critical property because
it distinguishes this discrimination from a trivial form of direction
selectivity that can be predicted simply from the presence of

adjacent ON and OFF regions. It is direction per se that the cell
detects, not any simple spatial pattern of excitatory and inhibi-
tory zones.
The search for amechanism settled eventually on the starburst

amacrine cell. Critically, the starburst cells have enormously
overlapping dendritic arbors (Tauchi and Masland, 1984). The
starburst cells do not tile the retina; they shingle the retina, like
roofing shingles, and it was suggested that the reason for their
apparent redundancy of coveragewas to create the local subunit
of the DS receptive field (Masland et al., 1984). In 1988, Vaney
and Young proposed what turned out to be the correct mecha-
nism of direction selectivity (Figure 7). They suggested that (1)
individual sectors of the starburst dendritic arbor act as indepen-
dent units, (2) dendritic sectors of the starburst cell pointing in
a single direction selectively synapse upon any individual DS
ganglion cell, and (3) these sectors are individually direction
selective, creating a directional input to the ganglion (Vaney,
1991; Vaney and Young, 1988).
A direct test of this idea came from paired recordings between

a DS cell and an overlapping starburst cell (Fried et al., 2002). As
predicted, stimulation of a null-side starburst cell produced
a GABAergic inhibition of the cell, while stimulation of starburst
cells at other locations produced only a mild excitation (Lee
and Zhou, 2006). At about the same time, two photon Ca2+

imaging showed that the sectors of a starburst cell are indeed

Figure 6. Wide-Field Amacrine Cells Can
Span Most of the Surface of the Retina
(A) Whole-mount view of a wide-field amacrine
cell termed WA5-1 in the survey of Lin and
Masland (2006). This cell’s axonal arbor (green)
would affect visual stimuli falling in approxi-
mately half of the animal’s field of view. But the
cell receives input from only a limited region of
their dendritic fields (red), and presumably
the population of cells of this type seamlessly
affect images throughout the field, without the
gaps that appear when a single cell or only
a few of them are taken in isolation, as shown
in (B). It does not take a large number of these
cells to achieve the nearly complete axonal
(green) coverage of the retina shown in (C).
If we assume that the dendritic fields (ellipses)
nearly tile the retina, the network of axonal
processes is dense enough to affect the visual
input with an adequate spatial resolution.
In fact, the illustration shown here does not
achieve tiling of the dendritic fields. If we
assume a dendritic coverage of at least unity—
higher than is shown here—the axonal coverage
would blanket the retina at a very high density
indeed. This is the arrangement to be predicted
from other known types of retinal cells; whether
or not it pertains to this cell will await a pop-
ulation stain.
(D and E) These cells appear to mediate a variety
of contextual effects, in which visual events
surrounding a particular stimulus condition the
response of a ganglion cell to that stimulus.
An example is ‘‘object motion detection,’’ in
which objects that move relative to the general
visual field are preferentially reported to
the brain (Ölveczky et al., 2003). The effect of
this computation is artificially simulated in the

lower panels. A native image is shown in (D). The image transmitted to the brain after object motion enhancement is shown in (E): the retinal ganglion cells
respond most strongly to objects that are moving relative to the stationary surroundings. (D) and (E) reprinted from (Masland, 2003).
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Fig. 1. Shift-effect in retinal neurons of rhesus monkey. (a) Shift responses of an on-center 
retinal ganglion cell and stimulus configuration. The grating is shifted to and fro in about 20 ~ 
distance from the receptive field center. Blank area diameter 40 degrees; grating bar width 
and shift amplitude 2 degrees (arrows); stationary spot diameter 1.8 degrees: total pattern 
covering 100 X 100 deg. of the visual field. (b) Shift response of an off-center retinal ganglion 
cell after the introduction of a dark stationary center spot. Top: during the first 10 seconds, 
bottom: during the 50th--60th sec. (c) Shift response of the same neuron as in b. Top: A 
grating covered the total 100 deg. field including the receptive field (Bar width and shift 
amplitude 0.6 deg.). A slow drift of about 0.1 deg./sec was superposed on the grating shifts 
in order to exclude a stimulus configuration fortuitously symmetrical to the receptive field 
center. The dot display shows the similarity of all single responses 9 Bottom: Same grating 
restricted to the receptive field center. Other stimulus parameters unchanged. The ordinate 
in the post-stimulus time histograms is spike frequency, the numbers at right are peak fre- 
quencies in the two halves of the histogram (in spikes/second). A grating shift occurs each 
500 ms (step trace below all frames). Ten to 60 stimulus presentations were averaged depending 

on the clarity of the response 

A d a p t a t i o n  o f  the  sh i f t  effect  to  t h e  recept ive  f ield i l l u m i n a t i o n  w a s  o b s e r v e d  
a n d  s t u d i e d  in  de ta i l  in  f ive  neurons .  T h e  u p p e r  record o f  Fig .  l b  s h o w s  t h e  shi f t -  
effect  o b t a i n e d  d u r i n g  t h e  first 10 sec after  t h e  i n t r o d u c t i o n  of  t h e  a d e q u a t e  
s t i m u l u s  (b lack spot  in  f ie ld  center)  for an  of f -center  neuron .  T h e  lower  record 
s h o w s  a d i m i n u t i o n  of  t h e  average  response  o f  t h e  s a m e  n e u r o n  a b o u t  1 rain 
later.  W h e n  t h e  grat ing  sh i f t s  occur ing  each  500 m s  were  c o n t i n u e d  w h i l e  t h e  

Krüger, Fischer & Barth (1975)



Enroth-Cugell & Robson (1984)

On- and off-cells are each other’s inverses



On-off asymmetryProc. Natl. Acad. Sci. USA 89 (1992) 9669
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FIG. 4. Detailed dendritic morphology of inner (presumed ON-
center) and outer (presumed OFF-center) branching pairs of parasol
(to the left) and midget (to the right) cells in the human retina. The
relative positions of each pair of cells in the retinal wholemount are
shown by the polygons and their retinal eccentricity is shown at the
bottom of the figure. Each polygon marks the extremities of the
dendritic tree and the small circle denotes the cell body. ON-center
cells (open) are larger than their OFF-center (shaded) counterparts for
both midget and parasol cell types. (Bar = 100 ,um.)

ganglion cell population and that this ratio of midget to
parasol cells does not change from central to peripheral retina
(2, 26). However, there is also conflicting evidence [for
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OFF-center dendritic field diameter (gm)

FIG. 5. Ratio of inner branching (presumed ON-center) to outer
branching (presumed OFF-center) dendritic field diameter is plotted
for the midget (small symbols) and parasol (large symbols) cells. The
dotted line marks the predicted unity ratio for the inner and outer
types. ON-center cells were larger than OFF-center cells for both
midget [1.5 ± 0.3 (mean + SD; n = 14] and parasol cell pairs [1.3 +
0.1 (mean ± SD; n = 10]. The solid line shows a ratio of 1.35:1 that
was fit by eye through both the midget and parasol data. The polygon
pair insets show tracings around the dendritic field of an inner (open)
or outer (shaded) ganglion cell. The position of the soma for each cell
is marked by the small circle within each polygon.

review, see Schein and de Monasterio (27)] that the ratio of
magnocellular- to parvocellular-projecting neurons changes
dramatically as a function of eccentricity in the visual field.
In the human retina, we have shown that the ratio of parasol
to midget dendritic field diameter also changes dramatically
as a function of eccentricity (Fig. 2B), and this result has
implications for understanding the spatial organization of
these two cell populations. The ratio ofparasol to midget field
size increases toward the fovea, suggesting two possibilities.
(i) Parasol cell density increases more slowly approaching the
central retina than does midget cell density, and dendritic
overlap (dendritic field area x cell density) remains constant.
(ii) The densities of the two populations increase at the same
rate, but dendritic overlap for parasol cells is much greater in
central than in peripheral retina.
A major reason for favoring the first possibility is that the

maintenance of a constant dendritic field overlap appears to
be a characteristic feature ofganglion cell mosaics (28). What
variation in overlap would we expect ifthe second alternative
was correct? If the human midget to parasol density ratio is
a constant 8:1, as suggested in the macaque, then, given the
dendritic field size measurements shown here, the ON and
OFF human parasol cells would each need to attain an
unprecedented overlap of 12 in the central retina compared to
1 for the midget cells. Such large changes in dendritic field
coverage as a function ofeccentricity have not been observed
for any vertebrate ganglion cell population and would require
an extremely dense packing ofparasol cell bodies that has not
been observed. If the dendritic field overlap for the human
midget and parasol cells is constant, what would the relative
densities of the two populations be? In the macaque retina
dendritic field overlap for the parasol cells is 3.4 and has been
estimated for the midget cells to be 1-2 (2, 28). We have found
that the human parasol/midget dendritic field diameter ratio
ranges from -3:1 to -10:1, giving an areal ratio of 9:1 to
100:1. Dividing these dendritic field areas by the coverage
values gives a midget/parasol cell density ratio that ranges
from -3:1 in the retinal periphery to -s30:1 at 30 (1.4 mm)
eccentricity. In the dorsal lateral geniculate nucleus, cell
density measurements suggest a similar change in the relative
densities of parvocellular and magnocellular neurons from
4:1 in the far periphery to close to 40:1 in the foveal
representation (29). Comparison of geniculate cell densities
with striate cortex (V1) magnification has led to the hypoth-
esis that V1 magnification is proportional to, and thus based
on, parvocellular cell density (27). The present results are
consistent with the hypothesis that the density gradient of
midget ganglion cells alone can account for the V1 magnifi-
cation.
The possibility that the midget cells greatly outnumber the

parasol cells in the central retina has significance for under-
standing the role played by these two cell populations in
visual sensitivity. There is compelling psychophysical evi-
dence that the midget-parvocellular pathway is critical for
the perception offine detail. Midget cells establish a sampling
mosaic of appropriate density to account for the highest
visual acuity and the decline of acuity with distance from the
fovea (30, 31), and lesions of the parvocellular pathway
drastically affect the perception offine detail (5, 6). However,
the resolving power of individual midget cells studied elec-
trophysiologically is, somewhat paradoxically, no better than
that of parasol cells at the same eccentricity, probably due to
a lower contrast sensitivity (32). It has been suggested that
the sensitivity of the midget cells as a population could be
increased to the level of the parasol cells by summing the
signals from a number of midget cells (33), but the midget/
parasol ratio reported previously in the macaque is not great
enough to achieve this result (11). However, as discussed
above, a midget/parasol ratio of -30:1 may be attained in the

Neurobiology: Dacey and Petersen

Dacey & Peterson, 1992; 
Chichilnisky & Kalmar, 2002
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 Figure 13.1     The retina creates 20 neural representations of the  “ movie ”  that enters the eye. 

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Retinal input

Retinal output

 In evolution, the 20 retinal circuits could have been 
organized into 20 separate pairs of eyes with overlap-
ping fields of view. Although this would have been 
simpler with regard to the wiring and positioning of the 
circuit elements, some cell types, such as photorecep-
tors, are needed for all circuits. Photoreceptors are 
indeed numerous — they account for  > 80% of all retinal 
neurons ( Jeon, Strettoi,  &  Masland, 1998 ) — and it is 
economical to share bulk common resources across cir-
cuits. The layered structure presented above, which 
allows an efficient use of common resources, gives rise 
to a hierarchical organization of cell types. Cells at the 
bottom of the hierarchy, such as photoreceptors, 
provide input to many ganglion cell types, whereas a 
specialized amacrine cell higher in the hierarchy influ-
ences few ganglion cell types. Shared resources and cell 
type hierarchy have important consequences for under-
standing both retinal processing and visual disorders. 
Common operations needed for all circuits, such as the 
gain control required for light adaptation ( Fain, 2011 ), 
are more likely to be carried out at the front by common 
elements. Similarly, one expects that cells whose dys-
function gives rise to noticeable visual defects are low 
in the hierarchy. On the other hand circuit elements 
responsible for specialized ganglion cell computations 
are higher in the hierarchy. 

 The structure of the retina appears to be tailor-
made to extract many different features from the 
visual scene. Under daylight conditions the image is 
captured by cone photoreceptors. The first processing 
stage, an interaction with the inhibitory horizontal 

cells, contributes a step of lateral inhibition that 
affects all downstream circuits ( Kamermans & Fahren-
fort, 2004 ;  Wu, 1992 ). In dim light visual transduction 
is accomplished by the rods, and their signals are sub-
sequently fed into the cone system by several elabo-
rate pathways ( Bloomfield & Dacheux, 2001 ). From 
then on the rod-derived signals are largely processed 
as though they came from cones. For the purposes of 
this chapter, we therefore focus on circuits down-
stream of the cone bipolar cells. 

 Each cone is connected to ~10 types of bipolar cell 
( W ä ssle et al., 2009 ). Some of these bipolar types are 
distinguished by their neurotransmitter receptors with 
different kinetics ( DeVries, 2000 ), and in turn they ter-
minate at different levels of the inner plexiform layer. 
Therefore, the signals in different strata of the inner 
retina already parse the visual input according to differ-
ent temporal features. Because there are more ganglion 
cell types than strata, the activity carried from the outer 
to the inner retina by each bipolar cell type is further 
diversified. Different features can emerge within a 
stratum because ganglion cell types have different 
spatial extents and different receptors, and their cir-
cuits may include different amacrine cell types ( Taylor 
 &  Smith, 2011 ). Notably, features carried by bipolar 
cells can also be recombined locally by the action of 
vertical amacrine cells. 

 The elaboration of visual features as discussed above 
is a columnar operation: restricted in space and orga-
nized across or within strata. Retinal processing also 
occurs laterally across space as a result of the lateral 

Roska and Meister, 2014
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 Figure 13.2     Ganglion cells of one type cover the retina with a regular mosaic. (A) Cell bodies and dendrites of ON alpha 
ganglion cells in a wholemount view of the cat retina. Note that the dendrites cover space uniformly, and the cell bodies are 
placed at regular distances ( W ä ssle, 2004 ). (B) Cell body locations of ON alpha (open circles) and OFF alpha (closed circles) 
ganglion cells in a patch of cat retina ( W ä ssle, Peichl,  &  Boycott, 1981 ). (C) Each of the two cell types forms a regular mosaic 
independent of the other. Spatial autocorrelation of the ON (solid blue line) and OFF (red) cell locations, showing the prob-
ability per unit area of finding a cell at a given distance from another cell of the same type. Note the prominent hole for dis-
tances  < 0.2 mm. Cross-correlation (green) shows the probability of finding an OFF cell at a given distance from an ON cell. 
Dotted lines are the average densities of ON (blue) and OFF (red) cells in this patch. 
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their lamination (  figure 13.5 ). Several antibody markers 
label the same strata across these species, and a number 
of cell types are conserved. For example, both the 
mouse ( Puller  &  Haverkamp, 2011 ) and the macaque 
( Dacey  &  Packer, 2003 ) have a bipolar cell specialized 
for signals from blue cones. In   table 13.1  we compile a 
catalog of retinal ganglion cell types across the major 
species in which the topic has been studied. This illus-
trates a number of  “ canonical ”  cell types found in many 
species (Berson, 2008). For other cell types the corre-
spondence is more difficult to identify, although this 
may improve as we learn more about their visual 
responses.  

     There are also distinct differences among mammals. 
For example, in the mouse retina the spacing of cells 
in a given mosaic is almost uniform across the retina; 
at the other extreme, in the primate retina the cell 
density rises sharply toward a small patch of retina in 
the center called the fovea. The fovea has, therefore, 
high spatial resolution and is used for encoding details 
in the visual scene. Different mammals have different 
degrees of nonuniformity in the spatial density of 

ganglion cell mosaics, resulting in specialized retinal 
regions such as the area centralis in cats or the visual 
streak in rabbits. 

 A second difference is in the circuits processing color. 
Most mammals have two cone types, one expressing a 
short-wavelength pigment and the other medium 
wavelength. Some primates also have cones with a 
long-wavelength pigment. The circuitry connected to 
short-wavelength cones has common circuit motifs 
across mammals, such as the specialized blue cone cell, 
but the differential handling of color information for 
medium and long wavelengths is unique to a group of 
primates. Some mammals such as mice and rats express 
more than one pigment in many of their cones, and the 
ratio of these pigments varies in a dorsoventral gradi-
ent. Because of this gradient the part of the eye that 
looks at the blue sky is more sensitive at short wave-
lengths, and the part that looks at the ground is more 
sensitive at longer wavelengths. 

 The anatomical evidence that the retina contains 
20 ganglion cell mosaics along with their associated 
circuits has emerged gradually over the last 50 years. 

TH

ChAT

PKCa

MouseHuman

 Figure 13.5     Comparing the retinas of humans and mice. Vertical sections of human (left) and mouse (right) retinas. Staining 
with three antibodies against tyrosine hydroxylase (TH), choline acetyl transferase (ChAT), and protein kinase C alpha (PKCa) 
identifies strata with similar positions in the two species. 
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Fig. 5. The types of ganglion cells
identified thus far in the retina of
the cat. Ongoing work in the rab-
bit and monkey confirms this
diversity, and many of the cells
observed are probably homologs
of those seen in the cat. Courtesy
of D. Berson77–80.
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cat and monkey, a very large, very rare neuron has tonic
responses to light and projects to a pretectal nucleus; it seems
to control pupillary size. A similarly rare neuron projects to the
cat suprachiasmatic nucleus, presumably to entrain circadian
rhythms. Remarkably, this cell seems to be directly photosen-
sitive (D.M. Berson, F.A. Dunn & M. Takao, Invest. Ophthal-
mol. Vis. Sci. 42, S113, 2001)86.

The primate fovea, with its huge number of midget cells,
seems to have been superimposed upon existing ganglion cell
populations that were little changed during the primate’s evo-
lution from earlier mammals. Some of these cells seem to cor-
respond to neurons present in lower mammals and carry out
‘vegetative’ functions, such as the control of pupil size and opto-
kinetic responses. Evidence for autonomous subcortical path-
ways that mediate these functions in the monkey is that both
survive combined lesions of the visual cortex and superior col-
liculus87. It takes only a few neurons to measure the ambient
level of illumination, which controls the pupillary aperture.
There is no particular need for this number to increase as the
total number of ganglion cells increases, and they end up as a
small fraction of the total cells. A monkey retina that has
1,050,000 midget ganglion cells could comfortably ‘contain’ the
ganglion cell population of an entire cat or rabbit retina within
its remaining 450,000 cells11.

For this purely statistical reason, non-midget, non-parasol
cells in the monkey have largely been ignored. However, mod-
ern methods, notably, visually guided microinjection88,89, are
now providing an increasingly clear anatomical view of the other
ganglion cells of the monkey90–93. There is some reason to sus-
pect that the geniculostriate system receives non-midget, non-
parasol types of information, and learning more about these cells’
physiology seems important (see below).

Visual function: new certainties and new questions
A reward of structural studies is the level of certainty that their
hard-won conclusions provide. The demonstration that X and

Y cells are anatomically distinct
entities helped still an acrimo-
nious taxonomic controversy
among electrophysiologists.
Psychophysicists had long sus-
pected that vision along the
blue–yellow axis is different
from vision along the red and
green axis, which is given a
concrete basis in the sparseness
of blue cones and their bipolar
cells. An exact synaptic
wiring33,47,91,94 now underpins
the receptive field of the blue-
ON ganglion cell, accurately
predicted 35 years ago95.

A different kind of contri-
bution comes from the quan-

titative nature of such studies. Human visual acuity, for
example, is now known to precisely match the packing density
of the foveal cones43,96. This contribution is sometimes taken
for granted, but should not be; our concept of central visual
processing would be different if primate M cells were not 8%
of all ganglion cells, as shown anatomically, but 30–50%, as
would be concluded from their encounter frequency in elec-
trophysiological experiments. As modeling of higher visual
processes becomes more precise, knowledge of such physical
parameters becomes increasingly useful.

Structural results also raise new questions; the cell popula-
tions of the retina hint at unsuspected subtleties in the retina’s
input–output relationships, some of which must have conse-
quences for vision. For example, what are the remaining phys-
iological types of retinal ganglion cells, and how do they
contribute to behavior? The question here is the physiological
response properties of the non-concentric (X and Y, M and P)
types of cells and their function in the central structures to
which they project. For subcortically projecting cells, those
roles may be very sophisticated. The ON directionally selec-
tive cell of the rabbit, for example, projects to the accessory
optic system and drives optokinetic responses85,97; the baroque
morphologies of non-midget, non-parasol cells that project
subcortically in the monkey suggest equally subtle physiolo-
gies. These questions should be answerable by in vitro record-
ing followed by microinjection89,92.

We need to complete our understanding of the synaptic basis
of color vision. Here our colleagues who study higher visual cen-
ters are struggling; the cortical coding of color has been a tan-
gled subject98–100. If the red–green axis is coded in the retina by
a distinct, dedicated set of retinal ganglion cells, then one might
expect a single cortical mechanism to code for color along both
the red–green and blue–yellow axes. If red and green are trans-
mitted separately, via the late-evolving midget system, higher
centers may have anatomically and/or computationally inde-
pendent ways of handling the two axes.
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We found that 14 ganglion cell populations showed heter-
ologous coupling to amacrine cells, whose arbors were often
visible, allowing for examination of their soma/dendritic mor-
phologies. Interestingly, all coupled amacrine cells observed
in this study were either polyaxonal or wide-field amacrine
cells, whereas we found no evidence of coupling between
ganglion cells and narrow-field amacrine cells. However, la-

bels of many coupled amacrine cells were restricted to their
soma and yet to be morphologically characterized.

Role of ganglion cell coupling
Overall, our results indicate that nearly three-quarters of the

ganglion cells in the mouse retina are coupled to ganglion cell
and/or amacrine cell neighbors. This extensive coupling in the

Figure 13.
Summary diagram showing camera lucida drawings of representative ganglion cells. G1–G22 labels on the top represent the name of each
ganglion cell subtype. Proximally and distally stratifying dendrites of bistratified ganglion cells are shown in black and gray, respectively. a,
axon. Scale bar ! 100 "m.
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Fig. 6. Ganglion cell (GC) density as a function of eccentricity along the horizontal (A, C) and vertical 
(B, D ) meridians of the composite retina. A, B show foveal and C, D show peripheral ganglion cell density at 
appropriate scales. The gap in the nasal curve at 4 mm represents the site of the optic disk. 

(Fig. 5B, 6A,B). The area with fewer than 2,500 ganglion 
cells/mm2 (dark blue contour in Fig. 5B) is 330 1-Lm in 
diameter in the average retina. Ganglion cells were found as 
close as 63 IJ.ffi and as far as 234 IJ.ffi from the foveal center 
along different meridians of different eyes, indicating that 
the border of the foveal pit is not distinct. Peak ganglion cell 
density averages 35,100 cells/mm2 and is found about 1 mm 
from the foveal center. In individual eyes, peak density 
ranges from 31,600 to 37,800 cells/mm2 (Table 3), and the 

Fig. 5. Computer-generated maps of ganglion cells, cones, and 
cone: ganglion cell ratio in the average retina, all displayed as the fundus 
of a left eye. Bars at lower right explain color-coding. The upper bar 
applies to panels A and B and shows the spatial density (cells/mm') of 
ganglion cells (A) and cones (B) in the range from 0 to 15,000 cells/mm2

• 

The first interval is at 500 cells/mm2 , and the others arc at intervals of 
1,000 cells/mm2• Densities above 15,000 cells/mm' are represented by 
white. The second bar applies to panel C and shows the range from 0 to 
40,000 ganglion cells/mm2 at intervals of2,500 cells/mm2 • It also applies 
to panel D, where it shows the range from 0 to 200,000 cones/mm2 at 
intervals of 12,500 cones/mm'. The third bar applies to panel E and 
shows cone:ganglion cell ratio over a range ofO to 40 in intervals of2.5. 
The color denoted by the question mark indicates where this ratio 
cannot be directly determined because of lateral displaced ganglion 
cells. A: Ganglion cells in the average retina, showing features of the 
vi.sual streak: 1) elongation of isodensity contours along the horizontal 
meridian; 2) displacement of isodensity contours into nasal retina, 
which increases with eccentricity; and 3) displacement of contours 
superiorly. The lines of isoeccentricity in the overlying grid are at 
intervals of 6 mm, and the black oval is the optic disk. B: Distribution of 

site of peak density is in superior nasal retina (3/6), inferior 
nasal (1/6), or at several sites in nasal retina (2/6). At 
greater eccentricities within central retina, ganglion cell 
density falls off with eccentricity more rapidly along the 
vertical meridian than along the horizontal meridian. !so-
density contours are elliptical in all eyes, and in the average 
eye (Fig. 5C), the ratio of the horizontal extent of the 
peripheral 20,000 cells/mm2 contour to its vertical extent 
(axial ratio) is 1.28. Ganglion cell density is about 15% 

cones in the same eyes mapped for ganglion cells. The conventions for 
the overlying grid are the same as in A. Note: 1) constriction of 
isodensity contours to form a cone streak (Packer et al., '89); 2) higher 
cone density in nasal than temporal retina; 3) slightly higher cone 
density in inferior than superior retina; and 4) leveling off and slight 
increase in cone density in the far nasal retina. C: Ganglion cells in the 
fovea. Lines ofisoeccentricity in the overlying grid are at intervals of0.4 
mm. Nasal is to the left. Note the roughly circular zone (dark blue) with 
2,500 or less ganglion cells/mm', a horizontally e longated ring of high 
density at 0.4-2.0 mm eccentricity, and higher densities in nasal retina. 
D: Foveal cones in the same retinas mapped for ganglion cells. The 
conventions for the overlying grid arc the same as for C. Peak density at 
the foveal center is 205,000 cells/mm' ; density declines by half within 
150 1.1-m and by an order of magnitude within 1 mm. E: Ratio of cones to 
ganglion cells, as determined from local spatial densities of both cell 
types outside the area (shown in purple) with laterally displaced 
ganglion cells. Ratios in the purple zone are indeterminate without 
additional information. Conventions for t he overlying grid are the same 
as for A. 

Sampling of visual space by human retinal ganglion cells

Curcio & Allen, 1990

12 C.A. CURCIO AND K.A. ALLEN 

1 
0 0.5 4 15 

0 
' 

20 . 4,0 

. 
100 200 

20 40 

FigureS 

cells/mm2 x 1000



Sampling of visual space by different mouse ganglion cell types

Bleckert et al, 2014
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Figure 4. Sampling of Frontal Visual Space Is Enhanced in AON-S RGC Distributions, which Contrast with the Distributions of Known RGC Types

(A) Azimuthal equilateral projections of retina space for AON-S RGCdistributions from right (red) and left (blue) eyes shown in Figures 1 and S1, reconstructed
and plotted using the Retistruct package [40]. Isodensity lines demarcate 5%, 25%, 50%, 75%, and 95%contours of the peak density located at the asterisk
(w180 cells/mm2). Cyan lines delineate computed sutures of the original relief cuts made for flat-mount preparation.
(B) Sinusoidal projection of mouse visual space for AON-S RGC distributions from retinas in (A) (see the Supplemental Experimental Procedures). Red outline
represents the edge of the right retina; blue outline represents the edge of the left retina. N, nasal; D, dorsal; V, ventral; T, temporal, indicate the projection of
the corresponding pole of the retina. Gray circle represents the position of the optic nerve head. Note the peak densities for right and left retinas (red and blue
asterisks) and increased density (75% and 50% isodensity lines) are biased toward the vertical midline (0) corresponding to rostral frontal visual fields
of mice.
(C) The density of the total RGC population peaks at a location just nasal and ventral of the optic nerve head (black asterisk) (schematized from [41]; see also
[42, 43]).
(D) In contrast, we show here that AON-S and likely AOFF-S RGCs have peak densities in the temporal-dorsal retina, whereas AOFF-T RGCs are relatively more
uniformly distributed across the retina.
(E) Furthermore, the distributions of previously characterized RGCs show varied or flat distributions.
The density colormaps in (C) and (E) are schematics based on previously reported RGCdensities and changes in dendritic arbor sizes (see the Supplemental
Experimental Procedures). Density color maps in (D) are schematics based on the distributions of AON-S and AOFF-T RGCs shown in Figure S1 and predicted
from AOFF-S dendritic arbor sizes illustrated in Figure S2.
See also Figure S2.

Current Biology Vol 24 No 3
314



168  Botond Roska and Markus Meister

  Table 13.1 

 A catalog of retinal ganglion cell types in the mammalian retina a    

 Icon  Mouse  Rabbit  Cat  Macaque  Properties 

  

 M1 1,2   Outer 
melanopsin 3  

 Large sparse dendrites. ON sluggish 
synaptic response. 

  

 M2 1,2   Inner 
melanopsin 3  

 Large complex dendrites. ON sluggish 
synaptic response. 

  

 ON DS 
temporal 4  

 ON DS temporal 5   ON DS. Preferred direction temporal. 

  

 ON DS ventral, 4  
Spig-1 EGFP 6,7  

 ON DS ventral 5   ON DS. Preferred direction ventral. 

  

 ON, DS 
dorsal 4,6,7  

 ON DS dorsal 5   ON DS. Preferred direction dorsal. 

  

 ON – OFF DS 
temporal 8  

 ON – OFF DS 
temporal 9  

 Theta? 10   Recursive 
bistratified? 11  

 ON-OFF DS. Preferred direction 
temporal. 

  

 ON-OFF DS 
dorsal 8  

 ON-OFF DS 
dorsal 9  

 Theta? 10   Recursive 
bistratified? 11  

 ON-OFF DS. Preferred direction 
dorsal. 

  

 Drd4-EGFP, 12  
W9 8  

 ON – OFF, DS 
nasal 9  

 Theta? 10   Recursive 
bistratified? 11  

 ON-OFF DS. Preferred direction nasal. 

  

 BD-CreER, 8  
Hb9-EGFP 13  

 ON – OFF, DS 
ventral 9  

 Theta? 10   Recursive 
bistratified? 11  

 ON-OFF DS. Preferred direction 
ventral. Asymmetric dendrites in 
mouse. 

  

 JAM-B 14   OFF coupled 15 , 
G3 16  

 OFF DS. Preferred direction ventral. 
Highly asymmetric dendrites point 
ventral. 
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 Icon  Mouse  Rabbit  Cat  Macaque  Properties 

  

 ON alpha, 17  
PV-Cre-1 18  

 ON alpha 19   ON 
alpha 20,21  

 Large dendritic field. ON response. 

  

 PV-Cre-3 18   ON parasol 15   ON parasol 22   Medium dendritic field. ON response. 

  

 ON smooth 23  

  

 ON beta 15   ON beta 24   Small dendritic field. ON response. 

  

 ON midget 22   Small dendritic field. ON response. 

  

 OFF beta 15   OFF beta 24   Small dendritic field. OFF response. 

  

 OFF midget 22   Small dendritic field. OFF response. 

  

 PV-Cre-4 18   OFF parasol 15   Eta? 25   OFF parasol 22   Medium dendritic field. OFF response. 

  

 OFF alpha 
transient 17 , 
PV-Cre-5 18  

 OFF alpha 19   OFF alpha 24   OFF smooth 23   Large dendritic field. OFF response. 

  

 OFF alpha 
Sustained, 17  
PV-Cre-6 18  

 OFF delta 15   OFF delta 10   Large dendritic field. OFF sustained 
response. 

Table 13.1

A catalog of retinal ganglion cell types in the mammalian retinaa (Continued)

continued

170  Botond Roska and Markus Meister

 Icon  Mouse  Rabbit  Cat  Macaque  Properties 

  

 ON-bistratified? 15   Small-bistratified 11   ON excitation, OFF inhibition, 
blue-yellow opponent in macaque. 

  

 Large-bistratified 11   Blue-yellow opponent. 

  

 W3 26   Local edge 
Detector 5,27  

 Zeta 28   Broad thorny 11   ON – OFF, strong surround, fast 
ON – OFF inhibition. 

  

 Epsilon? 29   Recursive 
monostratified 11  

  

 ON narrow 
thorny 11  

  

 OFF narrow 
thorny 11  

  

 Uniformity 
Detector 30  

 Uniformity 
Detector 31  

 Transiently suppressed by visual stimuli. 
ON-OFF response. Dendrites just 
outside the ChAT bands. 

     a Each graphic icon illustrates stratification of the dendritic tree in the IPL, divided into 10 laminae ( Siegert et al., 2009 ). For 
each type we list the defining morphological and physiological features and identify its plausible correspondences in four 
species, as supported by the cited literature. For further detail on cross-species comparisons, see Berson (2008). Note that many 
of these ganglion cell types have only sparse and partial entries, emphasizing the need for future work to round out the catalog 
of retinal output signals.   

    References :  1  Hattar et al. (2006).   2  Schmidt et al. (2011b).   3  Dacey et al. (2005).   4  Sun et al. (2006).   5  Barlow, Hill,  &  Levick (1964), 
but see Kanjhan  &  Sivyer (2010) and Hoshi et al. (2011) for finer divisions.   6  Yonehara et al. (2009).   7 Yonehara et al. (2008). 
 8 Kay et al. (2011).  9  Oyster  &  Barlow (1967).   10 Isayama, Berson,  &  Pu (2000).  11  Dacey (2004).   12  Huberman et al. (2009). 
  13  Trenholm et al. (2011) erroneously identified the preferred direction as temporal.   14 Kim et al. (2008).  15  Roska, Molnar,  &  
Werblin (2006).  16 Hoshi et al. (2011).   17  Pang, Gao,  &  Wu (2003).   18  M ü nch et al. (2009).   19  Zhang et al. (2005).   20  Cleland, Levick, 
 &  W ä ssle (1975).   21  W ä ssle, Peichl,  &  Boycott (1981).  22 Dacey  &  Packer (2003).  23 Crook et al. (2008).   24  W ä ssle, Boycott,  &  Illing 
(1981).   25  Berson, Isayama,  &  Pu (1999).  26 Kim et al. (2010).  27 van Wyk, Taylor,  &  Vaney (2006).   28  Berson, Pu,  &  Famiglietti 
(1998).   29  Pu, Berson,  &  Pan (1994).  30 Sivyer  &  Vaney (2010).  31 Cleland  &  Levick (1974).     

Table 13.1

A catalog of retinal ganglion cell types in the mammalian retinaa (Continued)

However, with exception of a few ganglion cell types, 
the functional distinctions among all these visual path-
ways have been more difficult to understand. Recent 
technical advances have greatly accelerated this research 
program, in particular the ability to genetically mark 

and manipulate cell types ( Azeredo da Silveira  &  Roska, 
2011 ;  Huberman et al., 2009 ;  Kay et al., 2011 ;  Kim et 
al., 2008 ;  Yonehara et al., 2008 ). The fundamental new 
insight is that the gene expression patterns of distinct 
cell types are quite different. With advanced molecular, 

Diversity of ganglion cell morphology in mammalian retina

Roska and Meister, 2014
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 Icon  Mouse  Rabbit  Cat  Macaque  Properties 

  

 ON alpha, 17  
PV-Cre-1 18  

 ON alpha 19   ON 
alpha 20,21  

 Large dendritic field. ON response. 

  

 PV-Cre-3 18   ON parasol 15   ON parasol 22   Medium dendritic field. ON response. 

  

 ON smooth 23  

  

 ON beta 15   ON beta 24   Small dendritic field. ON response. 

  

 ON midget 22   Small dendritic field. ON response. 

  

 OFF beta 15   OFF beta 24   Small dendritic field. OFF response. 

  

 OFF midget 22   Small dendritic field. OFF response. 

  

 PV-Cre-4 18   OFF parasol 15   Eta? 25   OFF parasol 22   Medium dendritic field. OFF response. 

  

 OFF alpha 
transient 17 , 
PV-Cre-5 18  

 OFF alpha 19   OFF alpha 24   OFF smooth 23   Large dendritic field. OFF response. 

  

 OFF alpha 
Sustained, 17  
PV-Cre-6 18  

 OFF delta 15   OFF delta 10   Large dendritic field. OFF sustained 
response. 

Table 13.1

A catalog of retinal ganglion cell types in the mammalian retinaa (Continued)
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midget cells - 46 % - coverage inner 1.1, outer 1.1
parasol cels - 14% - coverage inner 1.9 outer 1.6
smooth monostratified cells- 2.5% - coverage inner 1.4 outer 1.4
recursive monostratified - 4.5% (3 populations each 1.5%, coverage 1.2)(on ds?)
recursive bistratified - 1.5% - coverage 1.3 (on-off ds?)
small bistratified - 6% - coverage 1.6 - blue on yellow off
large bistratified - 3% - coverage 2 - blue on yellow off
narrow thorny - 3% - coverage inner 1.0, outer 1.0 - transient achromatic
broad thorny - 1.5% - coverage 1.2 - on-off "local edge detector"
melanopsin - 1% - coverage inner 1.5, outer 2.0 - S off

17 populations, 85% of cells



Summary of ganglion cell types in macaque retina 

 
 Morphological type % of ganglion cell population Central projections Some physiological properties 

1 Midget 
Inner 26% LGN parvo 5, 6 

ON-center; OFF-surround 
Achromatic/chromatic 
L vs M cone opponent 

2 Midget 
Outer 26% LGN parvo 3, 4  

OFF center; ON surround 
Achromatic/chromatic 
L vs M cone opponent 
S cone OFF opponent group? 

3 Parasol 
Inner 8.0% LGN magno 1, 2 

ON-center; OFF-surround 
Achromatic L+M cone input 
S cone input controversial 

4 Parasol 
Outer 8.0% LGN magno 1, 2 

OFF-center; ON-surround 
Achromatic L+M cone input 
S cone input controversial 

5 Small bistratified 6.2% LGN konio 3 S ON; L+M OFF opponent 

6 Large bistratified 2.7% LGN S ON opponent 
details unknown 

7 Thorny monostratified 
Inner 1.2% LGN 

Superior colliculus Unknown 

8 Thorny monostratified 
Outer 1.2% LGN 

Superior colliculus Unknown 

9 Broad thorny monostratified 1.2% LGN 
Superior colliculus Unknown 

10 Recursive bistratified 4.2% Superior colliculus Possible correlate of  
ON-OFF direction selective 

11 Recursive monostratified 1.9% 
Superior colliculus 
LGN? 
Pretectal area (NOT?) 

Possible correlate of  
ON direction selective 

12 Moderate monostratified 
Inner 1.3% Superior colliculus Unknown 

13 Moderate monostratified 
Outer 1.3% Superior colliculus Unknown 

14 Sparse monostratified 
Inner 2.0 % LGN L+M ON; S OFF opponent 

15 Sparse monostratified 
Outer 1.2% LGN Unknown 

16 

Giant monostratified 
Melanopsin-containing 
Inner/outer 
Weakly bistratified 

1.0% 
LGN 
Pretectal area, PON 
SCN? 

Sustained ON response 
S OFF; L+M ON opponent 
Strong rod input 
Intrinsically photosensitive 
via novel photopigment 

17 Giant monostratified 
intrinsic axon-collaterals 1.0% Unknown Unknown 

*Total ganglion cell density is from Wässle et al., 1989, for temporal retina ~ 8 mm from the fovea. Individual cell type densities were determined from celldensity at ~8 mm (parasol cells, Perry & Cowey, 1985) or from dendritic field area at ~ 8 
mm and coverage factor where known (thorny and giant monostratified cells, Dacey, unpublished; midget cells Dacey, 1993). All other cell type densities were determined from measured dendritic field area at ~8 mm and estimated coverage. For 

abbreviations, see Figure 1. 
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Finally, we made electrical single-cell recordings from RGCs (n = 84) 
followed by dye filling to reconstruct their dendritic morphology  
(Fig. 1e). For all cells with Ca2+ and spike activity recorded simulta-
neously (n = 17), Ca2+ responses estimated from spike trains closely 
resembled measured Ca2+ responses (Fig. 1f; Extended Data Fig. 1a–d).

A probabilistic clustering framework
Combining locally complete optical population recordings, genetic 
and immunohistochemical labels, as well as electrical measurements, 
yielded a comprehensive data set of GCL light responses to a set of 
standardized visual stimuli. This provided the unprecedented oppor-
tunity for an unbiased characterization of the retinal output. Since 
the data set (11,210 cells, n = 50 retinas; Extended Data Fig. 2) is too 
complex to be interpreted manually (for discussion, ref. 30), we used a 
clustering approach, making our analysis as objective and quantitative 
as possible.

In the first step, we used an automatic unsupervised clustering pro-
cedure to identify response prototypes of GCL cells (Extended Data  
Fig. 2d, f; Methods). Specifically, we used sparse principal component 
analysis (sPCA) to extract features from the light-driven Ca2+ signals 
of the GCL cells (Methods), which identified many classically used 
temporal response features such as ON and OFF responses with dif-
ferent kinetics or selectivity to different temporal frequencies. We then 
used a Mixture of Gaussian model on this feature set for clustering 
(Methods). In the second step, we post-processed the clustered data 

to make it accessible for interpretation, including the identification of 
clusters corresponding to dAC types based on GAD67 staining and 
isolation of alpha RGCs9 with large somata from similarly responding 
cells (Extended Data Fig. 2g, h–j). The validity of this step was verified 
in detail below (see section ‘Example RGC types’).

Finally, we arranged the clusters according to a hierarchical tree 
based on their functional similarity (Methods) and suggest a grouping 
scheme based on available domain knowledge (Fig. 2a–c). Some groups 
span different branches, as the tree was solely based on the functional 
response features.

This framework yielded a total of 46 groups (n = 7,982 cells, 71.2% of 
all cells, Extended Data Fig. 2h), divided into 32 RGC groups (n = 5,024, 
62.9% of grouped cells; including 4 groups, G29–32, from ‘uncertain’ 
clusters) and 14 dAC groups (n = 2,958, 37.1% of grouped cells). The 
estimated fraction of dACs (between 37.1% and 50.6%, if including all 
uncertain groups) is within the expected range26. We did not analyse 
dACs in detail (see Extended Data Fig. 3a–c; Supplementary Video 2,  
Supplementary Figures 1: 50–75, and Supplementary Discussion).

A minimum of 32 mouse RGC types
The identified 32 RGC groups comprised non-direction-selective  
(9 OFF, 12 ON, 3 ON–OFF) and direction-selective (2 ON–OFF, 4 
ON, 2 OFF) groups (Fig. 2a–c; Supplementary Figures 2: 1–32)  
and accounted for all known RGC types in the mouse retina15.  
This includes groups corresponding to three alpha types31 (G5,8,24,  
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Figure 1 | Data collection. a, Whole-mounted mouse retina, 
electroporated with OGB-1 and recorded with a two-photon microscope 
(64 × 64 pixels at 7.8 Hz) in the GCL. Scan fields (left; 110 × 110 µm) 
comprised 80 ± 20 cells. Regions of interest (ROIs) (right), were placed 
semi-automatically. Bottom, montage of nine consecutively recorded fields 
(rectangles; top panels indicated by red dashed line). b, Ca2+ signals from 
seven regions of interest colour-coded in a. Single trials in grey, averages  
of n = 4 (chirp, green/blue) or 24 (moving bars) trials in black. Responses 
to four visual stimuli: full-field chirp, bright bars moving in eight 
directions, full-field alternating green/blue and binary noise for space-
time kernels. Rightmost column, direction- and orientation-selectivity: 
traces by motion direction; polar plot of peak response, vector sum in red. 

c, Left, experiment in (a) immunostained for GAD67 (green; GABAergic 
ACs) and ChAT (red; starburst ACs). Right, from (a); both images show 
same colour-coded regions of interest (left, dots; right, region of interest 
outlines) and starburst ACs (white dots): cell 6 is GAD67-positive, cell 7 
is a starburst AC. d, OGB-1 (green) electroporated retina from transgenic 
mice with tdTomato (red) expressed in sets of RGCs (top, PV (Pvalb); 
bottom, Pcp2). e, f, Simultaneous Ca2+ imaging and electrical recording: 
dye-filled, anatomically reconstructed cell (e, top, whole-mount; bottom, 
profile, lines mark ChAT bands). Light responses (f) from top to bottom: 
spike raster and rate (20-ms bins), recorded (black) and reconstructed 
(orange) Ca2+ signal. Scale bars: 50 µm unless otherwise indicated.
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see also below), ON–OFF32 (G12,13) and ON direction-selective types33 
(G16,25,26,29), JAM-B (ref. 24) (G6) and W3 cells25 (G10), and the OFF 
‘suppressed-by-contrast’ cell34 (G31,32). The allocation of cells to indi-
vidual groups was uniform across space (Fig. 2d) and the fraction of 
the population accounted for by broad response types was consistent 
across experiments (Extended Data Fig. 3e).

As each RGC type is thought to tile the retina, we calculated each 
group’s functional coverage factor based on its average receptive field 
size and its relative abundance (Extended Data Fig. 4; Methods).  
A single RGC type would yield a coverage factor of ∼1 without recep-
tive field overlap, and a coverage factor of ∼2 with 30% overlap.  
A coverage factor ≪1 may indicate that a type has been artificially split.

The average coverage factor across all RGC groups was 2.0 ± 0.7 
(mean ± s.d. of Gaussian fit, Fig. 2e), broadly consistent with reported 
coverage factors for mouse RGCs (roughly 2–3; see Supplementary 
Table 1 and Supplementary Discussion). Coverage factors higher than 
two may indicate groups consisting of multiple types. For example, 
G12 corresponding to ON–OFF direction-selective cells32, has a cov-
erage factor of 7.7, consistent with four ON–OFF direction-selective 
types, each preferring a different motion direction35 (see below).  

The mixed non-direction-selective groups G17 and G31 probably contain 
more than one type, as supported by multiple distinct morphologies  
and genetic identities (for example, G31,32, Extended Data Fig. 5) or 
response properties (for example, G17, see below).

Taken together, our coverage factor analysis suggests that the number 
of unique functional RGC types in the mouse is substantially above 32, 
probably as high as 40, in particular since classical ipRGCs (that is, M1) 
as well as at least one PV-positive small-field RGC type were largely 
discarded based on their low signal-to-noise ratio (S/N) response to 
our stimuli (see Supplementary Discussion). This is about three times 
the highest number of physiologically defined RGC types to date8 
and about twice the highest anatomical diversity reported in mouse11 
(Supplementary Table 2).

Example RGC types
There are three types of alpha cells known in the mouse retina31: the 
sustained (G5) and transient OFF alpha (G8), and the ON alpha (G24). 
These cells are characterized by their large somata, a feature that we 
used during the post-processing step (Extended Data Fig. 2i–j). For the 
transient OFF and the ON alpha we found similarly responding cells 
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Figure 2 | Functional RGC types of the mouse 
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responses to the four stimuli. c, Selected metrics, 
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orientation-selective cells, G1,14,17,30 contained disproportionately more 
(∼30% each). (ON–)OFF orientation-selective cells (G14) were selective 
for vertical and horizontal orientations, whereas ON transient orien-
tation-selective cells (G17) included many preferred orientations, con-
sistent with its coverage factor of seven. Additional experiments with 
contrast inversed moving and stationary bars (n = 826 cells) revealed 
further functional diversity in response to these stimuli among G17 cells 
(Extended Data Fig. 7h–s; Supplementary Discussion).

Genetic and anatomical RGC types
To link RGC groups to genetically-defined populations, we performed 
a subset of our experiments in the PV43 and Pcp2 (ref. 44) transgenic 
mouse lines (Extended Data Figs 5, 8; nPV = 173 cells in 24 retinas, 
nPcp2 = 15 cells in 3 retinas). PV- and Pcp2-positive cells were sorted 
into 20 (PVa–t) and 6 (Pcp2a–f) groups (Extended Data Fig. 5b–d), 
with 14 and 3 of the groups containing n ≥ 3 genetically labelled 
cells, respectively. In the case of the PV line, many matches were very 
robust (for example, the ON alpha cells: G24 or PVr or ‘PV1’ from  
ref. 45). Nevertheless, the count of ≥14 functional types in the PV line 
is much higher than the previously described eight PV types45, sug-
gesting higher functional diversity than appreciated in earlier studies 
(Supplementary Discussion).

Next, we used our comparatively small sample of n = 84 morpho-
logically reconstructed cells to link functional groups to anatomically 
defined types. In many cases, it was possible to identify likely morphol-
ogies for functional RGC groups (Extended Data Fig. 9; Supplementary 
Discussion). To generate an approximate mapping of functional groups 
to dendritic depth profiles in the IPL (Fig. 5), we averaged the strati-
fication profiles of all reconstructed cells, weighted by the correlation 
coefficient between each cell’s light response and the functional group 
average (to full-field chirp and moving bars; Methods).

The resulting map reproduced many known principles of inner  
retinal organization. For example, OFF (G1–9) and sustained ON  
(G21–24;27,28,30) groups mostly stratified in the upper and lower half of 
the IPL4 and groups with more transient responses closer to the centre 

(for example, G1,2,8–10,20)46,47. Most groups corresponding to known 
types had expected stratification profiles (for example, W3, ON–OFF 
direction-selective and classical alphas) with few exceptions (for exam-
ple, G6,11,18,19). Our prediction was for the JAM-B (G6) to stratify mainly 
below the ChAT band, while the cell is known to stratify above it, as it 
also does in our individual examples (Extended Data Fig. 9a). This is 
probably caused by many cell types with responses comparable to those 
of the JAM-B confounding the G6 IPL profile.

Conclusions
We found that a minimum of 32 different functional types of RGCs 
could be distinguished based on their light responses and basic anatom-
ical criteria. The unusually high abundance of some of these functional 
types and evidence from immunohistochemistry suggests that further 
sub-divisions are needed. Accordingly, the number of distinct visual 
feature channels available to the mouse brain appears to be two- to 
threefold that of previous estimates.

Taken together, our RGC groups cover a broad range of ‘classical’ 
features such as polarity, receptive field size, frequency and contrast 
sensitivity (Extended Data Fig. 10). In particular, RGC groups broadly 
span feature dimensions such as response polarity and their preference 
for global versus local stimuli. Less balanced is the temporal frequency 
selectivity, with only a few groups preferring high frequencies, particu-
larly for groups with low contrast preference.

We verified our suggested functional classification by showing that: 
(i) most functionally defined types (ii) exhibited a similar coverage fac-
tor; (iii) some could be linked to genetically defined populations; and 
(iv) types had consistent morphology/dendritic stratification profiles in 
the IPL. Nonetheless, our definitions certainly remain incomplete; the 
classification of mouse RGCs will need to be refined by the expansion of 
the probed stimulus space, the use of cell-type-selective genetic lines40 
or single-cell transcriptomics48, and integration with data from large-
scale electron microscopy49. However, even our comparatively basic 
analysis already reveals a large diversity in feature coding by mouse 
RGCs, very different from how digital cameras encode images, rather 
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orientation-selective cells, G1,14,17,30 contained disproportionately more 
(∼30% each). (ON–)OFF orientation-selective cells (G14) were selective 
for vertical and horizontal orientations, whereas ON transient orien-
tation-selective cells (G17) included many preferred orientations, con-
sistent with its coverage factor of seven. Additional experiments with 
contrast inversed moving and stationary bars (n = 826 cells) revealed 
further functional diversity in response to these stimuli among G17 cells 
(Extended Data Fig. 7h–s; Supplementary Discussion).

Genetic and anatomical RGC types
To link RGC groups to genetically-defined populations, we performed 
a subset of our experiments in the PV43 and Pcp2 (ref. 44) transgenic 
mouse lines (Extended Data Figs 5, 8; nPV = 173 cells in 24 retinas, 
nPcp2 = 15 cells in 3 retinas). PV- and Pcp2-positive cells were sorted 
into 20 (PVa–t) and 6 (Pcp2a–f) groups (Extended Data Fig. 5b–d), 
with 14 and 3 of the groups containing n ≥ 3 genetically labelled 
cells, respectively. In the case of the PV line, many matches were very 
robust (for example, the ON alpha cells: G24 or PVr or ‘PV1’ from  
ref. 45). Nevertheless, the count of ≥14 functional types in the PV line 
is much higher than the previously described eight PV types45, sug-
gesting higher functional diversity than appreciated in earlier studies 
(Supplementary Discussion).

Next, we used our comparatively small sample of n = 84 morpho-
logically reconstructed cells to link functional groups to anatomically 
defined types. In many cases, it was possible to identify likely morphol-
ogies for functional RGC groups (Extended Data Fig. 9; Supplementary 
Discussion). To generate an approximate mapping of functional groups 
to dendritic depth profiles in the IPL (Fig. 5), we averaged the strati-
fication profiles of all reconstructed cells, weighted by the correlation 
coefficient between each cell’s light response and the functional group 
average (to full-field chirp and moving bars; Methods).

The resulting map reproduced many known principles of inner  
retinal organization. For example, OFF (G1–9) and sustained ON  
(G21–24;27,28,30) groups mostly stratified in the upper and lower half of 
the IPL4 and groups with more transient responses closer to the centre 

(for example, G1,2,8–10,20)46,47. Most groups corresponding to known 
types had expected stratification profiles (for example, W3, ON–OFF 
direction-selective and classical alphas) with few exceptions (for exam-
ple, G6,11,18,19). Our prediction was for the JAM-B (G6) to stratify mainly 
below the ChAT band, while the cell is known to stratify above it, as it 
also does in our individual examples (Extended Data Fig. 9a). This is 
probably caused by many cell types with responses comparable to those 
of the JAM-B confounding the G6 IPL profile.

Conclusions
We found that a minimum of 32 different functional types of RGCs 
could be distinguished based on their light responses and basic anatom-
ical criteria. The unusually high abundance of some of these functional 
types and evidence from immunohistochemistry suggests that further 
sub-divisions are needed. Accordingly, the number of distinct visual 
feature channels available to the mouse brain appears to be two- to 
threefold that of previous estimates.

Taken together, our RGC groups cover a broad range of ‘classical’ 
features such as polarity, receptive field size, frequency and contrast 
sensitivity (Extended Data Fig. 10). In particular, RGC groups broadly 
span feature dimensions such as response polarity and their preference 
for global versus local stimuli. Less balanced is the temporal frequency 
selectivity, with only a few groups preferring high frequencies, particu-
larly for groups with low contrast preference.

We verified our suggested functional classification by showing that: 
(i) most functionally defined types (ii) exhibited a similar coverage fac-
tor; (iii) some could be linked to genetically defined populations; and 
(iv) types had consistent morphology/dendritic stratification profiles in 
the IPL. Nonetheless, our definitions certainly remain incomplete; the 
classification of mouse RGCs will need to be refined by the expansion of 
the probed stimulus space, the use of cell-type-selective genetic lines40 
or single-cell transcriptomics48, and integration with data from large-
scale electron microscopy49. However, even our comparatively basic 
analysis already reveals a large diversity in feature coding by mouse 
RGCs, very different from how digital cameras encode images, rather 
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each pair: circular area-normalized histogram. b, As for a, but for selected 
orientation-selective (OS) RGCs. Further direction-selective/orientation-
selective groups detailed in Extended Data Fig. 7. c, Motion directions in 
the visual space of the mouse.
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Physiologically and morphologically characterized ganglion cell types that project to the macaque LGN
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Figure 5. Parasol cells have Y-cell physiology
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Figure 6. Parasol cells of all eccentricities exhibit Y-like second harmonic responses to counterphase gratings
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Figure 10. Summary and hypothesis for the origin of the F2 receptive field component in parasol cells
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Figure 4. Morphology of inner and outer smooth cells and parasol cells
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Figure 6. Smooth cell dendritic diameter increases with increasing eccentricity and is twice the size of parasol cells
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Figure 7. Smooth and parasol dendritic trees costratify within the IPL
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Figure 9. Smooth cells have large receptive fields with center and surround organization
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Figure 11. Smooth cells, like parasol cells, have transient responses and encode high temporal frequencies
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Figure 13. Smooth cells have Y-cell like physiology
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Figure 15. Summary of the central projections, dendritic morphology and receptive field spatial structure for smooth 
and parasol ganglion cell classes of the macaque retina found in this and a companion study (Crook et al., 2008)
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Figure 16. Physiologically and morphologically characterized ganglion cell types that project to the macaque LGN



The Retina Dissects the Visual Scene into Distinct Features  169

 Icon  Mouse  Rabbit  Cat  Macaque  Properties 

  

 ON alpha, 17  
PV-Cre-1 18  

 ON alpha 19   ON 
alpha 20,21  

 Large dendritic field. ON response. 

  

 PV-Cre-3 18   ON parasol 15   ON parasol 22   Medium dendritic field. ON response. 

  

 ON smooth 23  

  

 ON beta 15   ON beta 24   Small dendritic field. ON response. 

  

 ON midget 22   Small dendritic field. ON response. 

  

 OFF beta 15   OFF beta 24   Small dendritic field. OFF response. 

  

 OFF midget 22   Small dendritic field. OFF response. 

  

 PV-Cre-4 18   OFF parasol 15   Eta? 25   OFF parasol 22   Medium dendritic field. OFF response. 

  

 OFF alpha 
transient 17 , 
PV-Cre-5 18  

 OFF alpha 19   OFF alpha 24   OFF smooth 23   Large dendritic field. OFF response. 

  

 OFF alpha 
Sustained, 17  
PV-Cre-6 18  

 OFF delta 15   OFF delta 10   Large dendritic field. OFF sustained 
response. 

Table 13.1

A catalog of retinal ganglion cell types in the mammalian retinaa (Continued)
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Diversity of ganglion cell morphology in mammalian retina



Masland, 2001;
 DeMonasterios & Gouras, 1975;

Watson, 2014

Primate Color Opponent Ganglion Cells

Inferred Receptive Field Description

DeMonasterio & Gouras (1975)

+
- 

-
--

This combination of a short-
wavelength cone and one or
more long-wavelength cones is a
virtually universal feature of
mammalian retinas14. At one
time, many mammals were
thought to lack color vision, and

indeed an animal with only these two visual pigments is a
dichromat—in everyday language, red–green ‘color blind.’ But
the phrase is misleading; the distance between the peak sensi-
tivities of the short and long opsins spans the wavelengths
reflected by important objects in the natural world, and an ani-
mal with only those opsins has a strong form of color vision.
If any doubt exists on this point, one should remember that
roughly 5% of humans inherit this form of dichromacy, but
many learn of it only during adulthood, when first confront-
ed by tests designed to reveal variations in color vision.

The pathway from rods to ganglion cells
Most amacrine cells and all ganglion cells receive their main bipo-
lar cell synapses from cone bipolars, but retinas work in starlight
as well as daylight, and this range is created by a division of labor
between cones (for bright light) and rods (for dim light). Signals
originating in rod photoreceptors reach the retinal ganglion cells
via an indirect route using as its final path the axon terminals of
the cone bipolar cells34–37.

That a single set of ganglion cells is used for both starlight
and sunlight represents an obvious efficiency, long known from
electrophysiological findings. However, it was not obvious a pri-

Fig. 3. The connections with cones and axonal
stratification of different types of bipolar cells.
Five different types of bipolar cells are illus-
trated. Two of them are diffuse (chromatically
nonselective) ON bipolar cells terminating in
the inner half of the inner plexiform layer. Two
are diffuse OFF bipolar cells terminating in the
outer half. Each samples indiscriminately from
the spectral classes of cones. The blue cone
bipolar, however, contacts only blue cones and
thus is spectrally tuned to short wavelengths.
Within the ON or OFF sublayer, axons of the
bipolar cells terminate at different levels, indi-
cating that they contact different sets of postsy-
naptic partners. After refs. 9 and 17.

Fig. 2. The bipolar cell pathways of
mammalian retinas, assembled from
individual components. This diagram
is intended to emphasize the overall
organization of the parallel channels,
and much detail is omitted. Many pri-
mate retinas have midget bipolar  and
ganglion cells, but only a few have a
separate red and green channels.
Rods are not as clumped as would be
suggested here. For visual clarity,
cones are shown contacting only a
single bipolar cell each; in fact, all
cones contact several bipolar cells, as
shown in Figs. 3, 4 and 6. For the
detailed synaptology of the rod path-
way, see refs. 36, 37, 125.

Early in evolution, two cone opsins diverged, one with max-
imal absorption at long wavelengths and one with maximal
absorption at short wavelengths12–14. Because an individual cone
contains only a single spectral type of opsin, this creates two types
of cones, one reporting on long wavelengths and one on short;
by comparing their outputs, the retina can create a single signal
that reflects the spectral composition of the stimulus.

The short-wavelength-sensitive cone, familiarly termed the
‘blue cone,’ occupies a distinct and simple position in the array
of retinal circuitry: blue cones synapse on their own specialized
type of bipolar cell, which in turn synapses on a dedicated class of
retinal ganglion cells32,33. Blue cones generally make up less than
15% of all cones. The retina thus contains many long-wavelength
cones, which communicate to ganglion cells via a variety of bipo-
lar cells, a single type of blue cone, and a single type of blue cone-
driven bipolar cell (Figs. 2d and 3).

The synaptic connections of the inner retina are arranged
so that the outputs of some ganglion cells compare the respons-
es of the blue cones with those of the long-wavelength cones.
For example, the ganglion cell may be excited by short-wave-
length stimuli and inhibited by long wavelengths. This repre-
sents an economy; a single signal tells the brain where along
the spectrum from blue to yellow the
stimulus lies.

review
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Color-opponent midget cells: a primate specialization

addition, where each cone drives one on and one off
midget, we know the two midgets have the same
receptive field location. Specifically, the function
returned by Equation 9 is multiplied by 60 =2 =3 / 2¼
30 =6 to reflect the halved density, conversion to row
spacing, and conversion to arcmin. The agreement is
excellent. This is not surprising, since Rossi and
Roorda previously showed good agreement with the
formula of Drasdo et al. (2007), to which ours is similar
for small eccentricities.

Estimates of peripheral acuity are complicated by the
possibility of aliasing. Anderson, Mullen, and Hess
(1991) attempted to bypass this problem by using
direction discrimination of drifting gratings. Their
results are plotted in Figure 18, along with calculations
of Nyquist frequency of the on- or off-center mRGCf
lattice from Equations 8 and A3. The agreement is
reasonable. One caveat regarding the comparison at r¼
0 is that these data were collected with Gabor targets
that extended (at half height) well over 0.58, so that
performance may reflect the averaging spacing over
that area. The precise relationship between mRGCf
spacing and acuity is beyond the scope of this paper
(Anderson & Thibos, 1999), here we only point to the
general agreement in both the shape and absolute level
of the calculations.

Comparison with Sjöstrand

In a series of papers Sjöstrand, Popovic, and
colleagues measured human RGC densities at eccen-
tricities from about 28 to 348 eccentricity along the
vertical meridian in sectioned human retinas (Popovic
& Sjöstrand, 2001, 2005; Sjöstrand, Olsson, Popovic,
& Conradi, 1999; Sjostrand, Popovic, Conradi, &
Marshall, 1999). From these densities, using their own
estimates of displacement, the inferred RGC spacing
at various eccentricities. Their formula for conversion

from density to spacing actually yields the row spacing
(Equation A1) not the spacing between cells (Equation
A4), which is 2 / =3 larger. Even taking this into
account, their values are about a factor 0.75 smaller
than those computed from our formula for the mean
of superior and inferior meridians. However their
values are also discrepant with Drasdo’s formula
(Figure 6) and with spacing estimated from Dacey’s
estimates of mRGC field diameter (Figure 16). Some
part of this discrepancy may arise from their formula
for displacement, which though similar in form is only
half the magnitude of ours or that of Drasdo, who has
also commented on this discrepancy (Drasdo et al.,
2007).

Popovic and Sjöstrand (2005) measured acuity of
three observers at eccentricities between 5.88 and 26.48
in both eyes, one of which was subsequently enucle-
ated. Ganglion cell densities and spacings were
measured along the vertical meridian. Acuity (MAR)
was measured using high-pass resolution perimetry.
They found MAR was approximately proportional to
RGC spacing over the full range of eccentricities. The
constant of proportionality was rather large (4.24),
especially compared to the value of 1 we have used in
Figures 17 and 18. They note that correcting for the
low contrast of their target (0.25), and considering
only spacing in one class (on or off) of midget cells as
we have done, would lower the constant to 1.43. The
remaining discrepancy may be due to their low
estimates of spacing, as noted above. In general, their
results support the notion that psychophysical reso-
lution is governed by the mRGC spacing.

Midget fraction

Perhaps the least secure element of our formula is the
midget fraction, the function describing the fraction of
all ganglion cells that are midget as a function of
eccentricity. As noted above (Figure 8) there are
discrepancies between available estimates. We have
adopted the formula of Drasdo, but it is unclear
whether that is accurate, especially at very large
eccentricities, where it continues to descend to values as
low as 0.25. In the periphery, where his estimates are
arguably most accurate, Dacey’s estimates appear the
level off at about 0.5. Until more definitive estimates
are available, we will have to acknowledge the
speculative nature of this element.

Variability

I have based my formula on average densities of
cones and retinal ganglion cells (Curcio & Allen,

Figure 18. Human grating acuity (points) from Anderson et al.
(1991) and calculated Nyquist frequency of midget RGC.
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Midget ganglion cells show red-green
L vs M cone opponency

L cone

M cone

     

Jo Crook & Dennis Dacey



cone-selective
pure color

L cone

L cone &
M cone

e.g. Paulus & Kroger-Paulus, 1983
Lennie et al., 1991

  L cone

M cone

Shapley & Perry, 1986 
Lee, 1999 

Reid & Shapley, 2002 
Shapley, 2006 

Buzas et al., 2006

     random-wiring
achromatic-chromatic
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Record from midget cells with multiple 
cone inputs to the receptive field center

25 µm
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1.8 mm

Record from midget cells with multiple 
cone inputs to the receptive field center

Martin et al., 2001 
Solomon et al., 2005

Buzas et al., 2006
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Mosaic of Red, Green
and Blue Cones of the
Living Human Retina

Hofer et al. (2005)



L% to surround  = 49%

# cells 

L% to center

25

10

L% to surround = 48%

10

10

L% to center = 50%

 Achromatic midgets 
(n = 74)

 Chromatic midgets 
(n = 109)

L% input L/(L+M)

Mixed L and M cone input weights to midget
center & surround supports random wiring

Jo Crook & Dennis Dacey



• inputs to the midget center are variable

Cone inputs to the receptive field 
suggest random wiring

• all midgets show mixed cone input to the surround

• many midgets are purely achromatic 

• all midgets are achromatic to narrow stimuli

Jo Crook & Dennis Dacey



  

Primate H1 Horizontal Cell Mosaic

Dacey et al (1996)



Dacey et al., 1996

As predicted by random-wiring the surround arises by 
indiscriminate horizontal cell feedback to cones

H1 horizontal cell



Cell-type classification and receptive fields at single-cone resolution.

GD Field et al. Nature 467, 
673-677 (2010)

doi:10.1038/nature09424

a, Receptive fields of 323 RGCs recorded simultaneously from isolated macaque retina were 
measured using reverse correlation with white noise stimuli. Centre panel shows receptive-field 
radius versus first principal component of response time course; clusters reveal distinct cell types. 
a.u., arbitrary units. Hexagons surrounding centre panel show outline of electrode array and 
ellipses show Gaussian fits to receptive fields of cells from each cluster. The outer panels show 
fine-grained spatial receptive-field profiles for highlighted cells. Scale bars, 50 μm



Cone-type identification and inputs to RGCs.

GD Field et al. Nature 467, 
673-677 (2010)

doi:10.1038/nature09424

a, The spectral sensitivity of cones 
providing input to two cells is represented 
by the relative magnitude of the red, green 
and blue spike-triggered average values 
(a.u.) at their locations.

b, For every cone in one recording, these 
values are shown as points on a sphere. 
Coloured lines indicate spectral sensitivity 
of macaque cones. Point colour indicates 
classification as L (red), M (green), or S 
(blue).

c, L- and M-cone discriminability quantified 
by projection along the line joining L- and 
M-cone loci. Bar colour indicates 
classification. S cones excluded.

d, Assembled cone mosaic from all RGCs 
over a region. Cones from a are circled.

e, Full mosaic of 2,373 cones from one 
recording



Full functional sampling of cone lattice by four RGC types

GD Field et al. Nature 467, 
673-677 (2010)

doi:10.1038/nature09424

Each panel shows cones identified in a single recording (red, green and blue dots) sampled 
by receptive-field centres of RGCs of a single type. Cones are identical in all panels. Cones 
providing input to at least one RGC are highlighted with an annulus. Scale bar, 50 µm.



Cone-type specificity.

GD Field et al. Nature 467, 
673-677 (2010)

doi:10.1038/nature09424



  

Rabbit Direction-Selective Retinal Ganglion Cells

Barlow et al (1964)

Oyster (1968)Amthor et al (1989)



  

Rabbit Starburst Amacrine Cells

Vaney (1990)



Horace Barlow

Bill Levick



Barlow & Levick, 1965

Receptive field properties of on-off directionally selective ganglion cells

MECHANISM OP DIRECTIONAL SELECTIVITY
of motion, independent of contrast, can be picked out in a large number of
widely separated regions of the receptive field. However, there is an
interesting exception to the rule that aU regions of the receptive field have
the capacity to distinguish between null and preferred sequences of
excitation of the receptors they contain. There is a zone adjacent to the
edge of the field that is first crossed when motion is in the preferred

Preferred s 1} af Background 7 cd/M2
Null tA (@t | ml) ~~~~Spot 40 cd/M2

Null 1.% j) Bakg

Spot size 0 Unit 4-21 O-5 sec

b ____b g~bff__gf k k

b c b g h g m

c d c . mm
c_ h __ | h m -_ - - ~~~~~~~~~~n m
~ml , 11...__-n.I .1;!

dS- e rs zin -_ o

Fig. 4. Back and forth motion in different parts of the receptive field. The edge of
the receptive field is mapped at the top, and the positions a, b, c, .. . o, within it are
indicated. The spot was moved back and forth several times between a and b, then
between b and c, and so on. The records are samples of these back and forth
motions. The lower trace of each pair shows the position of the spot in the field:
downward movement of the trace corresponds to movement of the spot in the
preferred direction. Marked asymmetry of response for the opposite directions
holds in most positions in the field. Its absence in the top row of records is
expected in the inhibitory scheme (see Fig. 7 and p. 490).

direction where this capacity is lacking: motion in either direction causes a
response. This is shown in the top line of records in Fig. 4, and a possible
explanation for the effect is given later (see p. 490).

Smallest region giving directional selectivity. Figure 4 shows clear
directional selectivity when a spot of light is moved to and fro through 1l
in a receptive field whose total diameter is about 3° . What then is the

31-2
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H. B. BARLOW AND W. B. LEVICK
realize that we did not know whereabouts in the receptive field we should
put the spots, nor how far apart they should be. There was in fact a prior
question to answer before the two-spot type of experiment could be
performed and interpreted. The question, put in a form that avoids
implications as to mechanism, is this: does the ganglion cell respond
selectively to one direction of motion over all parts of its receptive field, or
is there some critical zone or line which must be crossed? The following
observations show that there is no such line and the directionally selective
property is distributed over the receptive field.

Background 7 cd/Mr2 Position 450S SOP
Spot 40 cd/M2 T Spotsge in visual field

Sposi.zO

[ _tin;t nii°10 0MIWIi M&Uui.ii02

50[>o _,,____________
r~~ ~~~~~~~~-e

fLg.3.Rpo:to i ;SlUnit 421_0-5 sec

Fig. 3. Responses to motion along three different paths through the receptive
field. The map in the centre shows the field and the paths through it; symbols as in
Fig. 2. The records of the responses to traverses in the null direction are to the left,
those for the preferred direction to the right. The lower trace of each pair is from a
potentiometer and shows the position of the spot as it moved through the field
(calibration at left). Top, middle and bottom parts of the receptive field all show
the same directional selectivity.

Sequence-discrimination by subunits
Distribution of directional selectivity. Figure 3 shows the responses

obtained when a spot of light was moved across the receptive field and
back along three parallel lines. These were separated by more than the
breadth of the spot, and therefore different receptors were covered by the
geometric image of the moving spot in each case. It will be seen that the
selectivity clearly exists along all these three pathways.

Figure 4 shows typical responses obtained when the spot was moved
several times from one position to the next and back, as marked. It is
clearly not necessary for the spot to cross any definite line in order to
obtain different responses for the two directions of motion. If the experi-
ment is repeated using a black spot the same result is obtained; direction
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490 H. B. BARLOW AND W. R. LEVICK
longer than excitation; a definite delay when it is passed laterally is not
strictly necessary.
Some evidence favouring the right-hand, inhibitory, scheme has already

been given. (1) As shown in Fig. 2 a stationary spot turned on and off
elicits a response. If the excitatory conjunction scheme was modified to
account for this it would probably still predict a considerably lower
threshold for a moving than for a stationary spot. As shown in Fig. 5
of Barlow et al. (1964), the thresholds for spots of various sizes moving in
the preferred direction differ by small and inconstant amounts from those
for the same spot turned on or off. (2) The most striking feature of these
directional units is the absence of any impulses when movement is in the
null direction. This prompts one to look for a mechanism that inhibits
unwanted responses. (3) WVhen testing for directional selectivity in

Excitatory mechanism Inhibitory mechanism

A BC A BC

At At At A

'And' "' And not'
(conjunction) A| B B'. C A.- B' B.- C (veto)

gates gates

Preferred'direction Null direction

Fig. 7. Two hypothetical methods for discriminating sequence. For both, the
preferred direction would be from left to right, null from right to left. In the excita-
tory scheme activity from the groups of receptors A and B is delayed before it is
passed laterally in the preferred direction to the 'and' (conjunction) gates. If
motion is in the preferred direction A' (delayed A) occurs synchronously with B,
B' occurs synchronously with C, and these conjunctions cause the units in the next
layer to fire. In the scheme on the right the activity spreads laterally, but in the null
direction, from the groups of receptors B and C, and it has an inhibitory action at
the units in the next layer; hence these act as 'and not' (veto) gates. The inhibition
prevents activity from A and B passing through these gates if motion is in the null
direction, but arrives too late to have an effect ifmotion is in the preferred direction.
Notice that a special delay unit is not really necessary, for this scheme works if
inhibition simply persists longer than excitation and can thus continue to be
effective after a lapse of time. The excitatory scheme works by picking out those
stimuli with the desired property, whereas the inhibitory scheme works by vetoing
responses to unwanted stimuli; the latter is the one favoured by the experimental
evidence.

496 H. B. BARLOW AND W. R. LEVICK
At various points there are alternatives to our scheme that are not

excluded by the evidence at present available. On the other hand the roles
of the anatomical elements and their postulated connexions are not as
arbitrarily assigned as a naive reader is liable to suppose. For discussion,
take what is perhaps the most controversial and interesting feature of the
scheme-the assignment to horizontal cells of the role of inhibitory
elements that prevent bipolar cells responding to null sequences. There are
two'main questions to be answered: why place the inhibitory element in
the inner nuclear layer? And why postulate that the horizontal cell

Null direction

Horizontal ' '
cells inhibit

Bipolar cells Tdv .. - . .H. . .

* ~~~~G

- °=~~~~~j 100je

Fig. 11. Suggested functional connexions of the retinal elements concerned with
directional selectivity. The elements are freely adapted from Cajal (1893), and are
assembled in accordance with the functional organization suggested in this paper.
The scale of the diagram is approximate and a posterior nodal distance of 1 1l5 mm
has been assumed. The pathway of excitation is from receptors (R), through bipolars
(B), to the ganglion cell (G), but activity in this direct pathway is modified by the
associational cells. The horizontal cells (H) pick up from receptors, conduct laterally
in the null direction through a teledendron (Td), and inhibit bipolars in the neigh-
bouring region. This prevents responses when an image moves in the null direction,
but has no effect when motion is in the preferred direction. Horizontal cells have
the function of the laterally conducting elements in the inhibitory scheme shown in
Fig. 7. The amacrine cells (A) are thought to pick up from bipolar endings in the
inner plexiform layer and to conduct activity throughout their axo-dendritic
ramifications; they are assumed to make synaptic connexion with the ganglion cells
and inhibit them, thus mediating lateral inhibition of the type illustrated in Fig. 5
of Barlow et al. (1964) and Fig. 10 of this paper. The off-responding mechanism is
not illustrated, but seems to require duplicate horizontal cells and bipolar cells.
Notice that the ganglion cell must connect selectively to those particular bipolars
which respond selectively to the sequences for one particular direction. Its
response is specific for this pattern of stimulation but is invariant with respect to
contrast and position in the receptive field. It may be said to achieve some degree
of 'stimulus generalization'.

Barlow & Levick, 1965
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Receptive field properties of on-off directionally selective ganglion cells
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functionally isolated units, and that they are directionally polar-
ized in their responses, with greater Ca2+ influx resulting from
stimulus movement outward (away from the soma) than inward
(Euler et al., 2002). The coup de gracewas provided by Briggman
et al. (2011), who used high-throughput electron microscopic
reconstruction (see below) to confirm that starburst cells point-
ing in the null direction selectively contact the DS ganglion cell.
This work is discussed in a definitive recent review (Vaney
et al., 2012).

Very Diverse Encodings of the Visual Scene
Are Sent to the Brain
Because inputs from bipolar and amacrine cells combine, the
number of functional types of ganglion cell exceeds the number
of types of bipolar cell (Taylor and Smith, 2011). Their classifica-
tion has been a difficult problem—most or all of the ganglion cell
types have almost certainly been stained in one study or another,
but it has not yet been possible to achieve a definitive classifica-
tion in any mammalian species. How many types of ganglion
cells exist? The number of putative ganglion cell types estimated
in a series of five recent studies in the mouse was 11, 12, 14, 19,
and 22 (review, Masland, 2012). New cell types have emerged
since those studies were conducted. The apparent number of
ganglion cell types depends a lot on how they are counted:
should ON and OFF variants of the same response pattern be
considered as one cell type or two? Do the four cardinal direction
preferences of DS cells represent four cell types or one? No
matter how one counts, the number of types is surely not less
than a dozen in any mammal yet studied, and many workers
feel that the minimal number of structurally distinct types in the
mouse, rabbit, cat, or monkey is in the neighborhood of 20.
What can be the uses of 20 types of ganglion cells? There is

more extensive information for the rabbit retina than any other.

The ganglion cell types for which a morphological/physiological
identification is secure are as follows: a local edge detector,
much like the ‘‘bug detector’’ described long ago in the frog by
Maturana et al. (1960); ON-tonic and OFF-tonic cells; blue-ON
and blue-OFF ganglion cells; an ON direction selective cell,
which projects to the accessory optic system and subserves
optokinetic nystagmus; an ON-OFF directionally selective cell,
function unknown; two large, ON-transient or OFF-transient
cells; a recently identified ‘‘transient ON-OFF ganglion cell,’’
which responds much like an ON-OFF DS cell but is not direc-
tionally selective and has a different stratification; a uniformity
detector, which responds to changes in the visual input by
decreasing its firing rate; cells selective to each of two preferred
orientations; and the sparse intrinsically photosensitive (mela-
nopsin) cells, whose long-lasting responses to light synchronize
the circadian oscillator, drive pupillary responses, and carry out
other functions still being explored. In the mouse, a curiously
shaped cell with a weak form of direction selectivity has been
discovered, as has an apparent homolog of the local edge
detector (Amthor et al., 1989; Ecker et al., 2010; Kim et al.,
2008; Levick, 1967; Rockhill et al., 2002; Roska and Werblin,
2001; Schmidt et al., 2011; Sivyer et al., 2010, 2011; Taylor
and Smith, 2011; van Wyk et al., 2006, 2009; Vaney et al.,
2012; Venkataramani and Taylor, 2010; Zhang et al., 2012).
This may seem like a long list. Note, however, that there are

nine modality-specific channels for touch, five for taste, and
>300 for smell. Truly remarkable would have been for vision,
said to occupy !50% of the cortex in primates (Van Essen,
2004), to have only the two types of retinal ganglion cell
stressed in the standard canon. If we assume 20 morphologi-
cally distinguishable cell types, at least half of the structurally
identified ganglion cells of the rabbit still have functions that
have not yet been characterized. An even smaller fraction of

Figure 7. The Cardinal Features of the
ON-OFF Direction-Selective Cell, and the
Mechanism by Which Direction Selectivity
Is Created
(A) The cell can discriminate the direction of motion
of small stimuli falling within its receptive field
(large circle), and it does not matter where within
the field the small stimulus falls—there is a local
subunit that is direction selective.
(B and C) The fundamental mechanism of direction
selectivity. (B) Shows the dendritic arbor of a star-
burst amacrine cell. A sector of the arbor (outlined
in red) is (1) an independent functional unit, elec-
trically separate from the rest of the cell, and (2)
directionally polarized, such that it releases GABA
when the stimulus moves in one direction—left to
right in this example—and not in others. (C) Star-
burst sectors pointing in a single direction (red)
selectively synapse upon dendrites of an ON-OFF
DSganglion cell (outlinedby theblackcircle). In this
example, they would provide inhibition when the
stimulus moves from left to right. This cell would
thus have a preferred direction for movement
right-to-left and a null direction for movement
left-to-right. The sectors are smaller than the
dendritic field, thus accounting for the ganglion
cell’s ability to discriminate small movements
within the field. Other sectors of the starburst cell,
pointing in other directions, would contact other
direction selective ganglion cells; those cells would
prefer different directions of stimulus movement.
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Functional and structural identification of DSGCs
To identify the preferred directions of On–Off DSGCs, we labelled the
ganglion cell layer of an adult mouse retina by bulk electroporation48

with the membrane-impermeable form of Oregon Green 488 BAPTA-1,
a calcium indicator. This avoids the damage that would inevitably result
from the pipette penetration needed for acetoxymethyl ester-based
loading29,30 and would possibly result from exposing the retina to the
detergents used during this procedure. We then used two-photon-
excited fluorescence imaging31 to characterize the response properties
of ganglion cells while projecting moving-bar stimuli (oriented in eight
equally spaced directions) onto the photoreceptors32. We imaged 634
neuronal somata in a 300mm by 300mm large region of the ganglion
cell layer (Fig. 1b). Among those were 25 On–Off DSGCs with pre-
ferred directions clustering in 4 groups (Fig. 1a and Supplementary
Fig. 1). We denoted those groups, which are known to correspond to
the cardinal visual axes33, as northward (N), eastward (E), southward
(S) and westward (W). The cells (6 N, 8 E, 7 S, and 4 W) were arranged
in a mosaic pattern (Fig. 1b). Immediately after two-photon imaging,
we fixed and stained the retina (see Methods) and prepared it for
SBEM. To assist traceability, the tissue was specially treated to pref-
erentially label cell surfaces and to leave intracellular structures
unstained. The acquired SBEM volume was 350 3 300 3 60mm3 in
extent, spanned the inner plexiform layer, and contained the ganglion
cell layer and part of the inner nuclear layer. The lateral resolution was
16.5 nm 3 16.5 nm and the section thickness (z-resolution) was 23 nm.
All calcium-imaged somata (Fig. 1c) were included in the acquired
SBEM volume.

Vasculature landmarks were used to identify the somata of the
recorded DSGCs in the SBEM volume (Fig. 1c). Beginning at their
somata, we traced the dendritic trees of six DSGCs (Fig. 2a; 2 N, 1 E, 1
S and 2 W cells). Instead of contouring each dendrite, we traced
skeletons along the centre lines of the dendrites, which speeds up
the tracing process considerably (M. Helmstaedter, K. L. Briggman

and W. Denk, manuscript submitted). The resulting dendritic trees all
ramified in two distinct sublayers in the inner plexiform layer and
overlapped each other horizontally (Fig. 2a, b). The output synapses
of SACs are formed at varicosities along the distal third of their
dendrites5 and are geometrically conspicuous, with the presynaptic
varicosity wrapping around postsynaptic dendrites34. We, therefore,
identified such varicose contacts (Fig. 3a, n 5 24 contacts) on both the
On and Off dendrites of each of the DSGCs and traced the putative
presynaptic neurites back to their respective somata. Starting at these
somata, we then skeletonized most of their dendritic trees, which
substantially overlapped the dendritic fields of the DSGCs (Fig. 2c
and Supplementary Figs 2 and 7). In every instance, the back-traced
cell was a SAC, recognizable by its radially symmetric morphology
and co-stratification with either On or Off DSGC arborizations
(n 5 11 On, 13 Off SACs). Given an estimated SAC density (including
On and Off SACs) of 2,000 mm22 for the mouse35, we skeletonized
11% of all SAC somata in the data set.

Synaptic connections between SACs and DSGCs
To identify all additional potential contacts between the 24 SACs and
6 DSGCs that were reconstructed, we next inspected all locations
where a SAC and a DSGC skeleton came within 1.5 mm of each other.
Of 9,260 such locations, 831 were varicose contacts and were marked
as putative synapses (Fig. 3a). In 2,650 other cases, a non-varicose,
thin part of a SAC dendrite touched a DSGC dendrite (Fig. 3c). Such
configurations were marked as ‘incidental’ contacts and are expected
owing to the tight co-fasciculation of SAC and DSGC dendrites5. We
occasionally found a configuration (Fig. 3e) where a SAC varicosity
and a DSGC dendrite came within tens of nanometres of each other
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Figure 1 | Functional characterization of DSGCs and their localization
within the SBEM volume. a, Polar tuning curves for 25 DSGCs sorted and
colour-coded by preferred direction. Black lines indicate the direction of the
vector-summed responses. b, c, The corresponding soma locations
superimposed onto a two-photon image from the recorded region of the
ganglion cell layer (b) and the acquired SBEM volume (c). Note the Y-shaped
blood vessel visible in both b and c. Scale bars are 100mm.
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Figure 2 | Skeleton reconstructions of DSGCs and SACs. a, b, DSGCs,
colour-coded by preferred direction (inset), projected parallel to (a) and normal
to (b) the plane of the retina. Note bi-stratification in the inner plexiform layer.
c, Parallel projections of 24 SACs (11 On SACs, 13 Off SACs, black). Scale bars
are 50mm.
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but did not make any direct contact and were instead separated by a
thin, sheet-like process (probably from a Müller glia cell). Such
appositions would probably be misconstrued as actual contacts using
even the highest possible resolution in the (diffraction-limited) light
microscope.

To confirm that the putative synapses are likely to be actual
synapses, we examined varicose SAC–DSGC contacts in a different
SBEM data set that was more conventionally stained (Fig. 3b). All
varicose contacts inspected in this data set (n 5 43) contained ultra-
structural details typical of synapses. In addition, no synaptic specia-
lizations were seen at incidental SAC–DSGC contacts in this data set
(Fig. 3d). The following analysis includes only the 831 contacts that
were marked as putative synapses in the surface-stained data set
(henceforth referred to as ‘synapses’).

We first examined the specificity of SAC–DSGC synapses from
the perspective of individual SACs. We chose one Off and one On
SAC (Fig. 4a and Supplementary Fig. 3) that each overlapped with the
six DSGCs and colour-coded their output synapses by the preferred
directions of the respective DSGCs (Fig. 4b; purple, E; green, N;
red, W; orange, S). In addition, we identified all of the remaining
varicosities on the dendrites of these two SACs (413 On SAC; 452
Off SAC; black dots in Fig. 4a and Supplementary Fig. 3). Output
synapses preferred DSGCs with a preferred direction antiparallel to
the SAC dendrite (and hence aligned with the null direction). For
example, the northward oriented branches of the SACs mostly
synapsed onto the southward preferring (orange) DSGC. Despite a
large overlap of these northward branches with the dendritic trees of a
westward (red) and eastward (purple) DSGC (Fig. 4a), they avoided
synapsing onto them. The specificity is even more apparent in the
outputs to the two westward (red) DSGCs. This pattern of specificity
was found across all reconstructed SACs (Fig. 4b). A given SAC
branch does not exclusively synapse onto only one type of DSGC;
synapses onto DSGCs with different preferred directions sometimes
occur, in particular for dendrites oriented in between the cardinal
directions. We observed no obvious difference in the selectivity
between On and Off sublayers (data not shown).

We next examined the specificity of synapses from the perspective
of individual DSGCs. For each SAC–DSGC synapse, we constructed a
vector oriented from its presynaptic SAC soma to the synapse location
(Fig. 5a and Supplementary Fig. 5). We measured the angle (dendrite
angle) between this vector and the 0u stimulus direction. The distri-
bution of dendrite angles was strongly non-uniform for each DSGC
(Fig. 5b), with most SAC dendrites oriented opposite to the DSGC’s
preferred direction (Fig. 5c). The difference between dendrite angle
and preferred direction was 165.2u6 51.7u (mean 6 s.d., n 5 831). A

similar distribution of dendrite angles was observed in the conven-
tionally stained retina data set (Supplementary Fig. 4), where, however,
the preferred direction of the DSGC was not a priori known.
Consistent with electrophysiological recordings, which found a higher
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Figure 3 | Contact geometries. a, Typical putative synaptic contact in the
surface-labelled sample in cross-section and as a three-dimensional rendering,
with the contact area in black. b, Identified SAC-to-DSGC synapse in the
conventionally stained SBEM volume. Note vesicles associated with the
presynaptic surface and the dense staining of the contact. In both a and b, the

SAC varicosity (blue) wraps around the DSGC dendrite (yellow).
c, d, Incidental contacts (thin regions of SAC and DSGC dendrites touching) in
the surface-labelled (c) and the conventionally stained SBEM (d) volumes.
e, SAC varicosity located very close to a DSGC, but separated by a thin Müller-
cell glial process (red). Scale bars are 500 nm.
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Figure 4 | Specificity of SAC outputs. a, An Off SAC (black skeleton), with
varicosities indicated by black dots. DSGC dendritic trees are indicated by
colour-coded dashed ellipses. Synapses are colour-coded by the preferred
direction of the postsynaptic DSGC. b, Output synapse locations (n 5 831
synapses) relative to SAC somata from all 24 SACs. Scale bars are 50mm.
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overall inhibitory conductance driven by SACs located on the null
side4,16–18, we found a larger number of synapses received from null-side
versus preferred-side SAC somata (524 versus 41 synapses, where ND
indicates null direction; jhsoma2 hNDj,45u versus jhsoma2 hNDj.135u;
Fig. 6b).

Although we found a strong correlation between SAC dendrite
angles and DSGC null directions, we have not ruled out that the
probability of forming a synapse between a SAC and a DSGC dendrite
is solely determined by the relative locations of the corresponding
somata, that is, by the angle between the null direction and the
SAC-soma–DSGC-soma axis (Fig. 6a). In this case the connectivity
should not depend on whether a dendrite is aligned more or less
closely with the null direction than the soma–soma axis (Fig. 6a, upper
panel); however, if, instead, the dendrite angle is the determinant then
it should (Fig. 6a, lower panel). Our analysis (Fig. 6b) shows that for
dendrite angles closer to the null direction (c,0u) the actual connec-
tivity is substantially higher. This is not caused by uneven sampling
because the distribution of all contacts (incidental and varicose,
Fig. 6c) is unbiased. We found the strongest bias when the soma–
soma axis is between 45u and 135u off the null direction (Fig. 6b; c,0u
for 75.2% of the synapses). We also calculated the mean of c separately
for different soma–soma angle ranges (Fig. 6d). In the range from 45u
to 135u, the connected dendrites run 24.3u6 2.8u (mean 6 s.e.m.)
closer to the null direction.

Discussion
Our data show that SAC dendrites selectively synapse with a DSGC if
they are oriented along its null direction. This pattern provides the
structural substrate for the functional asymmetry in the inhibitory
input currents observed in DSGCs3,4. The wiring specificity is appar-
ent both from the perspective of the SACs’ outputs (Fig. 4) and that of
the DSGCs’ inputs (Fig. 5). Dendritic branches of SACs are individu-
ally direction selective for centrifugal motion9, with several mechan-
isms likely to contribute36–38. Our data support the view that DSGCs
acquire their direction selectivity by predominately collecting those
SAC inputs that suppress null-direction excitation, that is, from
branches oriented along the null direction, and are consistent with

the idea that null-direction SAC input inhibits the initiation of DSGC
dendritic spikes during null-direction motion14.

The specificity of each SAC dendritic branch for selecting a post-
synaptic target goes well beyond the notion that neuron A selectively
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Figure 5 | Specificity of DSGC inputs. a, DSGC (grey skeleton) and the
connected On and Off SAC somata (large cyan and blue circles, respectively)
and associated SAC input synapses (smaller cyan and blue circles) from 18
SACs. b, The distribution of all SAC dendrite angles (hdendr) for each of the six
DSGCs; hdendr is defined by the vectors (cyan and blue lines in a) oriented from

SAC somata to synapse location. Triangle markers indicate the preferred
direction for each DSGC. c, Polar histograms of hdendr (black, plotted as the
square root of hdendr frequencies) together with the DSGC tuning curves (as in
Fig. 1). Asterisk denotes the DSGC shown in a.
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Figure 6 | Dendrite-angle distribution. a, Schematic synapse distributions
expected for a mechanism depending only on soma angles (upper) and for a
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of synapses (n 5 831). c, Distribution of all synapses and incidental touches
(n 5 3,481). d, The mean 6 s.e.m. for c in three different (hsoma 2 hND) ranges.
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