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I 

Threshold Energies for Vision 
The minimum energy required to produce a visual effect achieves its sig- 

niticance by virtue of the quantum nature of light. Like all radiation, light 
is emitted and absorbed in discrete units or quanta, whose energy content is 
equal to its frequency v multiplied by Planck's constant h. At the threshold 
of vision these quanta are used for the photodecomposition of visual purple, 
and in conformity with Einstein's equivalence law each absorbed quantum 
transforms one molecule of visual purple (Dartnall, Goodeve, and Lythgoe, 
1938). Since even the earliest measurements show that only a small number of 
quanta is required for a threshold stimulus, it follows that only a small number 
of primary molecular transformations is enough to supply the initial impetus 
for a visual act. The precise number of these molecular changes becomes of 
obvious importance in understanding the visual receptor process, and it is 
this which has led us to the present investigation. 

The first measurements of the energy at the visual threshold were made by 
Langley (1889) with the bolometer he invented for such purposes (Langley, 
1881). He found the energy to be 3 X 10 -9 ergs for light of 550 m#. Langley 
worked before the physiology of vision was understood, so that he used the 
wrong light and took none of the precautions now known to be necessary; 
even so, his results are too high only by a factor of 10. 

In the fifty years since Langley there have been eleven efforts to redetermine 
the minimum energy for vision. We have carefully studied all these accounts 
and have done our best to evaluate the measurements. Unfortunately, many 
of them contain serious errors which invalidate them. Most of them involved 
no direct energy determinations; instead, the investigators relied on previously 
measured energydistributions in standard sources and made elaborate compu- 
tations from them. Only a few can be considered as reliable. 

After Langley, the earliest paper is by Grijns and Noyons (1905). Their 
data differ widely from all other measurements and cannot be accepted even 

* A preliminary report of these measurements was published in Science (Hecht, 
Shlaer, and Pirenne, 1941), and presented to the Optical Society in October, 1941 
(Hecht, 1942). 
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Vertical and horizontal pathways for information flow in the retina
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Figure 9.11
The basic system of retinal information processing. Information about light flows from the 
photoreceptors to bipolar cells to ganglion cells, which project axons out of the eye in the 
optic nerve. Horizontal cells and amacrine cells modify the responses of bipolar cells and 
ganglion cells via lateral connections.
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2. RESULTS
A. Diversity at the Cone Synapse
The great diversity of neuronal cell types in the retina is
reflected in the estimated 250 processes that penetrate
the postsynaptic space of the foveal cone; in the periphery
this number probably rises to greater than 500.9 Each
site of glutamate release at the cone terminal is marked
by an electron-dense ribbon that points between a pair of
horizontal cell processes to an invagination of the termi-
nal membrane that houses a central, bipolar cell dendrite
(Fig. 2). This arrangement is usually called a triad,10,11

although sometimes an invagination houses more than
one bipolar cell dendrite in the central position.6,9 This
is clear from Table 1, which shows, for each cone, between
one and three more central dendrites than actual ribbon
synapses. In the primate retina these invaginating den-
drites invariably arise from a bipolar cell with axon ter-
minals stratifying in the b or ON sublamina of the IPL.6

These bipolar cells provide the excitatory connections to
ON-center ganglion cells12; thus ‘‘invaginating’’ is likely to
be synonymous with a depolarizing response to light.

Of the 250 processes penetrating the foveal cone, the
invaginating bipolar and horizontal cell members of each
triad account for approximately 100.6,9 Separate bipolar
cell dendritic twigs that abut the membrane of the cone
terminal at sites of basal contact contribute the remain-
ing processes.13 In the primate these are the only sites of
contact between cones and those bipolar cells that have
axon terminals that stratify in the a or OFF sublamina of
the IPL; these cells provide excitatory connections to OFF-
center ganglion cells.12 Interestingly, in the fovea, the
dendrites of large-field or diffuse ON bipolar cells occupy a
few of the multiple basal sites adjacent to the invaginat-
ing dendrite of the ribbon synapse.6 These basal contacts
are termed semi-invaginating or triad associated because

of their proximity to the triad. Thus ‘‘basal’’ is not nec-
essarily synonymous with a hyperpolarizing response to
light.14

B. Private Lines from M and L Cones
With such great numbers of postsynaptic processes, the
potential for each cone to diverge to distinct circuits is im-
mense. In the fovea, while most of the 250 or so pro-

Fig. 1. Electron micrograph of a vertical thin section along the foveal slope of macaque retina.2 The cone inner segments (IS) contact-
ing the bipolar and ganglion cell circuits that we studied were centered at !1° nasal of the center fovea. The tight packing of cones is
accompanied by tight packing of their axons or Henle fibers (HF) and cell bodies in the outer nuclear layer (ONL). The high sampling
rate of the cone mosaic correlates with multiple rows of neurons across the inner nuclear layer (INL) and the ganglion cell layer (GCL).
The dendrites of bipolar cells penetrate the cone terminal space in the outer plexiform layer (OPL), while their axons form connections
with ganglion cell dendrites in the inner plexiform layer (IPL).

Fig. 2. Electron micrograph of a vertical section through the
base of a cone terminal.6 Two active zones are each marked by
a synaptic ribbon (R) that serves as a docking site for glutamate-
containing vesicles. Each ribbon points between a pair of hori-
zontal cell processes (H) to an invagination of the terminal mem-
brane that houses a central bipolar cell dendrite (C) in an
arrangement called a triad. Sites of basal contact (B) with bi-
polar cell dendrites occur adjacent to the invaginating dendrites
of triads (triad associated or semi-invaginating, indicated by an
asterisk) or outside the invagination (nontriad associated), de-
pending on the type of bipolar cell.

598 J. Opt. Soc. Am. A/Vol. 17, No. 3 /March 2000 David J. Calkins
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background light intensity. The continuous curve was drawn according to the
Weber-Fechner relation:

SFSF =F (8)

in which SD is the initial flash sensitivity in darkness, S is the flash sensitivity in theF S~~~~~~~~~~~F
presence of a steady background light of intensity 1, and Jo is the intensity that

0 0.1 0.2 s

SF/SF

0-1 _ to
to

0.01
01 1 10 100

/10
Fig. 8. Dependence of incremental flash sensitivity on background light intensity. Plot
above collects results from four cones. Normalized flash sensitivity (sensitivity in presence
of background divided by original sensitivity in darkness) shown as a function of
normalized background intensity (intensity divided by intensity Io that gave a flash
sensitivity of half the original dark sensitivity). The points are corrected for pigment
bleaching as described in the text. Continuous curve drawn according to the
Weber-Fechner relation, eqn (8) of text. Dashed curve shows the relation expected for one
of the cells (A) if there were no time-dependent desensitization but instead a linear
superposition of elementary excitations followed by an instantaneous saturation of the
form of curve III in Fig. 2. Cell parameters 1o (photons yum-2 s 1), i1/2 (photons jtm-2), rmax
(pA), and T1 (ms) were: 2-5 x 104, 1-33 x 103, 12, 20 (@); 2-0 x 104, 7400 x 103, 10, 154 (0);
1-0x 105, 1 02x 103, 13, 8 (A); 1 x 105, 25x 103, 15, 10 (0). Filled and open symbols
denote results from green- and red-sensitive cones respectively. Traces above show the
form of dim flash responses in darkness (bold line) and in background light (thin line) from
cells indicated by symbols; arrows in plot below indicate points derived from these
incremental responses. Origin of time axes is centre of the incremental flash. Peak
amplitudes of the incremental responses were 1-2 pA; responses have been scaled to the
same arbitrary amplitude to allow comparison of the waveforms.

makes SF/SF = 0 5. This expression provides a reasonable description of the results.
Values of IJ ranged between 20 x 1O4 and 14 x 1O5 photons tm-2 s-1. The mean value
for Io was 7-1 x 104 photons ,um-2 S-1, corresponding to 3 3 log trolands.

In the experiments of Fig. 8 the bright background lights inevitably bleached

Adaptation in primate cones



object. Third, the result of the computation is represented explic-
itly in the response of the cell. Firing versus not-firing indicates
whether the spot moves one way or the other. Finally, no ‘‘higher
processing’’ is needed to extract the information. For example,
a downstream neuron could obtain the exact angle of the spot’s
trajectory simply by pooling the firing of various direction-selec-
tive ganglion cells in a weighted summation.
Herewe explore the notion that this kind of processing, namely

the selective computation of specific stimulus features, is not the
exception but the rule in retinal function. In doing so, we will
repeatedly encounter the above-mentioned characteristics of
task specificity, selective encoding of information, and explicit
straightforward representation. At the core of these abilities lie
certain strongly nonlinear processing steps, and identifying
these key nonlinearities gets to the heart of the retina’s compu-
tations. The popular concept of linear spatiotemporal prefiltering
may well apply to particular kinds of retinal ganglion cells under
certain conditions; but in other cases, the classic center-
surround receptive field reflects a crude average of the ganglion
cell’s behavior under stimuli that fail to probe its function prop-
erly. As we will see, it helps to work with visual stimuli that
somehow reflect the actual challenges the visual system faces
in its natural environment. In a search for general computational
abilities of the vertebrate retina, wewill focus on visual tasks rele-
vant to all species: detecting light at low intensity; dealing with
image motion caused by objects in the scene or the movement
of the observer; and adapting to changing visual environments.
Because of the generic nature of these tasks, we will freely
discuss results obtained from different animal models.

Light Detection
The most straightforward task of the visual system is the detec-
tion of dim lights. Human observers can sense a flash of light
even at very low intensities that lead to only a handful of suc-
cessful photon absorptions in the retina (Hecht et al., 1941;
Sakitt, 1972). Correspondingly, rod photoreceptors display small
responses to single photon absorptions, !1 mV in amplitude
(Baylor et al., 1979; Schneeweis and Schnapf, 1995), and retinal
ganglion cells can indeed signal these events to the brain (Barlow
et al., 1971). A ganglion cell typically collects inputs from many
hundreds of rods (Sterling et al., 1988). Thus, the computational
challenge for the retina lies in separating the small single-photon
signal in one or a few rods from the continuous electrical noise
that is present in all photoreceptors. Indeed the problem arises
already at the first stage of convergence, where the rod bipolar
cell collects the outputs from tens of rods via graded synapses
(Freed et al., 1987; Tsukamoto et al., 2001). How the retina sorts
the sparse signal from the ubiquitous noise is beginning to be
understood.
The light-independent fluctuations in the rod’s membrane

potential are of two kinds. One, called ‘‘discrete noise,’’ results
from spontaneous thermal isomerization of the photopigment
(Baylor et al., 1980). These events are identical in all respects to
authentic single-photon signals and thus cannot be separated
out. In fact, human visual sensitivity at absolute threshold is likely
limited by this noise source (Barlow, 1956; Baylor, 1987). The
other kind, called ‘‘continuous noise,’’ arises from spontaneous
activations within the chemical transduction machinery down-
stream of photon absorption (Baylor et al., 1980). As a result, it

Figure 1. Retinal Circuitry
(A) Diversity of retinal cell types. For all five classes of retinal neurons—photoreceptors (P), horizontal cells (H), bipolar cells (B), amacrine cells (A), and ganglion
cells (G)—a number of types can be identified according to morphological characteristics and dendritic stratification patterns. The image shows the major cell
types of a typical mammalian retina. Reprinted with permission from Masland, 2001a.
(B) Specificity of retinal wiring. Double immunostaining for calbindin (red) and calretinin (green) in a vertical section of mouse retina (Haverkamp andWässle, 2000)
visualizes some of the structure and complexity of the retinal network. The staining labels horizontal cells, certain amacrine cells in the inner nuclear layer (INL),
and some ganglion cells in the ganglion cell layer (GCL). The interposed outer and inner plexiform layers (OPL and IPL) are the sites of massive and often very
specific synaptic contacts between the various cell types. For example, the labeled amacrine cells and ganglion cells extend their dendrites into three distinct thin
strata of the IPL, which underscores the specificity of retinal microcircuits. Reprinted with permission from Haverkamp andWässle, 2000; see alsoWässle, 2004.
(C) Schematic drawing of connections between the basic cell classes. The neurons in the retina are connected through chemical synapses that are either sign
preserving (excitatory, closed circles) or sign inverting (inhibitory, open circles). In addition, one finds a considerable amount of electrical coupling between cells
via gap junctions within all cell classes (data not shown) and across some types of cells (marked by resistor symbols). The input into the network is incident light,
which hyperpolarizes the photoreceptors. The connections from photoreceptors to bipolar cells are of either sign, producing both OFF-type and ON-type bi-
polars. Horizontal cells provide negative feedback and lateral inhibition to photoreceptors and bipolar cells. Bipolar cells are reciprocally connected to amacrine
cells with chemical synapses and, for some types, through electrical gap junctions. Ganglion cells represent the output layer of the retina; their axons form the
optic nerve. They collect excitation from bipolar cells and mostly inhibition from amacrine cells. In addition, ganglion cells and amacrine cells can be electrically
coupled. This general connectivity sets the framework for any specific retinal microcircuit.

Neuron 65, January 28, 2010 ª2010 Elsevier Inc. 151
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and HEPES buffer (3.0), pH 7.4. The puffer pipette was positioned 10 –20
!m above the tissue and its contents expelled using positive pressure
generated by a PicoSpritzer II (General Valve, Fairfield, NJ). The follow-
ing drugs were used: GABA (Sigma), GABA transporter inhibitor
SKF89976A (Tocris, Ballwin, MO), picrotoxin (Sigma), carbenoxolone
(Sigma), CoCl2 (Sigma), and 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) (Tocris).

Results
Demonstration of surround antagonism in primate cones
Light responses to center and surround stimulation were of op-
posite polarity (Fig. 1). The spot of light, centered on the cone,
evoked an outward current, as expected from the activation of
phototransduction in the cone outer segment. A concentric an-
nulus of light evoked an inward current. This “antagonistic” re-
sponse to surround illumination was observed in a total of 68
macaque cones. Although cones are known to be electrically cou-
pled to neighboring rods and cones (Raviola and Gilula, 1973;
Schneeweis and Schnapf, 1999; DeVries et al., 2002), the sur-
round response shown here cannot be attributed to coupling.
The passive spread of signals from electrically coupled neighbors
would result in additional outward current. The inward current
evoked by an annulus is consistent with feedback signaling from
horizontal cells.

Receptive fields of cone surround
The spatial extent of receptive fields of cone surrounds was de-
termined using two methods. In the first method cones were
presented with spots of light of increasing radius. The response to
the smallest spot was an outward current, attributable to photo-
transduction in the cone outer segment, with additional input
from electrically coupled neighboring cones (Fig. 2A). Responses
to larger spots displayed a delayed component of inward current
attributable to an inhibitory surround mechanism. The ampli-
tude of the outward component was maximal for spots of 23 !m
radius and did not increase with greater spot sizes. The amplitude
of the inward component, however, continued to increase with
radii up to 350 !m.

In a second method, a “pure” surround response was evoked
by flashing an annulus in the presence of a small saturating adapt-

ing spot, centered on the recorded cone (Fig. 2B). For the cone
shown, the annulus response increased in amplitude with in-
creasing outer radii of up to at least 350 !m.

The symbols in Figure 2C plot surround response amplitude
as a function of stimulus outer radius from the data shown in A
(F) and B (E). The data were fit to a model in which receptive
field sensitivity per unit area declined exponentially with distance
from the field center with a length constant " (see Materials and
Methods). The values of " obtained from a least squares fit of the
model to the data were 59 (F) and 134 !m (E). Receptive fields
were measured in six cones and plotted in Figure 2D on normal-

Figure 1. Antagonistic surround response of a cone in primate retina. Change in membrane
current of a cone in response to a spot and annulus plotted as a function of time. Stimulus
monitor shown below current trace. The current trace is the average of six responses. Perforated
patch recording with patch solution 1. Holding potential, !47 mV. Bandwidth DC-250 Hz. Spot
stimulus, 20 !m radius; 500 nm; 5.2 " 10 6 photons !m !2 sec !1. Annulus, 20 !m inside
radius; 205 !m outside radius; 500 nm; 1.3 " 10 6 photons !m !2 sec !1.

Figure 2. Amplitude of cone surround response as a function of stimulus radius. A, Mem-
brane current of a cone in response to spots of increasing radius. Spot radius is indicated by the
numbers next to each trace (in micrometers). Traces are averages of three responses and are
displaced vertically for clarity. Stimulus monitor is shown below current traces. Stimulus wave-
length, 530 nm; stimulus intensity, 1.56 " 10 6 photons !m !2 sec !1. Holding potential,
!40 mV. Bandwidth DC-250 Hz. Patch solution 4. B, Membrane current of a different cone in
response to annuli of increasing outer radii. Annulus inner radius is 40 !m. The outer radius is
given by the numbers next to each trace (in micrometers). Traces are averages of two responses
and are displaced vertically for clarity. Holding potential, !46 mV. Bandwidth DC-250 Hz.
Stimulus monitor is shown below current traces. An adapting spot of radius 35 !m was turned
on 1 sec before annulus onset. Stimulus wavelength and intensity were 500 nm, 5.6 " 10 6

photons !m !2 sec !1 (spot), and 500 nm, 1.1 " 10 6 photons photons !m !2 sec !1 (an-
nulus). Patch solution 3. C, Response amplitudes from A (F), and B (E) plotted as a function of
stimulus outer radius. Response amplitudes were averaged over the time window 480 –500
msec after spot onset in A and 80 –100 msec after annulus onset in B. The continuous curves are
Equation 1 with r# $ 12.6 pA and " $ 59 !m for the filled symbols, and r# $ 26.8 pA and
" $ 134 !m for the open symbols. The data are shifted vertically by !0.8 pA (F) and !1.0
pA (E) as indicated in Materials and Methods. D, Response amplitude plotted as a function of
stimulus radius on normalized axes. The filled symbols were obtained from three cones in
response to spot stimuli, the open symbols from three cones in response to annuli. The contin-
uous curve is Equation 1. The constants r# and " were determined for each cell by least squares
fit. The best fitting values for r# (in picoamperes) and " (in micrometers) were, respectively:
26.8, 134 (E); 22.1, 129 (%); 5.0, 69 (!); 12.6, 59 (F); 21.3, 103 (Œ); 30.4, 95 (f).
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to larger spots displayed a delayed component of inward current
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of the inward component, however, continued to increase with
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shown, the annulus response increased in amplitude with in-
creasing outer radii of up to at least 350 !m.

The symbols in Figure 2C plot surround response amplitude
as a function of stimulus outer radius from the data shown in A
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from the field center with a length constant " (see Materials and
Methods). The values of " obtained from a least squares fit of the
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Figure 1. Antagonistic surround response of a cone in primate retina. Change in membrane
current of a cone in response to a spot and annulus plotted as a function of time. Stimulus
monitor shown below current trace. The current trace is the average of six responses. Perforated
patch recording with patch solution 1. Holding potential, !47 mV. Bandwidth DC-250 Hz. Spot
stimulus, 20 !m radius; 500 nm; 5.2 " 10 6 photons !m !2 sec !1. Annulus, 20 !m inside
radius; 205 !m outside radius; 500 nm; 1.3 " 10 6 photons !m !2 sec !1.

Figure 2. Amplitude of cone surround response as a function of stimulus radius. A, Mem-
brane current of a cone in response to spots of increasing radius. Spot radius is indicated by the
numbers next to each trace (in micrometers). Traces are averages of three responses and are
displaced vertically for clarity. Stimulus monitor is shown below current traces. Stimulus wave-
length, 530 nm; stimulus intensity, 1.56 " 10 6 photons !m !2 sec !1. Holding potential,
!40 mV. Bandwidth DC-250 Hz. Patch solution 4. B, Membrane current of a different cone in
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given by the numbers next to each trace (in micrometers). Traces are averages of two responses
and are displaced vertically for clarity. Holding potential, !46 mV. Bandwidth DC-250 Hz.
Stimulus monitor is shown below current traces. An adapting spot of radius 35 !m was turned
on 1 sec before annulus onset. Stimulus wavelength and intensity were 500 nm, 5.6 " 10 6

photons !m !2 sec !1 (spot), and 500 nm, 1.1 " 10 6 photons photons !m !2 sec !1 (an-
nulus). Patch solution 3. C, Response amplitudes from A (F), and B (E) plotted as a function of
stimulus outer radius. Response amplitudes were averaged over the time window 480 –500
msec after spot onset in A and 80 –100 msec after annulus onset in B. The continuous curves are
Equation 1 with r# $ 12.6 pA and " $ 59 !m for the filled symbols, and r# $ 26.8 pA and
" $ 134 !m for the open symbols. The data are shifted vertically by !0.8 pA (F) and !1.0
pA (E) as indicated in Materials and Methods. D, Response amplitude plotted as a function of
stimulus radius on normalized axes. The filled symbols were obtained from three cones in
response to spot stimuli, the open symbols from three cones in response to annuli. The contin-
uous curve is Equation 1. The constants r# and " were determined for each cell by least squares
fit. The best fitting values for r# (in picoamperes) and " (in micrometers) were, respectively:
26.8, 134 (E); 22.1, 129 (%); 5.0, 69 (!); 12.6, 59 (F); 21.3, 103 (Œ); 30.4, 95 (f).
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The principal bipolar cell types of the primate retina
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Fig. 5. The types of ganglion cells
identified thus far in the retina of
the cat. Ongoing work in the rab-
bit and monkey confirms this
diversity, and many of the cells
observed are probably homologs
of those seen in the cat. Courtesy
of D. Berson77–80.
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cat and monkey, a very large, very rare neuron has tonic
responses to light and projects to a pretectal nucleus; it seems
to control pupillary size. A similarly rare neuron projects to the
cat suprachiasmatic nucleus, presumably to entrain circadian
rhythms. Remarkably, this cell seems to be directly photosen-
sitive (D.M. Berson, F.A. Dunn & M. Takao, Invest. Ophthal-
mol. Vis. Sci. 42, S113, 2001)86.

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

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

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

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

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

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

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

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

Wassle et al (1981)



  

Midget Retinal Ganglion Cell Dendritic Field Mosaic

Dacey (1993)
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Primate Retinal Ganglion Cell Receptive Field Mosaics
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Diversity of ganglion cell morphology in macaque retina (Dacey, 2004)

Monostratified cells are on- or off-center. Bistratified cells are on-off.
The midget and parasol cells (left) are the most common and best-studied types, and project to the parvocellular and 
magnocellular divisions of the LGN. Other types are “non-M, non-P” and some project to the interlaminar nuclei of the 
LGN.
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Cell-type classification and receptive fields at single-cone resolution.

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

doi:10.1038/nature09424

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



Cone-type identification and inputs to RGCs.

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

doi:10.1038/nature09424

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

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

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

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

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



Full functional sampling of cone lattice by four RGC types

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

doi:10.1038/nature09424

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


