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Retinal bipolar cells: elementary
building blocks of vision
Thomas Euler1–3, Silke Haverkamp4, Timm Schubert1,2 and Tom Baden1–3

Abstract | Retinal bipolar cells are the first ‘projection neurons’ of the vertebrate visual
system — all of the information needed for vision is relayed by this intraretinal connection.
Each of the at least 13 distinct types of bipolar cells systematically transforms the
photoreceptor input in a different way, thereby generating specific channels that encode
stimulus properties, such as polarity, contrast, temporal profile and chromatic composition.
As a result, bipolar cell output signals represent elementary ‘building blocks’ from which the
microcircuits of the inner retina derive a feature-oriented description of the visual world.
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One striking feature of the visual system is the unusually
large amount of neuronal hardware that is used in the
retina. Unlike any other major sensory system, the visual
system has an additional third layer of neurons in the
periphery, which link the primary sensory neurons to
long projection neurons. In vertebrates, this connection
is implemented by bipolar cells, and similar principles
are conserved across phyla, from flies to humans. Bipolar
cells contact every other neuron type in the retina and
provide the only link between the broadly tuned array
of primary sensory neurons, the photoreceptors, and the
highly specialized output of the eye to the brain, which
is represented by about 20 different types of retinal ganglion cells (RGCs). Types of bipolar cells differentially
collect and shape photoreceptor signals for further processing in the inner retina, thereby carrying out the first
elementary operations of the visual system.
Driven by methodological advances, our understanding of bipolar cells has developed rapidly over the past few
years. First, by combining fluorescent biosensors and twophoton microscopy, the light-driven activity of individual
bipolar cell terminals can now be routinely recorded with
synaptic resolution at the level of calcium1–3 or glutamate4,5
signals. Second, transgenic and immunohistochemical
markers are now available for nearly all types of mouse
bipolar cells, thus enabling targeted physiological experiments on genetically identified types to be married with
anatomical analysis of morphologically and/or genetically
defined types — a link that has traditionally been difficult
to achieve. Recently, the connectome of a block of mouse
retina, which was reconstructed from electron microscopy images, became available6, providing a ‘look‑up table’
that lists putative synaptic contacts between bipolar cells
and other retinal neurons and thereby guides physiological experimentation. In parallel to studies on mice, bipolar

cell characterization has progressed quickly in other vertebrate species, including primates7, which has enabled a
new view of the general organizational principles of early
visual pathways.
These advances hold the exciting promise of bringing a
comprehensive understanding of an entire class of neuron within reach — at the point at which visual pathways
first start to diverge. Here, we review current knowledge
and highlight open, key questions about the structure
and function of retinal bipolar cells. Because of its rapidly increasing importance for vision research, we place
particular emphasis on the mouse retina in this article.

The players
Bipolar cells and their cellular partners. Tartuferi8, a
student of Golgi, has been ascribed to have coined the
term ‘bipolar cell’ for those retinal interneurons that
possess two protrusions, one going ‘up’ and one going
‘down’. This distinct morphology is an indicator of their
function, as bipolar cells link the outer and the inner
retina. Indeed, they contact photoreceptors and relay
their signals to the inner plexiform layer (IPL) (FIG. 1a)
— in mammals, this intraretinal connection is largely
feedforward. The IPL functions as the ‘switchboard’ of
the retina: the axon terminals of different bipolar cell
types systematically stratify at one (or multiple) distinct
IPL stratum (FIG. 1b) and thereby provide synaptic input
to distinct sets of RGCs and amacrine cells.
RGCs are the retina’s output neurons, whereas
amacrine cells pre- and postsynaptically inhibit bipolar cell terminals and RGC dendrites, respectively.
Connectomics data for the mouse retina6 and a wealth of
data from transgenic animal lines in which bipolar cells
express specific reporter proteins as well as immuno
labelling in different species (for examples, see REFS 9–11)
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Bistratified
This term describes bipolar
cells that send projections to
two strata within the retina’s
inner plexiform layer.

Tristratified
This term describes bipolar
cells that send projections to
three strata within the retina’s
inner plexiform layer.

strongly suggest that, overall, co‑stratification of bipolar
cell terminals with amacrine cell and RGC dendrites is a
strong indicator of synaptic connectivity.
Bipolar cell identification and diversity. There are more
than ten types of bipolar cells in the mammalian retina.
These typically consist of slightly more ON than OFF
types (for examples, see REFS 12,13) plus a single type
of rod bipolar cell (BOX 1; FIG. 1b). However, this pattern
may vary substantially in non-mammalian vertebrates.
For example, the approximately 20 distinct types of bipolar cells in teleost fish, which include several bistratified
and even tristratified types, may be a consequence of their
higher photoreceptor diversity 14,15.
The shape and IPL stratification level of a bipolar cell’s
terminal system are usually the best indicators of bipolar
cell type identity (FIGS 1b,2a–g). In addition, differences
in dendritic morphology, such as the number and types
of photoreceptors contacted, help to distinguish bipolar
cell types (FIG. 2h–j).
Traditionally, the mammalian IPL is subdivided into
five strata of equal thickness16. In mice, these strata can
be easily defined by immunolabelling the retina for the
calcium-binding protein calretinin, which reveals three

a

b

ONL

Rod

1

INL

Bipolar
cell

3a

3b

4

5a

5b

XBC

6

Cone

8

9

RBC

IPL

ON or OFF response

ON

Rod contacts

Horizontal
cell
Amacrine
cell

M
S

IPL
GCL

7

Layer 1
Layer 2
Layer 3
Layer 4
Layer 5
OFF

OPL

2

densely labelled horizontal bands of processes (FIG. 2a–c).
In mammals, the middle band between the second
and third strata separates the so‑called OFF sublamina
(outer) from the ON sublamina (inner): OFF bipolar
cells depolarize at light-offset and stratify in the OFF
sublamina, whereas ON bipolar cells predominantly
depolarize at light-onset and stratify in the ON sublamina
(for example, see REF. 17). Note that, in non-mammalian
vertebrates, this ‘rule’ is much less strict and should be
seen as a convenient shorthand, as many retinal cells display complex light responses with multiple ON and OFF
components (for examples of such complex responses
in bipolar cells, see REFS 2,18,19). The basic response
polarity is primarily correlated with dendritic glutamate
receptors (see below) but may be functionally altered at
different processing stages of bipolar cell pathways.
The classification of retinal bipolar cells on the
basis of single-cell morphology is complemented by
immunomarker labelling of specific bipolar cell populations (FIG. 2d–g; Supplementary information S1 (figure);
Supplementary information S2 (table)). Many markers label seemingly homologous bipolar cell types in
various species; for example, antibodies against protein
kinase Cα (PKCα) label rod bipolar cells in all mammals

Cone-type
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Response transience
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Figure 1 | Organization of the bipolar cells in a mammalian retina.
a | The retina is organized in three nuclear and two synaptic (‘plexiform’)
layers. Light entering the eye passes the entire tissue to reach the
light-sensitive outer segments of the rod and cone photoreceptors,
where it is transduced into an electrical signal. At the first synaptic layer
(the outer plexiform layer (OPL)), this signal is shaped by 1–3 types of
horizontal cells and subsequently distributed onto ≥13 types of bipolar
cells. Bipolar cells form parallel information pathways representing
different transformations of the photoreceptor signal and provide the
inner retina with highly pre-processed excitatory input. In the inner
plexiform layer (IPL), bipolar cell axon terminals synapse onto amacrine
cells and retinal ganglion cells (RGCs). Amacrine cells are the most
diverse cell class in the retina (~42 distinct types exist) and provide
bipolar cells and RGCs with mostly inhibitory or neuromodulatory input.
Finally, ~20 types of RGCs integrate the input from distinct sets of bipolar
cells and amacrine cells, and encode the result as trains of spikes to be
sent to higher visual centres via their axons, which form the optic nerve.
The detailed local interactions between bipolar cells, amacrine cells and
RGCs in the inner retina fundamentally underpin the visual feature
extraction capabilities of the retina. b | Morphologies of the 12 types of

cone bipolar cells and the rod bipolar cell (RBC)
inReviews
the mouse,
which are
Nature
| Neuroscience
arranged according to their IPL stratification level (top part of
panel)6,13,22,23. Some of the functional differences (‘qualities’ of the
output signals) between bipolar cell types are indicated below this
schematic. Depending on the polarity of their light response, bipolar
cells can be grouped into ON and OFF cells. Moreover, some bipolar
cells can be differentiated on the basis that they relay low-light signals
from rods20,48,152 (denoted by purple bars). Mice possess short (S; blue)
and medium (M; green) wavelength-sensitive cones, with many
M‑cones co‑expressing S-opsin153, and depending on the cone type
(or types) they contact, bipolar cells can be labelled as chromatic or
achromatic13,22,78 (contacts denoted by blue and green bars; dimed bars
indicate probable but not yet experimentally confirmed contacts).
Bipolar cells with terminals in the IPL’s central bulk respond more
transiently (and often generate spikes) than those closer to the IPL
borders (varying response denoted by graded purple bar). GCL,
ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer.
The top panel of part b is adapted with permission from REF. 13,
Society for Neuroscience, is adapted with permission from REF. 23
© (2004) Wiley, and is adapted from REF. 6, Nature Publishing Group.
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Box 1 | Rod pathways
Most mammalian retinae are dominated by rod photoreceptors, rendering the rod bipolar
cell (RBC) the most numerous type of bipolar cell. The convergence of multiple rods onto
individual RBCs in this low-light rod pathway is higher than in the cone pathway and
provides a high signal-to‑noise ratio148. Instead of making direct connections with retinal
ganglion cells, RBCs feed rod signals into the cone bipolar pathways at the level of cone
bipolar cell (CBC) terminals. As a result, the rod signals effectively use the same circuitries
that process cone signals (see the figure; reviewed in REF. 149). That is, rods contact RBCs
via sign-inverting metabotropic glutamate receptor 6 (mGluR6) (step 1). In turn, RBCs
relay rod light‑on signals via sign-conserving glutamatergic synapses to AII amacrine cells,
with A17 amacrine cells strongly modulating RBC synapses (step 2). AII amacrine cells then
distribute the signals to the terminals
of ON CBCs via gap junctions
(step 3) and to OFF CBCs via
sign-inverting glycinergic synapses
(step 4). This ‘primary’ rod pathway
has been studied in great detail and
serves as a model circuit for
investigating synaptic processing
and gain control (reviewed in
Rod
REF. 150). In addition to the primary
rod pathway, two more pathways
enable rods to feed into retinal
1
circuits (not illustrated): the
secondary rod pathway involves gap RBC
ON CBC
junctions between rods and cones,
OFF CBC
4
enabling rod signals to enter the
A17
AII
cone pathways in the outer
plexiform layer151. A tertiary rod
2
pathway has been demonstrated in
3
some mammals: in this pathway, rod
terminals make direct basal contacts
with some types of OFF CBCs46.
Nature Reviews | Neuroscience

Opsins
Light-sensitive
G protein-coupled receptors
that are expressed in
photoreceptors. Different opsin
types are sensitive to different
wavelengths of light, and thus
comparing the responses of
spectrally distinct types forms
the basis of colour vision. In
addition to rhodopsin, the
opsin of the rod
photoreceptors, mammals
express up to three types of
cone opsins: short-, mid- and
long-wavelength-sensitive
opsins.

studied to date. However, other markers — for example,
potassium/sodium hyperpolarization-activated cyclic
nucleotide-gated channel 4 (HCN4) — label apparently
non-homologous cell types across species (FIG. 2f,g). In
some cases, selective immunolabelling has led to the
division of bipolar cell types that were formerly considered to be single populations; for example, mouse bipolar
cell types 3a and 3b20, which are morphologically very
similar, can be selectively stained with antibodies against
HCN4 and PKARIIβ (a regulatory subunit of PKA),
respectively. The validity of this division was later confirmed by showing that the two types are territorial; that
is, they separately tile the retinal surface with their dendritic arbors and/or axon terminals13 (FIG. 2k,l) — a fundamental rule that holds for many retinal neuron types.
Subsequently, mouse bipolar cell types 3a and 3b were
found to express different combinations of glutamate
receptors21. A wide range of transgenic mouse lines exist
that express fluorescent markers in one or more sets of
bipolar cell types (FIG. 2i–l; Supplementary information S1
(figure); Supplementary information S2 (table)). These
lines enable the targeting of specific types in physiological
experiments (for examples, see REFS 21,22).
In the mouse, a set of 13 types of bipolar cells13,23 has
recently been confirmed by serial-sectioning electron
microscopy 6 (FIG. 1b). In addition to providing an extensive data set on the contact probability between bipolar
cells and their synaptic partners in the IPL, this study also

describes a new bipolar cell type, dubbed ‘XBC’. Indeed,
given the mounting evidence based on retinal tiling and
mosaic completion, the presence of still-undetected
mouse bipolar cell types becomes increasingly unlikely.
In other intensely studied mammals, including macaques,
rabbits and ground squirrels, the number of bipolar cell
types is also settling at around 13 in total7,24–26.
Comparison of bipolar cell types across mammals. In
general, a comparison of bipolar cell types between different mammalian species has to rely on multiple features,
such as axonal stratification, cell density and photoreceptor connectivity. However, the retinae of different species display several striking adaptations to their respective
visual environments. For instance, species that roam
from dusk until dawn usually have much higher numbers of rod photoreceptors (and associated downstream
neurons) than do species that are predominantly active
during daylight. Moreover, many mammals show retinal
specializations, such as a fovea in primates, a visual streak
in rabbits or the differential distribution of cone opsins27
and certain RGC types in mice28,29. Consequently, the
morphology of retinal neurons may be altered, rendering
interspecies comparisons solely based on cell morphology difficult. In addition, largely owing to historical reasons, bipolar cell type naming is still inconsistent across
species (Supplementary information S1 (figure)).
Immunomarkers are an important tool for comparing bipolar cells across species, if the results of
immunolabelling are carefully interpreted (see above).
For example, antibodies against the calcium-binding
protein CaBP5 label OFF and ON cone bipolar cell
types at the same IPL level in all species that have been
investigated to date (that is, mouse, rat, rabbit, cat,
guinea pig, ground squirrel and macaque monkey)23,30,31
(S.H., unpublished observations). Furthermore, all
CaBP5‑immunoreactive bipolar cell types transmit
rapid light responses in transient signalling pathways7,32,
arguing in favour of (functionally) homologous bipolar
cell types across species.
Another marker that probably labels homologous
bipolar cell types is recoverin. This marker labels type 2
bipolar cells in mice33, OFF bipolar midget cells in monkeys34 and cb3b bipolar cells in ground squirrels25,35.
The midget bipolar cells (see below) of the central primate retina contact a single cone (FIG. 2h) and comprise
two types: OFF midget and ON midget cells. The term
‘midget’ refers to their small dendritic and axonal arbors.
No single-cone-contacting bipolar cells have been found
in mouse and ground squirrel retinae; however, mouse
type 2 and ground squirrel cb3b cells have small dendritic fields13,32 and may mediate slow, high-acuity vision
in a similar manner to midget bipolar cells. Homologous
candidates for the ON midget bipolar cell may be mouse
type 6 and ground squirrel cb6a/b bipolar cells because of
their high densities and small dendritic arbors13,25.
Immunohistochemical and/or morphological homo
logy does not always predict homologous function. For
example, the macaque DB1 bipolar cell indiscriminately
contacts all cone photoreceptors within reach36, whereas
the presumably corresponding mouse type 1 bipolar cell
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Figure 2 | Bipolar cell anatomy. Various factors can be Nature
used toReviews
determine
bipolar cell
| Neuroscience
types, notably the inner plexiform layer (IPL) strata (S1–S5) into which such cells send
their axons. The images of mouse retinal slices (parts a–c) show that type 3 bipolar cell
axons stratify in S2 (strata shown in magenta) (part a), type 5 bipolar cell axons stratify in
S3 (part b) and type 8 bipolar cell axons stratify in S4 and S5 (part c). Certain protein
markers identify homologous bipolar cell types across species. Expression of CaBP5
labels rod bipolar cells (RBCs) in mouse (part d) and macaque (part e) retinae and the
same types of ON and OFF cone bipolar cells (mouse: types 3 and 5; macaque: DB3 and
DB4). Other markers reveal different bipolar cell types in different mammals. HCN4 is
expressed in mouse type 3a OFF bipolar cells (part f) but in short wavelength
(S)‑cone-selective ON bipolar cells (BB) in ground squirrels (part g). Bipolar cells differ in
the number and type of cones they contact, resulting in differences in chromatic tuning.
Invaginating midget bipolar cells (IMBs; here revealed by Golgi staining) in the primate
retina contact a single cone, inheriting its spectral sensitivity (part h). More commonly,
bipolar cells seek or avoid contacts with specific cone types. Type 7 bipolar cells (here,
from the GUS8.4 transgenic mouse) non-selectively contact all cones (circled) in their
dendritic field (part i) and thus relay achromatic signals. By contrast, type 9 bipolar cells
(here, from a CLM1 transgenic mouse retina immunostained for glutamate receptor 5
(magenta)) (part j) contact only S-cones and thus carry a S‑cone (blue) signal. The
dendritic trees (part k) and axon terminals (part l) of bipolar cells show territorial
behaviour (territories are outlined in magenta), as shown here for mouse type 7 bipolar
cells. Parts a–d are adapted with permission from REF. 23, © (2004) Wiley. Part e is
adapted with permission from REF. 30, Cambridge University Press. Part g is adapted with
permission from REF. 31, Wiley. Part h is adapted with permission from REF. 154, © (2007)
Wiley. Part j is republished with permission of Society for Neuroscience, from The
primordial, blue-cone color system of the mouse retina. Haverkamp, S., Wässle, H.,
Duebel, J., Kuner, T., Augustine, G. J., Feng, G. & Euler, T. 25, 2005; permission conveyed
through Copyright Clearance Center, Inc155. Parts k and l are adapted with permission
from REF. 13, Society for Neuroscience.

and ground squirrel cb1 cell avoid the cone type that is
sensitive to blue light 22,32. This means that, in contrast to
their primate counterpart, the mouse and ground squirrel
versions relay chromatic signals (see below).
To fully understand retinal bipolar cell organization
across species, the functional properties of these cells
must be considered. Indeed, if including non-mammalian
vertebrates into the bipolar cell classification, anatomical features alone are not sufficient to differentiate bipolar cell types and can even be misleading. For
example, teleost bipolar cells tend to ramify vertically
rather than laterally, resulting in the presence of axon
terminals belonging to the same cell in several IPL strata
(reviewed in REF. 37), a feature that is rare in mammals.
The organization of bipolar cells in amphibians may
form a conceptual link between the bipolar cells of
mammals and teleosts. For example, in the tiger salamander, bipolar cell terminal branches resemble those
of mammals in that they ramify laterally, but, unlike
in mammals, they often stratify in multiple IPL strata,
reminiscent of many bipolar cells of the teleost retina38.
In turtles, some bipolar cells even appear to receive input
from distinct cone types using different postsynaptic
glutamate receptors, resulting in a chromatically antagonistic response behaviour that is already established
at the bipolar cell’s dendritic input stage39.

Shaping the visual signal
Far from being isopotential neurons that simply relay the
photoreceptor signal to the inner retina, bipolar cells
implement a key link in the visual system’s processing
chain (FIG. 3A). The bipolar cell signal (shown as calcium
changes in the terminals in FIG. 3B) is shaped by a large
number of factors that, in concert, define its physiology and thus its ‘elementary operation’ (FIG. 3C,D). These
factors include the size of the dendritic field, the set of
photoreceptor types contacted, the types of dendritic glutamate receptors that are expressed, the complement and
distribution of ion channels and the cell’s morphology.
In addition, bipolar cell axon terminals receive highly
selective inhibitory input from amacrine cells40. It is the
intricate interplay between these factors that ultimately
gives rise to a bipolar cell’s unique pattern of glutamate
release onto postsynaptic RGCs and amacrine cells upon
visual input to the photoreceptor array. Glutamate release
from bipolar cells is further shaped by the recent history
of its activity. For example, one component of retinal contrast adaptation has been connected to a major source
of output adaptation of bipolar cells41–43 — namely, the
availability and primed state of synaptic vesicles in their
terminals. Moreover, the finding that some types can generate spikes dramatically changed our view of bipolar cell
processing (reviewed in REF. 44).
In this section, we discuss how the many different
factors that affect a bipolar cell’s response interact to ultimately yield a nuanced and time-dependent control of
release rate, upon which much of the RGCs’ selectivity
for specific visual features is based (reviewed in REF. 45).
BOX 2 summarizes the different factors that a model
of bipolar cell processing needs to address in a more
formalized manner.
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Figure 3 | Shaping bipolar cell signals: dendrites and axon terminals. A | Bipolar cells receive glutamatergic inputs
Nature
Reviews | Neuroscience
from photoreceptors and GABAergic inputs from horizontal cells (site 1) and, in turn, provide
glutamatergic
excitatory
input to retinal ganglion cells (RGCs) and inhibitory amacrine cells (site 2). B | Light-driven calcium signals measured at
the terminals of different mouse OFF bipolar cells illustrate clear differences in temporal tuning between such cells. ΔF/F
indicates relative change in calcium indicator fluorescence. Ca | Cone terminals (corresponding to site 1 in panel A)
make invaginating contacts with dendrites of ON cone bipolar cells (CBCs) that are sheathed by horizontal cell
processes and have basal contacts with OFF CBC dendrites. Cb | Different types of bipolar cells (indicated by the
different line colours) express different combinations of ionotropic glutamate receptors, which confer different
temporal and adaptation properties53,72. Da | The synaptic terminals of bipolar cells are key computational loci of the
inner retina. For example, glutamate release through the ribbon complex underlies a range of adaptational properties at
different time scales. Three synaptic vesicle pools are generally distinguished at the bipolar cell synaptic terminal. The
rapidly releasable pool (RRP) consists of few vesicles that are primed for immediate, ultrafast neurotransmitter release
(<10 ms). Next, the larger intermediate pool (IP) consists of vesicles that are tethered to the ribbon but not primed for
release, and this pool typically becomes depleted over several hundreds of milliseconds. Finally, the reserve pool (RP)
may contain many thousands of freely diffusible vesicles that slowly replenish adapted ribbons over time. Vesicle
depletion at conventional synapses of amacrine cells may further contribute to generate complex adaptational effects.
Db | The size and release rates of the three vesicle pools can be calculated from measurements of cumulative release
during continuous stimulation156. Dc | Depletion of the RRP and the IP underlie short-term adaptational effects, such as
paired-pulse depression. Dd | Depletion of the IP and the RP over longer timescales has been linked to contrast
adaptation in the retinal circuit, whereas adaptation in amacrine cells may underlie contrast facilitation41–43,91. EPSC,
excitatory postsynaptic current. Part B is adapted with permission from REF. 2, Cell Press/Elsevier.
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Dendritic mechanisms. Bipolar cells are driven by glutamatergic input from photoreceptors in the outer
plexiform layer (OPL). In this layer, the different types
of bipolar cells begin to inherit and shape their distinct
visual response properties. In mammals, one type of
bipolar cell — the rod bipolar cell — is usually considered
separately from the others, as its dendrites exclusively
contact rod photoreceptors (BOX 1). All other bipolar cell

types (cone bipolar cells) contact cone photoreceptors.
In rodents and a few other species, some types of cone
bipolar cells make additional contacts with rods20,46–49
(Supplementary information S1 (figure)). Whether this
is a general mammalian feature or a more recent development in species that dwell at low light levels remains
unclear. Below, we focus on cone bipolar cells, but for
simplicity we refer to them as bipolar cells.

Box 2 | Modelling bipolar cell function
The transformation of the photoreceptor signal by bipolar cells is often approximated in simple linear–non-linear (LN)
models89. In the simplest form of such a model, the sum of all sequential linear operations within the cell is combined to a
single representation: the so‑called impulse response. Convolution of this impulse response with a stimulus, followed by
the passing of the result through a ‘static non-linearity’ yields a prediction of the cell’s output to that stimulus.
Combinations of multiple LN models (‘cascade models’) have been successfully used to capture retinal ganglion cell (RGC)
output90. In the figure, we summarize how elements of such LN models (central panels) might be mapped onto a bipolar
cell’s anatomical compartments (dendrite–soma, axon and terminals) and its inputs and outputs (left-hand panel), and onto
the modulatory lateral interactions with horizontal cells and amacrine cells (right-hand panel). Note that linear operations
are indicated in black, non-linear operations are shown in red and time-dependent processes are denoted by the
semi-circular arrows; the main operations are labelled by f (function). Bipolar cells receive glutamatergic input from
photoreceptors and GABAergic inputs from horizontal cells. The signal transforms at the dendrites and the soma–axon
compartments can be approximated by band-pass filters (that is, neurotransmitter receptors) and low-pass filters (that is,
passive cables), respectively (step 1). At the terminals, the input from the axon is integrated with local processes, including
amacrine cell inputs, electrical gap-junctional coupling and active (voltage-gated) channels, which together may be
approximated by a single LN element (step 2). The optional addition of a Poisson process and refractory period may be used
to account for spiking activity. Assuming a fully linear operation is carried out upstream of the terminals, an entire bipolar
cell could therefore be collapsed into a single LN Poisson model, capturing most signal processing up to calcium channel
activation in the terminals. However, additional, time-dependent processes (for example, glutamate receptor
desensitization in the dendrites, intracellular signalling in bipolar cells or neuromodulatory input) affect individual linear
operations (step 3). Calcium entering the terminal through voltage-gated channels is subject to buffering, diffusion and
extrusion by pumps (step 4). As a result, bulk calcium within the terminal imposes another low-pass filter onto bipolar cell
activity before activating the glutamate release machinery (that is, triggering vesicle fusion). Depending on the
vesicle-supply state of the ribbon, exocytosis can be highly non-linear or roughly linear, and the dynamics of this process
can be approximated in kinetic models41,122. In most cases, synaptic release not only activates postsynaptic RGCs but in
parallel also triggers feedback from amacrine cells (step 5). These may act through direct (reciprocal) or indirect (via a series
of amacrine cells) neurotransmission, and more generally by the release of neuromodulators.
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Bipolar cell types markedly differ in terms of response
features, such as polarity (light‑on versus light-off),
spectral sensitivity, speed (more transient versus more
sustained responses) and, perhaps to a lesser degree, the
structure of their spatial receptive field — all of which are
first established from cone and horizontal cell contacts
in the OPL. The response polarity of a bipolar cell is first
and foremost determined by the types of glutamate receptors expressed on their dendrites. Continuous glutamate
release from cones is suppressed by light. Thus, bipolar
cells that express ionotropic glutamate receptors are depolarized in the dark (OFF bipolar cells). By contrast, bipolar cells that are depolarized by light (ON bipolar cells)
express metabotropic glutamate receptor 6 (mGluR6),
which triggers the closure of downstream cation channels such as TRPM1 (transient receptor potential cation
channel subfamily M member 1) through an intracellular
cascade (reviewed in REF. 50) and thereby implements a
sign inversion. Note that different types of OFF bipolar
cells express different combinations of ionotropic glutamate receptor types on their dendrites — that is, AMPA
receptors, kainate receptors or both51 — and thereby
inherit unique kinetic and adaptation properties21,52,53
(FIG. 3C). However, the functional role of AMPA receptors
in transmitting the light response remains controversial54.
As indicated above, all types of ON bipolar cells
are thought to use the same type of glutamate receptor
(mGluR6) on their dendrites55, and differences in dendritic signal kinetics160 may be implemented downstream
of the receptor by varying the components of the secondmessenger cascade formed by the mGluR6–Gαo–nyctalopin–TRPM1 protein complex 56,57. Several accessory
proteins58,59 regulate G protein activity and thereby shape
the temporal profile of ON bipolar cell responses. These
proteins control, for example, the anchoring of the G
protein complex to the membrane60 and modulate the
ability of the cascade to interact with the TRPM1 channel61. One factor that is differentially expressed in ON
bipolar cell types is Purkinje cell protein 2 (PCP2)62,63.
It seems to facilitate the closure of TRP channels and
thereby accelerates the dark response63. Other molecular factors that have been shown to affect the kinetics
of dendritic signalling in ON bipolar cells and that may
be differentially expressed include voltage-gated calcium channels64, inward rectifier potassium channels65
and PKC66. Furthermore, some ON bipolar cell types
may use additional effector channels besides TRPM1
(REFS 67,68); a possible candidate is TRPM3 (REF. 69).
The cytoskeletal architecture of the cone pedicle70 may
also enable a distinct spatial distribution of released glutamate that can be differentially detected by bipolar cell
dendrites (FIG. 3C); accordingly, cone-contact morphology
may contribute to the shaping of the temporal profile of
the bipolar cell input. The distal dendrites of ON bipolar
cells extend into the synaptic cleft (invaginating synaptic
contact) and are therefore directly opposite to the active
zone (reviewed in REF. 71). By contrast, OFF bipolar cell
dendrites contact the base of the cone pedicle (a so‑called
flat contact). The distance over which glutamate has to
diffuse from the active zone to the dendritic glutamate
receptors introduces a delayed low-pass filter that may

systematically differ between bipolar cell types — as has
been shown for certain OFF bipolar cells in the ground
squirrel72. Whether the arrangement of glutamate receptors relative to the active zone of the cone also helps to
synchronize the ON and OFF channels by ameliorating
the delay caused by the second-messenger cascade in ON
bipolar cells is still under debate. Data from the primate
retina suggest that mGluR6 is not necessarily located at
the tip of the invaginating ON bipolar cell dendrite73 and,
therefore, the difference in glutamate diffusion distance
between ON and OFF cells may not be as dramatic as
expected from the contact morphology.
The cone contact-specificity of a bipolar cell defines its
chromatic tuning. Up to three spectral types of cones exist
in mammalian retinae, differing in the wavelength sensitivity of their photopigment (opsin): short (S; blue), middle
(M; green) and long (L; red) wavelength-sensitive cones
(reviewed in REFS 74,75). Most mammals are dichromats
and thus have two cone types, S- and M‑cones; only among
the primates do trichromatic species exist (old-world monkeys, apes and humans), which possess a third cone type
owing to an evolutionarily recent gene duplication event 76.
Many non-mammalian vertebrates feature four or more
cone types and a complex photoreceptor–bipolar cell connectivity pattern15. This results, already at the level of the
OPL, in double-opponent bipolar cells77: for example, a
cell that depolarizes in response to red hyperpolarizes in
response to green in its receptive field centre, whereas
it hyperpolarizes to red but depolarizes to green in its
receptive field surround.
Most mammalian bipolar cell types contact all cones
within their reach and thus they carry achromatic
(broadband luminosity) signals. Based on dendritic morphology, mammalian bipolar cell types have been divided
into three groups: diffuse bipolar cells, S‑cone-selective
ON bipolar cells and midget bipolar cells. Owing to their
apparently non-selective dendritic arbors, most bipolar
cell types are referred to as diffuse bipolar cells (FIG. 2i).
In mice, bipolar cell types 2–8 and possibly the XBC
are cone type-non-selective diffuse bipolar cells (FIG. 1b;
Supplementary information S1 (figure)); they contact
between four and fifteen neighbouring cones, and each
cone is contacted by at least one member of each type
of diffuse bipolar cell13,78. Because the M‑cone density
(in primates, the combined density of M- and L‑cones)
is typically higher than S‑cone density by 20‑fold, the
signals of diffuse bipolar cells tend to be chromatically
biased towards longer wavelengths. Notably, in mice,
ground squirrels and primates, a few ‘diffuse’ bipolar
cell types seem to avoid S‑cones and receive almost pure
M-cone (in primates, M- and L-cone) input22,32,79.
The existence of S‑cone-selective ON bipolar cells80
has been demonstrated in various mammals, including
primates, mice and rabbits (reviewed in REF. 81). Blue
ON bipolar cells exhibit long meandering dendrites that
converge onto S‑cones (FIG. 2j). In combination with diffuse, M (or both M and L)-biased OFF bipolar cells, they
contribute to blue–green (blue–yellow in trichromats) colour vision. There is evidence for blue OFF bipolar cells in
some mammals (for example, see REF. 82), but to date, this
cell type has not been described in mice.
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True midget bipolar cells are unique to the primate
retina. Near the fovea, a midget bipolar cell receives direct
input from just one cone (FIG. 2h) and in turn transfers the
signal onto one midget RGC83, implementing a high-acuity pathway. Consequently, at least central midget bipolar
cells carry chromatic signals and are considered to be the
basis for red–green colour vision (reviewed in REF. 74). In
the periphery, midget bipolar cells have larger dendritic
fields and contact multiple cones34. The presence of a blue
ON bipolar cell with midget-like morphology in ground
squirrels may be due to the comparatively high S‑cone
density in their retinae84.
Besides glutamatergic drive from cones, the dendrites
of bipolar cells appear to receive GABAergic inputs from
horizontal and interplexiform cells. The role of these
inputs seems to be twofold. First, horizontal cell inputs
help to impart an inhibitory surround to a bipolar cell’s
spatial receptive field (reviewed in REF. 85). Second, at
least some types of ON bipolar cells display high chloride
concentrations locally in their dendrites86,87, and therefore activation of GABA receptors triggers chloride efflux
and excitation. This way, the same GABAergic input from
horizontal cells may provide both ON and OFF bipolar
cells with lateral input of the required polarity, which is
likely to support contrast enhancement87,88.

Linear–non-linear model
A simplified model of neural
responses to an arbitrary
stimulus that is based on a
sequential set‑up of a linear
operation followed by a
non-linear operation.

The axon terminal system. Besides temporal filtering
owing to membrane capacitance and axial resistance,
the axon itself probably contributes little to the shaping
of a bipolar cell signal. By contrast, the axon terminal
system carries out a wide range of computations based
on a similarly extensive list of different mechanisms. The
sum of these processes can be approximated in the form
of a linear–non-linear model89, often yielding surprisingly
good results90 (for details, see BOX 2). However, such
models usually break down when global parameters in
the input statistics are altered, such as mean luminance
or contrast 91. Presumably, improvements in reflecting
the biological underpinnings of local operations in such
models will improve their performance41.
As in every chemical synapse, the local signal transformation in the bipolar cell terminal occurs in three (interdependent) steps: depolarization leads to calcium influx,
which in turn triggers neurotransmitter release. Trivial as
this may sound, it provides a suitable framework to consider the broad range of possible factors that may affect
axonal signal transformations in bipolar cells.
After being passed down the thin, largely passive axon,
the voltage signal arriving at the main terminal branch
point is a low-pass filtered version of the one measured
at the soma. In other words, fast voltage transients are
attenuated as a function of axon length and diameter.
Similarly to signal attenuation in passive dendrites92, a
simple simulation based on passive cable theory predicts
that a typical bipolar cell with an axon length of ~30 μm
and a diameter of 200 nm should filter temporal frequencies above 20 Hz by more than 50% (T.B., unpublished
observations), thereby cutting into the frequency range
relevant to vision. Accordingly, it has long been noted that
the shorter axons of OFF bipolar cells may render them
more suitable to signal fast changes in the visual scene.

In agreement, the comparatively slow mammalian rod
bipolar cells always feature the longest axons, a pattern
that is conserved in the presumably equivalent teleost
‘mixed’ bipolar cells37,93. Owing to the stronger attenuation of signals from the soma, a longer axon could also
mean that amacrine cell input at the bipolar cell terminal exerts relatively more influence on neurotransmitter
release, all other factors being equal. Passive filtering by
the axon is a linear transformation and thereby, in computational terms, adds to the approximately linear output
of the dendrites.
The axonal terminals of bipolar cells harbour a wide
range of voltage-gated channels. These always include
L‑type calcium channels (also known as Cav1.4 channels) but may extend to other calcium channels, notably T‑type channels (also known as Cav3 channels),
although these are not necessarily expressed within the
terminals7. In addition, many bipolar cell types across species express voltage-gated sodium channels (reviewed in
REF. 44), which can be ‘strategically’ located at the axon
end point 7,94. Depending on the resting potential and
channel density, the above channels, alone or in combination, can result in a steep depolarization-dependent
non-linearity, including the generation of all‑or‑nothing
spikes (FIG. 3B) — a feature that was first observed in the
fish retina95–97 and has now been confirmed in mammals,
including rats98, ground squirrels99, mice2 and primates
(probably including humans)7. Spiking seems to be particularly prominent in ‘transient’ bipolar cell types that
stratify towards the centre of the IPL (reviewed in REF. 44).
In addition, bipolar cell terminals harbour a range of voltage- or calcium-gated hyperpolarizing or shunting channels, including, for example, calcium-gated chloride and
HCN channels100–103.
Besides intrinsic ionic mechanisms, the axonal voltage is subject to presynaptic inhibition provided by
amacrine cells. Amacrine cells typically act through
GABAergic or glycinergic pathways to ultimately set
the local chloride reversal potential of the bipolar cell
terminals18, although they may also act through potassium channels via metabotropic GABA receptors. How
amacrine cells shape a bipolar cell’s output is finely tuned
by the specific subset of GABA and glycine receptors
present on the terminal104–106. This local control over the
bipolar cell’s axonal voltage is crucial: it means that bipolar cell signalling to RGCs always also reflects amacrine
cell activity 107. Amacrine cells are both the most diverse
and least understood class of retinal interneuron. They
comprise ~42 types, but only a handful have been
studied in great detail (reviewed in REF. 108). Most
GABAergic amacrine cells release a second neurotransmitter, including dopamine, nitric oxide, substance P
and a range of endocannabinoids, which are thought to
act as neuromodulators that regulate the overall ‘state’
of the system and may gate signal flow in a stimulusand context-dependent manner 109–111. For example,
substance P seems to differentially regulate bipolar cell
excitability by several mechanisms, such as by shifting
the activation threshold of L‑type calcium channels
to a higher potential112 or (indirectly) by modulating
dopamine release113.
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Ribbons
Specialized presynaptic
structures found in some
sensory neurons — including
bipolar cells and
photoreceptors — that
promote the trafficking and
fusion of synaptic vesicles at
the active zone.

Multiplexing
This term is used to denote the
idea that a single neuron may
relay different synaptic signals
to different postsynaptic
partners.

Calcium primarily enters bipolar cell terminals
through L‑type calcium channels clustered around synaptic ribbons114,115. Although fundamentally non-linear,
the current–voltage relationship of L‑type calcium channels is roughly linear between ~–40 and –30 mV95, which
is approximately the operating range of most bipolar cells,
although some spiking bipolar cell types can rest well
below –60 mV and depolarize above 0 mV97. Moreover,
L‑type channels exhibit little inactivation over time, rendering the synapse — at least theoretically — capable of
delivering a linear relationship between voltage and calcium influx. However, this linearity breaks down outside
this voltage range. In addition, calcium can act on a wide
range of intracellular processes, including activation of
calcium-dependent chloride and potassium channels in
a non-linear manner.
Once calcium enters a terminal, it is subject to a range
of time-dependent processes — namely, diffusion, buffering and extrusion from the cytoplasm — that will further shape the final bipolar cell output. In particular, slow
extrusion (typically hundreds of milliseconds44) means
that calcium signalling on the whole is slow and thereby
imposes a profound low-pass filter on the final bipolar
cell output. One way around this low-pass filter may
lie in the use of (sparse) spikes97,99 and/or coordinated
multivesicular release116.
Although some neurotransmitter may be released
independently of ribbons117, most of the glutamate release
from bipolar cells occurs through the ribbon complex
(reviewed in REFS 118,119). Already low micromolar calcium concentrations can trigger release120 and, depending
on the current state of the ribbon, they do so in a roughly
linear manner 120,121. However, conceptually similar to
L‑type calcium channel activation, release becomes nonlinear as the ribbon starts depleting (FIG. 3D). This process
is thought to be a key mechanism of adaptation in the
retinal circuit, notably contributing to contrast adaptation41–43. Models of calcium-dependent release through
the ribbon are usually complex in their own right and
have been extensively discussed elsewhere41,122. Finally,
glutamate released from the bipolar cell terminal may
modulate its own activity through several mechanisms,
particularly through presynaptic inhibition provided by
amacrine cells. A range of other mechanisms may act
in parallel to provide feedback on transmitter release,
including local acidification in the synaptic cleft owing
to protons co‑released from vesicles acting on calciumdependent potassium channels123 or activation of autoreceptors — glutamate receptors or transporters on the
presynaptic terminals themselves124,125.
Clearly, the bipolar cell terminal system is a key
computational locus to modify signal output beyond
dendritic processing and leaves much to be discovered.
Indeed, the plethora of cellular and synaptic mechanisms
in place to specifically tune a bipolar cell’s elementary
operations, in dendrites and terminals, presents a powerful toolkit to adapt visual signal properties in response
to changes in the visual scene, from adaptation over few
milliseconds or seconds to evolutionary changes over
many generations, as emerging species explore new
visual niches.

Multiplexing? Depending on the type, bipolar cells signal through ~30 individual synaptic terminals (boutons),
which are connected to neighbouring terminals and/or
the axon end point by thin stretches of neurite. Depending
on the morphology of this axonal system, terminals may
be more or less electrically isolated from each other. Given
the plethora of both intrinsic and extrinsic axonal mechanisms that locally modify activity within single boutons,
one wonders if a single bipolar cell may pass on different
output signals to different postsynaptic partners (reviewed
in REF. 45). Such ‘synaptic heterogeneity’ (REF. 126), also
called multiplexing, would potentiate the computational
capabilities of local processing in the bipolar cell axon
terminal system enormously — analogous to dendritic
processing in some types of amacrine cells (reviewed in
REF. 127). If single terminals belonging to the same bipolar cell provided individual signals, one bipolar cell type
could serve very different feature-extracting circuits. In
invertebrates, the notion that a single neuron may relay
fundamentally different output signals to its different postsynaptic partners is well established: in this case, synaptic
heterogeneity is systematically used in both sensory 128,129
and motor126 systems. Recently, the first evidence emerged
in support of this principle in retinal bipolar cells: paired
recordings in the salamander retina revealed that individual bipolar cell‑to‑retina ganglion cell connections
can have distinct transfer functions, at least in part as a
result of modulatory amacrine cell input 130,131. However,
the more complex operation of ‘tuning’ to visual motion
direction seems to be restricted to the postsynaptic site3:
bipolar cells that feed into direction-selective RGCs show
no differential direction signalling in their axon terminals. More research is needed to understand to what
extent the individual synaptic terminals of bipolar cells
may be used to systematically pass different information
to their different synaptic partners.

Conclusions and outlook
The intricate spike patterns carried by each of the retina’s
approximately 20 output channels, based on the respective number of RGC types132–134, provides the brain with
a highly pre-processed, feature-oriented description of
the visual world. Much of the computational substrate
underlying this visual feature extraction is based on synaptic interactions in the retina’s IPL, where bipolar cells,
amacrine cells and RGCs converge. Here, RGCs typically
integrate inputs from more than one type of bipolar cell
and thereby inherit a highly specific combination of functional properties. Accordingly, stratification depth of any
given RGC type is a strong predictor of functional properties (for example, see REF. 135). In fact, at least in the
mammalian retina, the IPL seems to be topographically
organized in terms of bipolar cell output (FIGS 1a,4), with
OFF versus ON signals segregated into the upper IPL
portions (strata 1 and 2) and lower IPL portions (strata
3–5), more sustained signals towards the IPL borders
and more transient signals in the centre2,5,135. Moreover,
chromatic bipolar cell signals are usually carried by the
more sustained bipolar cell types stratifying at the IPL
borders. In other words, bipolar cell types carry out different elementary operations systematically at different
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Figure 4 | Building ganglion cell circuits from bipolar cell elementary
operations. The bipolar cell response and the resulting retinal ganglion
cell (RGC) output is depicted above and below each circuit, respectively
(bars indicate light stimuli). Mammalian bipolar cell output is organized
according to three main principles. First, bipolar cells carrying OFF and
ON signals stratify in the distal inner plexiform layer (IPL) portions (layers 1
and 2) and proximal IPL portions (layers 3–5), respectively. Second,
transient bipolar cell output is provided in the central bulk of the IPL
(layers 2 and 3), whereas sustained output is found towards the IPL
borders (layers 1 and 5). Third, achromatic (layers 2–4) and chromatic
(layers 1 and 5) bipolar cell signals are segregated in a similar manner to
transient and sustained outputs. Dendrites of individual RGCs stratify in
one or more IPL layers, receiving synaptic input from a specific subset of
bipolar cell types and inheriting a combination of their functional
properties. a | In the mouse, transient OFF αRGCs stratify narrowly
towards the IPL centre and thus receive input from only 1–2 transient OFF
bipolar types157, whereas JAM‑B OFF-RGCs158 stratify mainly in layer 1,
where they receive input from a small subset of sustained bipolar cell
types. Mouse W3 RGCs28, which are probably homologous to the ‘local
edge detectors’ of other species159, stratify throughout the central bulk of
the IPL, and receive input from a range of transient ON and OFF bipolar
cell types6. Another ‘use’ of convergence is illustrated by primate ON
parasol RGCs: their large dendritic arbors stratify narrowly in the IPL
centre, where they receive input from spiking DB4‑type bipolar cells7. By
pooling the outputs of many spiking bipolar cells, parasol RGCs may
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preserve the timing of bipolar cell spikes while
improving
coding
reliability94,97. b | Single bipolar cells may also forward different signals to
different postsynaptic partners (‘multiplexing’). For instance, the
involvement of an amacrine cell shapes the transfer function from a single
bipolar cell to only one of two postsynaptic RGC types, thereby creating
temporally distinct outputs130. c | Several RGC circuits process chromatic
bipolar cell signals, usually yielding chromatically antagonistic responses
(reviewed in REFS 74,75). Midget RGCs in the primate fovea receive input
from single midget bipolar cells, which in turn randomly contact single
cones. Thereby, a midget RGC inherits the chromatic tuning of a single
cone137, with an antagonistic surround arising from lateral horizontal
cell input (not shown). Alternatively, bipolar cells make cone
type-selective contacts and RGCs become colour opponent by
subtracting differently tuned bipolar cell pathways. Examples are
primate ‘small bistratified‘ RGCs with their blue‑ON–yellow-OFF
antagonistic responses, and blue-OFF RGCs in rabbits and ground
squirrels, which inherit the blue-OFF signal from blue ON bipolar cells
via a sign-inverting small-field amacrine cell82,138. d | Spatially selective
sampling of different OFF bipolar cell types may contribute to the
computation of motion direction. Because starburst amacrine cell (SAC)
dendrites are not perfectly planar145, OFF bipolar cells with presumably
different kinetics systematically contact the dendrites as a function of
distance from the SAC soma. As a result, the response amplitude in the
SAC dendrite depends on the activation sequence of the bipolar cell
types and thus, stimulus direction. DS, direction-selective.
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depths of the IPL. As a result, RGCs receiving bipolar
cell inputs from different IPL depths inherit specific and
broadly predictable sets of elementary functional properties136. This gives rise to several stereotypical ‘wiring
motives’ (FIG. 4).
Besides circuit motives such as pathway convergence
(FIG. 4a) and divergence (FIG. 4b), RGC circuits that underlie chromatic processing (FIG. 4c) are particularly well
studied (reviewed in REF. 74). A bipolar cell type carries chromatic information under two conditions: first,
it randomly contacts a single cone (or a few cones) and
thereby inherits the chromatic tuning of the numerically dominant cone type. This is the case for the midget
bipolar cells in the primate fovea, which feed into single
midget RGCs. The midget pathway, which does not rely
on selective bipolar cell‑to‑cone contacts, forms the basis
of red–green colour vision in primates137. Second, a bipolar cell type makes cone type-selective contacts. Several
RGC circuits are known to compare differently tuned
chromatic bipolar cell signals, yielding colour-opponent
responses (reviewed in REF. 75). For example, primate
small bistratified RGCs display blue‑ON–yellow-OFF
antagonistic responses, as they differentially pool signals
from S‑cone-selective ON and diffuse OFF bipolar types.
The latter are cone-type non-selective and therefore carry
a ‘yellow’ signal. By contrast, S‑OFF RGCs in rabbits and
ground squirrels seem to inherit the blue OFF signal
from blue ON bipolar cells via a sign-inverting smallfield amacrine cell82,138, highlighting the ability of some
small amacrine cells to locally invert the effective polarity
of bipolar cell channels.
However, perhaps the best-understood complex RGC
circuit is that of the ON–OFF direction-selective RGCs
(reviewed in REF. 139) (FIG. 4d). Here, several processing
strategies, involving wiring asymmetries140 and local dendritic filtering properties in starburst amacrine cells141 and
the direction-selective RGCs themselves142–144, result in
directional tuning at the level of the RGCs’ spike output.
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