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 Figure 13.1     The retina creates 20 neural representations of the  “ movie ”  that enters the eye. 
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 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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 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
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Type II. green-on, blue-off 

Type II. green-on, blue-off 

Type II. green-on, blue-off 

Spatio-chromatic types of macaque LGN cells
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Primate Color Opponent Ganglion Cells

Inferred Receptive Field Description

DeMonasterio & Gouras (1975)
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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.
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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

Jo Crook & Dennis Dacey



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

25 µm

Jo Crook & Dennis Dacey



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)

Jo Crook & Dennis Dacey

Cone inputs to the receptive field suggest random wiring
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Cone inputs to the receptive field suggest random wiring
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• inputs to the midget center are variable

• all midgets show mixed cone input to the surround

• many midgets are purely achromatic 

• all midgets are achromatic to narrow stimuli

Cone inputs to the receptive field suggest random wiring



  

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
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Rabbit Direction-Selective Retinal Ganglion Cells

Barlow et al (1964)

Oyster (1968)Amthor et al (1989)



  

Rabbit Starburst Amacrine Cells

Vaney (1990)
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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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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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Asymmetric interactions with starburst amacrine circuits

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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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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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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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 13.3     The unit of retinal infrastructure is a ganglion cell circuit mosaic. (Top) A single ganglion cell surrounded by 
first- and second-order circuit elements. (Bottom, left) The same circuit is repeated across the retina forming a mosaic. (Bottom, 
right) Actual mosaic locations of retinal ganglion cells of a specific type. 
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 Figure 13.4     Retinal features are stacked in the inner retina. (Left) Bipolar cell terminals and ganglion cell dendrites are laid 
down in different strata of the IPL. (Right) Some amacrine cells (AN) are narrow and tall; their inputs and outputs are in dif-
ferent strata. Other amacrine cells (AW) are wide and flat, with long processes in one stratum; these cells carry information 
across the local circuits of the same mosaic. 

connections by horizontal cells, large amacrine cells, 
and electric coupling between cells of the same and 
different types. 

 Several aspects of the functional organization of the 
retina are evolutionarily conserved. The layered 

arrangement of cell bodies and cellular processes, the 
major cell classes, and their general connectivity are 
common to all vertebrates. In comparing across 
mammals from mouse to human, one finds even greater 
similarities that extend to the level of cell types and Roska & Meister, 2014
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 Figure 13.7     Retinal circuits leading to different feature detector ganglion cells. (A) The Y-type ganglion cell. This ganglion 
cell collects excitation from many bipolar cells. The bipolar cell synapses are rectifying: At baseline the release rate of transmit-
ter is low, so depolarization increases transmitter release, but hyperpolarization has little or no effect. In subsequent panels, 
this rectifying quality is assumed for all bipolar cell synapses. (B) The object-motion-sensitive cell. Note that the ganglion cell 
pools over both ON and OFF bipolars, but this process is gated by the action of a wide-field amacrine cell. (C) The looming 
detector. Again there is pooling over ON and OFF channels, but with opposite sign because of an interposed narrow amacrine 
cell. (D) The direction-selective ganglion cell. The asymmetric interaction that defines the null direction occurs between the 
dendrite of a starburst amacrine cell and local bipolar cells. An additional threshold nonlinearity arises from spike generation 
within the dendritic tree of the ganglion cell. 

output quantitatively ( Baccus et al., 2008 ;  Enroth-Cugell 
 &  Freeman, 1987 ;  Victor  &  Shapley, 1979 ).    

 The defining Y-cell characteristic of nonlinear sum-
mation over space has now been encountered in many 
types of ganglion cell, but these differ strongly in other 
response features that confer certain selectivities, as 
seen in the following examples. 

 Object-Motion-Sensitive Cells 

 Ganglion cells of the  “ bug perceiver ”  type ( Lettvin et 
al., 1959 ) have now been identified in several species, 

and they likely represent one of the canonical types. 
They have been called  “ OMS ”  cells in the salamander 
(  Ö lveczky, Baccus,  &  Meister, 2003 ),  “ W3 ”  cells in the 
mouse retina ( Zhang et al., 2012 ), and  “ local edge 
detector ”  cells in the rabbit retina ( Levick, 1967 ). They 
produce transient responses to both ON and OFF 
events in the receptive field center; thus, they process 
the stimulus in a very nonlinear fashion, beyond that 
of the Y cells. They are highly sensitive to moving pat-
terns within the receptive field center, for the most 
part independent of the precise content of the pattern. 
But if the receptive field surround experiences pattern 

Roska & Meister, 2014
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Maunsell et al. 1999; Solomon et al. 1999; Usrey &
Reid, 2000; Levitt et al. 2001; Movshon et al. 2005;
Alitto & Usrey, 2008; Alitto et al. 2010). Compared to
parvocellular neurones, magnocellular neurones respond
better to low contrast stimuli, are more sensitive to
stimuli modulated at high temporal frequencies (but see
Spear et al. 1994; Hawken et al. 1996), display greater
extraclassical surround suppression, and respond with
a shorter latency following stimulus presentation. In
addition, magnocellular neurones lack colour selectivity,
while most parvocellular neurones in old world monkeys
have long- (L) and medium- (M) wavelength opponent
receptive fields. Less is known about the physiology
of koniocellular neurones; however, existing evidence
indicates that many are selectively modulated by short- (S)
wavelength inputs and have visual responses (e.g. contrast
gain, temporal-frequency tuning) that are generally
intermediate to those of magnocellular and parvocellular
neurones (Hendry & Reid, 2000; White et al. 2001;
Chatterjee & Callaway, 2003; Tailby et al. 2008; Roy et al.
2009).

The three major classes of LGN neurones provide
stream-specific input to V1 with magnocellular axons
targeting layer 4Cα, parvocellular axons targeting
layer 4Cβ, and koniocellular axons targeting the
cytochrome-oxidase rich blobs, layer 1 and, in a subset of
species including the macaque monkey, layer 4A (Fig. 2).
In addition to providing input to layers 4Cα and 4Cβ,
magnocellular and parvocellular LGN axons also provide
input to layer 6 (described below). As a consequence
of these projection patterns, corticogeniculate neurones
in the primate have the opportunity to receive direct
geniculate input onto both their basal dendrites in layer 6
as well as their apical dendrites in the overlying cortical

layers. Recent results from the cat, however, indicate that
the majority of synapses from the LGN are made onto the
basal dendrites (da Costa & Martin, 2009).

Evidence for parallel streams of corticogeniculate
feedback

Corticogeniculate neurones have a pyramidal morphology
and use glutamate for synaptic transmission (reviewed
in Briggs & Usrey, 2009b). Their cell bodies are located
exclusively in layer 6 of visual cortex and their axons
branch to innervate the LGN, the reticular nucleus, and the
overlying cortical layers (predominantly specific divisions
of layer 4). In addition, a subset of corticogeniculate
neurones in the very bottom of layer 6 probably provides
weak input to the pulvinar nucleus (Conley & Raczkowski,
1990; Bourassa & Deschenes, 1995; Usrey & Fitzpatrick,
1996; Van Horn & Sherman, 2004). Although cortico-
geniculate neurones typically make up less than 50%
of layer 6 neurones (∼14% in the macaque monkey;
Fitzpatrick et al. 1994), their connections are anatomically
robust. Indeed, individual LGN neurones receive more
synaptic input from corticogeniculate feedback axons
than from retinal axons (Guillery, 1969; Erisir et al.
1997a,b). Similarly, individual layer 4 neurones receive
more synaptic input from layer 6 axons than from LGN
axons (Ahmed et al. 1994).

In the macaque monkey, layer 6 can be divided into
three tiers. The cell bodies of corticogeniculate neurones
are restricted to the upper and lower tiers; the middle
tier is void of corticogeniculate neurones (Fitzpatrick
et al. 1994; see also Lund et al. 1975; Hendrickson et al.
1978). Importantly, neurones in the upper and lower

Figure 1. Laminar organization of the LGN in five different primates: galago, squirrel monkey, macaque
monkey, chimpanzee, and human
In each, neurones in the magnocellular, parvocellular and koniocellular streams occupy distinct laminae. In the
galago, magnocellular neurones occupy layers 1 and 2, parvocellular neurones occupy layers 3 and 6, and
koniocellular neurones occupy layers 4 and 5 and the intercalated zones. In the squirrel monkey, macaque monkey,
chimpanzee and human, magnocellular neurones occupy layers 1 and 2, parvocellular neurones occupy layers 3, 4,
5 and 6, and koniocellular neurones occupy the intercalated layers below and between each of the magnocellular
and parvocellular layers. Although the squirrel monkey lacks clear intercalated zones between the parvocellular
layers, koniocellular neurones have been reported between the layers.
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labeled neurons (Fig. 3A,C–E) contained both chromogens
as indicated by the brown and blue labeling following the
same cell outline and lying within the same plane of focus.
Finally, neurons classified as ambiguous clearly contained
one or the other of the markers, but the presence of the
second could not be ascertained with confidence. Total
numbers of neurons falling into each category, and their
locations in specific dLGN compartments, are given in
Table 1.

Overall geniculo-extrastriate projection. For purposes
of description, neurons containing CTB (both CTB-only
and double-labeled) and, thus, projecting to the prelunate
gyrus, will henceforth be referred to as GX (geniculo-
extrastriate) pathway cells or GX neurons. Figure 4 illus-
trates the locations of GX neurons within the dLGN in
representative sections from each case. In each animal,
the retrogradely labeled neurons were located primarily
within the central region of the posterior third of the
dLGN, corresponding roughly to the central lower visual
field representation in this structure (Malpeli and Baker,
1975; Malpeli et al., 1996), and as would be expected from
the reported visuotopic organization of the prelunate gy-
rus (Gattass et al., 1988). Figure 5 presents a summary of
GX cells in each case in terms of laminar location within
the dLGN. In each case, the interlaminar zones contained
the highest proportion of the total of GX cells, followed by
the parvocellular layers proper, with magnocellular and S
layers providing a smaller contribution. However, there
was a significant difference among cases in the propor-
tions falling into laminar, interlaminar, and S zones (chi
square ! 24.2, P " 0.0001, df ! 4), reflecting the large
number of GX cells in interlaminar zones in case B and the
large S layer contribution in case A.

Analysis of double labeling. Figure 4 also illustrates
the locations of GX neurons with and without expression
of Cal; in all three cases, a large subset of GX neurons also
displayed Cal immunoreactivity. The percentage of CTB-
immunoreactive neurons that were labeled with the SG
chromogen varied across cases from 36% in case C to 88%
in case B, although the absolute numbers of double-
labeled neurons were comparable in the three cases (Fig.
6A; Table 1). There was a significant difference among
cases in the proportions classified as double-labeled, ret-
rogradely labeled only, or ambiguous (chi square ! 49.6,
P " 0.0001, df ! 4). There was also a significant difference
among cases with regard to the proportions of double-
labeled neurons located within the laminar, interlaminar,
and S layer compartments (chi square ! 19.4, P " 0.001,
df ! 4), reflecting the presence of a relatively large num-
ber of double-labeled cells within the interlaminar zones
of case B. On the other hand, cases A and C showed
roughly comparable proportions of double-labeled neurons
falling within the laminar, interlaminar, and S layer
zones. In all cases, only a few double-labeled cells were
located within the S layers.

There was no obvious difference among the cases in the
overall anterior-posterior or medial-lateral distribution of
double-labeled cells in the dLGN. However, individual
sections varied considerably from one to the next in the
anterior-posterior dimension. To substantiate the impres-
sion of comparable A-P distribution in the three animals,
we calculated the percentage of the extent of the dLGN
from the posterior pole forward in which half of all DL
cells were encountered. This value was similar for all
(30%, 23%, and 33% for A, B, and C, respectively).

Additional hints of similarities and differences among
the three cases emerged when double-labeled cells were
classified with respect to their relationship to the magno-
cellular and parvocellular territories within the dLGN.
For all three cases, double-labeled neurons that lay within
the laminae were found in greater numbers within the
parvocellular layers than magnocellular ones (Fig. 6B),
and, although the Ns are small, the relative proportions
were comparable across cases. On the other hand, when
double-labeled cells lying within the interlaminar com-
partment were classified as lying within different inter-
laminar regions, Case B showed a higher percentage of
cells in the interlaminar regions between parvocellular
layers than for the regions between magnocellular layers
or between the magnocellular and parvocellular layers,
relative to the other cases (Fig. 6C).

Calbindin immunoreactivity in the dLGN
after V1 ablation

Figures 7 and 3G illustrate the pattern of Cal immuno-
reactivity seen in the dLGN of an animal that sustained a
large unilateral lesion of V1 early in life (see Materials
and Methods section). The lesion involved most of the
representation of the central 30 degrees of both upper and
lower visual fields, with a small spared crescent in the
upper parafoveal sector. Within the dLGN, degenerated
zones were crisply demarcated from zones of intact neu-
rons corresponding to the spared V1. Within the degener-
ated sectors, occasional large cell bodies were visible stud-
ding the otherwise degenerated territory. Neurons within
degenerated sectors were classified as Cal-positive or Cal-
negative, and the presence and location of such neurons
are illustrated along with the locations of Cal-

Fig. 2. Charting of calbindin D-28K (Cal) -immunoreactive neu-
rons within a coronal section through the dorsal lateral geniculate
nucleus (dLGN) in case A. Each dot corresponds to one immunoreac-
tive neuron. P, parvocellular layers; M, magnocellular layers; S, S
layers. Scale bar ! 1 mm.
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Calbindin immunoreactivity labels the koniocellular relay through the LGN





Responses in the retina and the LGN are more or less the same
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Basic properties of retinal EPSPs and LGN spikes.
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Efficacy of pairs of retinal spikes that occurred at different interspike intervals (ISIs)



Predicting retinogeniculate integration with a summation model
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Comparison of contrast response functions from LGN neurons in alert and anaesthetized animals
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Comparison of temporal frequency tuning for LGN neurons in alert and anaesthetized animals


