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It is well known that visual signals in the brain are
processed in parallel, with movement, colour, stereop-
sis and even specific features such as faces being
processed in different parts of the cortex1. The projec-
tion from the eye to the brain is also organized into par-
allel routes, and the fibres of the optic tract terminate in
different subcortical areas such as the suprachiasmatic
nucleus, lateral geniculate complex, pretectum, sup-
erior colliculus and accessory optic nuclei. These areas
have different roles in visual processing and receive
inputs from different types of retinal ganglion cell
(RGC). For example, the suprachiasmatic nucleus,
which regulates circadian rhythms, and the pretectum,
which adjusts the pupil size, receive inputs from 
a recently discovered type of RGC that transmits a 
sustained light signal and has a melanopsin-based
intrinsic light response in its dendrites2. Parallel routes
can also be distinguished in the visual pathway that 
subserves conscious vision — the projection from the
eye through the lateral geniculate nucleus (LGN) to 
the visual cortex. Here, in primates, the parvocellular
and magnocellular pathways are well established, and 
a third parallel tract has recently been found in the
interlaminar regions (K-layers) of the geniculate3. This
might carry a blue-cone signal4.

Considerable processing and filtering of visual infor-
mation occurs at the earliest stage in the mammalian
visual system — the retina5–8. In this article, we review
the circuitries that underly this processing, and discuss
their synaptic mechanisms and molecular signatures9,10.

The retina is about 200 µm thick and contains six
main classes of cell (FIG. 1). The photoreceptors — rods
and cones — transduce light into an electrical signal.At
low light levels only rods have sufficient sensitivity to 
capture the few photons that are available. Colour vision
is not possible at such low light levels, because signals
from a single detector, the rod, cannot differentiate
between spectral modulations. At higher light levels, in
humans and old world primates, three types of cone
respond selectively to photons in different regions of the
visible spectrum — long-wavelength (red or L-), middle-
wavelength (green or M-) and short wavelength (blue or
S-) sensitive cones11. Comparison of L- and M-cone 
signals forms a chromatic channel that mediates
red–green (R–G) discrimination.A second, blue–yellow
(B–Y) channel is made by comparing S-cone signals
against some combination of L- and M-cone signals. A
third, luminosity channel (black/white) sums L- and 
M- and possibly also S-cone signals.Mammals other than
primates have only two types of cone (L- and S-cones)12.

At the synaptic terminals of rods and cones, the
light-evoked signals are transferred onto bipolar and
horizontal cells (FIG. 1). Horizontal cells, of which there
are between one and three types in mammalian retinae,
provide lateral interactions in the outer plexiform layer.
One type of rod bipolar cell and at least nine types of
cone bipolar cell transfer the light signals into the inner
plexiform layer (IPL), onto the dendrites of amacrine
and ganglion cells (FIG. 1d,e). Cone bipolar cells fall into
two main groups: ON and OFF bipolar cells. Amacrine
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IONOTROPIC RECEPTOR 

A receptor that exerts its effects
through modulation of ion
channel activity.

METABOTROPIC RECEPTOR 

A receptor that is associated with
G proteins and exerts its effects
through enzyme activation.
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L- and M-cone pedicles are coupled to their immediate
neighbours and to rod spherules (the synaptic terminals
of rod photoreceptors) through electrical synapses 
(gap junctions) where connexin-36 is expressed. S-cone
pedicles are only sparsely coupled16–19. This coupling
allows the network to average out the uncorrelated noise
in individual cones, and thereby to improve the
response to a light stimulus20.

The postsynaptic neurons express different sets of
glutamate receptors (GluRs) at their contacts with the
cone pedicles21,22. The main dichotomy is that horizontal
and OFF cone bipolar cells express IONOTROPIC (AMPA
(α-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid) and kainate) glutamate receptors, whereas ON
cone bipolar cells express the METABOTROPIC glutamate
receptor mGluR6 (REFS 23,24). Horizontal and OFF 
cone bipolar cells are hyperpolarized by light, and 
ON cone bipolar cells are depolarized. OFF cone bipolar
cells transfer their signals in the IPL through excitatory
synapses onto OFF ganglion cells, whereas ON cone
bipolar cells form synapses onto ON ganglion cells.
Therefore OFF ganglion cells are excited by stimuli that
are darker than the background, and ON ganglion 
cells by stimuli that are brighter than the background.

cells are inhibitory interneurons, and there are as many
as 50 morphological types13. Ganglion cell dendrites 
collect the signals of bipolar and amacrine cells and
their axons transmit these signals to the visual centres 
of the brain. At least 10–15 morphological types of
ganglion cell are found in any mammalian retina14.

Transmission of the cone signal
Cones respond to a light stimulus with a graded hyper-
polarization, and release glutamate at their specialized
synaptic terminal, the cone pedicle (FIG. 1b). Transmitter
release is high in darkness and is reduced by light. The
cone pedicle is probably the most complex synapse in
the CNS15. It contains between 20 and 50 presynaptic
ribbons, each of which is flanked by synaptic vesicles.
Invaginations at the ribbons allow horizontal and ON
cone bipolar cell dendrites to be inserted. OFF cone
bipolar cell contacts are found at the cone pedicle base.
Each cone pedicle makes up to 500 contacts, although
the number of postsynaptic cells is smaller because each
one receives multiple contacts. Two types of horizontal
cell and eight types of cone bipolar cell are engaged with
every cone pedicle. So, at the first synapse of the retina
the light signal is distributed into multiple pathways.
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Figure 1 | Schematic of the mammalian retina. a | There are six classes of neuron in the mammalian retina: rods (1), cones (2),
horizontal cells (3), bipolar cells (4), amacrine cells (5) and retinal ganglion cells (RGCs) (6). They have a laminar distribution (OS/IS,
outer and inner segments of rods and cones; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner
plexiform layer; GCL, ganglion cell layer; NFL, optic nerve fibre layer). b | A cone pedicle, the synaptic terminal of cones. Four
presynaptic ribbons are apposed to the invaginating dendrites of horizontal cells (yellow) and ON cone bipolar cells (blue). This
synaptic arrangement is called a ‘triad’. OFF cone bipolar cell dendrites form contacts at the cone pedicle base (purple). c | A rod
spherule, the synaptic terminal of rods. The presynaptic ribbon is apposed to the invaginating axons of horizontal cells (yellow) and
the dendrites of rod bipolar cells (blue). OFF cone bipolar cell dendrites form contacts at the base (purple). d | The axon terminal of a
cone bipolar cell (blue) contains up to 50 presynaptic ribbons, and connects to postsynaptic amacrine cell processes (orange) and
RGC dendrites (purple). e | A magnified view of a bipolar cell ribbon synapse (blue) with an amacrine cell process (orange) and an
RGC dendrite (purple). The amacrine cell provides a feedback synapse onto the bipolar cell. This synaptic arrangement is called a
‘dyad’. Amacrine cells also form numerous conventional synapses throughout the IPL with RGCs and other amacrine cells (not
shown). Some amacrine cell processes reach out to the OPL and there they provide synaptic contacts (interplexiform processes).
Panels a, b modified, with permission, from REF. 127 © (2002) Deutsche Akademie der Naturforscher Leopoldina.
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described that contact a single cone pedicle (FIG. 2,
midget bipolar cells) and that selectively contact S-cone
pedicles (FIG. 2, blue cone bipolar cells)33,34. Blue cone
bipolar cells have also been described in the rat and
mouse retina but their circuitry has only been worked
out in primates. Here they contact between one and five
S-cones at invaginating contacts, so they are ON bipolar
cells and transfer an S-cone signal to the innermost part
of the IPL.

Midget bipolar cells. Before discussing the function of
midget bipolar cells, the distribution of cells across the
retina (topography) has to be considered35. In the
peripheral retina, the density of cones, bipolar cells and
ganglion cells is low, whereas towards the centre of the
retina (the central area of cats, or the fovea of primates)
the density of these cells increases steeply. This results in
greatly improved spatial resolution (visual acuity) at the
fovea or central area. Concomitant with the increase in
density, the cells’ dendritic fields become smaller.
During evolution, the spatial resolution of the primate
eye and retina has been optimized. To achieve this, a
high cone density and a low cone-to-RGC ratio have
converged in the ‘acuity pathway’. The anatomic limits
for this optimization are reached when each cone is
connected through a midget bipolar cell to a midget
ganglion cell, establishing a private line to the brain.
It has been suggested that only after this one-to-one
connection in the central retina had evolved, 35 million
years ago, did a subsequent mutation in the L-cone 
pigment create L- and M-cones of varying proportions
at random spatial locations6,11,36. The midget system of
the central retina could transmit this chromatic infor-
mation to the brain where it could be used, for example,
to detect red fruit among green leaves.

This ‘midget theory’of the evolution of trichromacy in
primates has its basis in the general pattern of mammalian
wiring. It is not necessary to postulate, in addition, spe-
cific mutations to change the cone selectivity of bipolar
cells, the cone selectivity of GluRs or the selectivity of

More than 100 years ago the physiologist Ewald Hering
postulated the separate sensations of black and white25.
It is only now that we know that these are caused by two
molecularly different GluRs expressed by bipolar cells.

Bipolar cells. The axons of OFF and ON cone bipolar
cells terminate at different levels (strata) within the IPL:
OFF in the outer half, ON in the inner half. However,
superimposed on this ON/OFF dichotomy, further
bipolar cell types have been described (FIG. 2) and every
mammalian retina that has been studied contains 
at least four types of OFF and four types of ON cone
bipolar cell26,27. We are just beginning to understand
their functional roles28. Double recordings from cone
pedicles and identified OFF cone bipolar cells in slices of
the ground squirrel retina have shown that one type 
of OFF cone bipolar cell (b2) expresses ionotropic
AMPA receptors, resulting in more phasic synaptic
transfer and, therefore, in transient responses to light.
Meanwhile, two other types of OFF cone bipolar cell 
(b3 and b7) express kainate receptors, resulting in 
more tonic synaptic transfer and a sustained light
response29. The axons of these bipolar cells terminate at
different levels in the OFF stratum. Axons that carry
more transient OFF light signals terminate in the 
middle of the IPL; those that carry sustained OFF light
signals are found in a more peripheral position30,31.
Although it has not been shown for the mammalian
retina, there seems to be a comparable stratification of
bipolar axons in the ON sublamina. Transient ON
responses are transferred to the middle of the IPL;
sustained ON-responses are found in the inner IPL.
The preponderance of transient light responses in the
middle of the IPL is further supported by the recent
finding of voltage-dependent sodium channels at the
axon terminals of these bipolar cells32. Such channels
would speed up the light responses of the bipolar cells.

Most cone bipolar cells contact between five and ten
cones (FIG. 2, diffuse bipolar cells). In the primate retina,
in addition to these diffuse types, bipolar cells have been
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Figure 2 | Bipolar cell types of the primate retina. The cells were analysed in Golgi-stained whole-mounts and are shown here
schematically in a vertical view. Their axons terminate at different levels in the IPL; those terminating in the outer half are putative OFF
cone bipolar cells, those terminating in the inner half are ON bipolar cells. Diffuse bipolar cells (DB1–DB6) contact — non-selectively —
between 5 and 10 L- and M-cone pedicles. Some DB cells also contact S-cone pedicles. Flat midget bipolar (FMB) cells contact a
single L- or M-cone and carry a chromatic OFF signal. Recently, an FMB cell connected to S-cone pedicles has been described, but it
is not known whether it contributes to the chromatic pathways. Invaginating midget bipolar (IMB) cells contact a single L- or M-cone
and carry a chromatic ON signal. Blue cone bipolar (BB) cells selectively contact 1–5 S-cone pedicles and carry an S-cone ON signal.
Rod bipolar (RB) cells contact between 6 rod spherules (at the fovea) and 40 (in the periphery) and carry a scotopic ON signal.
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Transmission of the rod signal
The synaptic terminal of rod photoreceptors, the rod
spherule, contains a presynaptic ribbon, which is
flanked by synaptic vesicles and is apposed to the invagi-
nating processes of horizontal and bipolar cells (FIG. 1c).
The horizontal cell processes, of which there are usually
two, occupy a lateral position within the invagination,
and between one and three rod bipolar cell dendrites
occupy a central position. Like cones, rods release gluta-
mate in darkness and this transmitter release is reduced
when they are hyperpolarized by light. Horizontal 
cells express ionotropic GluRs at their dendritic tips, in
the rod spherule, and rod bipolar cells express the
metabotropic receptor mGluR6. Rod bipolar cells — of
which there is only one type in any mammalian retina —
are depolarized by a light stimulus and are ON-bipolar
cells44,45. Each contacts 20–80 rod spherules, and their
axons terminate in the inner IPL, close to the ganglion
cell layer. However, rod bipolar cells do not send light
signals directly into the ganglion cells but instead
synapse with an AII amacrine cell46,47 (FIG. 3). AII cells,
which are also depolarized in response to a light stimu-
lus, sum the input from many rod bipolar cells. They
form electrical synapses (gap junctions) onto the axon
terminals of ON cone bipolar cells (FIG. 3, ON1) and
inhibitory chemical synapses onto those of OFF cone
bipolar cells (FIG. 3, OFF1). In turn, these cone bipolar
cells synapse onto the ganglion cells. This wiring 
diagram represents the ‘classical rod pathway’ through

ganglion cells. It also explains why mammals other
than primates have not evolved trichromacy: their
cone bipolar cells sum the signals of several cones and
their RGCs sum the signals of many bipolar cells. A
mutation that created M- and L-cones would be lost in
this convergent network, which pools signals from
many cones37. A transgenic mouse that expressed
human L- and M-opsins in its cones could not 
perform trichromatic colour discrimination38,39. The
idea that trichromacy ‘piggy-backs’ on the high-acuity
system of primates also postulates that the midget 
bipolar cells perform a ‘double duty’ in visual signalling
— acuity and trichromacy — an idea that has been
promoted for some years40.

However, other models for the L- and M-cone 
selective pathway of the primate retina have also been
proposed41,42. In these models, chromatic bipolar cells
contact several L- and M-cones: it is postulated that
they express ionotropic GluRs (OFF-type) at their con-
tacts with L-cones and metabotropic GluRs (ON-type)
at their M-cone contacts. Such cells would be red
OFF/green ON bipolar cells and similar types have
been described in fish and turtle retinae43. So far no 
evidence has been presented in mammalian retinae,
including primates, for such a cone-specific expression
of GluRs at bipolar cell dendrites. So, it seems that 
diffuse bipolar cells transmit a luminosity signal to the
IPL, midget bipolar cells an L- and M-cone signal and
blue cone bipolar cells a S-cone selective signal.
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Figure 3 | The rod pathways of the mammalian retina. The neurons in the mammalian retina have a laminar distribution: OS/IS,
outer and inner segments of rods and cones; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner
plexiform layer; GCL, ganglion cell layer. The ‘classical’ pathways are ON1 and OFF1. In the ON1 pathway, rods are hyperpolarized
by light and transfer their signals onto the invaginating dendrites of rod bipolar (RB) cells. RB cells express the glutamate receptor
mGluR6, causing a sign inversion at the synapse (red arrow). RB cells are therefore depolarized by light47. They transfer their signal
through a glutamatergic (AMPA; α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) synapse (green arrow) onto AII amacrine
cells. AII amacrine cells make gap junctions (electrical synapses expressing connexin-36) with the axons of ON cone bipolar cells,
which in turn synapse (green arrow) with ON ganglion cells. In the OFF1 pathway, the pathway from rods to AII cells is identical to
ON1, but the output of AII cells differs. They make inverting, glycinergic synapses (red arrow) with the axons of OFF cone bipolar
cells, which in turn synapse (green arrow) with OFF ganglion cells. In the ON2 pathway, the rod signal is transmitted to the cone
pedicle through gap junctions (expressing connexin-36) and then follows the cone pathway to the ON ganglion cells. The OFF2
pathway is comparable with that of ON2 to the OFF ganglion cells. In the OFF3 pathway, OFF cone bipolar cells make direct
synaptic contacts with the base of rod spherules and transfer this signal directly onto OFF ganglion cells. These pathways can be
pharmacologically dissected and the recent availability of a connexin-36-knockout mouse has shown that different pathways
operate under different lighting conditions52. Modified, with permission, from REF. 123 © (2002) Elsevier Science.
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onto cones, the lack of GABA receptors on mammalian
cones and the lack of GABA uptake into horizontal
cells from the medium. Two alternative hypotheses of
horizontal cell function have been proposed. One
assumes that horizontal cells express connexins at their
processes, which are inserted into cone pedicles and
rod spherules (hemigap junctions). Current that flows
through the channels formed by the connexins changes
the extracellular potential in the invaginations and thus
shifts the activation curves of the cone pedicle Ca2+

channels. By this mechanism of electrical feedback,
horizontal cells could modulate the glutamate release
from cones and rods53. The second hypothesis also pos-
tulates modulation of the Ca2+ channels that regulate
the release of glutamate from cones; however, the mech-
anism responsible is a change in pH within the invagi-
nation, caused by voltage-dependent ion transport
through the horizontal cell membrane54. There is also
evidence that light-dependent release of GABA from
horizontal cells provides feed-forward inhibition of
bipolar cell dendrites. Irrespective of their precise mode
of action, horizontal cells sum light responses across a
broad region, and subtract it from the local signal.
Because horizontal cells are coupled through gap junc-
tions, their receptive fields can be much wider than their
dendritic fields55. Horizontal cell feedback in fish and
turtle retinae seems to be cone-specific. However, no
such chromatic organization of horizontal cell feedback
has been observed in the primate retina56.

Morphological types of ganglion cell
There are at least 10–15 different morphological types
of ganglion cell in any mammalian retina14,57. Their
main distinguishing features are the size and branch-
ing pattern of their dendritic trees, which can be seen
in retinal flat mounts (FIG. 4). However, it is often diffi-
cult to classify ganglion cells by their shapes alone
because this can vary across the retina. In the primate
retina it has been helpful to label ganglion cells retro-
gradely through their axonal projections58. The best
way to define and study different ganglion cell types 
is by applying selective markers that label the whole
population of a given type35. This is illustrated for cat
alpha cells in FIG. 5. Alpha cells have large cell bodies
and wide, sparsely branched dendritic trees. They
comprise about 3% of cat ganglion cells and can be
more or less selectively immunolabelled with anti-
bodies against neurofilaments. The cell bodies of alpha
cells form a regular mosaic and their dendritic trees
cover the retinal area in FIG. 5a without leaving gaps.
The dendritic tree size and density of alpha cells show
an inverse relation across the retina: in the peripheral
retina the density is low, but the dendritic trees are
large, whereas in the central retina the density is high
and the dendritic trees are small. Alpha cells have been
found in all mammalian retinae studied (cat, ferret,
rabbit, guinea pig, mouse, rat and ox)59. They have the
thickest axons of all RGCs and project to several 
subcortical visual centres. In the primate retina, para-
sol RGCs (or M-cells) are probably the homologues of
alpha cells58.

the mammalian retina48. It is the most sensitive pathway
and can detect the absorption of a single photon. The
detour through the AII–cone bipolar cell loop probably
allows the rod pathway to take advantage of the cone
bipolar circuitry in the IPL, such as direction-selective
wiring or other complex operations.

Recent studies have shown that the rod signal can
also be transmitted by alternative routes. One such route
is through gap junctions between rod spherules 
and cone pedicles48 (FIG. 3, ON2, OFF2). In addition,
some OFF-cone bipolar cells contact rod spherules
directly49–51 (FIG. 3, OFF3). So, there are at least three 
circuits for the rod signal, and recent evidence indicates
that the different ganglion cells of the mouse retina tap
preferentially into one of these circuits52.

Feedback from horizontal cells
Horizontal cell dendrites are inserted as lateral elements
into the invaginating contacts of cone pedicles (FIG. 1b),
and horizontal cell axon terminals form the lateral
elements within rod spherules (FIG. 1c). Traditionally, it
is assumed that horizontal cells release the inhibitory
transmitter GABA (γ-aminobutyric acid) and provide
feedback inhibition at the photoreceptor synaptic ter-
minal. As horizontal cells summate light signals from
several cones, such feedback would cause lateral inhi-
bition, through which a cone’s light response is
reduced by the illumination of neighbouring cones.
This mechanism is thought to enhance the response to
the edges of visual stimuli and to reduce the response
to areas of uniform brightness. However, the GABA-
feedback model has recently been challenged because
of the lack of classical synapses from horizontal cells

200 µm

Figure 4 | Ganglion cells of the mouse retina. Fluorescence micrograph of five ganglion cells in
a whole-mount of a transgenic mouse (courtesy of L. Heinze, Max-Planck-Insititut, Frankfurt). The
cells express green fluorescent protein (GFP) under the control of the Thy-1 promoter124. Only a
small portion of ganglion cells express GFP in this mouse line, but the cells are very nicely labelled.
The morphological difference between the two wide-field cells to the right and the three small-field
cells to the left is obvious. However, it is difficult to subdivide the three small-field cells without
further information, such as the stratification of their dendrites within the inner plexiform layer.
Altogether, 14 morphological types of ganglion cell have been defined in the mouse retina125.
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contact only a single midget bipolar cell which is con-
nected to a single cone62. They therefore represent the
‘acuity’ system of the primate retina and, as previously
mentioned, are the L–M-cone-selective ganglion cells63.

Different staining techniques have been used to show
the retinal mosaics of other classes of RGC. Bistratified
ganglion cells were revealed by intracellular injections
and dye-coupling64, delta ganglion cells by serotonin
uptake and intracellular injection65, ganglion cells 
projecting to the accessory optic nucleus by retrograde
labelling66 and the recently discovered melanopsin-
containing cells by immunostaining for melanopsin2.
Each of these cell types provide complete coverage of the
retina with their dendritic trees, and it is safe to predict
that all 10–15 ganglion cell types do so. This has impor-
tant consequences for visual processing in the retina. A
light spot projected onto the retina — after transduction
in the photoreceptors and transfer to the IPL by bipolar
cells — can stimulate at least one ganglion cell of
any given type. As the 10–15 ganglion cell types are 
dedicated to processing different aspects of this light
spot (contrast, size, movement, wavelength and so on),
information contained in the light spot is funnelled into
10–15 parallel channels.

How can the dendritic trees of so many different 
ganglion cells overlap? The dendrites of the different 
ganglion cell types branch (stratify) at different levels
within the IPL and, therefore, avoid one another58,67.
Within their respective strata they meet the axon termi-
nals of the bipolar cells and the processes of the amacrine
cells that they need to contact.

It is sometimes assumed that in the primate retina
only parasol (M) and midget  ganglion cells are present,
and that the more ‘exotic’ ganglion cell types are found
only in the retinae of other mammals. One reason for
this is the high proportion (70–80%) of midget gan-
glion cells in the primate retina. However, the primate
retina contains more than 1 million ganglion cells. If
parasol and midget cells together comprise 80% of pri-
mate ganglion cells, that still leaves 200,000 ganglion
cells of other types. This is more than the total number
of ganglion cells in the cat retina, which has 14 types in
an eye comparable in size to the primate eye. Previous
results from Golgi staining and the recent application of
retrograde labeling together with ‘photofilling’ indicate
that the primate retina follows the general mammalian
scheme and has 10–15 types of RGC58.

Physiological types of ganglion cell
In 1953, Kuffler68 described the concentric receptive field
organization of cat RGCs. The receptive field centre is
encompassed by a larger, antagonistic surround. He
found two cell types: ON centre/OFF surround and
OFF centre/ON surround cells. Ganglion cells with
more complex receptive fields were later described, first
in the frog retina and then in the rabbit retina. It was
thought that they represented feature detectors that react
to specific light stimuli. Among them were direction-
selective ganglion cells, which respond to light spots that
move in a certain direction across their receptive field.
The concentrically organized receptive fields of the cat

Another ganglion cell type of the cat retina, the beta
cell, is illustrated in FIG. 5b,c. It is not possible to immuno-
stain beta cells selectively, but they can be retrogradely
labelled by the injection of tracers into the LGN, pro-
ducing the cell body mosaic seen in FIG. 5b (REF. 60). The
dense network of beta cell graphics shown in FIG. 5c was
produced by repeating the dendritic tree of a single Golgi-
stained beta cell. This is realistic because the sizes of the
dendritic fields of Beta cells at a given eccentricity are
similar. Beta cells are the most frequently occurring cat
ganglion cell type, comprising about 50% of all RGCs in
the cat retina, and represent, because of their high density
and small dendritic field, the ‘acuity’ system of cat
ganglion cells. They have also been described in other
mammalian retinae (dog, ferret, rabbit and mouse), and
the midget ganglion cells (P-cells) of the primate retina
are probably homologous to beta cells. Midget ganglion
cells are the most frequently occurring primate 
ganglion cell type (70–80%; REF. 61) and in the central
retina their dendritic fields are extremely small, so they

a

b c

Figure 5 | Tiling of the cat retina with ganglion cell dendritic fields. a | This view of a flat-
mounted retina (1.8 x 1.2 mm) shows the dendritic trees of ON alpha ganglion cells. Their cell
bodies are regularly arrayed and their dendrites cover the area homogeneously without leaving
gaps. b | The dots represent the positions of ON-beta ganglion cell perikarya. They were labelled
by retrograde transport of a tracer injected at their axon terminals in the lateral geniculate nucleus.
By computer graphics, a representative dendritic field was inserted for four beta cells. This shows
the architecture of the network: the dendritic field is surrounded by the cell bodies of the next
neighbours (see the single dendritic field) and three dendritic fields overlap at each point (see the
triple dendritic field). c | When dendritic fields are inserted for all beta cell perikarya, a dense layer
of dendrites overlaps the retina (courtesy of T. Euler, Max-Planck-Institut, Heidelberg). Modified,
with permission, from REF. 126 © (2002) Deutsche Akademie der Naturforscher Leopoldina.
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Similarly, it was assumed that the segregation of
object and background motion occurs in the cortex.
However, Ölveczky and colleagues77 showed that gan-
glion cells in the retina are selective for local object
motion over global motion. They also identified the
inhibitory network that mediates this selectivity and
described polyaxonal amacrine cells as the main players.

Another function that has traditionally been attrib-
uted to cortical processing is contrast adaptation.
However, recent studies have shown that the contrast
sensitivity of RGCs can be adapted, and this mechanism
has been attributed to bipolar cells78,79.

Brisk transient (Y) cells also show the highest flicker
fusion frequency (up to 100 Hz in the cat) of all RGCs.
This requires input from bipolar cells that respond to
high temporal frequencies. The dendrites of brisk tran-
sient (Y) cells ramify in the middle of the IPL, where they
meet the axon terminals of specific classes of bipolar cell.
Although we do not know their physiological properties
in the cat retina, we can predict that such bipolar cells
must respond to high-frequency light stimuli80,81.

These examples show how structure and function
can be correlated in the retina, probably more success-
fully than in any other neuronal tissue. They also show
that the multiple roles of RGCs in visual processing are
only revealed if adequate stimuli, close to the natural
scene, are applied82.

Direction-selective ganglion cells. Despite many efforts
during the last 40 years, we still do not understand 
the synaptic connectivity and signalling that result in the
direction selectivity of RGCs. According to the model
proposed by Barlow and Levick83, each direction-selective
ganglion cell receives signals derived from two neigh-
bouring image locations, one excitatory and one
inhibitory (FIG. 6a). The inhibitory input is displaced
towards the preferred direction of the ganglion cell and
is delayed. So, a stimulus moving in the null direction
would drive inhibition of the postsynaptic cell and
shunt the subsequent excitatory input, whereas move-
ment in the preferred direction would result in a
delayed and therefore ineffective inhibitory input lead-
ing to net excitation of the postsynaptic cell. A recent
study of whole-cell recordings from rabbit direction-
selective ganglion cells supports this ‘postsynaptic’
model84. However, other studies indicate that cells
presynaptic to ganglion cells exhibit direction-sensitive
light responses85,86. One set of presynaptic cells that
might be involved are the cholinergic amacrine cells
(FIG. 6b). When these cells were deleted in a transgenic
mouse retina, no direction-sensitive responses were
found in ganglion cells87. TWO-PHOTON MICROSCOPY was
used to record Ca2+ signals in the dendritic trees of
cholinergic amacrine cells, and these signals showed
direction-selective responses88. Double recordings from
neighbouring pairs of cholinergic amacrine cells and
direction-selective ganglion cells89 showed that cholin-
ergic amacrine cells at the preferred side provide more
excitatory input, whereas cholinergic cells at the null
side provide more inhibitory input, to the direction-
selective ganglion cells (FIG. 6c). So, cholinergic amacrine

retina were later subdivided into those with linear
summation (X-cells) and nonlinear summation (Y-cells)
of grating stimuli69, and these were found to correspond
to the morphologically defined beta and alpha cells,
respectively70. Ganglion cells with more complex recep-
tive fields were observed in the cat retina in about 1970
(REF. 71), and have been analysed physiologically and
morphologically by Berson and co-workers67. They have
described a minimum of 14 morphological types, and
analysed the light responses of these types and the central
projection of their axons. In the primate retina, two
types of concentrically organized receptive field have
been found. One type showed no chromatic receptive
field organization, whereas in the other type the centre
and surround were chromatically selective72.

Recent progress in analysing the characteristics and
underlying circuits of ganglion cell light responses 
has been made through the application of in vitro tech-
niques and intracellular recordings to mammalian 
retinae. These techniques were originally applied with
great success to non-mammalian retinae, such as those
of the tiger salamander and the goldfish, and it is now
possible to perform intracellular, patch-clamp and
multielectrode recordings from slices and whole-mounts
of mouse, rabbit and primate retinae. Here I will con-
centrate on four ganglion cell types: brisk transient (Y)
cells, direction-selective ganglion cells, colour-coded
ganglion cells of the primate retina, and melanopsin-
containing ganglion cells.

Brisk transient (Y) cells. Brisk transient (Y) cells are the
physiological correlate of alpha cells, and there are both
ON and OFF varieties. They have the largest cell bodies,
the shortest latency and the fastest axons of all RGCs.
Their axons project through collateral branches into the
main visual nuclei (LGN, superior colliculus and pre-
tectum). The light-evoked signals of brisk transient (Y)
cells are the first to arrive in the brain and probably act
as a ‘visual switch’ that turns on visual attention. Because
of their nonlinear summation, they are extremely sensi-
tive to small, jerky stimulus movements, not only in
their receptive fields but also in remote areas71. This
‘periphery effect’ can be blocked by the application of
tetrodotoxin. So, to relay the response from distant
regions of the receptive field requires a spiking interneu-
ron, probably an amacrine cell73. It has been argued that
the periphery effect represents anticipation of moving
stimuli by the retina74.

We perceive motion when a coarse grating drifts
across the retina, causing spatiotemporal changes in
luminance (first-order cue). We also perceive motion
when luminance is constant and only contrast changes
over space and time (second-order cue). This requires
linear signals to be rectified and then summed in tem-
poral order to compute direction. These operations
have been attributed to the cortex, but it has been
shown that brisk transient (Y) cells respond to spatio-
temporal contrast modulations of these second-order
motion stimuli. The rectification of the signals origi-
nates in the bipolar and amacrine cells presynaptic to
the brisk transient (Y) cell75,76.

TWO-PHOTON MICROSCOPY 

A form of microscopy in which a
fluorochrome that would
normally be excited by a single
photon is stimulated quasi-
simultaneously by two photons
of lower energy. Under these
conditions, only fluorochrome
molecules near the plane of
focus are excited, greatly
reducing light scattering and
photodamage of the sample.
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strength of L- versus M- opponency across the retinal
periphery is identical to that in the fovea. This result
would predict selective wiring of midget bipolars and
midget ganglion cells in the peripheral retina.

The retinal circuitry associated with the S-cone
signals is quite different. A distinctive RGC — the small
bistratified ganglion cell — forms the morphological
basis for the ‘blue-ON/yellow-OFF’opponent pathway96.
These ganglion cells receive a direct input from the blue
cone bipolar cell at their inner dendritic stratum, provid-
ing the S-cone-selective ‘blue’ ON input. At their outer
dendritic stratum they also receive a direct input from
diffuse bipolar cells connected to L- and M- cones, which
provides the ‘yellow’OFF input. Recently, based on retro-
gradely labelling their axons from the LGN, two further
S-cone-specific RGCs were identified in the primate
retina. One of them receives an S-cone-selective
inhibitory input and represents a blue OFF ganglion cell;
the other receives an S-cone-selective excitatory input
and represents a blue ON ganglion cell97. S-cone-selective
RGCs are also found in other mammals, and they repre-
sent the primordial dichromatic colour system of the
mammalian retina.

Melanopsin-containing ganglion cells. Recently, the
photopigment melanopsin was discovered in the mam-
malian retina (reviewed by Berson2). It was localized to a
sparse population of morphologically distinct RGCs
comprising about 1–3% of the RGC population. The
dendritic fields of the cells provide complete coverage of
the retina. Their axons project to the suprachiasmatic
nucleus and to subcortical visual centres such as the
pretectum. Electrophysiological recordings from
melanopsin-containing cells revealed that they are
intrinsically light-sensitive, as they respond to light even
when synaptic transmission in the retina is blocked.
The intrinsic light response shows a very long latency
and little adaptation. However, these cells also receive
inputs from rods and cones through bipolar cells. In
the light-adapted retina, the luminance response of the
melanopsin-containing cells is made up of a fast com-
ponent, derived from the cone input, and a slower 
component, based on the intrinsic light response. In the
primate retina, there are about 3,000 melanopsin-
containing cells. Approximately 40% of them are 
displaced to the inner nuclear layer and their density peaks
at the fovea. Their dendrites stratify close to the inner
nuclear layer or close to the ganglion cell layer, but they
seem to be ON-centre cells98. Melanopsin-containing
ganglion cells are involved in the light entrainment of the
circadian rhythm and with the pupillary light reflex.

More than 30 years ago, Barlow and Levick99 discov-
ered ‘luminance units’ by recording extracellularly from
the cat retina. These units were extremely rare (only
three out of several hundred ganglion cells) and ON-
centre, and their maintained discharge rate monotoni-
cally increased with the luminance for at least 5 log
units. There is little doubt that these luminance units are
the melanopsin-containing cells. However, it is still
unknown whether melanopsin-containing cells also
project to the geniculocortical pathway. They would be

cells seem to be a key element of the direction-selective
circuitry, and it is likely that both presynaptic and post-
synaptic mechanisms are involved in the generation of
direction-selective light responses90,91.

Colour-coded ganglion cells. At the level of the retina, two
cone-opponent pathways are classically recognized: a
‘red–green’pathway, in which L- and M-cones are antag-
onistic, and a ‘blue–yellow’pathway, in which S-cones are
opposed to a combined L + M-cone signal92. Midget gan-
glion cells have long been thought to represent the
red–green pathway. Like cells in non-mammalian (gold-
fish, turtle) retinae, it was thought that the receptive fields
of primate midget ganglion cells had a colour-opponent
organization: red centres opposed to green surrounds,
and green centres opposed to red surrounds. However,
more recent anatomical and physiological results indicate
that the surrounds are not cone-selective, but show a ran-
dom cone selectivity/connectivity56. Nonetheless, strong
opponency could still ensue; because of its high gain, the
single cone centre could cancel the low-gain input from
the same type of cone to the surround72.

Midget ganglion cells in the more peripheral area(s)
of the retina receive input and sum signals from several
midget bipolar cells. Two scenarios can be assumed. In
the first, midget ganglion cells select midget bipolar
cells connected to L-cones or to M-cones and therefore
gain pure cone centres93. However, it is also possible
that midget ganglion cells connect non-selectively to all
midget bipolars within their dendritic fields, which
would mean that cone selectivity would greatly decline
in the retinal periphery94. There is a sharp decline in
human chromatic sensitivity in the visual periphery95.
However, Martin et al.93 recorded ganglion cells from
the intact eye of the macaque and showed that the
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Figure 6 | Scheme of circuits proposed to generate directionally-selective responses in
retinal ganglion cells. a | Model of a direction selective (DS) ganglion cell as proposed by
Barlow and Levick83. A small part (a subunit) of the dendritic field of the DS cell is shown. It
receives input from two neighbouring image locations (left, excitatory; right, inhibitory). The
inhibitory input is delayed (∆T). The cell responds to movement of a stimulus in the preferred
direction but not in the null direction. b | Cholinergic amacrine cells are an important part of the DS
circuitry. Cholinergic amacrine cells are dual transmitter cells, releasing both the excitatory
transmitter acetylcholine and the inhibitory transmitter GABA (g-aminobutyric acid); however, the
synaptic details of their connections with DS ganglion cells are unknown. c | Recent model of a
DS ganglion cell showing the excitatory and inhibitory interactions that differ between the
preferred and the null direction. The DS ganglion cell receives a direct excitatory input from the
preferred side (left) and a direct inhibitory input from the null side (right). The excitatory input
receives presynaptic inhibition from the null side and the inhibitory input receives presynaptic
inhibition from the preferred side127.



NATURE REVIEWS | NEUROSCIENCE VOLUME 5 | OCTOBER 2004 | 9

R E V I E W S

This band is also densely packed with synapses and
GABA

A
receptors, providing the circuitry for ON-

transient light responses and ON direction-selective
responses.

There are about 30 types of GABA-containing
amacrine cell in any mammalian retina and their func-
tions are far from understood13,105. They are generally
widefield, narrowly stratified amacrine cells and, in
addition to GABA, they also contain neuromodulatory
substances. They are involved with centre–surround
interactions, periphery effects and direction-selective
light responses.

At least 15 different glycinergic amacrine cells have
also been identified in mammalian retinae106. Their
common features are small, vertically oriented dendritic
fields. Therefore, they are likely to provide inhibitory
interactions between the different strata, and more
mutual inhibitons between the OFF- and ON-pathways.

Conclusions
The main cell types of the mammalian retina have
probably been discovered; there are more than 50 and
less than 100 (REFS 7,14). It is surprising how similar the
types are, when different mammals are compared.
Mouse and rat retinae, which are both dominated by
rod photoreceptors, have the same set of cone bipolar
cells as primate or ground squirrel retinae, which are
cone-dominated26. Individual neurons, such as the
cholinergic amacrine cell, have strikingly similar shapes
and possibly functions across the retinae of different
mammals35. Because of the increasing availability of
mutant mice, the mouse retina will become the most
important tool for studying the synaptic and molecular
details of mammalian retinal organization102. The
mouse retina is also a good model in which to study
retinal diseases. What happens to the inner retina when
photoreceptors degenerate107–109? Do ganglion cells sur-
vive and are they accessible by retinal implants110? What
retinal functions can be rescued by adeno-associated
viral vectors for gene transfer111?

However, the retina will also continue to be one of
the preferred sites at which to study structure–function
relations in the CNS. The two-dimensional layout of
the retina is advantageous for the application of multi-
electrode arrays to study the light responses of different
types of ganglion cell simultaneously112,113. Using this
approach, it might be possible to determine whether
the synchronized activity of neighbouring ganglion
cells contains more information than the spike trains of
individual cells, or how different ganglion cell types react
to identical stimuli114–117. The flat-mounted retina is also
an ideal preparation for imaging experiments. The retina
is only 200 µm thick, transparent and precisely lami-
nated, making it ideal for two-photon microscopy88. The
precise lamination of the retina is also an advantage for
patch-clamp recordings from vertical slices of the
retina, because it is easy to select specific cell types in
the individual layers and to measure their light
responses118. Much remains to be clarified in retinal 
circuitry — not only complex operations such as 
the computation of motion, but also more ‘simple’

an ideal system to provide the brain with information
about the ambient light intensity, which cannot be
derived from other ganglion cell classes that quickly
adapt to the ambient light levels.

Stratification of the IPL
Axons of different bipolar cell types terminate at different
strata within the IPL, where they meet the dendrites of
specific ganglion cells100,101 (FIG. 2). The IPL is subdivided
into five strata of equal thickness. In the mouse retina,
these strata can be easily defined by immunolabelling
the retina for the calcium-binding proteins calbindin
and calretinin (FIG. 7), which reveals three densely
labelled horizontal bands of processes26,102. The outer
band (stratum 1–2) contains the processes of the OFF-
cholinergic amacrine cells, the dendrites of OFF-alpha
cells and the outer dendritic branches of direction-
selective cells. This band is densely packed with synapses
and GABA

A
receptors103, and transient light responses

and OFF direction-selective responses are ‘calculated’
there100. The band in the centre of the IPL (stratum 2–3)
seperates the OFF sublamina (outer) from the ON sub-
lamina (inner). The polyaxonal amacrine cells mentioned
above ramify in this band, as do two GABA-containing
amacrine cells. As well as GABA, these cells contain a
neuromodulator (nitric oxide and a catecholamine,
respectively). Their functions are unknown. The band in
the inner IPL (stratum 3–4) contains the axon terminals
of an ON bipolar cell104, the processes of the ON-cholin-
ergic amacrine cells, the dendrites of ON-alpha cells and
the inner dendritic branches of direction-selective cells.

Calbindin Calretinin

1

2
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Figure 7 | Stratification of the inner plexiform layer (IPL). Vertical section through a mouse
retina that was double immunostained for calbindin (red) and calretinin (green)102. Horizontal cells
and their processes in the outer plexiform layer (OPL) express calbindin only. Amongst the
amacrine cells in the inner nuclear layer (INL) and the ganglion cells, different levels of co-
localization of calbindin and calretinin can be observed. The labelled dendrites of amacrine and
ganglion cells are confined to three narrow bands, segregating four bands of reduced label. This
shows that the IPL is precisely stratified and within these strata different aspects of the light signal
are processed. GCL, ganglion cell layer; ONL, outer nuclear layer. Reproduced, with permission,
from REF. 102 © (2000) Wiley-Liss.
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shape of neurons (horizontal cell spinules) are all modu-
lated by light-dependent mechanisms. Revealing the
actions of the modulators, such as dopamine122, will help
us to understand light adaptation in the retina, but, more
importantly, will help us to understand their roles in
other parts of the brain.

mechanisms, such as centre–surround antagonism, are
not yet understood119,120.

The retina covers the astonishing range of at least 10
log units of light intensity, and this is achieved by multiple
stages of adaptation and modulation121. The phototrans-
duction cascade, the synaptic mechanisms and even the
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