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Abstract

Retinal circuits transform the pixel representation of photoreceptors into
the feature representations of ganglion cells, whose axons transmit these
representations to the brain. Functional, morphological, and transcriptomic
surveys have identified more than 40 retinal ganglion cell (RGC) types in
mice. RGCs extract features of varying complexity; some simply signal lo-
cal differences in brightness (i.e., luminance contrast), whereas others detect
specific motion trajectories. To understand the retina, we need to know how
retinal circuits give rise to the diverse RGC feature representations. A cata-
log of the RGC feature set, in turn, is fundamental to understanding visual
processing in the brain. Anterograde tracing indicates that RGCs innervate
more than 50 areas in themouse brain.Current maps connecting RGC types
to brain areas are rudimentary, as is our understanding of how retinal signals
are transformed downstream to guide behavior. In this article, I review the
feature selectivities of mouse RGCs, how they arise, and how they are uti-
lized downstream.Not only is knowledge of the behavioral purpose of RGC
signals critical for understanding the retinal contributions to vision; it can
also guide us to the most relevant areas of visual feature space.
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1. INTRODUCTION

Light traverses the circuitry of the retina before the outer segments of photoreceptors absorb it.
The rods and two types of mouse cones differ in absolute and spectral sensitivities but uniformly
reduce glutamate release in response to light (Masland 2001, Wässle 2004). This synaptic signal
is picked up by second-order bipolar cells, which transmit information from the outer plexiform
layer (OPL) to the inner plexiform layer (IPL) (Euler et al. 2014) (Figure 1a). In the IPL, bipolar
cell axons innervate amacrine cells and RGCs, the retina’s output neurons (Demb & Singer 2015,
Diamond 2017).

One of the retina’s most striking features is its neuronal diversity (Figure 1b). The mouse
retina contains three types of photoreceptors (one rod, two cones); one horizontal cell type, which
provides feedback to photoreceptors; 15 bipolar cell types; 63 amacrine cell types; and more than
40 RGC types (Baden et al. 2016, Bae et al. 2018, Helmstaedter et al. 2013, Rheaume et al. 2018,
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Figure 1

Retinal circuit architecture and neuron complement. (a) Simplified schematic of the retina. Rod (R) and cone (C) photoreceptors (PRs)
in the outer retina translate changes in photon flux into changes in glutamate release onto bipolar cell (BC) dendrites and horizontal
cell (HC) axons (rods) and dendrites (cones) in the outer plexiform layer (OPL). ON bipolar cells (open somas) invert the sign of the
PR response, depolarize to light, and stratify their axons in the inner three-fifths of the inner plexiform layer (IPL). OFF bipolar cells
(filled somas) depolarize to light decrements and stratify their axons in the outer two-fifths of the IPL. Bipolar cells synapse onto
amacrine cells (ACs), which make up a diverse class of retinal interneurons, and retinal ganglion cells (RGCs), the eye’s output neurons.
(b) A catalog of the diverse cell types within the five main neuron classes. The mouse retina contains three types of PRs (two cones, one
rod), one HC type, 15 BC types, 63 AC types, and more than 40 RGC types (subsets of the latter two are shown in the figure).
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Figure 2

Retinorecipient brain areas. As illustrated, diverse brain areas receive RGC input. Abbreviations: AAV, anterior amygdaloid area,
ventral; AD, anterodorsal thalamic nucleus; AHN, anterior hypothalamic area; APT, anterior pretectal nucleus; CL, centrolateral
thalamic nucleus; CPT, commissural pretectal nucleus; DCIC, dorsal cortex of the inferior colliculus; dLGN, dorsolateral geniculate
nucleus of the thalamus; DRN, dorsal raphe nucleus; DTN, dorsal terminal nucleus; IGL, intergeniculate leaflet; LHA, lateral
hypothalamic area; LHb, lateral habenula; LHN, lateral hypothalamic area; LP, lateral posterior nucleus of the thalamus; LTN, lateral
terminal nucleus; MeA, medial amygdala, anterior; MePV, medial amygdala, posteroventral; MPT, medial pretectal nucleus; MRN,
midbrain reticular nucleus; MTN, medial terminal nucleus; NOT, nucleus of the optic tract; OPN, olivary pretectal nucleus; PAG,
periaqueductal gray; PB, parabrachial nucleus; PHb, perihabenular nucleus; PN, paranigral nucleus; PP, peripeduncular nucleus; PPT,
posterior pretectal nucleus; RCH, retrochiasmatic area; RGC, retinal ganglion cell; SGN, suprageniculate nucleus; SBPV,
subparaventricular zone; SC, superior colliculus; SCN, suprachiasmatic nucleus; SI, substantia innominate; SON, supraoptic nucleus;
SubG, subgeniculate nucleus; vLGN, ventrolateral geniculate nucleus; VLPO, ventrolateral preoptic area; ZI, zona incerta.

Shekhar et al. 2016,Tran et al. 2019, Yan et al. 2020).The assembly of diverse neurons into specific
circuits is aided by the laminar architecture of the retina (Sanes & Zipursky 2010). The OPL
and the IPL are divided into sublayers. Rods form synapses with their partners (horizontal cell
axons and rod bipolar cells) in the outer OPL, whereas cones contact their partners (horizontal
cell dendrites and cone bipolar cells) in the inner OPL. The IPL has 10 morphologically distinct
sublaminae (Sanes & Zipursky 2010). In the inner six, rod and cone bipolar cells that depolarize to
light increments (i.e., ON bipolar cells) stratify their axons, whereas the outer four are innervated
by cone bipolar cells activated by light decrements (i.e., OFF bipolar cells). RGCs stratify their
dendrites in cell type–specific patterns in the IPL to recruit excitatory and inhibitory input from
unique combinations of bipolar and amacrine cells. These patterns of synaptic input combine with
cell-intrinsic mechanisms to shape the feature preferences of RGCs.

RGCs innervate more than 50 areas of the mouse brain (Martersteck et al. 2017, Morin &
Studholme 2014) (Figure 2). The dorsolateral geniculate nucleus (dLGN) of the thalamus passes
information to the visual cortex and supports conscious visual perception (Kerschensteiner &
Guido 2017, Liang & Chen 2020). The superior colliculus (SC) combines retinal signals with
other sensory inputs to identify salient features and events in the environment, direct attention,
and guide approach toward attractive stimuli and escape from threats (Cang et al. 2018,Dean et al.
1989, Krauzlis et al. 2013). In addition to these major retinorecipient targets innervated by most
RGCs (Ellis et al. 2016, Román Rosón et al. 2019), a large number of brain areas receive type-
restricted RGC input to mediate a wide range of behaviors and influences of light on physiology.
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2. MOTION

Motion is one of the most common visual features that we experience. There are two primary
sources of visual motion: movements of the observer (i.e., self-motion) and movements of objects
in the observed world (i.e., object motion) (Frost 2010). In the retina, movements of the observer
and objects cause global and local image motion, respectively. Motion-processing circuits in the
retina either explicitly distinguish these forms of motion (e.g., object motion–sensitive circuits) or
prefer local or global motion while selectively encoding other motion parameters [e.g., direction-
selective (DS) circuits]. Finally, some retinal circuits respond strongly to objects approaching the
observer (i.e., looming detection circuits) and initiate defensive responses to avoid collisions and
evade predators.

2.1. Direction Selectivity

DS responses pervade the visual system. They help animals infer self-motion from optic flow and
trackmoving objects.Motion direction is computed at multiple stages of the visual system, starting
in the retina.

2.1.1. Direction-selective circuits and retinal ganglion cell types. DS RGCs were first dis-
covered in rabbits (Barlow & Hill 1963, Barlow & Levick 1965, Barlow et al. 1964). The mouse
retina dedicates approximately one-fifth of its output to signaling motion direction. The respec-
tive ganglion cells fall into two categories: ON DS RGCs, which respond to light increments,
and ON-OFF DS RGCs, which respond to light increments and decrements (Figure 3a,b). The
presynaptic circuits of ON and ON-OFF DS RGCs overlap and compute motion direction by
shared mechanisms, while unique mechanisms differentiate the speed and contrast preferences of
ON and ON-OFF DS RGCs to match their behavioral functions (Mauss et al. 2017, Reinhard
et al. 2020, Wei 2018).

At the core of retinal DS circuits, starburst amacrine cells (SACs) provide asymmetric inhibi-
tion to DS RGCs (ON SACs to ON DS RGCs and ON and OFF SACs to ON-OFF DS RGCs)
(Briggman et al. 2011, Fried et al. 2002,Wei et al. 2011, Yonehara et al. 2011). SACs have radially
symmetric dendrite arbors that receive input in their center and send output from their periph-
ery (Briggman et al. 2011, Ding et al. 2016, Famiglietti 1991, Vlasits et al. 2016). Each primary
SAC dendrite with its daughter branches functions as an independent motion sensor, preferring
motion from the soma to the dendrite tips (Euler et al. 2002, Koren et al. 2017, Poleg-Polsky
et al. 2018). This centrifugal motion preference arises from the passive membrane properties of
SAC dendrites, their voltage-gated conductances, distributions of excitatory and inhibitory in-
puts, the dependence of excitatory input kinetics on distance from the soma, and SAC–SAC in-
hibition (Ding et al. 2016, Fransen & Borghuis 2017, Greene et al. 2016, Hausselt et al. 2007,
Kim et al. 2014, Lee & Zhou 2006, Vlasits et al. 2016). Asymmetric connections of SACs with DS
RGCs convert the SAC dendrites’ centrifugal motion preferences into DS inhibition (Briggman
et al. 2011); SAC dendrites pointing in the nasal direction form GABAergic synapses with DS
RGCs that prefer temporal motion, whereas SAC dendrites pointing in the temporal direction
form GABAergic synapses with nasal motion–preferring DS RGCs (Briggman et al. 2011).When
SACs are silenced or killed, DS RGCs respond to motion in all directions (Pei et al. 2015, Vlasits
et al. 2014, Yoshida et al. 2001), and increases and decreases in the SAC dendrites’ retinal cover-
age sharpen and broaden DS RGC tuning, respectively (Morrie & Feller 2018, Soto et al. 2019).
Thus, the subcellular computations of SAC dendrites and their asymmetric inhibitory connections
determine the feature-selective output of DS RGCs.
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Figure 3

Direction-selective (DS) retinal ganglion cell (RGC) types, pathways, and functions. (a) ON and ON-OFF DS RGCs receive
directionally selective inhibition from starburst amacrine cells (SACs). ON DS RGCs also receive input from VGLUT3-expressing
(VG3) amacrine cells. ON DS RGCs preferentially innervate nuclei of the accessory optic system (AOS). Superior (S) and inferior
(I) motion–preferring ON DS RGCs target the ventral and dorsal medial terminal nucleus (MTN), respectively. Temporal (T) [and
potentially nasal (N)] motion–preferring ON DS RGCs target the nucleus of the optic tract (NOT) and dorsal terminal nucleus
(DTN). ON-OFF DS RGCs of all direction preferences innervate the dorsolateral geniculate nucleus (dLGN) shell and the superior
colliculus (SC). (b) Schematic of ON and ON-OFF DS RGC responses to bright bars moving in their preferred direction (PD) and
opposite (i.e., null) direction (ND). ON DS RGCs respond to the leading edge (LE) of the stimulus only, whereas ON-OFF DS RGCs
respond to the LE and the trailing edge (TE). (c) Responses of ON DS RGCs decline sharply with increasing stimulus speed, whereas
ON-OFF DS RGCs signal motion direction over a wide range of speed. Tuning curves in this plot are estimated from Dhande et al.
(2013). (d) Measurements of the optokinetic reflex driven by ON DS RGCs in head-fixed mice. Eye movements are measured by the
differences in the position of the pupil relative to the reflections of an infrared (IR) light source. Panel d adapted with permission from
Shen et al. (2020).

SACs are dual-transmitter neurons that release acetylcholine in addition to GABA (Lee et al.
2010).Cholinergic SAC–DSRGC connectivity is symmetric and supplements the excitatory drive
from bipolar cells, particularly at low contrasts, to stabilize feature selectivity across lighting con-
ditions (Lee et al. 2010, Pearson & Kerschensteiner 2015, Sethuramanujam et al. 2016, Yao et al.
2018).

In addition toGABAergic and cholinergic SAC input,ON-OFFDSRGCs receive glutamater-
gic input from bipolar cells. Two-photon calcium and glutamate imaging initially suggested that
bipolar cell signals are not directionally tuned (Chen et al. 2014, Franke et al. 2017, Park et al.
2014, Yonehara et al. 2013). However, a recent study indicated that glutamate release from some
boutons of type 2 (OFF) and type 7 (ON) bipolar cell axons, which synapse onto ON-OFF DS
RGCs, may be DS (Matsumoto et al. 2020). This bouton-specific tuning relies on cholinergic and
GABAergic modulation of bipolar cell axons by SACs (Matsumoto et al. 2020).

There are four ON-OFF DS RGC types in the mouse retina; they differ in their direction
preferences (retinal direction: superior, inferior, nasal, and temporal) and gene expression and are
labeled in different transgenic mouse lines (Bae et al. 2018, Elstrott et al. 2008, Fiscella et al. 2015,
Huberman et al. 2009, Kay et al. 2011, Rivlin-Etzion et al. 2011, Sabbah et al. 2017, Tran et al.
2019, Trenholm et al. 2013). One of the four, the superior motion–preferring ON-OFFDS RGC,
has asymmetric dendrite arbors that form gap junctions with same-type neighbors (Trenholm
et al. 2013, 2014). This electrical coupling provides an anticipatory drive that counters the lag
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between movement of stimuli and ganglion cell activation, bringing their positions into register
(i.e., lag normalization) (Trenholm et al. 2013, 2014). Gap-junctional coupling also broadens the
direction preferences of superior motion–preferring ON-OFF DS RGCs in dim light, favoring
motion detection over directional precision (Yao et al. 2018). The behavioral significance of these
adjustments and their restriction to a single ON-OFF DS RGC type remains to be determined.

ON-OFFDSRGCs are indirectly inhibited by wide-field amacrine cells, attenuating responses
to global motion. Therefore, ON-OFF DS RGCs preferentially signal object motion direction,
which they encode stably across a wide range of stimulus speeds (Hoggarth et al. 2015,Weng et al.
2005).

ONDS RGCs receive input from ON SACs, four ON bipolar cell types (5i, 5o, 5t, and 7), and
VGLUT3-expressing (VG3) amacrine cells (Krishnaswamy et al. 2015,Lee et al. 2014,Matsumoto
et al. 2019).Two-photon glutamate imaging and electronmicroscopic reconstructions suggest that
the ON bipolar cell and VG3 amacrine cell inputs are arranged asymmetrically across ON DS
RGC dendrites such that motion in the preferred direction activates slower inputs before faster
ones, causing both slow and fast inputs to add up (Matsumoto et al. 2019). In contrast, motion in
the opposite (i.e., null) direction elicits temporally dispersed excitation. Effective summation of
excitation depends on the speed of preferred-direction motion. Thus, asymmetric excitation con-
tributes to the ON DS RGCs’ preference for slow stimulus speeds (Dhande et al. 2013, Gauvain
& Murphy 2015, Matsumoto et al. 2019) (Figure 3c).

Most studies have identified three ON DS RGC types that differ in their direction prefer-
ences (superior, inferior, and temporal), marker expression, and labeling in transgenic mouse lines
(Dhande et al. 2013; Lilley et al. 2019; Martersteck et al. 2017; Yonehara et al. 2008, 2009). A re-
cent study discovered a putative fourth, nasal motion–preferring ON DS RGC using large-scale
two-photon calcium imaging (Sabbah et al. 2017). This study also revealed that the direction pref-
erences of ON and ON-OFF DS RGCs vary across the retina to align with the optic flow fields
generated by movements of mice forward and back and up and down (Sabbah et al. 2017).

In addition to ON and ON-OFF DS RGCs, DS responses have been reported for three RGC
types with asymmetric dendrites ( JAM-B, F-mini-ON, and F-mini-OFF RGCs) (Kim et al. 2008,
Rousso et al. 2016). These RGC types are DS in specific stimulus conditions and robustly encode
other visual features (Cooler & Schwartz 2020, Joesch & Meister 2016, Nath & Schwartz 2017).
To what extent downstream pathways extract information about motion direction from JAM-B,
F-mini-ON, and F-mini-OFF RGC inputs remains to be determined.

2.1.2. Downstream pathways and behavioral significance of retinal direction selectivity.
DS RGCs differentially innervate three pathways (Figure 3a). ON-OFF DS RGC axons prefer-
entially target the dLGN of the thalamus and the SC, whereas ON DS RGC axons preferentially
target nuclei of the accessory optic system (AOS). Recent studies have begun to uncover how
downstream pathways process DS RGC inputs to guide behavior (Rasmussen & Yonehara 2020,
Reinhard et al. 2020).

The dLGN passes signals from the retina to the primary visual cortex (V1) to support vi-
sual perception. The mouse dLGN is divided into a dorsolateral core and a ventromedial shell
(Kerschensteiner & Guido 2017). ON-OFF DS RGCs predominantly innervate the dLGN shell
(horizontal motion–preferring DS RGCs innervate the shell exclusively and vertical motion–
preferring ON-OFF DS RGCs preferentially), while other RGCs innervate the dLGN core
(Cruz-Martín et al. 2014, Hong et al. 2018, Huberman et al. 2009, Kay et al. 2011, Rivlin-Etzion
et al. 2011). High-resolution functional imaging revealed that dLGN neurons in the shell receive
input fromDS RGC axons with similar or near-opposite direction preferences (Liang et al. 2018).
This could, in principle, explain the abundant DS and motion axis–selective responses among
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dLGN shell neurons (Liang et al. 2018, Marshel et al. 2012, Piscopo et al. 2013). Interestingly, in
mice without horizontal motion–preferring DS RGCs, dLGN neuron preferences shift to verti-
cal motion, but some horizontally DS responses persist (Rasmussen et al. 2020). Thus, direction
selectivity in dLGN is partly inherited from the retina and partly generated by other mechanisms
(e.g., computed in the dLGN or inherited from V1 or SC).

The axons of dLGN shell neurons innervate layer 2/3 of V1, whereas dLGN core neurons tar-
get V1’s layer 4, continuing the parallel pathways from the retina (Cruz-Martín et al. 2014). Con-
sistent with the preference of ON-OFF DS RGCs for the dLGN shell, perturbations of retinal
direction selectivity disrupt responses in layer 2/3 but not layer 4, which generates DS responses
from untuned dLGN inputs (Hillier et al. 2017, Lien & Scanziani 2018, Rasmussen et al. 2020).
The deficits in layer 2/3 primarily affect high-speed posterior motion created when mice run for-
ward (Hillier et al. 2017, Rasmussen et al. 2020). The behavioral significance of this ON-OFF DS
RGC-dependent signal to cortical processing and behavior remains to be explored.

The SC integrates multisensory information, directs attention and orienting behaviors, and
guides the pursuit of prey and escape from predators (Cang et al. 2018, Ito & Feldheim 2018).
Most (85–90%) RGCs innervate the superficial SC (sSC) (Ellis et al. 2016, Hofbauer & Dräger
1985), and ON-OFF DS RGC axons stratify at the top of this retinorecipient zone (Huberman
et al. 2009, Kay et al. 2011, Kim et al. 2010, Rivlin-Etzion et al. 2011).Many neurons near the sur-
face of the SC are DS (de Malmazet et al. 2018, Inayat et al. 2015, Ito et al. 2017, Shi et al. 2017).
Unlike the dLGN and V1, SC direction selectivity depends entirely on DS retinal input (Shi et al.
2017). Narrow-field cells are a genetically and morphologically distinct group of DS sSC neurons
that project to the parabigeminal nucleus and deeper layers of the SC (Gale & Murphy 2014,
Reinhard et al. 2019).Narrow-field neuron silencing impairs the ability of mice to detect and pur-
sue prey (Hoy et al. 2019).Whether this contribution of narrow-field cells relies on their direction
selectivity and if predator evasion or other SC-dependent behaviors are driven or modulated by
ON-OFF DS RGC input remain to be tested.

A recent two-photon imaging study revealed that direction preferences in the SC are dis-
tributed inhomogeneously across visual space (de Malmazet et al. 2018). Specifically, SC neurons
in the visual field’s binocular area prefer nasal motion, whereas SC neurons in the monocular
region prefer temporal motion (de Malmazet et al. 2018). This arrangement is well suited to
distinguish optic flow from translations and rotations and may thus guide approach and escape
behaviors.

Mice frequently move their eyes to compensate for head movements (Meyer et al. 2018, 2020;
Michaiel et al. 2020). Two reflexes control gaze-stabilizing eye movements: the optokinetic reflex
and the vestibulo-ocular reflex. The optokinetic reflex is driven by retinal image slip and operates
at head-motion speeds too slow to activate the vestibular system (Faulstich et al. 2004) (Figure 3d).
The optokinetic reflex is mediated by the AOS, which encompasses the nucleus of the optic tract
(NOT), the dorsal terminal nucleus (DTN), and the medial terminal nucleus (MTN) (Simpson
1984). ON DS RGCs dominate input to AOS nuclei (Dhande et al. 2013, Yonehara et al. 2009).
Inferior and superior motion–preferring ON DS RGCs innervate the dorsal and ventral MTN,
respectively, while nasal motion–preferring ON and ON-OFFDS RGCs innervate the NOT and
DTN (Dhande et al. 2013; Kay et al. 2011; Yonehara et al. 2008, 2009) (Figure 3a). Several lines
of evidence suggest that DS RGC inputs to AOS nuclei drive gaze-stabilizing eye movements.
First, SAC ablation or silencing abolishes the optokinetic reflex (Yoshida et al. 2001). Second,
mutations of Frmd7, a common genetic cause of congenital nystagmus in humans (Tarpey et al.
2006), eliminate horizontal direction selectivity in the retina and the horizontal optokinetic re-
flex in mice and humans (Yonehara et al. 2016). Third, mutations that affect the connectivity of
ON DS RGCs with AOS nuclei disrupt gaze-stabilizing eye movements (Osterhout et al. 2015,
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Sun et al. 2015). The preference of ON DS RGCs for slow motion matches the speed tuning of
the optokinetic reflex and complements the vestibulo-ocular reflex.

2.2. Object Motion Sensitivity

Object motion draws animals’ attention (Kingdom & Prins 2016, Sillar et al. 2016). To reliably
detect moving objects, retinal circuits need to distinguish local motion in a scene from global
image motion caused by head and eye movements.

2.2.1. Object motion–sensitive circuits and retinal ganglion cell types. RGCs that distin-
guish local and global motion [i.e., object motion–sensitive (OMS) RGCs] were first identified
in salamanders and rabbits (Baccus et al. 2008, Olveczky et al. 2003). Recently, a group of small
OMS RGCs was identified in mice ( Jacoby & Schwartz 2017, Zhang et al. 2012) (Figure 4a).
Based on transgenic labeling, Zhang et al. (2012) named one cell W3B (or W3), whereas Jacoby
& Schwartz (2017) named four cells, based on morphology and resemblance to a famous rab-
bit RGC (Levick 1967, van Wyk et al. 2006), high-definition 1 (HD1), high-definition 2 (HD2),
ultrahigh-definition (UHD), and local edge detector (LED) RGCs. It appears that UHD RGCs
correspond to W3 RGCs (Schwartz & Swygart 2020). The four OMS RGCs’ dendrites stratify
in the middle of the IPL, where they receive input from rectified transient ON and OFF bipo-
lar cells (Borghuis et al. 2013, Franke et al. 2017). This allows OMS RGCs to respond to local
motion in their receptive field center, independent of the contrast composition (i.e., bright versus
dark elements) of the moving object ( Jacoby & Schwartz 2017, Zhang et al. 2012). In addition,
OMS RGCs receive strong inhibition from their receptive field surrounds. Because this surround
inhibition, like center excitation, is driven by rectified subunits, OMS RGCs are suppressed by
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a b
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W3 HD1 HD2 LED

dLGN

SC

Object
Background

Object

Background

G
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po
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1 2 3
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HD1
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LED

Figure 4

Object motion–sensitive (OMS) retinal ganglion cell (RGC) types, pathways, and functions. (a) Schematic of four small OMS RGCs
identified in the mouse retina. W3 [or ultrahigh-definition (UHD)] RGCs receive excitatory input from VGLUT3-expressing (VG3)
amacrine cells and inhibitory input from TH2 amacrine cells. OMS RGCs are underrepresented or absent from the dorsolateral
geniculate nucleus (dLGN)-projecting set and strongly innervate the superior colliculus (SC). (b) VG3 amacrine cells distinguish local
(2) and global (1) or surround (3) motion in their response polarity, whereas TH2 amacrine cells distinguish these stimuli in their
response kinetics. All OMS RGCs respond strongly to isolated motion in their receptive field center, independent of the stimulus
pattern, but are suppressed by simultaneous motion in the surround (i.e., global motion). Additional abbreviations: HD1,
high-definition RGC type 1; HD2, high-definition RGC type 2; LED, local edge detector RGC.
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global motion independent of the pattern of the shifting scene ( Jacoby & Schwartz 2017, Zhang
et al. 2012) (Figure 4b). The four OMS RGC types prefer different motion speeds and delays be-
tween center and surround motion ( Jacoby & Schwartz 2017), indicating that they may cooperate
in signaling the speed of object motion relative to the observer.

Dissections of the composition and computations of W3 RGC circuits have provided interest-
ing results. In addition to bipolar cells,W3 RGCs receive glutamatergic input fromVG3 amacrine
cells (Kim et al. 2015, Krishnaswamy et al. 2015, Lee et al. 2014). VG3 amacrine cells are them-
selves OMS and selectively amplify this feature in the W3 RGC response (Hsiang et al. 2017,
Kim et al. 2015) (Figure 4b). VG3 amacrine cells’ dendrites are larger than those of bipolar cells
but process inputs locally and, therefore, signal object motion with high spatial precision (Chen
et al. 2017, Hsiang et al. 2017). The insertion of VG3 amacrine cells into the vertical pathway to
W3 RGCs could delay excitation during motion in the receptive field center, allowing surround
inhibition to cancel center excitation effectively during global image motion (Krishnaswamy et al.
2015) and/or enhance OMS responses by adding a layer of surround inhibition to the excitatory
pathway (Kim & Kerschensteiner 2017, Kim et al. 2015).

W3 RGCs receive surround inhibition from TH2 amacrine cells (Brüggen et al. 2015, Kim &
Kerschensteiner 2017,Knop et al. 2011), which respond to local and global motion but distinguish
between these stimuli in their response kinetics (Kim & Kerschensteiner 2017) (Figure 4b).
Thus, global motion activates TH2 amacrine cells quickly, whereas local motion depolarizes them
slowly. Slow depolarizations fail to elicit GABA release from TH2 amacrine cells, and differences
in response kinetics are thus translated into global motion–selective inhibition ofW3 RGCs (Kim
&Kerschensteiner 2017). Thus, the OMS responses ofW3 RGCs are shaped by the complemen-
tary actions of two amacrine cells. VG3 amacrine cells amplify responses to local motion, while
TH2 amacrine cells suppress responses to global motion (Kim&Kerschensteiner 2017,Kim et al.
2015).

2.2.2. Downstream pathways and behavioral significance of retinal object motion sensi-
tivity. Transgenic labeling revealed that W3 (UHD) RGC axons target the upper layer of the
retinorecipient sSC (Zhang et al. 2012) (Figure 4a). Disynaptic tracing showed that HD1 and
HD2 RGCs innervate sSC neurons that send signals to the parabigeminal nucleus and the lateral
posterior (LP) nucleus of the thalamus (i.e., the mouse pulvinar) (Reinhard et al. 2019). The tar-
gets of OMS RGCs in the sSC include wide-field cells, a genetically and morphologically distinct
neuron type that innervates the LP nucleus of the thalamus (Gale &Murphy 2014). As their name
suggests, wide-field neurons have large dendrites and correspondingly large receptive fields.How-
ever, they prefer motion of small objects anywhere within their receptive fields (Gale & Murphy
2014). Besides OMSRGC input, there are two key ingredients to theOMS responses of wide-field
cells. First, dendritic spikes propagate signals elicited by object motion anywhere within their large
dendritic arbors to the soma (Gale &Murphy 2016). Second, inhibitory inputs from sSC horizon-
tal cells suppress responses to movements of large objects (Gale & Murphy 2016). Intriguingly,
wide-field neuron silencing selectively impairs the mouse’s ability to detect prey without affecting
its pursuit (Hoy et al. 2019).

Retrograde labeling studies suggest that OMS RGCs are underrepresented in the dLGN-
projecting set, indicating that among the two major retinorecipient targets, OMS RGCs pref-
erentially innervate the SC (Ellis et al. 2016, Román Rosón et al. 2019) (Figure 4a).

2.3. Looming Detection

Among object trajectories, a collision course with the observer is most alarming. Approaching ob-
jects cast expanding shadows (i.e., looming) that elicit innate defensive responses in most animals,
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Figure 5

Looming detection and defensive behavior. (a) In looming detection circuits of the retina, VGLUT3-expressing (VG3) amacrine cells
provide feature-selective excitatory input to W3 and tOFFα retinal ganglion cells (RGCs), which drive innate defensive responses
through projections to the superior colliculus (SC). W3 RGCs combine this excitatory input with inhibition from TH2 amacrine cells,
whereas tOFFα RGCs receive tonic inhibition from AII amacrine cells, which is relieved during looming. (b) Looming causes mice to
flee to a virtual shelter and freeze (dashed lines indicate stimulus start and stop). (c) Two-photon calcium imaging of VG3 amacrine cell
dendrites. (d) Looming responses are restricted to the proximal layers of the VG3 dendrite arbor. (e, f ) By combining shared excitatory
input with dissimilar inhibition, W3 and tOFFα RGCs encode the onset and speed of approach motion, respectively. Panels b–f
adapted from Kim et al. (2020).

from insects to humans (Fotowat & Gabbiani 2011, Peek & Card 2016). Mice use vision to evade
aerial predators (De Franceschi et al. 2016, Yilmaz &Meister 2013). Studies are beginning to elu-
cidate the retinal circuits, RGC types, and downstream pathways that detect looming and drive
innate defensive responses in mice.

2.3.1. Looming detection circuits and retinal ganglion cell types. Many RGCs respond to
looming; fewer distinguish looming from related forms of motion (receding, white looming, etc.)
(Münch et al. 2009, Reinhard et al. 2019). Knowing which retinal circuits drive innate defensive
responses helps prioritize studies of looming processing. A recent study identified such a circuit
in the mouse retina (Kim et al. 2020) (Figure 5a). At the core of this circuit, VG3 amacrine cells,
which receive input from ON and OFF bipolar cells, respond strongly to looming and weakly
to related forms of motion. This preference arises from the stimulus-specific timing of excita-
tion and inhibition. During looming, transient excitation precedes sustained inhibition, whereas
excitation and inhibition coincide in response to expanding bright stimuli (Kim et al. 2020). The
looming preferences of VG3 amacrine cells are enhanced by dendritic processing.Thus, looming-
sensitive calcium transients in the VG3 dendrite arbor’s proximal layer are segregated fromweaker
responses to related forms of motion in the distal dendrite layer (Kim et al. 2020) (Figure 5c,d).

The proximal layer of the VG3 dendrite arbor provides glutamatergic input to two RGC types
(W3 and tOFFαRGCs) that have been suggested to signal approaching aerial predators (Kim et al.
2015, 2020; Krishnaswamy et al. 2015; Lee et al. 2014; Münch et al. 2009; Zhang et al. 2012).W3
and tOFFαRGCs combineVG3 excitation with dissimilar inhibition to encode the onset (i.e., crit-
ical size) and speed of looming, respectively (Figure 5e,f ). During looming,W3 RGCs, like VG3
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amacrine cells, receive transient excitation followed by sustained inhibition, in part from TH2
amacrine cells (Kim & Kerschensteiner 2017, Kim et al. 2020). This input sequence restricts W3
RGC responses to the onset of looming (critical size is approximately 4.5°). For stimuli expand-
ing at different speeds, W3 RGC excitation and inhibition covary, keeping response amplitudes
constant. Thus, W3 RGCs encode the onset (critical size) of looming independent of its speed
(Kim et al. 2020). In contrast, tOFFα RGCs receive tonic inhibition, in part from AII amacrine
cells, which is relieved by looming (Kim et al. 2020, Münch et al. 2009). Because excitation and
disinhibition diverge as a function of stimulus speed, tOFFα RGC responses encode the speed
of looming (Kim et al. 2020, Münch et al. 2009). The divergent feature representations of W3
and tOFFα RGCs resemble response types observed in looming-sensitive neurons in the pigeon
tectum (equivalent to the SC of mice), indicating a conserved strategy in assessing predatory ap-
proaches (Sun & Frost 1998).

2.3.2. Downstream pathways and behavioral significance of retinal looming detection.
Deletion of VG3 amacrine cells attenuates W3 and tOFFα RGCs’ looming responses and di-
minishes defensive (flight and freeze) reactions to looming (Kim et al. 2020) (Figure 5b). W3
and tOFFα RGCs innervate the sSC (Huberman et al. 2008, Reinhard et al. 2019, Zhang et al.
2012), which mediates defensive responses to visual threats (Blanchard et al. 1981, Dean et al.
1989, Sahibzada et al. 1986, Wei et al. 2015). On average, neurons in the sSC are innervated by
six RGCs (Chandrasekaran et al. 2007). How input from W3, tOFFα, and other RGC types is
combined to shape looming responses in the sSC remains to be explored. Neurons in the sSC
respond robustly to looming (Lee et al. 2020, Reinhard et al. 2019, Zhao et al. 2014a). They in-
herit feature preferences from the retina, while input from V1 amplifies looming responses and
enhances behavioral reactions to visual threats (Liang et al. 2015,Wang & Burkhalter 2013, Zhao
et al. 2014a).

The responses of mice to looming depend on the environment and stimulus parameters. If
shelters are available, thenmice run to safety and freeze, even if threats are presented between them
and the shelter (Vale et al. 2017, Yilmaz & Meister 2013). Escape delays depend on the stimulus
salience (i.e., contrast) (Evans et al. 2018). Mice quickly learn the positions of shelters and update
their escape behavior when shelters are moved (Vale et al. 2017). The shelter direction is conveyed
continuously to the SC from the retrosplenial cortex and combined with threat assessments from
the retina (Vale et al. 2020). When no shelters are available, mice freeze in place in response to
looming (Vale et al. 2017,Wei et al. 2015, Yilmaz & Meister 2013), a behavior that is also elicited
by sweeping visual stimuli (De Franceschi et al. 2016).

Looming signals of sSC neurons propagate along three pathways to shape defensive responses.
First, sSC signals percolate to deeper layers of the SC (dSC). Compared to the sSC, dSC neu-
rons are more selective for looming and depend less on stimulus positions, encode the behavioral
salience (e.g., contrast) of the stimulus, and adapt quickly to repeated presentations (Evans et al.
2018, Lee et al. 2020). Neurons in the dSC innervate the dorsal periaqueductal gray with weak
and unreliable excitatory connections that act as a threshold for escape initiation (Evans et al.
2018). dSC neurons also innervate GABAergic neurons in the ventral tegmental area, which re-
spond to looming and inhibit the central amygdala (CeA). Inhibition of the CeA via this pathway
promotes escape (Zhou et al. 2019). Second, sSC neurons provide input to the LP either directly
or via the SC’s intermediate layers. In turn, LP neurons send signals to the lateral amygdala (LA)
(Wei et al. 2015). Optogenetic silencing and activation of neurons in these pathways prevent and
promote freezing, respectively (Shang et al. 2018, Wei et al. 2015, Zingg et al. 2017). Third, sSC
neurons innervate the parabigeminal nucleus (PBGN), which passes signals to the CeA (Shang
et al. 2015). Optogenetic manipulations in this pathway suggest that it regulates escape responses
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to visual threats, although the evidence is somewhat mixed (Evans et al. 2018; Shang et al. 2015,
2018; Zingg et al. 2017).

The sSC neurons that project to LP versus PBGN pathways receive input from overlapping
but distinct RGC types (Reinhard et al. 2019). In addition, axon collaterals of one SC-projecting
RGC type innervate GABAergic neurons in the dorsal raphe nucleus (DRN); these neurons in-
hibit their serotonergic DRN neighbors to promote escapes (Huang et al. 2017). In addition to
understanding how different RGC types and different downstream pathways cooperate to initiate
and guide defensive responses, determining where and how environmental factors and internal
states intersect with visual signals to adapt behavioral responses to the animal’s needs is an inter-
esting area for future investigation (Evans et al. 2019).

3. ORIENTATION SELECTIVITY

Preferences for the orientation of static or moving stimuli (i.e., orientation selectivity) are
prominent in the visual system, beginning in the retina. Different excitatory and inhibitory
mechanisms give rise to orientation-selective (OS) responses of RGCs. Similar to DS RGCs,
the contributions of OS RGCs to responses downstream are complex and target specific; their
behavioral significance remains obscure.

3.1. Orientation-Selective Circuits and Retinal Ganglion Cell Types

OS RGCs were first identified in pigeons (Maturana & Frenk 1963) and rabbits (Levick 1967),
where circuit mechanisms have been studied in some detail (Antinucci & Hindges 2018). More
recently, robust OS responses were recorded in the mouse retina (Baden et al. 2016, Pearson
& Kerschensteiner 2015, Zhao et al. 2013). Four morphologically and functionally distinct OS
RGCs have been identified (Nath & Schwartz 2016, 2017) (Figure 6a). Two OS RGCs prefer
light increments (ON OS RGCs), and two prefer light decrements (OFF OS RGCs). In each
category, one OS RGC prefers horizontal and the other vertical stimulus orientations (Nath &
Schwartz 2016, 2017).

The excitation of ON OS RGCs is tuned to their preferred stimulus orientation, and their
inhibition is orthogonally tuned (Figure 6b). ONOS RGCs receive excitatory input from bipolar
cells. Horizontal ON OS RGCs have horizontally elongated dendrite arbors and receive more
bipolar cell input for stimuli aligned with their dendritic orientation (Nath & Schwartz 2016).
In contrast, vertical ON OS RGCs have symmetric dendrite arbors, raising questions about their
excitation tuningmechanisms. Because bipolar cells do not have oriented dendrites, onemay spec-
ulate that presynaptic inhibition confers orientation selectivity to the output of some bipolar cell
axons, similar to recent observations in DS circuits (Matsumoto et al. 2020). Orientation-tuned
bipolar cell output has been observed in zebrafish but remains to be explored in the mouse retina
( Johnston et al. 2019). Inhibition of vertical and horizontal ON OS RGCs is provided by OS
GABAergic amacrine cells (Bloomfield 1994, Murphy-Baum & Taylor 2015, Nath & Schwartz
2016).

OFF OS RGCs combine orientation-tuned excitation and untuned inhibition (Nath &
Schwartz 2017) (Figure 6b). Intriguingly, rather than glutamatergic input from bipolar cells, gap-
junctional input from OS amacrine cells with asymmetric dendrites drives OFF OS RGC re-
sponses (Nath & Schwartz 2017). Thus, OS amacrine cells are critical for the feature selectivity
of ON (synaptic inhibition) and OFF (gap junctions) OS RGC responses. The identity of OS
amacrine cells and how dendritic orientations and computations shape their feature preferences
remain to be uncovered.
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Figure 6

Orientation-selective (OS) retinal ganglion cell (RGC) types, pathways, and functions. (a) Four OS RGCs have been identified in mice;
they respond to light increments (ON) or decrements (OFF) and one of two cardinal stimulus orientations [horizontal (hOS) and
vertical (vOS)]. (b) Spatial profiles of dendrite, spike, excitatory, and inhibitory receptive fields of the four OS RGCs. The OS input to
OFF OS RGCs is provided by gap junctions, likely with OS amacrine cells (ACs). Panel adapted with permission from Antinucci &
Hindges (2018). (c) OS RGCs project to the dorsolateral geniculate nucleus (dLGN) shell and the superior colliculus (SC). Functional
imaging of the sSC revealed that the orientation preferences of neurons are arranged concentrically around the center of the visual
field. Panel adapted from Ahmadlou & Heimel (2015) (CC BY 4.0).

3.2. Downstream Pathways and Behavioral Significance of Retinal
Orientation Selectivity

The vertical OFF OS RGC, also known as the JAM-B RGC, innervates the dLGN shell and the
upper layer of the sSC (Kim et al. 2008, Nath & Schwartz 2017) (Figure 6c). OS responses have
been recorded in both targets (Marshel et al. 2012, Piscopo et al. 2013, Scholl et al. 2013, Wang
et al. 2010, Zhao et al. 2013).

In the dLGN,OS (or motion axis–selective) responses are restricted to the shell (Marshel et al.
2012, Piscopo et al. 2013) and are partially inherited from OS RGCs and partially constructed by
combining input from DS RGCs with opposite direction preferences (Liang et al. 2018). Restric-
tion to the shell suggests that OS signals from the retina and dLGN reach the superficial layers
of V1 through a distinct channel, similar to DS signals (Cruz-Martín et al. 2014). The contribu-
tion of this channel to cortical processing and its behavioral purpose remains to be elucidated.
Independently, V1 layer 4 neurons derive OS responses from untuned dLGN inputs, as originally
proposed by Hubel & Wiesel (1962; see also Lien & Scanziani 2013).

Approximately 20% of sSC neurons are OS (de Malmazet et al. 2018, Wang et al. 2010). In
vivo two-photon imaging revealed that the orientation preferences of sSC neurons are organized
into columns (Ahmadlou & Heimel 2015, Feinberg & Meister 2015). Neurons within each col-
umn prefer the same stimulus orientation throughout the depth of the sSC. Surprisingly, adjacent
columns not only differ in their orientation preferences, but also cover different areas of visual
space (Ahmadlou & Heimel 2015, Feinberg & Meister 2015). Consequently, orientation prefer-
ences are distributed inhomogeneously across visual space with gaps in coverage (Ahmadlou &
Heimel 2015, de Malmazet et al. 2018, Feinberg & Meister 2015). Intriguingly, sSC columns in
the binocular part of the mouse visual field prefer horizontal stimulus orientations, whereas sSC
columns in the monocular part are concentrically arranged in visual space (Ahmadlou & Heimel
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2015, de Malmazet et al. 2018) (Figure 6c). The behavioral significance of this arrangement and
its interactions with the independent direction selectivity maps of the SC remain to be uncovered.

4. LUMINANCE CONTRAST

Spatiotemporal variations in brightness (i.e., luminance contrast) are a fundamental feature of
visual scenes and shape our perception of the world (Delorme et al. 2000,Kaplan 2008, Stone et al.
1990).Most RGCs, including those with higher-order feature selectivities, are activated by simple
luminance contrast stimuli (e.g., flashing bright or dark spots). Yet, from rodents to primates, one
RGC class is active in featureless environments and suppressed by contrast.

4.1. Contrast Detection

The orthodox view of RGC function is that their center-surround receptive fields extract local
luminance contrast (Kuffler 1953). However, even among the more conventional mouse RGC
types, recent studies have identified diverse receptive field architectures and synaptic mechanisms
that differentiate contrast preferences to fit behavioral demands that remain to be fully understood.

4.1.1. Contrast detection circuits and retinal ganglion cell types. This section reviews three
groups of contrast-encoding mouse RGCs: α RGCs, PixON RGCs, and F RGCs (Figure 7a).
When targeting large cell bodies in the ganglion cell layer of the mouse retina, one consistently
records three RGC types: one with sustained ON responses, one with sustained OFF responses,
and one with transient OFF responses (Margolis & Detwiler 2007, Murphy & Rieke 2006, Pang
et al. 2003). Based on morphological similarities to cat RGCs, these cells are called α RGCs
(Boycott &Wässle 1974, Pang et al. 2003, Sun et al. 2002). Sustained ONα (sONα) and sustained
OFFα (sOFFα) RGCs form a paramorphic pair (i.e., ON and OFF versions of a morphological
type), possibly homologous to α (-like) RGC pairs in other rodents, cats, nonhuman primates, and
humans (Boycott & Wässle 1974, Dacey & Petersen 1992, Peichl et al. 1987, Soto et al. 2020,
Vitek et al. 1985).

Despite their paramorphy, sONα and sOFFα differ functionally beyond their preference for
ONversusOFF stimuli. sONα and sOFFαRGCs exemplify two canonical arrangements of excita-
tory and inhibitory receptive fields (Figure 7a). sONα RGCs receive excitation from ON bipolar
cells and inhibition from amacrine cells driven by the same bipolar cells (i.e., ON amacrine cells)
(Morgan et al. 2011, Park et al. 2018, Schwartz et al. 2012). In this feedforward circuit, sONα

RGCs’ firing to temporal contrast is driven by excitation (Murphy & Rieke 2006). Type 6 bipo-
lar cells account for approximately 70% of the excitatory input to sONα RGCs (Morgan et al.
2011, Schwartz et al. 2012, Tien et al. 2017). Tonic glutamate release from type 6 bipolar cells
contributes to the high firing rates of sONα RGCs at the mean light level in an environment
and their exquisite sensitivity to small fluctuations around the mean (i.e., high contrast sensitivity)
(Sabbah et al. 2018, Schwartz et al. 2012, Zaghloul et al. 2003). Interestingly, sONα RGCs can
substitute B6 cells with a type-specific complement of other bipolar cells to preserve their high
contrast sensitivity and linear response functions when B6 cells are ablated during development
(Tien et al. 2017).

In contrast, sOFFα RGCs receive excitation from OFF bipolar cells—including a unique den-
driteless type—and inhibition fromON amacrine cells (Della Santina et al. 2016,Murphy&Rieke
2006, Pang et al. 2003). In this push–pull circuit, the firing of sOFFα RGCs to temporal contrast
is driven by the coincidence of excitation and disinhibition (Murphy & Rieke 2006).

In addition to differences in temporal contrast processing, sONα and sOFFα RGCs integrate
spatial contrast differently. The nonlinear subunits of sONα RGC receptive fields allow them to
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Figure 7

Contrast-encoding α, PixON, and F retinal ganglion cells (RGCs), pathways, and functions. (a) Schematic of four α RGCs (sONα,
sOFFα, tONα, tOFFα), the PixON RGC, and four F RGCs (F-mini-ON, F-mini-OFF, F-midi-ON, F-midi-OFF) and the spatial
profiles of their dendrites and spike, excitatory, and inhibitory receptive fields. (b) α and PixON RGCs project to the dorsolateral
geniculate nucleus (dLGN) core, whereas F RGCs project to the dLGN shell. Projections to the dLGN and superior colliculus (SC)
mediate image-forming functions of vision. In addition, sONα RGCs densely innervate the ventrolateral geniculate nucleus (vLGN)
and intergeniculate leaflet (IGL) to mediate non-image-forming functions. Additional abbreviations: 1Hb, lateral habenula; DRN,
dorsal raphe nucleus; Re, nucleus reuniens; V1, primary visual cortex; VTA, ventral tegmental area.

respond to luminance-invariant changes in stimulus patterns (i.e., nonlinear spatial integration),
whereas sOFFα RGCs sum stimulus intensity across their receptive fields and respond only if the
result changes (i.e., linear spatial integration) (Krieger et al. 2017, Schwartz et al. 2012). In addition
to extending response functions to higher spatial frequencies (i.e., finer spatial detail), nonlinear
interactions of bipolar cells, which comprise the receptive field subunits, sensitize sONα RGCs
to motion (Kuo et al. 2016). In dim light, the spatial integration of sONα RGCs becomes linear,
as the membrane potential of the bipolar cells depolarizes to a linear input–output range (Grimes
et al. 2014). This switch to linear integration may average out noise from quantal fluctuations in
photon absorption and preserve contrast sensitivity at the expense of fine spatial detail in dim light
(Grimes et al. 2014).

Finally, sONα but not sOFFα RGCs encode luminance (Schmidt et al. 2014, Sonoda et al.
2018).The luminance encoding of sONαRGCs depends on their expression of the photopigment
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melanopsin—sONα RGCs are, therefore, also known as M4 intrinsically photosensitive RGCs
(ipRGCs) (Ecker et al. 2010).Melanopsin mediates only small photocurrents in sONα RGCs, but
second messengers close potassium channels to increase sONα RGC excitability and firing rates
in a light-dependent manner (Ecker et al. 2010, Jiang et al. 2018, Schmidt et al. 2014, Sonoda et al.
2018). It has been suggested that bipolar cells also contribute to the luminance encoding of sONα

RGCs (Sabbah et al. 2018).
Transient OFFα (tOFFα) RGCs combine OFF excitation with ON inhibition (i.e., push–pull

circuit), and their firing to temporal contrast relies on coincident excitation and disinhibition
(Murphy & Rieke 2006, Pang et al. 2003) (Figure 7a). As discussed in Section 2.3, VG3 amacrine
cells contribute to the excitation of tOFFα RGCs, and AII amacrine cells contribute to their tonic
inhibition (Kim et al. 2020, Krishnaswamy et al. 2015, Lee et al. 2014,Münch et al. 2009). tOFFα

RGCs integrate spatial information nonlinearly and are highly sensitive to motion, particularly
approach motion (Kim et al. 2020, Krieger et al. 2017, Münch et al. 2009). In addition, tOFFα

RGCs receive gap-junctional input, which increases their sensitivity to dim light flashes (Murphy
& Rieke 2011).

Recent studies identified a putative paramorphic partner of transient tOFFα RGCs. tONα

RGCs are labeled with the other αRGCs in Kcgn4-Cre transgenic mice; express the group-specific
markers SMI32 and SPP1; cluster with the other α RGCs in transcriptomic analyses; and, like
the other α RGCs, have narrow action potentials (Krieger et al. 2017, Tran et al. 2019). tONα

RGCs integrate spatial information nonlinearly. The stimulus preferences of tONα RGCs and
underlying circuit mechanisms remain to be studied in more detail.

In primates, midget RGCs mediate high-acuity vision. The simple preferences of midget
RGCs, particularly in the fovea, resemble photoreceptor pixel representations (Sinha et al. 2017).
A recent study identified a pixel-encoder RGC type (PixON RGCs) with noncanonical recep-
tive fields in mice ( Johnson et al. 2018) (Figure 7a). PixON RGCs receive only excitatory input
(from ON bipolar cells) for stimuli overlaying their dendrites and only inhibitory input (from
ON amacrine cells) for stimuli outside of their dendrite arbors ( Johnson et al. 2018). Excitatory
inputs to PixON RGCs integrate spatial information linearly, and, because of tonic excitation and
high baseline firing rates, PixON RGCs signal increases and decreases in stimulus intensity ap-
proximately linearly ( Johnson et al. 2018). The exclusion of inhibition from the receptive field
center increases the gain of excitation-to-spike conversion. The truly lateral inhibition from the
donut-shaped inhibitory receptive fields is provided by spiking GABAergic amacrine cells and is
temporally matched to excitation, simplifying the contrast encoding of PixON RGCs and enhanc-
ing the representation of edges in a scene ( Johnson et al. 2018).

An analysis of transcription factor profiles revealed that approximately 20% of RGCs express
the forkhead/winged-helix domain protein FOXP2 (i.e., F RGCs) (Rousso et al. 2016). The
F RGC family has four members comprising two paramorphic pairs named for their arbor
size and contrast preferences, F-midi-ON and F-midi-OFF and F-mini-ON and F-mini-OFF
(Rousso et al. 2016) (Figure 7a). The four F RGCs coexpress unique combinations of FOXP1
and BRN3a-c with FOXP2, suggesting that a combinatorial transcription factor code drives
their differentiation (Rousso et al. 2016). F-midi-ON cells respond exclusively to light incre-
ments, F-midi-OFF cells respond more robustly to light decrements, and both F-midi-ON and
F-midi-OFF cells prefer small stimuli (Rousso et al. 2016). Other stimulus preferences and the
underlying circuit mechanisms remain to be uncovered.

F-mini-ON and F-mini-OFF RGCs are the second and third most abundant RGC types in
the mouse retina, respectively, and account for 13% of all RGCs (Rousso et al. 2016). Despite
differences in their dendritic stratification, both F-mini-ON (bistratified) and F-mini-OFF
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(monostratified) RGCs respond to light increments and decrements (Cooler & Schwartz 2020).
Intriguingly, the ON and OFF receptive fields of F-mini-ON RGCs are consistently offset, with
OFF fields offset 30–40 μm ventrally from ON fields (Cooler & Schwartz 2020). Rather than
glutamate release from OFF bipolar cells, gap-junctional coupling to F-mini-OFF RGCs delivers
OFF excitation to F-mini-ON RGCs and vice versa (Cooler & Schwartz 2020). On average, four
F-mini-OFF RGCs are coupled to each F-mini-ON RGC, and approximately four F-mini-ON
RGCs are coupled to each F-mini-OFF RGC. In conjunction with dendritic asymmetries, this
unexpected consummation of their paramorphic pairing accounts for the offset between the
ON and OFF receptive field of F-mini-ON and F-mini-OFF RGCs, which modeling suggests
increases the precision of edge detection in the retina (Cooler & Schwartz 2020).

4.1.2. Downstream pathways and behavioral significance of retinal contrast detection. Al-
though projection patterns remain to be mapped comprehensively and cell type specifically, trans-
genic labeling and retrograde tracing revealed that α RGCs, PixON RGCs, and F RGCs target the
dLGN (Ecker et al. 2010, Ellis et al. 2016,Huberman et al. 2008, Johnson et al. 2018,Martersteck
et al. 2017, Román Rosón et al. 2019, Rompani et al. 2017, Rousso et al. 2016) (Figure 7b). α

RGCs and PixON RGCs innervate the dLGN core, and F RGCs innervate the dLGN shell, indi-
cating that they provide input to parallel pathways from the retina to V1 (Cruz-Martín et al. 2014,
Ecker et al. 2010, Huberman et al. 2008, Johnson et al. 2018, Martersteck et al. 2017, Rompani
et al. 2017, Rousso et al. 2016).

The convergence of RGC axons onto thalamocortical (TC) projection neurons in the dLGN
has been analyzed extensively (Liang & Chen 2020). Recent anatomical and functional evidence
indicates that 10 or more RGCs converge onto each TC neuron, but a few dominate its responses
(Hammer et al. 2015, Litvina & Chen 2017, Morgan et al. 2016, Rompani et al. 2017). Different
modes of functional convergence can be distinguished.Whereas some TC neurons combine input
from a single or functionally similar RGC type(s) (i.e., relay mode), others combine input from
RGCs with different feature preferences (i.e., combination mode) (Liang et al. 2018, Rompani
et al. 2017). α RGCs and PixON RGCs are overrepresented in the dLGN-projecting set and con-
tribute to relay-mode and combination-mode convergence, which preserves and transforms, re-
spectively, the RGCs’ responses on the way to V1 (Piscopo et al. 2013, Román Rosón et al. 2019,
Rompani et al. 2017, Suresh et al. 2016). TC neurons of the dLGN core project to layer 4 of
V1. Precise spatial offsets of approximately 80 converging ON and OFF TC neurons generate
OS responses in V1 layer 4 neurons, and spatial offsets combine with temporal mismatches (i.e.,
transient-sustained, sustained-transient) of ON and OFF TC neurons to generate DS responses
(Lien & Scanziani 2013, 2018; Liu et al. 2010).

A recent study found that sONα RGCs determine the perceptual threshold for dim light de-
tection in mice, likely through signals propagating along the retino-geniculo-cortical pathway
(Smeds et al. 2019).

Axon collaterals of α RGCs, PixON RGCs, and F RGCs innervate the sSC (Ecker et al. 2010,
Ellis et al. 2016, Hong et al. 2011, Huberman et al. 2009, Johnson et al. 2018, Martersteck et al.
2017, Rousso et al. 2016) (Figure 7b). Functional evidence indicates that approximately six RGCs
converge onto each sSC neuron (Chandrasekaran et al. 2007). Unlike TC neurons (Grubb &
Thompson 2003),most sSC neurons combine inputs fromON andOFF responsive RGCs (Wang
et al. 2010). Recently, Reinhard et al. (2019) analyzed the RGC complements that provide input
via the sSC to the PBGN and LP. They found that sOFFα, tOFFα, tONα, PixON, F-mini-ON,
and F-midi-ON RGCs distribute input evenly between both pathways. In contrast, sONα RGCs
send signals preferentially to the PBGN, F-mini-OFF RGCs send signals preferentially to the
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LP, and F-midi-OFF RGCs send signals to neither (Reinhard et al. 2019). These distinct RGC
complements’ contributions to feature representations along these pathways and behavior remain
to be uncovered.

Recently, sONα RGCs were found to dominate input to two pathways through the ventrolat-
eral geniculate nucleus (vLGN) and intergeniculate leaflet (IGL),which, together with the dLGN,
make up the LGNcomplex (Monavarfeshani et al. 2017) (Figure 7b). First, sONαRGCs innervate
GABAergic neurons in the vLGN and IGL that project to the lateral habenula (LHb) and medi-
ate antidepressant effects of light (Huang et al. 2019). Second, sONα RGCs innervate CaMKIIα
neurons in the vLGN and IGL, which provide a mixture of excitation and inhibition to the nu-
cleus reuniens (Re) to promote spatial memory formation (Huang et al. 2021). Antidepressant and
memory-promoting effects are thought to rely on luminance rather than contrast signals. How
parallel pathways through the LGN complex extract different information from the sONα RGC
inputs (the dLGN extracting contrast information and the vLGN and IGL extracting luminance
information) is a fundamental open question.

4.2. Suppressed-by-Contrast Signals

All of the RGCs discussed above fire action potentials to signal positive contrast features (ON),
negative contrast features (OFF), or both (ON-OFF).However, one conserved RGC class is active
in featureless environments and silenced by contrast.

4.2.1. Suppressed-by-contrast circuits and retinal ganglion cell types. Suppressed-by-
contrast (SbC) RGCs were first discovered in rabbits and cats (Levick 1967, Rodieck 1967) and
later identified in nonhuman primates (de Monasterio 1978). Because they prefer featureless
environments, SbC RGCs have also been called uniformity detectors (Levick 1967, Sivyer &
Vaney 2010, Sivyer et al. 2010). Recently, two groups characterized SbC RGCs with different
suppression kinetics in mice ( Jacoby et al. 2015, Tien et al. 2015) (Figure 8a,b). Transient SbC
(tSbC) RGCs stop firing for approximately 0.5 s after light increments or decrements (Tien et al.
2015), whereas sustained SbC (sSbC) RGCs are silenced for the duration of light steps (up to
20 s) ( Jacoby et al. 2015). tSbC RGCs have also been described as delayed ON RGCs because
their firing rates can rebound above baseline after light increments transiently suppress them
( Jacoby & Schwartz 2018, Mani & Schwartz 2017). Both tSbC and sSbC RGCs have bistratified

a b

VG3

tSbC sSbC

CRH1

Intensity

tSbC

sSbC

AII

Figure 8

Suppressed-by-contrast RGC types. (a) Schematic illustration of tSbC and sSbC RGCs and the presynaptic amacrine cell types that
shape the suppressive contrast encoding. (b) Schematic of transient and sustained spike suppression light increments and decrements in
tSbC and sSbC RGCs, respectively. Abbreviations: AII, amacrine cell; CRH1, corticotropin-releasing hormone-expressing amacrine
cell type 1; RGC, retinal ganglion cell; sSbC, sustained suppressed-by-contrast; tSbC, transient suppressed-by-contrast; VG3,
VGLUT3-expressing amacrine cell.
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dendrites but receive glutamatergic input only from ON bipolar cells ( Jacoby et al. 2015, Tien
et al. 2015). ON excitation is weak and overwhelmed by ON inhibition, whereas suppression of
tonic excitation coincides with inhibition at light OFF ( Jacoby et al. 2015, Tien et al. 2015). The
arbors of tSbC RGCs have frequent recursions in which dendrites from the OFF layer dive back
to the ON layer and ON dendrites ascent to the OFF layer far from the soma (Ivanova et al.
2013, Tien et al. 2015, Zhu et al. 2014). Recursive dendrite arbors are also a hallmark of SbC
RGCs in rabbits (Sivyer & Vaney 2010).

Inhibition kinetics differentiate the suppressive responses of tSbC and sSbC RGCs. tSbC
RGCs receive transient, predominantly glycinergic inhibition at light ON and OFF (Tien et al.
2015). Optogenetic and anatomical circuit mapping identified VG3 amacrine cells as a source of
tSbC RGC inhibition (Lee et al. 2016, Tien et al. 2016). This, in turn, identified VG3 amacrine
cells as dual transmitter neurons, which use their two transmitters (glutamate and glycine) in a
target-specificmanner (Lee et al. 2016,Tien et al. 2016). Interestingly, the transient VG3 amacrine
cells preferentially synapse onto the ascending and descending processes of tSbC dendrites, pro-
viding a functional explanation for this conserved morphological feature (Tien et al. 2016). Type-
specific cell deletion showed that VG3 amacrine cells silence tSbC RGCs in response to small
OFF stimuli (Tien et al. 2016). The amacrine cells that inhibit tSbC RGCs in response to ON
and large OFF stimuli remain to be identified. In contrast, sSbC RGCs receive sustained predom-
inantly GABAergic inhibition at light ON and OFF ( Jacoby et al. 2015). Paired recordings and
type-specific cell ablation demonstrated that CRH-1 amacrine cells are the source of sustainedON
inhibition to sSbC RGCs ( Jacoby et al. 2015). The amacrine cells that inhibit sSbC RGCs in re-
sponse to OFF stimuli remain to be identified. Thus, tSbC and sSbC RGCs illustrate how specific
amacrine cell combinations shape the feature representations of the retinal output. The modular-
ity of interneuron circuits in the retina may be replicated in other parts of the nervous system.

4.2.2. Downstream pathways and behavioral significance of retinal suppressed-by-contrast
signals. The projection patterns of tSbC RGCs and sSbC RGCs remain to be analyzed in detail,
but recent retrograde labeling experiments indicated that SbC-responsive cells abound among the
dLGN-projectingRGCs (RománRosón et al. 2019). SbC responses have also been recorded in the
dLGN and V1 of mice and nonhuman primates (Niell & Stryker 2010, Piscopo et al. 2013, Zeater
et al. 2015), suggesting that tSbC and sSbC RGC signals may propagate along dedicated pathways
from the retina to the cortex. In addition, SbC responses could arise independently at subsequent
stages of the retino-geniculo-cortical pathway, analogous to OS and DS responses (Niell 2013).
SbC RGC inputs also converge with conventional RGC inputs in the dLGN (Liang et al. 2018).
The function of SbC signals, which have also been recorded in the SC, remains mysterious (Ito
et al. 2017, Masland & Martin 2007). Current hypotheses range from contrast gain control of
conventional signals to detection of self-generated visual stimuli (e.g., eye movements and blinks)
(Masland & Martin 2007, Tailby et al. 2007, Tien et al. 2015).

4.3. Luminance Encoding

Ambient light levels influence a wide range of physiological processes and behaviors (i.e., non-
image-forming vision). The persistence of these influences (e.g., circadian photoentrainment and
suppression of melatonin) in patients and mice without rods and cones, and the loss of these in-
fluences in enucleated mice and Math5 mutants, which lack signals from the eye to the brain,
suggested the existence of another photoreceptive neuron in the retina (Brzezinski et al. 2005,
Czeisler et al. 1995, Ebihara & Tsuji 1980, Freedman et al. 1999, Lucas et al. 1999, Wee et al.
2002, Zaidi et al. 2007).
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Figure 9

Melanopsin-expressing RGC types and pathways. (a) Schematic illustration of M1–M3 ipRGCs. (b) M1 ipRGCs send luminance signals
to a wide range of brain areas that mediate image-forming and non-image-forming functions. Abbreviations: AHN, anterior
hypothalamic area; dLGN, dorsolateral geniculate nucleus; IGL, intergeniculate leaflet; ipRGC, intrinsically photosensitive RGC;
LHA, lateral hypothalamic area; LHb, lateral habenula; MeA, medial amygdala, anterior; OPN, olivary pretectal nucleus; PAG,
periaqueductal gray; PHb, perihabenular nucleus; RGC, retinal ganglion cell; SC, superior colliculus; SCN, suprachiasmatic nucleus;
SON, supraoptic nucleus; vLGN, ventrolateral geniculate nucleus; VLPO, ventrolateral preoptic area.

4.3.1. Luminance-encoding circuits and retinal ganglion cell types. Through retrograde
tracing from the suprachiasmatic nucleus (SCN), the source of circadian rhythms and the site of
their photoentrainment, Berson et al. (2002) discovered RGCs that remained light sensitive when
pharmacologically or physically removed from the retina. Hattar et al. (2002) demonstrated that
these ipRGCs express melanopsin, a photopigment previously identified in the retina (Provencio
et al. 1998, 2000), and project to brain areas involved in non-image-forming vision. Since then,
several melanopsin-expressing (M) ipRGC types have been distinguished in mice, and their con-
tributions to physiology and behavior are being deciphered. The ipRGCs have been reviewed
comprehensively elsewhere (Aranda & Schmidt 2020, Do 2019, Do & Yau 2010, Lazzerini Ospri
et al. 2017, Van Gelder & Buhr 2016). In this section, I highlight recent advances in our under-
standing of ipRGC diversity and the downstream pathways through which they shape physiology
and behavior.

The count of ipRGC types is up to six (M1–M6) (Figure 9a). TheM1 ipRGCs initially identi-
fied by Berson et al. (2002) have the largest intrinsic photocurrents and signal changes in average
luminance, with little response to transient or local fluctuations in light intensity (i.e., contrast)
(Ecker et al. 2010, Zhao et al. 2014b). By comparison, M2–M6 ipRGCs have small intrinsic pho-
tocurrents. Driven by synaptic inputs, the spike trains of M2–M6 ipRGCs encode contrast (Ecker
et al. 2010, Quattrochi et al. 2018, Zhao et al. 2014b). In addition, the average firing rates of
M2–M4 ipRGCs signal average luminance (Ecker et al. 2010, Zhao et al. 2014b). To what extent
this luminance signal reflects sustained excitatory synaptic inputs, intrinsic photocurrents, and
melanopsin’s influences on excitability remains to be determined (Ecker et al. 2010, Sabbah et al.
2018, Sonoda et al. 2018, Zhao et al. 2014b). InM4 ipRGCs (also known as sONαRGCs), second-
messenger signals from melanopsin close potassium channels, increasing input resistance and the
impact of synaptic excitation (Sonoda et al. 2018). Thus, increases in luminance raise the contrast
sensitivity of M4 ipRGCs, highlighting the importance of understanding the interactions of in-
trinsic and synaptic signals in ipRGCs (Sonoda et al. 2018). Luminance encoding of M5 ipRGC
(also known as PixON RGCs) has not been explored ( Johnson et al. 2018, Stabio et al. 2017), and
M6 ipRGCs appear not to signal luminance (Levine & Schwartz 2020).
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The dendrites of M1–M6 ipRGCs stratify in different patterns. M1 dendrites stratify in the
IPL’s OFF sublamina; M2, M4, and M5 dendrites stratify in the ON sublamina; and M3 and M6
dendrites are bistratified, targeting the ON and OFF sublamina. Despite differences in stratifica-
tion, the dendrites of all ipRGC types receive glutamatergic input exclusively from ON bipolar
cells (Ecker et al. 2010, Quattrochi et al. 2018, Zhao et al. 2014b). M1 dendrites recruit ON
bipolar cell inputs from axons passing through the IPL’s OFF layer (Dumitrescu et al. 2009,
Hoshi et al. 2009). The vast majority (approximately 95%) of en-passant synapses are formed by
type 6 bipolar cells and differ ultrastructurally from their terminal synapses (Sabbah et al. 2018).
The purpose of this arrangement and functional consequences of the en-passant synapse ultra-
structure remain to be uncovered.

Luminance varies by >109 from moonless nights to sunny days (Rieke & Rudd 2009). Encod-
ing this vast brightness range with a single neuron type could result in poor luminance resolu-
tion. However, recent studies revealed that M1 ipRGCs divide the light intensity range among
themselves to encode luminance accurately as a population (Milner & Do 2017) and identified
mechanisms underlying this population coding (Emanuel et al. 2017, Lee et al. 2019). Milner &
Do (2017) discovered that most M1 ipRGCs have nonmonotonic intensity-response functions, in
which firing rates rise from darkness to a preferred-luminance peak and then decline as lights get
brighter (Milner & Do 2017). Sodium channel inactivation from increasing depolarizations ac-
counts for the bright-light decline (Milner&Do 2017).The biophysical properties ofM1 ipRGCs
determine the setpoint of this depolarization block, and the differences among them distribute in-
tensity encoding across the population (Emanuel et al. 2017). Rod-driven synaptic inputs extend
the luminance encoding of M1 ipRGCs to dim light levels. Lee et al. (2019) discovered that a sub-
set of M1 ipRGCs receive no rod input and that the strengths of rod-drivenM1 ipRGC responses
covary with their dendritic complexity. Thus, morphological, input, and biophysical variation of
M1 ipRGCs support robust population encoding of ambient light levels. This gain in luminance
resolution comes at the cost of spatial resolution.

4.3.2. Downstream pathways and behavioral significance of retinal luminance signals. M1
ipRGCs send luminance signals to numerous brain areas involved in non-image-forming vision
(Hattar et al. 2002, 2006) (Figure 9b). M1 ipRGCs were discovered through their projections
to the SCN (Berson et al. 2002). When M1 ipRGCs are ablated, photoentrainment is lost, and
circadian rhythms run free (Göz et al. 2008, Güler et al. 2008, Hatori et al. 2008). M1 ipRGCs
also provide input to the shell of the olivary pretectal nucleus (OPN) (Hattar et al. 2002, 2006).
SCN-projecting and OPN-projecting M1 ipRGCs differ in their expression of the transcription
factor Brn3b. SCN-projecting M1 ipRGCs are BRN3b-negative, whereas OPN-projecting M1
ipRGCs are BRN3b-positive (Chen et al. 2011). An intersectional cell ablation strategy revealed
that the BRN3b-positive M1 ipRGCs are required for normal pupillary light responses (mediated
by the OPN) but dispensable for circadian photoentrainment, which relies on BRN3b-negative
M1 ipRGCs (Chen et al. 2011).

M1 ipRGCs exhibit further diversity in their synaptic output. Most M1 ipRGCs release gluta-
mate and the neuropeptide pituitary adenylyl cyclase–activating polypeptide (PCAP) (Engelund
et al. 2010, Hannibal et al. 2002). PCAP plays a modulatory role in circadian photoentrainment
(Beaulé et al. 2009; Colwell et al. 2004; Kawaguchi et al. 2003, 2010) and supports sustained pupil
constriction in response to light (Keenan et al. 2016). Intriguingly, Sonoda et al. (2020) discovered
a subset of M1 ipRGCs that releases GABA to dampen the sensitivity of circadian photoentrain-
ment and pupil constriction in response to light. This may explain the discrepancy between the
high light sensitivity of M1 ipRGCs and the low light sensitivity of the behaviors they mediate
(Sonoda et al. 2020).
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Mice are nocturnal rodents that forage at night and sleep in the day. In addition to circadian
rhythms in sleep–wake cycles, light pulses early in the night promote sleep acutely (Borbély 1978,
Lupi et al. 2008). Different M1 ipRGCs and brain areas mediate the circadian and acute light
effects on sleep. BRN3b-negative M1 ipRGC projections to the SCN entrain circadian sleep–
wake cycles,whereas BRN3b-positiveM1 ipRGCprojections to the ventrolateral preoptic nucleus
regulate sleep acutely (Rupp et al. 2019).

Projections of BRN3b-negative M1 ipRGCs to the SCN have also been shown to mediate the
detrimental effects of shortened (3.5 h–3.5 h) light–dark cycles on spatial learning independent
of circadian rhythms, whereas projections of BRN3b-negative M1 ipRGCs to the perihabenular
nucleus of the thalamus mediate adverse effects on mood (Fernandez et al. 2018, LeGates et al.
2012). Interestingly, 2–3-h bright-light pulses have been shown to improve spatial learning and
increase resilience to adverse stimuli in mice on a normal (12 h–12 h) light–dark cycle. These
memory- andmood-enhancing effects of light were shown to bemediatedM4 ipRGC (also known
as sONα) signals propagating via the IGL and vLGN to the Re and the LHb, respectively (Huang
et al. 2019, 2021).

5. REGIONAL SPECIALIZATION AND COLOR PROCESSING

In many species, RGCs are unevenly distributed across the retina. The dendrites of most RGCs
maintain constant overlap with same-type neighbors.Therefore, dendritic and receptive field sizes
scale as the inverse of RGC density (Masland 2001,Wässle 2004). Areas of high density and small
receptive field size are referred to as acute zones (Baden et al. 2020). When looking at the overall
RGC density, no acute zones are apparent in the mouse retina (Dräger & Olsen 1981, Jeon et al.
1998). However, Bleckert et al. (2014) discovered that sONα and sOFFα RGCs are packed more
densely in the temporal retina, which covers the binocular visual field in mice. Acute zones in the
binocular field (i.e., area centralis) are near-universal signs of functional binocular vision (Cartmill
1974, Pettigrew 1986). Therefore, the cell type–specific area centralis suggests that sONα and
sOFFα RGCs play an important role in binocular vision of mice.

Additional inhomogeneities in RGC type distributions have been reported for W3 RGCs (en-
riched in the ventral retina), F RGCs except for F-midi-ON (enriched in the ventral retina), pos-
terior motion–preferring ON-OFF DS RGCs (enriched in the temporal retina), PixON RGCs
(or M5 ipRGCs, enriched in the nasal retina), and GABAergic M1 ipRGCs (enriched in the
dorsotemporal retina) (El-Danaf & Huberman 2019, Rousso et al. 2016, Sonoda et al. 2020,
Zhang et al. 2012). In cases where these apparent inhomogeneities were detected by trans-
genic labeling, independent confirmation is needed. In all cases, the impact of inhomogeneous
feature representations on downstream processing and their behavioral purpose remain to be
discovered.

Color processing varies along the dorsoventral axis of the mouse retina. Mice have two types
of cone photoreceptors: true S-cones, which express only the short-wavelength-sensitive (S-)
opsin, and mixed M/S-cones, which coexpress S- and middle-wavelength-sensitive (M-) opsins
(Applebury et al. 2000, Haverkamp et al. 2005, Nadal-Nicolás et al. 2020, Ng et al. 2001, Wang
et al. 2011). True S-cones are abundant in the ventral retina, where they account for up to
30% of all cones, but are sparse in the dorsal retina (Nadal-Nicolás et al. 2020). Furthermore,
mixed M/S-cones express predominantly S-opsin in the ventral and M-opsin in the dorsal retina
(Applebury et al. 2000, Haverkamp et al. 2005, Nadal-Nicolás et al. 2020, Ng et al. 2001, Wang
et al. 2011). This asymmetry matches the spectral compositions of the upper (sky-dominated)
and lower (ground-dominated) visual fields viewed by the ventral and dorsal retina, respectively
(Baden et al. 2013).
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A dedicated S-cone bipolar cell type (i.e., type 9) has been identified in mice (Breuninger
et al. 2011, Haverkamp et al. 2005) and recently shown to be enriched in the ventral retina
(Nadal-Nicolás et al. 2020).Blue–yellow opponent RGC types that utilize input fromS-cone bipo-
lar cells have been identified in several species (Chichilnisky & Baylor 1999, Dacey & Lee 1994,
Sher & DeVries 2012). However, in mice, no single RGC type appears to be dedicated to color-
opponent signaling. Instead, color opponency is restricted to the ventral retina and distributed
across RGC types (Szatko et al. 2020). In primates, color-opponency relies on circuit comparisons
of different cones through type-specific wiring. In mice, the majority of color-opponent RGCs
rely on one of two regionally restricted mechanisms. First, in the opsin transition zone around the
horizon, RGCs, by chance and position, can have different M- and S-opsin weights in their re-
ceptive field center versus surround (Chang et al. 2013). Second, in the ventral retina, some RGCs
compare S-opsin-dominant cone input in their center to middle-wavelength-sensitive rod signals
in their surround ( Joesch & Meister 2016, Szatko et al. 2020). Consistent with these regional
mechanisms, color-opponent responses in the dLGN are restricted to the dorsal visual field, and
mice can only distinguish chromatic stimuli above the horizon (Denman et al. 2017, 2018).

6. SUMMARY

Recent years have seen tremendous progress in the cataloging of RGCs. Anatomical, functional,
and transcriptomic surveys agree that there are more than 40 RGC types in mice (Baden et al.
2016, Bae et al. 2018, Rheaume et al. 2018, Tran et al. 2019). The feature selectivities and circuit
mechanisms of only a minority of these cells have been studied in detail, and therefore,much work
remains. Beyond filling in these gaps, challenges remain in trying to understand how individual
RGCs encode multiple features (i.e., multiplexing), as in sONα RGCs signaling luminance and
contrast; how features are encoded in the activity of RGC populations; and how they are extracted
from naturalistic stimuli (Turner et al. 2019).

By comparison to our knowledge of RGC types and the circuit mechanisms that underlie their
feature preferences, our understanding of the downstream pathways and behavioral significance
of RGC signals remains rudimentary. Many of the relevant paragraphs of this review might have
ended in “Here be dragons.” I hope that more researchers will venture into these scarcely explored
territories; trace the projection patterns of more RGC types; and elucidate how their signals are
demultiplexed, transformed, and combined with other sensory inputs and information about in-
ternal states to guide behavior. This is critical for understanding the retina’s diverse contributions
to vision and will also anchor investigations of retinal processing.
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A B S T R A C T

Retinal ganglion cells (RGCs) were one of the first classes of sensory neurons to be described in terms of a
receptive field (RF). Over the last six decades, our understanding of the diversity of RGC types and the nuances of
their response properties has grown exponentially. We will review the current understanding of RGC RFs mostly
from studies in mammals, but including work from other vertebrates as well. We will argue for a new paradigm
that embraces the fluidity of RGC RFs with an eye toward the neuroethology of vision. Specifically, we will focus
on (1) different methods for measuring RGC RFs, (2) RF models, (3) feature selectivity and the distinction
between fluid and stable RF properties, and (4) ideas about the future of understanding RGC RFs.

1. Introduction

The most outstanding feature in the present analysis is the flexibility
and fluidity of the discharge patterns arising in each receptive field ….
Stability […] disappears when one or more of several parameters,
such as the adaptation level, stimulus intensity, and area of illumi-
nation, are changed singly or in combination. In the absence of a fixed
pattern from the whole receptive field, it does not appear accurate
enough to speak of “on, ” “on-off” or “off” fibers in the cat's retina.

-Steven Kuffler (1953).

Remarkably, Steven Kuffler in the first description of receptive fields
in a mammalian retina, already realized the fluidity of the concept of a
receptive field (RF) (Kuffler, 1953). Sixty-five years later, we are still
grappling with the difficulty of capturing concisely and completely how
the visual world is encoded in the firing patterns of retinal ganglion
cells (RGCs).

Another insight in Kuffler's 1953 paper that was decades ahead of its
time was that a complete understanding of the visual code of the retina
must capture how populations of RGCs signal together. The retina has
emerged as one of the premier systems for the study of population codes
(Meister, 1996; Shlens et al., 2008), but we will restrict our discussion here
to the RF properties of individual RGCs, an enormous field on its own. The
early history of RFs as a tool to characterize visual neurons has been re-
viewed elsewhere (Spillmann, 2014), and recent reviews have focused on
RGC typology (Sanes and Masland, 2015) and principles of retinal com-
putation (Gollisch and Meister, 2010). As our understanding of RGCs has
improved, a set of studies over the last several years has brought new
emphasis to the concept of RF fluidity. Fluidity of RGC computations with

light adaptation was the focus of another recent review (Rivlin-Etzion
et al., 2018). We will discuss RGC RFs from this new perspective.

1.1. Conservation of RGC structure and function across species

While understanding the function of human RGCs is an important
long-term goal of retinal research, we rely on animal models, so it is
important to take stock of our current understanding of cross-species
homology. Conscious visual perception in humans and non-human
primates is dominated by the fovea, where the midget system with
single cone resolution was a relatively recent evolutionary adaptation.
In the peripheral retina, there are a wide variety of RGC types across
many vertebrate species. Morphological similarity has been a key cri-
terion for determining possible homologies between RGC types in dif-
ferent species, and compelling correspondence has been established
from humans to non-human primates, to cats, and to rabbits (Goodchild
et al., 1996; Rodieck, 1998; Sivyer et al., 2011). Studies have estimated
similar RGC morphological diversity in primate (Dacey et al., 2003), cat
(Boycott and Wassle, 1974; Isayama et al., 2000), rabbit (Rockhill et al.,
2002), rat (Huxlin and Goodchild, 1997), and mouse (Kong et al., 2005;
Sun et al., 2002; Völgyi et al., 2009). In several cases, functional par-
allels between species have also been established. Melanopsin expres-
sing RGCs serve non-image forming visual functions in a set of path-
ways conserved across human (Provencio et al., 2000), non-human
primate (Dacey et al., 2005), rat (Hannibal et al., 2014), mouse (Hattar
et al., 2002), and chick (Bailey and Cassone, 2005). A functionally si-
milar RGC type in rabbit, mouse, and non-human primates has been
hypothesized to play a role in smooth pursuit eye movements (Puller
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et al., 2015). Orientation selectivity (OS) is conserved in rabbit, mouse,
and even teleost fish (Antinucci et al., 2016), and the OS computation
in these different species may even involve morphologically homo-
logous amacrine cells (Bloomfield, 1994; Hoshi and Mills, 2009; Nath
and Schwartz, 2017; Wagner and Wagner, 1988).

This review will include results from many of these species, with an
emphasis on mouse, where genetic tools have led to a recent explosion
in new information about RGC types, circuits, and computations. Much
of the data in this field comes from ex vivo preparations in which the
retina is preserved in a light-responsive state outside of the animal. In
rodents, the firing properties of RGCs measured in vivo in the optic
nerve (Nobles et al., 2012) and ex vivo (Pang et al., 2003) are quite
comparable. Several recent studies have also made direct links between
RGC firing patterns measured ex vivo and responses in retino-recipient
brain areas, like dorsal lateral geniculate nucleus (dLGN), measured in
vivo (Piscopo et al., 2013; Román Rosón et al., 2018; Tikidji-
Hamburyan et al., 2015).

Despite these encouraging signs suggesting that ex vivo preparations
from a variety of animals share structural and functional motifs with
the human retina, we should keep in mind the limitations that come
from this set of model systems. RGC measurements from non-primates
are likely to be poor comparisons for perceptual tasks involving the
fovea that make up the majority of human psychophysics. The human
peripheral retina – which contains the overwhelming majority of retinal
area, diversity of RGC types, brain targets, and evolutionary history – is
largely homologous to the retina of other species. Much work in visual
neuroscience places emphasis on the fovea due to the fac t that humans
have many concious visual perceptions such as reading. It is important
to remember, when thinking about the diversity of RGC types and
functions, that most of the circuitry linking photoreception to behavior
lies outside the perceptual pipeline from retina to thalamus to cortex.

1.2. Defining a receptive field

The visual world is multi-dimensional and contains a wide variety of
features. As the sole visual input to the brain, RGCs represent the be-
haviorally relevant complexity of the visual world in their spike trains.
Unlike the pixel representation of a visual scene captured by the pho-
toreceptors, RGCs transmit highly processed visual information about
motion, shape, color, size, contrast, etc. The mammalian retina contains
∼100 different types of interneurons that process visual signals into
∼40 parallel channels defined by each RGC type (Baden et al., 2016;
Bae et al., 2018; Masland, 2012; Sanes and Masland, 2015). The most
general definition of a RGC RF would be a complete understanding of
the stimulus to response relationship – the map between spatiotemporal
patterns of light and RGC spikes.

Given the complexity of retinal circuits, a concise definition of the
RF of a RGC includes simplifying assumptions and is necessarily in-
complete. The central simplifying assumption in defining a receptive
field is that it represents a static entity. We know that there are nu-
merous sites of adaptation throughout the retina (Baccus and Meister,
2002; Rieke and Rudd, 2009), so any static RF represents, at best, a
snapshot of the system in a particular steady state. Section 4 will probe
this assumption in detail, exploring which aspects of RFs change with
stimulus conditions and which are invariant.

Even for a static RF representation, there are tradeoffs associated
with additional simplifying assumptions. In Section 3, we will examine
a range of RF models from the simplest center-surround difference-of-
Gaussians to substantially more detailed models. Models of RFs, of
course are based on data, so before examining the models, we will
discuss the various methods that have been employed to measure RGC
RFs (Fig. 1) and the different kinds of data they provide.

2. Methods for measuring RGC receptive fields

The first-order classification of a RGC RF is generally made on the

basis of the polarity of its light response. RGCs are classified as ON,
OFF, or ON-OFF based on whether their firing rate increases at the
onset of a light stimulus, the offset of the stimulus, or both (Sanes and
Masland, 2015). A lesser-known fourth class of RGCs is the suppressed-
by-contrast (SbC) RGCs, which decrease their steady firing at both light
onset and offset (Jacoby et al., 2015; Levick, 1967; Mastronarde, 1983;
Sivyer et al., 2011, 2010; Tien et al., 2015; Troy et al., 1989). After
polarity, RF size is emphasized in RGC classification because the size of
the RF has been associated with perceptual acuity (Dowling, 1967;
Peichl and Wassle, 1979). The kinetics of RGC light responses (i.e.
transient verses sustained) is another aspect of their RFs that has helped
researchers distinguish between RGC types and describe their different
functions (Baden et al., 2016; Caldwell and Daw, 1978; Lee, 1996;
Levick, 1967; Silveira et al., 2004). We will see that other aspects of
RGC responses (e.g. contrast sensitivity, spatial frequency sensitivity)
and selectivity for specific features (e.g. direction of motion or or-
ientation) are less commonly included in typical RFs, but they are vital
in appreciating and predicting the full range of RGC light responses.

Methods for measuring RGC RFs have typically focused on the three
aspects of light responses mentioned above: polarity, size, and kinetics.
Not all methods are appropriate for all three properties, and we will
emphasize how the RF one measures depends on methodology (Peichl
and Wassle, 1979). There are also tradeoffs in experimental speed,
parallelization, and precision (see Table 1).

2.1. Sparse noise

The measurement of RGC RFs in mammals began with Kuffler's

Fig. 1. Stimuli used for measuring RGC RFs.
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1953 characterization of cat RGCs. He employed a method now known
as “sparse noise” (Brown et al., 2000; Jones et al., 1987; Reid et al.,
1997). A small exploratory spot of light is randomly placed over the
visual world and the response of the neuron is recorded (Daw, 1968;
Kuffler, 1953; Rodieck and Stone, 1965). The spatial extent of the re-
ceptive field is defined as the region in which the spot elicits a response.
A key advantage of the sparse noise method is that the distribution of
responses is easily interpreted into the RF. The method also enables the
experimenter to probe the polarity of the RGC, even allowing for the
simultaneous measurement of separate ON and OFF RFs for ON-OFF
cells. Sparse noise offers information about response kinetics only if
each presentation of the exploratory spot is sufficiently long in dura-
tion, increasing the time of the experiment. Disadvantages of the sparse
noise method include that it takes many repetitions and spatial loca-
tions to generate a robust RF, that it is not easily parallelizable (i.e. only
one or possibly several cells can be measured at a time), and that the
estimate of RF size is dependent on the size and intensity of the ex-
ploratory spot (Field and Chichilnisky, 2007; Kuffler, 1953).

2.2. Spots of various sizes

One method that naturally follows from sparse noise is using spots
of various sizes (Enroth-Cugell and Lennie, 1975; Partridge and Brown,
1970; Peichl and Wassle, 1979; Sakmann and Creutzfeldt, 1969; Wiesel,
1960). Spots of different diameters are presented at a fixed location,
and the smallest spot size that generates the maximal response is de-
signated as having measured the size of the center of the RF. This
method is highly interpretable and can rapidly offer information about
polarity, size, and kinetics. The major disadvantage of this method is
that it assumes circular symmetry, estimating the size but not the shape
of the RF. Fine spatial structure and orientation selectivity cannot be
measured by the spots-of-various-size method. Since the spots must be
aligned to the RF center for the measurement to be valid, it is not robust
to alignment errors, and it is not parallelizable at all; only one RGC can
be measured at a time. Additionally, this method conflates the strength
of suppression in the RF surround with the size of the center (Fig. 2).

2.3. Drifting gratings

Enroth-Cugel and Robson developed an alternative method for
measuring RFs involving drifting gratings (Enroth-Cugell and Robson,
1966). A sinusoidal drifting grating represents a single spatial fre-
quency. The authors measured contrast sensitivity at different spatial
frequencies of the grating. They then used the inverse Fourier transform
to convert their measurements from the frequency domain to the spatial
domain, thus estimating a spatial RF. This method was revolutionary at
the time, and it allowed for rapid measurement of the spatial RF with a
stimulus to which most RGCs respond robustly. The drifting gratings
method is also suitable for measuring many RFs simultaneously,
making it useful for large-scale multi-electrode array recordings or
calcium imaging studies (Borghuis et al., 2011; DeVries, 1999). Another
advantage of this method that has led to its adoption in cortex is that,
when gratings are presented at different orientations, it provides mea-
surements of orientation and direction selectivity (De Valois et al.,
1982). Despite these advantages, measuring a RGC RF using drifting
gratings also has several disadvantages. Like the spots-of-various-size
method, it does not resolve fine substructure within the RF center, and
it conflates suppressive surround strength with center size. It also offers
little information about response kinetics, since firing is controlled by
the modulation frequency of the stimulus. Finally, while presenting a
moving stimulus is useful to activate RGCs robustly, measuring a static
spatial RF from a moving stimulus relies on the assumption that flashed
images and moving objects are represented similarly in the retina.
While this has been shown to be a reasonable assumption for certain
RGCs in the regime of low contrast and low spatial frequency (Cooper
et al., 2016), static and moving stimuli have also been shown to beTa
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represented differently in many retinal circuits (Berry et al., 1999; Chen
et al., 2013; Kim and Kerschensteiner, 2017; Kuo et al., 2016; Manookin
et al., 2018; Schwartz et al., 2007; Vaney et al., 2012; Zhang et al.,
2012).

2.4. Spatiotemporal white noise

Building on the linear systems approach of Enroth-Cugel and
Robson, spatiotemporal white noise has become the most common
stimulus employed to investigate RGC RFs (Brown et al., 2000;
Chichilnisky, 2001; DeAngelis et al., 1995; Devries and Baylor, 1997;
Field et al., 2010; Field and Chichilnisky, 2007; Gauthier et al., 2009;
Reid et al., 1997; Yu and De Sa, 2003). In this method, a “checker-
board” with randomly flickering squares is presented to the retina and
spike responses are recorded from RGCs. The straightforward method of
spike-triggered-averaging (STA) – computing the mean stimulus se-
quence preceding a spike for each RGC – allows researchers to measure
RFs from many cells in parallel. Using small checkers can reveal fine
structure in spatial RFs, and response kinetics can be inferred from the
mean temporal filter of the center pixels for each cell. These advantages
have made spatiotemporal white noise the method of choice for most
RGC RF mapping studies, and variations have been developed, in-
cluding circular annuli (Fransen and Borghuis, 2017; Sakai and Naka,
1987), full field contrast flicker to investigate temporal responses in
isolation (Fukada, 1971; Manookin et al., 2015), and random color
checkboards to measure the contributions of individual cones (Field
et al., 2010).

Despite the ubiquity of the spatiotemporal white noise STA ap-
proach, several important disadvantages limit interpretations of RFs
measured by this method. One critical limitation of the standard STA
approach is that it does not reveal separate ON and OFF RF components
for ON-OFF cells. ON-OFF cells are classified as either ON or OFF based
on which polarity dominates, and a perfectly balanced ON-OFF RF
would cancel completely. This problem can be mitigated to some extent
by more sophisticated analyses of the spike-triggered stimulus ensemble
(Cantrell et al., 2010; Fairhall et al., 2006) – an issue we will return to
below in our discussion of RF models.

Kinetic information is also limited in the spatiotemporal white noise

method. One can extract a temporal kernel from the RF center pixels,
but the kernel predominantly represents information near the temporal
frequency of the stimulus (i.e. the refresh rate of the checkerboard). The
STA computation filters out both high and low temporal frequencies.
This is a general problem in applying a linear analysis, like STA, to the
nonlinear responses of RGCs, and we will explore the issue of non-
linearities in space and time in greater detail in the next section.

Finally, there is a tradeoff between the resolution of the stimulus
(checker size) and the activation strength of different components of the
RGC RF. Checkers that are very small compared to the RF center allow
for fine resolution RF maps but create low total contrast across the RF
center, so many cells respond weakly or not at all. The size vs. re-
solution tradeoff is even more problematic in the RF surround because
its large integration area corresponds to extremely low contrast for
small checkers. Thus, it is difficult to measure RF surrounds with spa-
tiotemporal white noise, and estimates of center vs. surround strength
are confounded by the choice of stimulus resolution (Fig. 3). The op-
posite problem occurs with excessive activation of a suppressive sur-
round. Some RGC types are suppressed completely for wide-field sti-
muli and are, thus, silent for spatiotemporal white noise (Jacoby and
Schwartz, 2017; Zhang et al., 2012).

2.5. Filter back-projection

A recently introduced method called filter back-projection (FBP)
combines some of the advantages of sparse noise with the paralleliz-
ability of spatiotemporal white noise (Johnston et al., 2014). As op-
posed to randomly flashing spots, bars are flashed at different positions
and at five or more orientations. The RF can then be computed using a
method from X-ray scans called the inverse Radon transform (Radon,
1986). Like the related sparse noise method, FBP allows for the separate
measurement of ON and OFF components of the RF, and the kinetics of
RGC responses can be measured for sufficiently long stimulus durations.
Unlike the classical sparse noise method, FBP is suitable for parallel
measurements of RGC RFs on a multi-electrode array or by functional
calcium imaging (although, unlike spatiotemporal white noise, experi-
ment time scales with the total area being mapped). Because the stimuli
are long bars, FBP is particularly useful for measuring orientation-

Fig. 2. Estimated RF center size can depend on
surround strength. (A) Schematic of the sum of a
fixed RF center with either a weak or a strong sur-
round. (B) A model of normalized response (integral
of RF) as a function of spot size for 3 different
strengths of the surround. The RF center size is fixed.
This is the response one would measure with the
spots-of-varying-size technique. Arrowheads indicate
the spot size giving the peak response, often used as a
measure of the RF center size. (C) Relationship be-
tween the standard deviation of the RF center
Gaussian and the estimated RF size from the peak
response for 3 different surround strengths as in (B).
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selective RFs. While it is generally more efficient than spatiotemporal
white noise at measuring the basic shapes of RGC RFs, FBP is limited in
its ability to resolve fine structure within the RF. Another disadvantage
is that it is prone to projection artifacts, which appear as streaks in the
spatial RF map.

2.6. Naturalistic stimuli

The natural visual world contains spatiotemporal correlations un-
like pure Gaussian white noise (Eickenberg et al., 2012; Nirenberg
et al., 2001; Pitkow and Meister, 2012). Therefore complex, naturalistic
stimuli are used to investigate responses to more physiological stimuli
that the visual sensory neurons might encounter in the wild (Kastner
et al., 2015; Katz et al., 2016). These naturalistic stimuli have included
natural temporal-chromatic movies with space removed (van Hateren
et al., 2002), generated white-noise with long range spatiotemporal
correlations (Pitkow and Meister, 2012), naturalistic motion stimuli
(Leonardo and Meister, 2013), natural movie scenes (Haider et al.,
2010; Nirenberg et al., 2001), even incorporating eye movements
(Turner and Rieke, 2016). Using naturalistic stimuli invalidates the
assumption of zero stimulus correlations that is required for linear STA-
like analyses. Several analysis modifications have allowed researchers
to adapt STA-like techniques to naturalistic stimuli. These include
generalized linear models (Heitman et al., 2016), and removal of sti-
mulus auto-correlation (Lesica et al., 2008). Most of these methods have
had limited success, so theorists have devised a new set of tools to
search for feature selectivity with stimuli of arbitrary statistics.

One such tool, called maximally informative dimensions (MID) in-
volves an iterative search through stimulus space to find the dimensions
that maximize the mutual information between the stimulus and the
spike train (Sharpee et al., 2014). In theory, MID can find multiple
selective dimensions in stimulus space given arbitrary natural stimuli.
The disadvantages are that it requires a lot of data (∼105 spikes), and

the parameter space is non-convex, so there is no guarantee that a
search algorithm will find the optimal solution. A variant of MID, called
quadratic mutual information, has also been used to extract RGC filters
from natural scenes (Katz et al., 2016). While the data requirements for
this method are substantially less than for MID, it only revealed single
spatiotemporal filters for each RGC that were not qualitatively different
than the STA. Deep learning has also been employed in recent work to
reveal aspects of retinal circuitry in the context of natural scenes
(Maheswaranathan et al., 2018).

2.7. Closed loop experiments

All the RF measurement techniques we have discussed so far rely on
recordings of spike responses from RGCs. Whole-cell recordings of sy-
naptic currents in RGCs have also been measured and used to construct
a class of RF models we will consider in the next section (Schwartz
et al., 2012), but such recordings are much rarer and more labor in-
tensive than spike recordings and do not scale to large numbers of si-
multaneously recorded cells. Additionally, the spiking output of RGCs is
the signal ultimately sent to the brain, so a complete RF model should
use spiking as the end point. One disadvantage of using spikes as the
output measure is that nonlinearities associated with spike generation –
including rectification at zero and saturation at high firing rates – can
interfere with the experimenter's ability to measure underlying non-
linearities in the spatiotemporal RF filter.

The closed-loop, iso-response, method allows an experimenter to
separate the output (spiking) nonlinearity from upstream nonlinearities
using a RGC spike recording. In this method, an online algorithm
measures the spike response to each stimulus presentation, and itera-
tively alters the stimulus to achieve a target response amplitude
(Bölinger and Gollisch, 2012). For example, consider a target response
of 10 spikes. If a spot of a certain size and contrast elicited 6 spikes, the
spot could be made larger or the contrast increased on the next trial. If

Fig. 3. Measurement of RF center and surround
strength vary with the spatial resolution of a
spatiotemporal white noise stimulus. (A) Example
white noise stimuli at 3 spatial resolutions along with
the RF center and RF surround sampled at each re-
solution. The final 2 columns show the RF center and
surround measurements again, but scaled by their
relative strength based on the contrast of the stimulus
within the center and surround, respectively.
Contrast scale corresponds to these last 2 columns.
(B) The relationship between the pixel size of the
white noise stimulus and the contrast elicited in the
RF center and RF surround.
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making the spot larger reduced the response to 4 spikes, the algorithm
would instead test a smaller spot. Thus, the algorithm can define the
iso-response contour: the dimension in stimulus space that elicits the
fixed response. In the early days, closed-loop experiments were often
used to detect thresholds; for example Enroth-Cugel determined the
minimum contrast necessary to elicit a detectable difference in firing
(Enroth-Cugell and Robson, 1966). Even Kuffler's recordings of cat RGC
RFs used a version of the closed loop technique (Kuffler, 1953). By
maintaining a fixed response throughout the measurement, closed-loop
experiments can thus reveal nonlinear RF mechanisms without inter-
ference from the output nonlinearity.

The usefulness of the closed-loop approach is related to the size of
the stimulus space to be explored. Defining iso-response contours while
varying one or two parameters of the stimulus is feasible, but measuring
contours in three or higher dimensional stimulus space becomes ex-
perimentally unrealistic due to the exponential growth of the space.
Thus, the closed-loop approach is a powerful tool to that can be applied
as part of many of the different RF measurement methods described
above. For example, an iso-response contour could map the spatial RF
in a spots-of-variable-size type of experiment in which the experimenter
also varied contrast. The resulting space would offer a measure of how
much more contrast is required to make the cell fire for a non-optimal
spot size.

3. Receptive field models

RGC RF models have progressed dramatically from the canonical
concepts of center and surround to elaborate circuit models in-
corporating the many distinct cell types of the retina. The purposes for
RF models have also progressed. What began as a fundamental and
abstract field attempting links to human perception now lies at the
frontier of translational systems neuroscience. Even with his uncanny
insight, Kuffler could not have predicted that models of RGC RFs would
one day be programmed into computers connected to electronic pros-
thetics to restore sight to the blind (Eiber et al., 2013; Ong and da Cruz,
2012; Weiland et al., 2005).

While the goals of RF modeling have changed, we will use three
broad criteria as a common measuring stick: predictive power, bio-
logical realism, and generalizability. Not all RF models were de-
signed with these goals in mind, and indeed no current model succeeds
completely at all three, but they nonetheless provide useful compar-
isons.

Predictive power is the ability for a model to predict the response
of a RGC to a particular set of visual stimuli.

Biological realism is the degree to which the components of the RF
model correspond to known biological components of retinal circuits
(i.e. cells, synapses, receptors, ion channels, signaling pathways). The
models that are most successful in biological realism are not necessarily
the most detailed. There is always a tradeoff between the simplifying
assumptions in higher-level models and the explosion of free para-
meters in lower-level models.

Generalizability is a measure of the transfer of predictive power
across stimuli. RF models are generally built from RGC responses to a
small set of stimuli, thus they often fail to predict responses to stimuli
outside this set. The set of possible visual stimuli is infinite, so of par-
ticular importance in considering generalizability will be naturalistic
stimuli that attempt to capture aspects of the visual world for which
RGCs evolved.

3.1. Difference of Gaussians

One of the most influential concepts in sensory neuroscience is the
idea that RFs can be modeled as a difference of Gaussians (DoG). In the
retina, the first DoG model of RGC RFs is attributed to Rodieck and
Stone (1965). For a single polarity (ON or OFF) RGC, the spatial extent
of the RF center is modeled as a two-dimensional Gaussian, and the

surround is modeled as another two-dimensional Gaussian with much
larger extent and opposite (suppressive) polarity. The DoG model has
remained extremely popular because it is concise – it only needs three
parameters to define the size of each Gaussian and their relative
strength – and it is easily fit from any of the RF measurements described
above.

Along with the simplicity of the DoG model come several critical
limitations. It is a model of space only without a temporal component,
so on its own, it does not offer information about kinetics, e.g. to dis-
tinguish between transient and sustained RGC types, or to predict the
response to a moving object. The DoG model also assumes a single
polarity (ON or OFF) RF, so ON-OFF and SbC RGCs cannot be described.

The predictive power of DoG models is limited by several of its core
assumptions. First, it assumes circular symmetry in both the RF center
and surround (though it can be extended to elliptical shapes for RF
center and surround with four additional parameters). While most RGC
RFs are reasonably circularly symmetric, some, like orientation-selec-
tive (OS) RGCs are highly asymmetric (Bloomfield, 1994; Hammond,
1974; Joesch and Meister, 2016; Kim et al., 2008; Nath and Schwartz,
2016; Venkataramani and Taylor, 2016, 2010). Even non-OS RGCs
deviate from elliptical shapes at high resolution (Gauthier et al., 2009).
Second, the surround can only suppress the center response. While this
is the most common first-order understanding of the surround for most
RGCs, numerous “non-classical” surround effects have been described,
including the shift-effect (McIlwain, 1966), a polarity switch from
surround stimulation (Geffen et al., 2007), a complete absence of sur-
round (Zhao et al., 2014), disinhibition past the classical RF (Chao-Yi
et al., 1992), and size-dependent latency shifts beyond the RF center
(Mani and Schwartz, 2017).

Finally, and perhaps most importantly, the DoG model is spatially
linear. The responses of stimuli at different locations sum linearly, and
positive and negative contrasts in the RF cancel. Spatial linearity is a
key assumption in many RF models despite the fact that it was shown to
be incorrect in most cases even in Kuffler's early work (Kuffler, 1953)
and again by Enroth-Cugell and Robson for “Y” cells, which were the
majority of cells encountered (Enroth-Cugell and Robson, 1966). The
degree of success of spatially linear models, like the DoG model, in
predicting RGC responses depends somewhat on the response regime of
the RGC being modeled. Some studies have used low contrast and/or
low spatial frequency stimuli, specifically to keep cells within their
linear regime (Cooper et al., 2012; Enroth-Cugell and Robson, 1966),
but measurements of natural scenes show a very large dynamic range of
contrast and spatial frequency (Frazor and Geisler, 2006; Mante et al.,
2005). We will explore spatially nonlinear RF models at the end of this
section.

While the DoG model makes no explicit connection to circuit me-
chanisms in the retina, it is sometimes (over) interpreted as a circuit
model in which the RF center corresponds to excitation from bipolar
cells and the RF surround corresponds to inhibition from amacrine cells.
Generalizability in the DoG model is limited mostly by its assumption of
spatial linearity. For the subset of RGCs that are spatially linear (or
probed in the linear regime), it can provide a reasonable prediction of
the spatial pattern of RGC activation, but it fails for RGCs with non-
linear RFs when probed with naturalistic patterns (Frazor and Geisler,
2006; Heitman et al., 2016).

3.2. Linear-nonlinear (LN) models

Linear spatial RF models, like the DoG, were soon extended into the
time domain. As described above, many RF estimation methods include
a kinetic component. To make a RF model in time and space, the ki-
netics of the response are used to construct a temporal filter. The details
of temporal filter construction depend on the RF measurement. Once
constructed, the temporal filter is used along with the spatial filter to
model the firing rate of a RGC responding to any spatiotemporal pattern
of light.
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The first spatiotemporal models using a linear temporal filter re-
vealed a fundamental flaw: the models predicted unrealistic firing rates.
For example, if an ON-center DoG model is probed with a dark spot
(negative contrast), it will produce a negative value, which, when
passed through a linear temporal filter, predicts that the RGC fires at a
rate less than zero. On the opposite end of the contrast scale, purely
linear models also predict increasing firing rates ad infinitim.

Both negative firing rates (a lack of rectification) and unrealistically
high firing rates (a lack of saturation) can be fixed by introducing a
static nonlinearity between the linear spatiotemporal RF model and the
firing rate prediction (Chichilnisky, 2001; Victor and Shapley, 1979a).
This solution gave rise to what is known as the linear-nonlinear (LN)
class of RGC RF models (Fig. 4). Another important advantage of the
static nonlinearity is that it allows predictions of both ON and OFF
responses from a single spatiotemporal RF, because the U-shaped
nonlinearity can predict positive firing rates for both positive and ne-
gative filter activation values. While the ON and OFF RFs must share
the same spatial structure and the same temporal filter in such a model,

it at least allows ON-OFF RGCs to be included.
LN models of RGCs are very common because their parameters,

including the static nonlinearity, are easily estimated from data
(Chichilnisky, 2001), and they offer good predictive power for a re-
stricted set of stimuli. Despite their strengths, LN models fail to gen-
eralize for many classes of stimuli, including naturalistic stimuli. Im-
portantly, the static nonlinearity in LN models follows the
spatiotemporal model, so LN models still assume spatial linearity. The
spatial linearity assumption is responsible for many of the general-
ization failures of LN models (Heitman et al., 2016).

Like the DoG model, the LN model makes no explicit connection to
circuit mechanisms; and also like the DoG model, it has, nonetheless,
been interpreted as a circuit model. The static nonlinearity is often
associated with spike generation in the RGC, since spike generation
rectifies the minimum firing rate at zero and limits the maximum firing
rate by the refractory period. While spike generation certainly con-
tributes to the static nonlinearity measured in the LN model, additional
nonlinear circuit elements (notably the synapses from bipolar cells) also
contribute (Demb et al., 2001; Schwartz and Rieke, 2011)

3.3. Incorporating gain control

Most RGC RF modeling efforts over the last two decades have
started with the LN model and introduced additional elements to im-
prove the model's predictive power for particular stimuli. Some of the
most successful additions have involved mechanisms for gain control
(Fig. 4). In this context, gain control is any process that reduces the
firing rate of a RGC temporarily following a period of high activity. The
most typical stimulus parameters that cause changes in gain are in-
tensity and contrast (reviewed by Rieke and Rudd, 2009). While neu-
rons change state on a continuum of timescales, gain control is typically
distinguished from adaptation on the basis of its fast timescale. For
RGCs, gain control mechanisms act within the duration of the temporal
filter – typically less than 250 ms – all the way down to the several
millisecond timescale of spikes (Rieke and Rudd, 2009). Thus, modeling
gain control is the first quantitative attempt to capture some of the
dynamic nature of RGC RFs, but only in a limited context.

Early work recognized the importance of gain control in capturing
the firing patterns of RGCs to spatial and temporal modulations of light
(Shapley and Victor, 1981, 1978). More recently, gain control has been
used in models of RGC responses to moving objects (Johnston and
Lagnado, 2015). A LN model incorporating a gain control term was
successful in capturing motion anticipation: the tendency of popula-
tions of RGCs to overcome upstream lag and fire with the leading edge
of a moving object (Berry et al., 1999). On the finer timescale of the
refractory period following individual spikes, models have incorporated
a spike feedback term following a Poisson spike generator (Pillow et al.,
2005) and have introduced post-spike “coupling terms” in a generalized
linear model (GLM) framework to account for interactions among RGCs
(Pillow et al., 2008). LN models with gain control have been quite
successful at improving the predictive power in the temporal domain
(van Hateren et al., 2002), but they remain largely unable to generalize
to naturalistic scenes with large spatiotemporal correlations (Heitman
et al., 2016; Maheswaranathan et al., 2018)

Gain control has several appealing correlate biological mechanisms
in neurons. On the shortest timescale, well-known biophysical me-
chanisms, like Na+ channel inactivation and the opening of delayed
rectifier K+ channels, contribute to the refractory period following each
spike (Weick and Demb, 2011). Voltage-gated conductances in the RGC
with slightly longer timescales, like Ca2+-activated K+ channels, can
reduce gain on the timescale of tens of milliseconds (Hotson and Prince,
1980). Gain control mechanisms have been found at many levels in
retinal circuits (Baccus and Meister, 2002; Kim and Rieke, 2003), so it is
certainly an oversimplification to assume that all of the effect captured
in such a model is the result of mechanisms in the RGC itself. A kinetic
(Markov state) model was added to the standard LN model to account

Fig. 4. Schematics of the classes of RGC RF models. (A-C) Spatially linear
models. (D-F) Spatially nonlinear models.
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for contrast adaptation with more explicit connections to biological
mechanism than in previous models (Ozuysal and Baccus, 2012). A
recent paper returned to the mechanistic basis for the gain control re-
sponsible for motion anticipation and found that it relies on post-
synaptic inhibition to the dendrites of RGCs (Johnston and Lagnado,
2015).

3.4. Multi-pathway LN models

As mentioned above, ON-OFF RGCs are modeled in only a rudi-
mentary way in standard LN models by introducing a non-monotonic
nonlinearity following a single temporal filter. More recent models of
ON-OFF RGCs have used separate spatiotemporal filters and separate
nonlinearities for the ON and OFF channels (Gollisch and Meister,
2008a,b) Using the spatiotemporal white noise stimulus, one can use
the spike-triggered covariance (STC) matrix rather than simply its mean
(the STA) to extract separate ON and OFF filters (Cantrell et al., 2010;
Fairhall et al., 2006). In addition to ON and OFF, the STC approach can
reveal separate spatial filters, each with their own temporal compo-
nents (Fairhall et al., 2006).

While it is very powerful in theory, STC requires much more data
than STA, and in practice, it rarely produces more than two well-de-
fined filters before reaching noise level (Fairhall et al., 2006; Liu and
Gollisch, 2015). Nonetheless, multi-pathway LN models, whether fit
from STC or constructed based on assumptions about the separate
pathways and fit with another method, have been useful in capturing

some of the properties of RGCs that are missed with standard LN models
(Baccus et al., 2008; Gollisch and Meister, 2008a,b; McFarland et al.,
2013; Zhang et al., 2012).

In some cases, multi-pathway LN models are inspired by the struc-
ture of retinal circuits. ON-OFF RGCs receive ON and OFF input from
different sets of bipolar cells, so a two-pathway LN model has a clear
rationale. Other examples of multi-pathway LN models have been built
to match known circuit elements, like separate excitatory and in-
hibitory pathways (Baccus et al., 2008; Kastner and Baccus, 2013). The
multiple filters that emerge from STC are generally less well connected
to particular circuit elements.

3.5. Spatially nonlinear RF models

All the RF models we have considered thus far share the assumption
of linear spatial integration, even though early work on RGC RFs re-
vealed strong spatial nonlinearities (Enroth-Cugell and Robson, 1966;
Hochstein and Shapley, 1976; Kuffler, 1953). The biological basis for
nonlinear spatial integration involves rectified synapses from bipolar
cells (Demb et al., 2001, 1999; Schwartz and Rieke, 2011). Victor and
Shapley led the way measuring and modeling nonlinear spatial in-
tegration in RGCs (Shapley and Victor, 1979; Victor and Shapley,
1979b, 1979a). Their work was later extended by Enroth-Cugell and
Freeman to form the pooled subunits model (Enroth-Cugell and
Freeman, 1987).

Variations on this influential model have evolved into the LNLN

Fig. 5. Methods for estimating subunit locations. (A) In the anatomical method, a RGC cell fill (blue) is combined with a marker of synapses (green) and a stain for
a particular bipolar cell type (magenta). A model estimates the number of synapses from each bipolar cell based on the dendritic morphology of the RGC. Adapted
from (Schwartz et al., 2012). (B) The single cone stimulation method presents small spots of light aligned to the locations of cones. By presenting pairs of spots and
measuring whether the responses combine linearly or nonlinearly in the RGCs, the experimenters were able to infer the locations of RF subunits. Adapted from
(Freeman et al., 2015). (C) The non-negative matrix factorization technique is an analytical method that can be applied to data from spatiotemporal white noise
experiments (left). The panel at the rights shows the linear RF (gray) and the corresponding subunit RFs (red) estimated from a multi-electrode-array recording in
salamander retina. Adapted from (Liu et al., 2017).
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cascade models that consistently outperform spatially linear RGC
models for a variety of stimuli from white noise (Real et al., 2017) to
object motion (Baccus et al., 2008; Ölveczky et al., 2003), to natural
scenes (Gollisch, 2013; Heitman et al., 2016). Additional gain control
elements at the level of individual subunits have been added in recent
versions of these models to help predict responses to moving objects
(Chen et al., 2014) and white noise (Real et al., 2017). The need for
gain control at the level of the subunits matches experimental data
showing that contrast gain control is sometimes localized on the scale of
bipolar cells (Brown and Masland, 2001; Garvert and Gollisch, 2013),
though it can also have components on the scale of the RGC RF (Garvert
and Gollisch, 2013; Khani and Gollisch, 2017). Gap-junctional coupling
between bipolar cells (via AII amacrine cells) is another addition to
these models inspired by experimental data, and it has been important
in capturing motion sensitivity in mouse and primate RGCs (Kuo et al.,
2016; Manookin et al., 2018). Another recent model added a delay in
the spatial pooling of subunits in the RF surround to account for the
extra synapse between amacrine cells and RGCs (Real et al., 2017).
Fig. 4 summarizes the structure of some of the variants of LN models
that have been used to model RGC RFs.

While the sizes, temporal filters, and nonlinearities of the subunits
in LNLN cascade models are estimated with reasonable reliability by
fitting the models to RGC spike data, determining the spatial location of
each subunit in two-dimensions has proved to be much more difficult
(Fig. 5). Because the subunit weights to the RGC do not conform to the
Gaussian ideal, determining their locations at high resolution is critical
to achieve predictive power for complex spatiotemporal stimuli
(Schwartz et al., 2012). An anatomical strategy was used in one study to
predict the number of synapses received from each bipolar cell based on
a traced image of the RGC dendrites. While this model predicted re-
sponses to arbitrary spatial images, it is not feasible to have a full
morphological reconstruction of the RGC in most cases (Schwartz et al.,
2012). Another recent approach used stimulation of individual cones to
map the locations of bipolar cells synapsing onto primate midget RGCs.
The method required only the RGC spikes as input data, but was a
somewhat special case since midget RGCs receive less than 10 bipolar
cell inputs (Freeman et al., 2015). Using only standard spatiotemporal
white noise and an analysis method called non-negative matrix fac-
torization, Liu et al., were able to map the bipolar subunit locations in
salamander RGC RFs, also a case in which the number of subunits is
∼10 (Liu et al., 2017).

4. Feature selectivity: fluidity versus invariance

Kuffler realized years ahead of his time that RGC RFs are “flexible”
and “fluid”. Is the effort to build a generalizable RGC model then a
Sisyphean task? Surely there are limits on the fluidity of RGC RFs,
because the retina, despite its complexity, is still a primary sensory
system with little feedback from the rest of the brain. This small amount
of feedback comes from neuromodulatory retinopetal projections
(Gastinger et al., 2006). The information conveyed by each RGC type
must be stereotyped across individuals, because RGCs project selec-
tively to many distinct targets in the brain, and these projection pat-
terns appear to be genetically predetermined (Dhande and Huberman,
2014). Which aspects of a RGC's response are stable, and which are
fluid?

We will argue that the answer to this question is connected to the
concept of feature selectivity. The idea that RGCs act as detectors for
specific, behaviorally relevant, features of the visual world was devel-
oped in parallel with the early history of RF modeling (Barlow, 1961;
Lettvin et al., 1959; Levick, 1967). Invariance is central to the view of
RGCs as feature detectors. If particular RGCs encode behaviorally re-
levant features, those representations should be robust to other changes
in the visual scene, like luminance, contrast, and noise. Another con-
clusion that follows from this line of reasoning is that some of the RF
properties that researchers typically measure and model, like response

polarity, size, and kinetics, may be fluid if they are not part of the core
feature selectivity of the RGC. In this section, we will review a collec-
tion of recent reports on the fluidity of RGC RFs under different sti-
mulus conditions, pointing out both the aspects of the RF that change
and those that remain invariant.

4.1. Response polarity

Countless studies have used response polarity as a defining feature
to classify RGCs, but recent evidence has shown that this aspect of RFs
is not stable across illumination levels (Rivlin-Etzion et al., 2018). Ti-
kidji-Hamburyan et al. showed that cells classified as ON at one lumi-
nance can become ON-OFF at another luminance (Tikidji-Hamburyan
et al., 2015). Similarly, cells classified as OFF could develop an addi-
tional ON response in certain luminance regimes. These results were
confirmed in both mouse and pig retina and in retino-recipient dorsal
lateral geniculate nucleus (dLGN) in vivo.

Concurrent with this study, another group reported a similar lumi-
nance-dependent switch in ON:OFF ratio in three mouse RGC types
(Pearson and Kerschensteiner, 2015). Interestingly, one of the RGC
types that showed this ON:OFF switching behavior was a direction-se-
lective (DS) type presumed to be equivalent to previously described
ON-OFF DS RGCs. While its ON:OFF contrast ratio switched with lu-
minance, its direction preference did not. Orientation-selectivity (OS)
also remained stable across luminance (Pearson and Kerschensteiner,
2015). Perhaps the luminance invariance of DS and OS is an indication
that these properties are the core feature selectivity of these particular
RGC types. One of the RGC types shown in the Tikidji-Hamburyan et al.
study to change from OFF to ON-OFF with luminance, called the OFF-
transient alpha, has been implicated in selectivity for looming dark
objects (Münch et al., 2009) and for image recurrence following sac-
cades (Krishnamoorthy et al., 2017). It remains unknown whether these
types of feature selectivity are invariant in OFF-transient alpha RGCs
across luminance.

Properties other than luminance have also been shown to elicit
ON:OFF switching behavior in RGCs. Several types of RGCs in mouse
have been shown to switch polarity depending on stimulus size, in-
cluding the JAM-B RGC (Kim et al., 2008) and the “high definition”
(HD1 and HD2) (Jacoby and Schwartz, 2017) RGCs (Fig. 6). Transient
stimulation of the surround with a phase shift of a grating can also
change the RF center filter of some RGCs from OFF to ON (Geffen et al.,
2007).

4.2. Spatial RF

Spatial properties of RGC RFs, like the size of the RF center and
strength of the RF surround, have long been known to vary with lu-
minance (Barlow, 1957; Barlow and Levick, 1969; Creutzfeldt et al.,
1970; Enroth-Cugell and Lennie, 1975; Enroth-Cugell and Robson,
1966; Enroth-Cugell and Shapley, 1973; Farrow et al., 2013; Grimes
et al., 2014a,b; Ogawa and Bishop, 1966; Reitner et al., 1991; Troy
et al., 1999). Circuit mechanisms for these effects include luminance-
dependent changes in gap-junction coupling in both the outer retina
(DeVries and Schwartz, 1989; Lasater, 1987; Xin and Bloomfield, 1999)
and the inner retina (Bloomfield et al., 1997; Hu et al., 2010), and lu-
minance-dependent recruitment of spiking amacrine cells (Farrow
et al., 2013). Since electrical coupling in the retina can be modulated by
time of day independent of luminance, spatial components of RGC RFs
are even subject to circadian regulation (Jin and Ribelayga, 2016;
Ribelayga et al., 2008; Zhang et al., 2015).

4.3. Kinetics

In addition to its effects on polarity and space, luminance has long
been known to alter the kinetics of RGC responses. Responses tend to
become more transient and have shorter latency as luminance increases
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(Ogawa and Bishop, 1966; Tikidji-Hamburyan et al., 2015). Accelera-
tions of light responses with increasing luminance are largely attributed
to a switch from rod-dominated to cone-dominated transduction and
subsequent kinetic changes within the cone phototransduction cascade
(Attwell et al., 1984; Elias et al., 2004; Euler and Masland, 2000;
Murphy and Rieke, 2011; Sharpe et al., 1993). Accelerations of circuit
components downstream of photoreceptors also contribute to kinetic
changes in RGC light responses with luminance (Dunn et al., 2007;
Dunn and Rieke, 2006).

Luminance-dependent changes in kinetics are often ignored in RGC
RF models designed to describe steady-state responses in a fixed lumi-
nance range, but what if another property of the light stimulus alters
response kinetics? For some RGCs, response kinetics depends on the
size of a visual stimulus (Fig. 7). These kinetic changes with increased
spot size can manifest as the loss of a transient component, as in ON OS
RGCs (Nath and Schwartz, 2016) or the response becoming more
transient, as in F-miniON RGCs. Response latency can also depend on
stimulus size. ON DS RGCs increase in latency for larger spots while ON
delayed RGCs show decreased response latency (Mani and Schwartz,
2017).

4.4. Spatial linearity

After response polarity, size, and kinetics, perhaps the most com-
monly used characteristic to distinguish RGC types is whether they

integrate space linearly (called “X” cells) or nonlinearly (“Y” cells)
(Enroth-Cugell and Robson, 1966). One cell type in mouse, called the
ON-alpha RGC, has been show to integrate over space nearly linearly in
low luminance and highly nonlinearly in high luminance (Fig. 8)
(Grimes et al., 2014a,b). The site of this switch was localized to the
output synapses from ON cone bipolar cells, which become more rec-
tified (hence nonlinear) in bright conditions. Another result of this
mechanistic change at the bipolar cell synapse is a change in the shape
of the contrast sensitivity function of the RGC.

5. The next generation of measuring, modeling, and
understanding RGC RFs

A decade ago, one of us had aspirations of writing a review about all
that was wrong with the current state of RGC RF models until his
graduate mentor asked a simple question, “What is the new framework
you will propose?” This question promptly ended the review before it
began; it's always easier to tear down old theories than to build new
ones. Admittedly, our answer to his compelling question remains in-
complete, but it is now at least informed by our answers to several
related questions.

Fig. 6. Polarity switches in RGCs with stimulus conditions. (A) Spike rasters from 2 RGCs responding to ON and OFF contrast steps across 5 log units of
luminance. Polarity switches are indicated by shading for ON (yellow), ON-OFF (green) and OFF (blue) polarity. Adapted from (Pearson and Kerschensteiner, 2015).
(B) The firing rate of a RGC that becomes ON-OFF in a limited luminance range. Adapted from (Tikidji-Hamburyan et al., 2015). (C) The response polarity of JAM-B
RGCs depends on stimulus size. Adapted from (Kim et al., 2008).

S. Wienbar, G.W. Schwartz Progress in Retinal and Eye Research 67 (2018) 102–117

111



5.1. Can a unified computational framework capture the diversity of RGC
RF properties?

Perhaps not. Researchers in the early days of work on RGCs de-
scribed them in two very different ways. Lettvin and colleagues fa-
mously described a set of detectors for specific behaviorally relevant
features of the visual world in “What the Frog's Eye Tells the Frog's
Brain” (Lettvin et al., 1959). Much of the rest of the field moved instead
in the direction of describing RGCs in the language of signal processing
from engineering, as input-output layers of linear filters, nonlinear
transformations, and feedback loops (see Fig. 4). The signal processing
perspective and its possible implications for a framework of the popu-
lation code of the retina were first considered in the visionary work of
Horace Barlow (1961), inspired by Simon Laughlin's work on predictive
coding (Laughlin, 1981, 1989; Srinivasan et al., 1982) and codified in
the theoretical work of Atick (1990). This framework was based on the
concept of efficient coding: imagining the population of RGCs as an
efficient coder of certain properties of a visual scene, effectively redu-
cing the redundancy that exists because of the high degree of spatio-
temporal correlation in natural scenes. While the efficient coding hy-
pothesis persists (Nirenberg et al., 2001), especially over the last decade
there has been an accumulation of evidence that redundancy reduction
might be the wrong framework for thinking about retinal computation.
Consider that each location in visual space is sampled by 2–3 RGCs of
∼40 different types (Bae et al., 2018). A system that evolved to

represent each pixel 80–120 times in its output does not seem to be
optimized for redundancy reduction. Instead, the literature is full of
examples of specialized computations in RGCs that were shaped by
selective pressure to extract behaviorally relevant signals robustly. We
have slowly returned to attempts to catalogue what an animal's eye tells
an animal's brain. In a vague sense, this still represents an efficient code,
but only through the lens of the full set of behavioral demands of an
animal's visual system – a lens whose overwhelming majority remains
obscured in our current understanding. In the absence of a framework
for the visual repertoire of the brain, perhaps it is counterproductive to
try to impose a unifying framework on the diversity of computations
that exists among RGCs.

5.2. Do RGCs encode multiple features of the visual world depending on
context?

Of course they must. Even with the ∼40 different RGC channels,
there must be substantial multiplexing to convey the entirety of the
information necessary for higher order visual processing in the spikes of
the optic nerve. The requirements of vision also vary dramatically with
the context of both the stimulus and behavior. What is less clear is how
we come to terms with multiplexed RGC codes in our descriptions and
models of RFs. Some progress has been made in describing the response
patterns of RGCs to moving stimuli. The same RGCs can report either
the smooth motion of an object through their RF centers or the sudden

Fig. 7. RGCs respond with different kinetics to small and large spots of light. Four examples of RGC light responses to a spot of light (darkness to 200
isomerizations per rod per second) presented for 1 s. Top traces show responses to spots covering only the RF center (120 μm for the F-miniON and 200 μm for the oher
cells. Bottom traces show responses from the same four cells to a full-field spot (1200 μm) covering the RF center and surround.

Fig. 8. Linear verses nonlinear spatial integration in RGCs can depend on luminance. (A) Example of the same ON-alpha responding to a contrast-reversing
grating in scotopic and mesopic luminance. This is the same stimulus originally used to classify linear (X) vs. nonlinear (Y) RGCs (Enroth-Cugell and Robson, 1966).
(B) A schematic of how a change in rectification at bipolar cell output synapses can account for a change in spatial integration in a RGC. Figure adapted from (Grimes
et al., 2014a,b).
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reversal of the object distant to the RF center (Schwartz et al., 2007).
The multiplexed code for object motion was analyzed recently in more
detail in a single type of RGCs in rat retina (Deny et al., 2017). In the
broader sense, the field still grapples with the difference between se-
lectivity and exclusivity. For example, ON-OFF DS RGCs are highly
selective for a particular direction of motion, but they also respond
robustly at the onset and offset of a flashed spot of light. Surely the
brain does not misinterpret every spike from an ON-OFF DS RGC re-
sponding to a static object as evidence of motion in its preferred di-
rection.

5.3. Can invariance inform our intuitions about the features that RGCs
extract from the visual world?

It can and it should. The dynamic ranges of parameters in the visual
world are enormous – 10 orders of magnitude of luminance (Rodieck,
1998), ∼4 orders of magnitude of contrast (Frazor and Geisler, 2006;
Mante et al., 2005), and multiple sizes and speeds of objects. It is ex-
tremely difficult to make a circuit out of biological elements that is
robust over a large dynamic range. Finding such invariance in a RGC
provides strong evidence that selective pressure played a role in es-
tablishing its feature selectivity. There are several examples of such
invariance in RGCs. ON-OFF DS RGCs employ a variety of mechanisms
to maintain their selectivity across a large range of luminance, speed,
contrast, and in the presence of background noise (Chen et al., 2016;
Nowak et al., 2011; Poleg-Polsky and Diamond, 2016; Sethuramanujam
and McLaughlin., 2016). OFF OS RGCs maintain orientation selectivity
across seven orders of magnitude of luminance and a wide range of
spatiotemporal frequencies (Nath and Schwartz, 2017). Small bis-
tratified RGCs in primates are blue-yellow color opponent in a variety
of different stimulus contexts (Dacey and Lee, 1994; Field et al., 2007).
Evolutionary conservation can also be a sign of behaviorally relevant
feature selectivity in a RGC type. Object motion sensitive RGCs have
similar dendritic morphology and circuit mechanisms in a variety of
species (Jacoby and Schwartz, 2017; Kim and Kerschensteiner, 2017;
Puller et al., 2015; Venkataramani et al., 2014; Zhang et al., 2012).

On the other hand, RGC computations that are not robust offer a
hint that there may remain an undiscovered aspect of feature se-
lectivity. JAM-B RGCs were characterized as DS (Kim et al., 2008) in a
narrow luminance regime (Joesch and Meister, 2016) before it was

discovered that they encode OS invariant to luminance (Nath and
Schwartz, 2017). F-miniON RGCs were reported to be weakly DS over a
limited range of speeds (Rousso et al., 2016). Perhaps they are more
robustly selective for a different visual feature. For the vast majority of
RGCs, robust and invariant feature selectivity remains to be discovered.

5.4. Can we work backward from the brain and behavior to discover the
salient features encoded by RGCs?

Yes, and we should use a comparative approach. The latest estimate
is that RGCs project directly to 59 different brain regions in mouse
(Martersteck et al., 2017)! Similarly extensive retinal projection pat-
terns have been reported in other species, with many conserved targets
(Campbell et al., 1967; Hannibal et al., 2014; Major et al., 2003;
Matteau et al., 2003; Reiner et al., 1996; Robles et al., 2014; Shimizu
et al., 1994). This extreme diversity in the targets of RGCs must mean
that visual signals are used in a host of innate behaviors distinct from
conscious perception, and the conservation of these pathways suggests
that they drove RGC feature selectivity throughout evolution (Fig. 9).
Two of the most compelling success stories linking RGCs to behavior
come from studies that worked backward from specific retino-recipient
brain areas to discover the specific RGC types influencing the known
functional roles of these brain regions.

By the 1990s it had become clear that a signal from the retina was
required to entrain the circadian system to the light-dark cycle, and that
this signal remained in people with extensive rod and cone loss (Zaidi
et al., 2007). David Berson and colleagues injected a retrograde tracer
in the super chiasmatic nucleus (SCN), the master regulator of the
circadian clock, and looked for labeled RGCs. They discovered a new
type of RGCs that, surprisingly, contained their own phototransduction
cascade, independent from rods and cones, using the photopigment
melanopsin (Berson and Dunn., 2002). These ganglion cell photo-
receptors are now called intrinsically photosensitive (ip)RGCs, and they
are specialized to integrate light signals over time to measure total
luminance (Milner and Do, 2017; Wong, 2012). Subsequent work has
revealed that ipRGCs comprise multiple subtypes with specific roles in
both image-forming vision and several non-image forming visual be-
haviors (Chen et al., 2011; Ecker et al., 2010; Güler et al., 2008;
Schmidt et al., 2014).

Another example of intuition from neuroethology driving a

Fig. 9. A subset of retinorecipient areas of the brain. Well studied brain regions are in color and listed with their known RGC inputs and their behavioral function.
Less well understood regions are shown shaded in gray. AbbreviationsAHN: Anterior Hypothalamic Nucleus, APN: Anterior Pretectal Nucleus, IGL: Intergeniculate
Leaflet, LGN: Lateral Geniculate Nucleus, LHA: Lateral Hypothalamic Area, MTN: Medial Terminal Nucleus, NOT/DTN: Nucleus of the Optic Tract/Dorsal Tegmental
Nucleus, OPN: Olivary Pretectal Nucleus, PPN: Pedunculopontine Nucleus, RCH: Retrochiasmatic Area, SC: Superior Colliculus, SCN: Suprachiasmatic Nucleus.
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discovery about RGCs is the tracing of cells projecting to the accessory
optic system (AOS). Image stabilization during eye, head, and body
movements requires a set of nuclei, collectively called the AOS, which
receive both vestibular and visual input (Dhande et al., 2013; Gauvain
and Murphy, 2015; Oyster et al., 1980; Simpson, 1984; Yonehara et al.,
2009, 2008). Retrograde tracing studies from the AOS to the retina
revealed a set of RGCs, called ON DS RGCs, which are selective to the
direction of motion across the retina (Oyster et al., 1980). Unlike the
previously identified ON-OFF DS RGCs, ON DS RGCs have large RFs and
are specialized to report the slow speeds that drive the visual input for
image stabilization before the vestibular system takes over at higher
speeds (Ackert et al., 2006; Yonehara et al., 2009).

5.5. Future directions and conclusions

The study of RGC RFs over the last six decades has been a fasci-
nating journey. From the beginning, Kuffler realized that a static re-
presentation would not be sufficient, but it has proved difficult to
capture the dynamics of RGCs in a succinct way. Along the way, we
have come to appreciate the enormous diversity of RGC types and the
equally impressive diversity of their targets in the brain. The next
generation of our understanding of RGCs should embrace both the
dynamic nature of RGC RFs and both aspects of their diversity. Drawing
inspiration from how specific RGCs evolved to serve particular beha-
vioral needs may reveal the core computations of the visual system.

Acknowledgements

Funding for this research comes from a Research to Prevent
Blindness Career Development Award and a National Institutes of
Health Grant DP2-DEY026770A. We thank Devon Greer for her ex-
pertise in producing Fig. 9.

References

Ackert, J.M., Wu, S.H., Lee, J.C., Abrams, J., Hu, E.H., Perlman, I., Bloomfield, S.A., 2006.
Light-induced changes in spike synchronization between coupled ON direction se-
lective ganglion cells in the mammalian retina. J. Neurosci. 26, 4206–4215. http://
dx.doi.org/10.1523/JNEUROSCI.0496-06.2006.

Antinucci, P., Suleyman, O., Monfries, C., Hindges, R., 2016. Neural mechanisms gen-
erating orientation selectivity in the retina. Curr. Biol. http://dx.doi.org/10.1016/j.
cub.2016.05.035.

Atick, Redlich, 1990. Towards a theory of early visual processing. Neural Comput. 2,
308–320.

Attwell, D., Wilson, M., Wu, S.M., 1984. A quantitative analysis of interactions between
photoreceptors in the salamander (Ambystoma) retina. J Physiol 352, 703–737.

Baccus, S.A., Meister, M., 2002. Fast and slow contrast adaptation in retinal circuitry.
Neuron 36, 909–919.

Baccus, S.A.A., Olveczky, B.P.P., Manu, M., Meister, M., 2008. A retinal circuit that
computes object motion. J. Neurosci. 28, 6807–6817. http://dx.doi.org/10.1523/
JNEUROSCI.4206-07.2008.

Baden, T., Berens, P., Franke, K., Román Rosón, M., Bethge, M., Euler, T., 2016. The
functional diversity of retinal ganglion cells in the mouse. Nature 529, 345–350.
http://dx.doi.org/10.1038/nature16468.

Bae, J.A., Mu, S., Kim, J.S., Turner, N.L., Tartavull, I., Kemnitz, N., Jordan, C.S., Norton,
A.D., Silversmith, W.M., Prentki, R., Sorek, M., David, C., Jones, D.L., Bland, D.,
Sterling, A.L.R., Park, J., Briggman, K.L., Seung, H.S., 2018. Digital museum of retinal
ganglion cells with dense anatomy and physiology. Cell 173, 1293–1306. http://dx.
doi.org/10.1016/j.cell.2018.04.040. e19.

Bailey, M.J., Cassone, V.M., 2005. Melanopsin expression in the chick retina and pineal
gland. Mol. Brain Res. 134, 345–348. http://dx.doi.org/10.1016/J.MOLBRAINRES.
2004.11.003.

Barlow, H.B., 1961. Possible principles underlying the transformations of sensory mes-
sages BT - sensory communication. In: Sensory Communication. The MIT Press, pp.
216–234.

Barlow, H.B., 1957. Increment thresholds at low intensities considered as signal/noise
discriminations. J. Physiol 469–488.

Barlow, H.B., Levick, W.R., 1969. Changes in the maintained discharge with adaptation
level in the cat retina. J Physiol 202, 699–718.

Berry, M.J., Brivanlou, I.H., Jordan, T.A., Meister, M., 1999. Anticipation of moving
stimuli by the retina. Nature 398, 334–338.

Berson, D.M., Dunn, F., Takao, M.A., 2002. Phototransduction by retinal ganglion cells
that set the circadian clock. Science 295, 1070–1073. http://dx.doi.org/10.1126/
science.1067262.

Bloomfield, S.A., 1994. Orientation-sensitive amacrine and ganglion cells in the rabbit

retina. J. Neurophysiol. 71, 1672–1691.
Bloomfield, S.A., Xin, D., Osborne, T., 1997. Light-induced modulation of coupling be-

tween AII amacrine cells in the rabbit retina. Vis. Neurosci. 14, 565–576.
Bölinger, D., Gollisch, T., 2012. Closed-loop measurements of iso-response stimuli reveal

dynamic nonlinear stimulus integration in the retina. Neuron 73, 333–346.
Borghuis, B.G., Tian, L., Xu, Y., Nikonov, S.S., Vardi, N., Zemelman, B.V., Looger, L.L.,

2011. Imaging light responses of targeted neuron populations in the rodent retina. J.
Neurosci. 31, 2855–2867.

Boycott, B.B., Wassle, H., 1974. No title. J Physiol 240, 397–419.
Brown, S.P., He, S., Masland, R.H., 2000. Receptive field microstructure and dendritic

geometry of retinal ganglion cells. Neuron 27, 371–383.
Brown, S.P., Masland, R.H., 2001. Spatial scale and cellular substrate of contrast adap-

tation by retinal ganglion cells. Nat. Neurosci. 4, 44–51. http://dx.doi.org/10.1038/
82888.

Caldwell, J.H., Daw, N.W., 1978. New properties of rabbit retinal ganglion cells. J.
Physiol 276, 257–276.

Campbell, C.B.G., Jane, J.A., Yashon, D., 1967. The retinal projections of the tree shrew
and hedgehog. Brain Res. 5, 406–418. http://dx.doi.org/10.1016/0006-8993(67)
90047-9.

Cantrell, D.R., Cang, J., Troy, J.B., Liu, X., 2010. Non-centered spike-triggered covariance
analysis reveals Neurotrophin-3 as a developmental regulator of receptive field
properties of on-off retinal ganglion cells. PLoS Comput. Biol. 6, e1000967.

Chao-Yi, L., Yi-Xiong, Z., Xing, P., Fang-Tu, Q., Cheng-Quan, T., Xing-Zhen, X., 1992.
Extensive disinhibitory region beyond the classical receptive field of cat retinal
ganglion cells. Vis. Res. 32, 219–228. http://dx.doi.org/10.1016/0042-6989(92)
90131-2.

Chen, E.Y., Chou, J., Park, J., Schwartz, G., Berry, M.J., 2014. The neural circuit me-
chanisms underlying the retinal response to motion reversal. J. Neurosci. 34,
15557–15575.

Chen, E.Y., Marre, O., Fisher, C., Schwartz, G., Levy, J., Silviera, R.A., Berry, M.J. da,
2013. Alert response to motion onset in the retina. J. Neurosci. 33, 120–132.

Chen, Q., Pei, Z., Koren, D., Wei, W., 2016. Stimulus-dependent recruitment of lateral
inhibition underlies retinal direction selectivity. Elife 5, e21053. http://dx.doi.org/
10.7554/eLife.21053.

Chen, S.-K., Badea, T.C., Hattar, S., 2011. Photoentrainment and pupillary light reflex are
mediated by distinct populations of ipRGCs. Nature 476, 92–95. http://dx.doi.org/
10.1038/nature10206.

Chichilnisky, E.J., 2001. A simple white noise analysis of neuronal light responses. Netw.
Comput. Neural Syst. 12, 199–213.

Cooper, B., Lee, B.B., Cao, D., 2016. Macaque retinal ganglion cell responses to visual
patterns: harmonic composition, noise, and psychophysical detectability. J.
Neurophysiol. 115, 2976–2988. http://dx.doi.org/10.1152/jn.00411.2015.

Cooper, B., Sun, H., Lee, B.B., 2012. Psychophysical and physiological responses to
gratings with luminance and chromatic components of different spatial frequencies.
J. Opt. Soc. Am. A 29, A314–A323.

Creutzfeldt, O.D., Sakmann, B., Scheich, H., Korn, A., 1970. Sensitivity Distribution and
Spatial Summation within Receptive-field center of Retinal on-center Ganglion Cells
and Transfer Function of the Retina, vol 33.

Dacey, D.M., Lee, B.B., 1994. The “blue-on” opponent pathway in primate retina origi-
nates from a distinct bistratified ganglion cell type. Nature 367, 731–735.

Dacey, D.M., Liao, H.-W., Peterson, B.B., Robinson, F.R., Smith, V.C., Pokorny, J., Yau, K.-
W., Gamlin, P.D., 2005. Melanopsin-expressing ganglion cells in primate retina signal
colour and irradiance and project to the LGN. Nature 433, 749–754. http://dx.doi.
org/10.1038/nature03387.

Dacey, D.M., Peterson Beth, B., Robinson, F.R., Gamlin, P.D., 2003. Fireworks in the
primate retina: in vitro photodynamics reveals diverse LGN-projecting ganglion cell
types. Neuron 37, 15–27.

Daw, N.W., 1968. Colour-coded ganglion cells in the goldfish retina: extension of their
receptive fields by means of new stimuli. J. Physiol 197, 567–592.

De Valois, R.L., William Yund, E., Hepler, N., 1982. The orientation and direction se-
lectivity of cells in macaque visual cortex. Vis. Res. 22, 531–544. http://dx.doi.org/
10.1016/0042-6989(82)90112-2.

DeAngelis, G.C., Ohzawa, I., Freeman, R.D., 1995. Receptive-field dynamics in the central
visual pathways. Trends Neurosci. 18, 451–458. http://dx.doi.org/10.1016/0166-
2236(95)94496-R.

Demb, J.B., Haarsma, L., Freed, M.A., Sterling, P., 1999. No title. J. Neurosci. 19 9756.
Demb, J.B., Zaghloul, K.A., Haarsma, L., Sterling, P., 2001. Bipolar cells contribute to

nonlinear spatial summation in the brisk-transient (Y) ganglion cell in mammalian
retina. J. Neurosci. 21, 7447–7454.

Deny, S., Ferrari, U., Mace, E., Yger, P., Caplette, R., Picaud, S., Tkacik, G., Marre, O.,
2017. Multiplexed computations in retinal ganglion cells of a single type. Nat.
Commun. 8http://dx.doi.org/10.1038/s41467-017-02159-y. 1964.

DeVries, S.H., 1999. Correlated firing in rabbit retinal ganglion cells. J. Neurophysiol. 81
908.

Devries, S.H., Baylor, D.A., 1997. Mosaic arrangement of ganglion cell receptive fields in
rabbit retina. J. Neurophysiol. 78, 2048–2060. http://dx.doi.org/10.1152/jn.1997.
78.4.2048.

DeVries, S.H., Schwartz, E.A., 1989. Modulation of an electrical synapse between solitary
pairs of catfish horizontal cells by dopamine and second messengers. J. Physiol 414,
351–375.

Dhande, O.S., Estevez, M.E., Quattrochi, L.E., El-Danaf, R.N., Nguyen, P.L., Berson, D.M.,
Huberman, A.D., 2013. Genetic dissection of retinal inputs to brainstem nuclei con-
trolling image stabilization. J. Neurosci. 33, 17797–17813.

Dhande, O.S., Huberman, A.D., 2014. Retinal ganglion cell maps in the brain: implica-
tions for visual processing. Curr. Opin. Neurobiol. 24, 133–142.

Dowling, J.E., 1967. The site of visual adaptation. Science 80 (155), 273–279.

S. Wienbar, G.W. Schwartz Progress in Retinal and Eye Research 67 (2018) 102–117

114

http://dx.doi.org/10.1523/JNEUROSCI.0496-06.2006
http://dx.doi.org/10.1523/JNEUROSCI.0496-06.2006
http://dx.doi.org/10.1016/j.cub.2016.05.035
http://dx.doi.org/10.1016/j.cub.2016.05.035
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref3
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref3
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref4
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref4
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref5
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref5
http://dx.doi.org/10.1523/JNEUROSCI.4206-07.2008
http://dx.doi.org/10.1523/JNEUROSCI.4206-07.2008
http://dx.doi.org/10.1038/nature16468
http://dx.doi.org/10.1016/j.cell.2018.04.040
http://dx.doi.org/10.1016/j.cell.2018.04.040
http://dx.doi.org/10.1016/J.MOLBRAINRES.2004.11.003
http://dx.doi.org/10.1016/J.MOLBRAINRES.2004.11.003
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref10
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref10
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref10
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref11
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref11
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref12
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref12
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref13
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref13
http://dx.doi.org/10.1126/science.1067262
http://dx.doi.org/10.1126/science.1067262
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref15
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref15
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref16
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref16
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref17
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref17
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref18
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref18
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref18
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref19
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref20
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref20
http://dx.doi.org/10.1038/82888
http://dx.doi.org/10.1038/82888
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref22
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref22
http://dx.doi.org/10.1016/0006-8993(67)90047-9
http://dx.doi.org/10.1016/0006-8993(67)90047-9
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref24
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref24
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref24
http://dx.doi.org/10.1016/0042-6989(92)90131-2
http://dx.doi.org/10.1016/0042-6989(92)90131-2
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref26
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref26
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref26
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref27
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref27
http://dx.doi.org/10.7554/eLife.21053
http://dx.doi.org/10.7554/eLife.21053
http://dx.doi.org/10.1038/nature10206
http://dx.doi.org/10.1038/nature10206
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref30
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref30
http://dx.doi.org/10.1152/jn.00411.2015
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref32
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref32
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref32
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref33
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref33
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref33
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref34
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref34
http://dx.doi.org/10.1038/nature03387
http://dx.doi.org/10.1038/nature03387
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref36
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref36
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref36
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref37
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref37
http://dx.doi.org/10.1016/0042-6989(82)90112-2
http://dx.doi.org/10.1016/0042-6989(82)90112-2
http://dx.doi.org/10.1016/0166-2236(95)94496-R
http://dx.doi.org/10.1016/0166-2236(95)94496-R
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref40
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref41
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref41
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref41
http://dx.doi.org/10.1038/s41467-017-02159-y
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref43
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref43
http://dx.doi.org/10.1152/jn.1997.78.4.2048
http://dx.doi.org/10.1152/jn.1997.78.4.2048
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref45
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref45
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref45
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref46
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref46
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref46
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref47
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref47
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref48


Dunn, F.A., Lankheet, M.J., Rieke, F., 2007. Light adaptation in cone vision involves
switching between receptor and post-receptor sites. Nature 449, 603–606.

Dunn, F.A., Rieke, F., 2006. The impact of photoreceptor noise on retinal gain controls.
Curr. Opin. Neurobiol. 16, 363–370.

Ecker, J.L., Dumitrescu, O.N., Wong, K.Y., Alam, N.M., Chen, S.-K., LeGates, T., Renna,
J.M., Prusky, G.T., Berson, D.M., Hattar, S., 2010. Melanopsin-expressing retinal
ganglion-cell photoreceptors: cellular diversity and role in pattern vision. Neuron 67,
49–60. http://dx.doi.org/10.1016/j.neuron.2010.05.023.

Eiber, C.D., Lovell, N.H., Suaning, G.J., 2013. Attaining higher resolution visual pros-
thetics: a review of the factors and limitations. J. Neural. Eng. 10, 011002. http://dx.
doi.org/10.1088/1741-2560/10/1/011002.

Eickenberg, M., Rowekamp, R.J., Kouh, M., Sharpee, T.O., 2012. Characterizing responses
of translation-invariant neurons to natural stimuli: maximally informative invariant
dimensions. Neural Comput. 24, 2384–2421. http://dx.doi.org/10.1162/NECO_a_
00330.

Elias, R.V., Sezate, S.S., Cao, W., McGinnis, J.F., 2004. Temporal kinetics of the light/dark
translocation and compartmentation of arrestin and alpha-transducin in mouse
photoreceptor cells. Mol. Vis. 10, 672–681.

Enroth-Cugell, C., Freeman, A.W., 1987. The receptive-field spatial structure of cat retinal
Y cells. J. Physiol 384, 49–79. http://dx.doi.org/10.1113/jphysiol.1987.sp016443.

Enroth-Cugell, C., Lennie, P., 1975. The control of retinal ganglion cell discharge by re-
ceptive field surrounds. J Physiol 247, 551–578.

Enroth-Cugell, C., Robson, J.G., 1966. The contrast sensitivity of retinal ganglion cells of
the cat. J. Physiol 187, 517–552.

Enroth-Cugell, C., Shapley, R.M., 1973. Flux, not retinal illumation, is what cat retinal
ganglion cells really care about. J. Physiol 233, 311–326.

Euler, T., Masland, R.H., 2000. Light-evoked Responses of Bipolar Cells in a Mammalian
Retina, vol 83. pp. 1817–1829.

Fairhall, A.L., Burlingame, C.A., Narasimhan, R., Harris, R.A., Puchalla, J.L., Berry, M.J.,
2006. Selectivity for Multiple Stimulus Features in Retinal Ganglion Cells, vol 96. pp.
2724–2738.

Farrow, K., Teixeira, M., Szikra, T., Viney, T.J., Balint, K., Yonehara, K., Roska, B., 2013.
Ambient illumination toggles a neuronal circuit switch in the retina and visual per-
ception at cone threshold. Neuron 78, 325–338.

Field, G.D., Chichilnisky, E.J., 2007. Information processing in the primate retina: cir-
cuitry and coding. Annu. Rev. Neurosci. 30, 1–30.

Field, G.D., Gauthier, J.L., Sher, A., Greschner, M., Machado, T.A., Jepson, L.H., Shlens,
J., Gunning, D.E., Mathieson, K., Dabrowski, W., Paninski, L., Litke, A.M.,
Chichilnisky, E.J., 2010. Functional connectivity in the retina at the resolution of
photoreceptors. Nature 467, 673–677.

Field, G.D., Sher, A., Gauthier, J.L., Greschner, M., Shlens, J., Litke, A.M., Chichilnisky,
E.J., 2007. Spatial properties and functional organization of small bistratified gang-
lion cells in primate retina. J. Neurosci. 27, 13261–13272.

Fransen, J.W., Borghuis, B.G., 2017. Temporally diverse excitation generates direction-
selective responses in on- and off-type retinal starburst amacrine cells. Cell Rep. 18,
1356–1365. http://dx.doi.org/10.1016/j.celrep.2017.01.026.

Frazor, R.A., Geisler, W.S., 2006. Local luminance and contrast in natural images. Vis.
Res. 46, 1585–1598.

Freeman, J., Field, G.D., Li, P.H., Greschner, M., Gunning, D.E., Mathieson, K., Sher, A.,
Litke, A.M., Paninski, L., Simoncelli, E.P., Chichilnisky, E.J., 2015. Mapping non-
linear receptive field structure in primate retina at single cone resolution. Elife 4,
1–21. http://dx.doi.org/10.7554/eLife.05241.

Fukada, Y., 1971. Receptive field organization of cat optic nerve fibers with special re-
ference to conduction velocity. Vis. Res. 11, 209–226. http://dx.doi.org/10.1016/
0042-6989(71)90186-6.

Garvert, M.M., Gollisch, T., 2013. Local and global contrast adaptation in retinal ganglion
cells. Neuron 77, 915–928.

Gastinger, M.J., Tian, N., Horvath, T., Marshak, D.W., 2006. Retinopetal axons in
mammals: emphasis on histamine and serotonin. Curr. Eye Res. 31, 655–667. http://
dx.doi.org/10.1080/02713680600776119.

Gauthier, J.L., Field, G.D., Sher, A., Greschner, M., Shlens, J., Litke, A.M., Chichilnisky,
E.J., 2009. Receptive fields in primate retina are coordinated to sample visual space
more uniformly. PLoS Biol. 7http://dx.doi.org/10.1371/journal.pbio.1000063.
e63–e63.

Gauvain, G., Murphy, G.J., 2015. Projection-specific characteristics of retinal input to the
brain. J. Neurosci. 35, 6575–6583.

Geffen, M.N., de Vries, S.E.J., Meister, M., 2007. Retinal ganglion cells can rapidly change
polarity from off to on. PLoS Biol. 5 e65.

Gollisch, T., 2013. Features and functions of nonlinear spatial integration by retinal
ganglion cells. J. Physiol. Paris 107, 338–348.

Gollisch, T., Meister, M., 2010. Eye smarter than scientists believed: neural computations
in circuits of the retina. Neuron 65, 150–164.

Gollisch, T., Meister, M., 2008a. Rapid neural coding in the retina with relative spike
latencies. Science (Washington, D.C.) 80 (319), 1108–1111.

Gollisch, T., Meister, M., 2008b. Modeling convergent ON and OFF pathways in the early
visual system. Biol. Cybern. 99, 263–278.

Goodchild, A.K., Ghosh, K.K., Martin, P.R., 1996. Comparison of photoreceptor spatial
density and ganglion cell morphology in the retina of human, macaque monkey, cat,
and the marmoset Callithrix jacchus. J. Comp. Neurol. 366, 55.

Grimes, W.N., Hoon, M., Briggman, K.L., Wong, R.O., Rieke, F., 2014a. Cross-synaptic
synchrony and transmission of signal and noise across the mouse retina. Elife 3,
e03892.

Grimes, W.N., Schwartz, G.W., Rieke, F., 2014b. The synaptic and circuit mechanisms
underlying a change in spatial encoding in the retina. Neuron 82, 460–473. http://dx.
doi.org/10.1016/j.neuron.2014.02.037.

Güler, A.D., Ecker, J.L., Lall, G.S., Haq, S., Altimus, C.M., Liao, H.-W., Barnard, A.R.,

Cahill, H., Badea, T.C., Zhao, H., Hankins, M.W., Berson, D.M., Lucas, R.J., Yau, K.-
W., Hattar, S., 2008. Melanopsin cells are the principal conduits for rod–cone input to
non-image-forming vision. Nature 453, 102–105.

Haider, B., Krause, M.R., Duque, A., Yu, Y., Touryan, J., Mazer, J.A., McCormick, D.A.,
2010. Synaptic and network mechanisms of sparse and reliable visual cortical activity
during nonclassical receptive field stimulation. Neuron 65, 107–121. http://dx.doi.
org/10.1016/j.neuron.2009.12.005.

Hammond, P., 1974. Cat retinal ganglion cells: size and shape of receptive field centres. J.
Physiol 242, 99–118. http://dx.doi.org/10.1113/jphysiol.1974.sp010696.

Hannibal, J., Kankipati, L., Strang, C.E., Peterson, B.B., Dacey, D., Gamlin, P.D., 2014.
Central projections of intrinsically photosensitive retinal ganglion cells in the ma-
caque monkey. J. Comp. Neurol. 522, 2231–2248. http://dx.doi.org/10.1002/cne.
23588.

Hattar, S., Liao, H.W., Takao, M., Berson, D.M., Yau, K.W., 2002. Melanopsin-containing
retinal ganglion cells: architecture, projections, and intrinsic photosensitivity.
Science 295, 1065–1070. http://dx.doi.org/10.1126/science.1069609.

Heitman, A., Brackbill, N., Greschner, M., Sher, A., Litke, A.M., Chichilnisky, E.J., 2016.
Testing Pseudo-linear Models of Responses to Natural Scenes in Primate Retina.
BioRxiv.

Hochstein, S., Shapley, R.M., 1976. No title. J Physiol 262, 237–264.
Hoshi, H., Mills, S.L., 2009. Components and properties of the G3 ganglion cell circuit in

the rabbit retina. J. Comp. Neurol. 513, 69–82. http://dx.doi.org/10.1002/cne.
21941.

Hotson, J.R., Prince, D.A., 1980. A calcium-activated hyperpolarization follows repetitive
firing in hippocampal neurons. J. Neurophysiol. 43, 409–419. http://dx.doi.org/10.
1152/jn.1980.43.2.409.

Hu, E.H., Pan, F., Völgyi, B., Bloomfield, S.A., 2010. Light increases the gap junctional
coupling of retinal ganglion cells. J. Physiol 588, 4145–4163.

Huxlin, K.R., Goodchild, A.K., 1997. Retinal ganglion cells in the albino rat: revised
morphological classification. J. Comp. Neurol. 385, 309–323. http://dx.doi.org/10.
1002/(SICI)1096-9861(19970825)385:2<309::AID-CNE9>3.0.CO;2–5.

Isayama, T., Berson, D.M., Pu, M., 2000. Theta ganglion cell type of cat retina. J. Comp.
Neurol. 417 32.

Jacoby, J., Schwartz, G.W., 2017. Three small-receptive-field ganglion cells in the mouse
retina are distinctly tuned to size, speed, and object motion. J. Neurosci. 37,
610–625. http://dx.doi.org/10.1523/JNEUROSCI.2804-16.2017.

Jacoby, J., Zhu, Y., DeVries, S.H., Schwartz, G.W., 2015. An amacrine cell circuit for
signaling steady illumination in the retina. Cell Rep. 13, 2663–2670.

Jin, N.G., Ribelayga, C.P., 2016. Direct evidence for daily plasticity of electrical coupling
between rod photoreceptors in the mammalian retina. J. Neurosci. 36, 178–184.

Joesch, M., Meister, M., 2016. A neuronal circuit for colour vision based on rod-cone
opponency. Nature 532, 236–239. http://dx.doi.org/10.1038/nature17158.

Johnston, J., Ding, H., Seibel, S.H., Esposti, F., Lagnado, L., 2014. Rapid mapping of
visual receptive fields by filtered back projection: application to multi-neuronal
electrophysiology and imaging. J. Physiol. 592 (22), 4839–4854.

Johnston, J., Lagnado, L., 2015. General features of the retinal connectome determine the
computation of motion anticipation. Elife 4, e06250. http://dx.doi.org/10.7554/
eLife.06250.

Jones, J.P., Palmer, L.A., Jones, J.P., Palmer, L.A., 1987. The two-dimensional spatial
structure of simple receptive fields in cat striate cortex. J. Neurophysiol. 58,
1187–1211.

Kastner, D.B., Baccus, S.A., 2013. Spatial segregation of adaptation and predictive sen-
sitization in retinal ganglion cells. Neuron 79, 541–554.

Kastner, D.B., Baccus, S.A., Sharpee, T.O., 2015. Critical and maximally informative en-
coding between neural populations in the retina. Proc. Natl. Acad. Sci 112,
2533–2538. http://dx.doi.org/10.1073/pnas.1418092112.

Katz, M.L., Viney, T.J., Nikolic, K., 2016. Receptive field vectors of genetically-identified
retinal ganglion cells reveal cell-type-dependent visual functions. PLoS One 11.
http://dx.doi.org/10.1371/journal.pone.0147738.

Khani, M.H., Gollisch, T., 2017. Diversity in spatial scope of contrast adaptation among
mouse retinal ganglion cells. J. Neurophysiol. 118, 3024–3043. http://dx.doi.org/10.
1152/jn.00529.2017.

Kim, I.-J., Zhang, Y., Yamagata, M., Meister, M., Sanes, J.R., 2008. Molecular identifi-
cation of a retinal cell type that responds to upward motion. Nature 452, 478–482.

Kim, K.J., Rieke, F., 2003. Slow Na+ inactivation and variance adaptation in salamander
retinal ganglion cells. J. Neurosci. 23, 1506–1516.

Kim, T., Kerschensteiner, D., 2017. Inhibitory control of feature selectivity in an object
motion sensitive circuit of the retina. Cell Rep. 19, 1343–1350. http://dx.doi.org/10.
1016/j.celrep.2017.04.060.

Kong, J.-H.H., Fish, D.R., Rockhill, R.L., Masland, R.H., 2005. Diversity of ganglion cells
in the mouse retina: unsupervised morphological classification and its limits. J.
Comp. Neurol. 489, 293–310.

Krishnamoorthy, V., Weick, M., Gollisch, T., 2017. Sensitivity to image recurrence across
eye-movement-like image transitions through local serial inhibition in the retina.
Elife 6, e22431. http://dx.doi.org/10.7554/eLife.22431.

Kuffler, S.W., 1953. Discharge patterns and functional organization of mammalian retina.
J. Neurophysiol. 16, 37–68.

Kuo, S.P., Schwartz, G.W., Rieke, F., 2016. Nonlinear spatiotemporal integration by
electrical and chemical synapses in the retina. Neuron 90, 320–332. http://dx.doi.
org/10.1016/j.neuron.2016.03.012.

Lasater, E.M., 1987. Retinal horizontal cell gap junctional conductance is modulated by
dopamine through a cyclic AMP-dependent protein kinase. Proc. Natl. Acad. Sci.
Unit. States Am. 84, 7319–7323.

Laughlin, S., 1981. A simple coding procedure enhances a neuron's information capacity.
Z. Naturforsch. C Biosci. 36, 910–912.

Laughlin, S.B., 1989. The role of sensory adaptation in the retina. J. Exp. Biol. 146, 39–62.

S. Wienbar, G.W. Schwartz Progress in Retinal and Eye Research 67 (2018) 102–117

115

http://refhub.elsevier.com/S1350-9462(18)30028-4/sref49
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref49
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref50
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref50
http://dx.doi.org/10.1016/j.neuron.2010.05.023
http://dx.doi.org/10.1088/1741-2560/10/1/011002
http://dx.doi.org/10.1088/1741-2560/10/1/011002
http://dx.doi.org/10.1162/NECO_a_00330
http://dx.doi.org/10.1162/NECO_a_00330
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref54
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref54
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref54
http://dx.doi.org/10.1113/jphysiol.1987.sp016443
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref56
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref56
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref57
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref57
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref58
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref58
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref59
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref59
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref60
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref60
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref60
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref61
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref61
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref61
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref62
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref62
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref63
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref63
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref63
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref63
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref64
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref64
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref64
http://dx.doi.org/10.1016/j.celrep.2017.01.026
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref66
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref66
http://dx.doi.org/10.7554/eLife.05241
http://dx.doi.org/10.1016/0042-6989(71)90186-6
http://dx.doi.org/10.1016/0042-6989(71)90186-6
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref69
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref69
http://dx.doi.org/10.1080/02713680600776119
http://dx.doi.org/10.1080/02713680600776119
http://dx.doi.org/10.1371/journal.pbio.1000063
http://dx.doi.org/10.1371/journal.pbio.1000063
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref72
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref72
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref73
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref73
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref74
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref74
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref75
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref75
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref76
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref76
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref77
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref77
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref78
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref78
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref78
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref79
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref79
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref79
http://dx.doi.org/10.1016/j.neuron.2014.02.037
http://dx.doi.org/10.1016/j.neuron.2014.02.037
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref81
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref81
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref81
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref81
http://dx.doi.org/10.1016/j.neuron.2009.12.005
http://dx.doi.org/10.1016/j.neuron.2009.12.005
http://dx.doi.org/10.1113/jphysiol.1974.sp010696
http://dx.doi.org/10.1002/cne.23588
http://dx.doi.org/10.1002/cne.23588
http://dx.doi.org/10.1126/science.1069609
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref86
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref86
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref86
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref87
http://dx.doi.org/10.1002/cne.21941
http://dx.doi.org/10.1002/cne.21941
http://dx.doi.org/10.1152/jn.1980.43.2.409
http://dx.doi.org/10.1152/jn.1980.43.2.409
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref90
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref90
http://dx.doi.org/10.1002/(SICI)1096-9861(19970825)385:2<309::AID-CNE9>3.0.CO;2�5
http://dx.doi.org/10.1002/(SICI)1096-9861(19970825)385:2<309::AID-CNE9>3.0.CO;2�5
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref92
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref92
http://dx.doi.org/10.1523/JNEUROSCI.2804-16.2017
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref94
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref94
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref95
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref95
http://dx.doi.org/10.1038/nature17158
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref97
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref97
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref97
http://dx.doi.org/10.7554/eLife.06250
http://dx.doi.org/10.7554/eLife.06250
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref99
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref99
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref99
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref100
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref100
http://dx.doi.org/10.1073/pnas.1418092112
http://dx.doi.org/10.1371/journal.pone.0147738
http://dx.doi.org/10.1152/jn.00529.2017
http://dx.doi.org/10.1152/jn.00529.2017
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref104
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref104
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref105
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref105
http://dx.doi.org/10.1016/j.celrep.2017.04.060
http://dx.doi.org/10.1016/j.celrep.2017.04.060
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref107
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref107
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref107
http://dx.doi.org/10.7554/eLife.22431
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref109
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref109
http://dx.doi.org/10.1016/j.neuron.2016.03.012
http://dx.doi.org/10.1016/j.neuron.2016.03.012
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref111
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref111
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref111
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref112
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref112
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref113


Lee, B.B., 1996. Receptive field structure in the primate retina. Vis. Res. 36, 631–644.
Leonardo, A., Meister, M., 2013. Nonlinear dynamics support a linear population code in

a retinal target-tracking circuit. J. Neurosci. 33, 16971–16982. http://dx.doi.org/10.
1523/JNEUROSCI.2257-13.2013.

Lesica, N.A., Ishii, T., Stanley, G.B., Hosoya, T., 2008. Estimating receptive fields from
responses to natural stimuli with asymmetric intensity distributions. PLoS One
3http://dx.doi.org/10.1371/journal.pone.0003060. e3060.

Lettvin, J., Maturana, H., McCulloch, W., Pitts, W., 1959. What the Frog's eye tells the
Frog's brain. Proc. IRE 47, 1940–1951.

Levick, W.R., 1967. Receptive fields and trigger features of ganglion cells in the visual
streak of the rabbits retina. J. Physiol 188, 285–307.

Liu, J.K., Gollisch, T., 2015. Spike-triggered covariance analysis reveals phenomen-
ological diversity of contrast adaptation in the retina. PLoS Comput. Biol. 11,
e1004425.

Liu, J.K., Schreyer, H.M., Onken, A., Rozenblit, F., Khani, M.H., Krishnamoorthy, V.,
Panzeri, S., Gollisch, T., 2017. Inference of neuronal functional circuitry with spike-
triggered non-negative matrix factorization. Nat. Commun. 8http://dx.doi.org/10.
1038/s41467-017-00156-9. 149.

Maheswaranathan, N., McIntosh, L.T., Kastner, D.B., Melander, J., Brezovec, L., Nayebi,
A., Wang, J., Ganguli, S., Baccus, S.A., 2018. Deep Learning Models Reveal Internal
Structure and Diverse Computations in the Retina under Natural Scenes. BioRxiv.

Major, D.E., Rodman, H.R., Libedinsky, C., Karten, H.J., 2003. Pattern of retinal projec-
tions in the California ground squirrel (Spermophilus beecheyi): anterograde tracing
study using cholera toxin. J. Comp. Neurol. 463, 317–340. http://dx.doi.org/10.
1002/cne.10764.

Mani, A., Schwartz, G.W.W., 2017. Circuit mechanisms of a retinal ganglion cell with
stimulus-dependent response latency and activation beyond its dendrites. Curr. Biol.
27, 1–12. http://dx.doi.org/10.1016/j.cub.2016.12.033.

Manookin, M.B., Patterson, S.S., Linehan, C.M., 2018. Neural mechanisms mediating
motion sensitivity in parasol ganglion cells of the primate retina. Neuron 97,
1327–1340. http://dx.doi.org/10.1016/j.neuron.2018.02.006. e4.

Manookin, M.B., Puller, C., Rieke, F., Neitz, J., Neitz, M., 2015. Distinctive receptive field
and physiological properties of a wide-field amacrine cell in the macaque monkey
retina. J. Neurophysiol. 114, 1606–1616. http://dx.doi.org/10.1152/jn.00484.2015.

Mante, V., Frazor, R.A., Bonin, V., Geisler, W.S., Carandini, M., 2005. Independence of
luminance and contrast in natural scenes and in the early visual system. Nat.
Neurosci. 8, 1690–1697.

Martersteck, E.M., Hirokawa, K.E., Evarts, M., Bernard, A., Duan, X., Li, Y., Ng, L., Oh,
S.W., Ouellette, B., Royall, J.J., Stoecklin, M., Wang, Q., Zeng, H., Sanes, J.R., Harris,
J.A., 2017. Diverse central projection patterns of retinal ganglion cells. Cell Rep. 18,
2058–2072. http://dx.doi.org/10.1016/j.celrep.2017.01.075.

Masland, R.H., 2012. The neuronal organization of the retina. Neuron 76, 266–280.
Mastronarde, D.N., 1983. Interactions between ganglion cells in cat retina. J.

Neurophysiol. 49, 350–365.
Matteau, I., Boire, D., Ptito, M., 2003. Retinal projections in the cat: a cholera toxin B

subunit study. Vis. Neurosci. 20, 481–493. http://dx.doi.org/10.1017/
S0952523803205022.

McFarland, J.M., Cui, Y., Butts, D.A., 2013. Inferring nonlinear neuronal computation
based on physiologically plausible inputs. PLoS Comput. Biol. 9, e1003143. http://
dx.doi.org/10.1371/journal.pcbi.1003143.

McIlwain, J.T., 1966. Some evidence concerning the physiological basis of the periphery
effect in the cat's retina. Exp. Brain Res. 1, 265–271.

Meister, M., 1996. Multineuronal codes in retinal signaling. Proc. Natl. Acad. Sci 93,
609–614.

Milner, E.S., Do, M.T.H., 2017. A population representation of absolute light intensity in
the mammalian retina. Cell 1–12. http://dx.doi.org/10.1016/j.cell.2017.09.005.

Münch, T.A., da Silveira, R.A., Siegert, S., Viney, T.J., Awatramani, G.B., Roska, B., 2009.
Approach sensitivity in the retina processed by a multifunctional neural circuit. Nat.
Neurosci. 12, 1308–1316.

Murphy, G.J., Rieke, F., 2011. Electrical synaptic input to ganglion cells underlies dif-
ferences in the output and absolute sensitivity of parallel retinal circuits. J. Neurosci.
31, 12218–12228. http://dx.doi.org/10.1523/JNEUROSCI.3241-11.2011.

Nath, A., Schwartz, G.W., 2017. Electrical synapses convey orientation selectivity in the
mouse retina. Nat. Commun. 8 (1), 2025. https://doi.org/10.1038/s41467-017-
01980-9.

Nath, A., Schwartz, G.W., 2016. Cardinal orientation selectivity is represented by two
distinct ganglion cell types in mouse retina. J. Neurosci. 36, 3208–3221. http://dx.
doi.org/10.1523/JNEUROSCI.4554-15.2016.

Nirenberg, S., Carcieri, S.M., Jacobs, A.L., Latham, P.E., 2001. Retinal ganglion cells act
largely as independent encoders. Nature 411, 698–701. http://dx.doi.org/10.1038/
35079612.

Nobles, R.D., Zhang, C., Muller, U., Betz, H., McCall, M.A., 2012. Selective Glycine re-
ceptor 2 subunit control of crossover inhibition between the on and off retinal
pathways. J. Neurosci. 32, 3321–3332.

Nowak, P., Dobbins, A.C., Gawne, T.J., Grzywacz, N.M., Amthor, F.R., 2011. Separability
of stimulus parameter encoding by on-off directionally selective rabbit retinal
ganglion cells. J. Neurophysiol. 105, 2083–2099.

Ogawa, T., Bishop, P.O., Levick, W.R., 1966. Temporal characteristics of responses to
photic stimulation of single ganglion cells in the unopened eye of the cat. J.
Neurophysiol. 29, 1–30.

Ölveczky, B.P., Baccus, S.A., Meister, M., 2003. Segregation of object and background
motion in the retina. Nature 423, 401–408.

Ong, J.M., da Cruz, L., 2012. The bionic eye: a review. Clin. Exp. Ophthalmol. 40, 6–17.
http://dx.doi.org/10.1111/j.1442-9071.2011.02590.x.

Oyster, C.W., Simpson, J.I., Takahashi, E.S., Soodak, R.E., 1980. Retinal ganglion cells
projecting to the rabbit accessory optic system. J. Comp. Neurol. 190, 49–61. http://

dx.doi.org/10.1002/cne.901900105.
Ozuysal, Y., Baccus, S.A., 2012. Linking the computational structure of variance adap-

tation to biophysical mechanisms. Neuron 73, 1002–1015. http://dx.doi.org/10.
1016/j.neuron.2011.12.029.

Pang, J.-J.J., Gao, F., Wu, S.M., 2003. Light-evoked excitatory and inhibitory synaptic
inputs to ON and OFF alpha ganglion cells in the mouse retina. J. Neurosci. 23,
6063–6073.

Partridge, L.D., Brown, J.E., 1970. Receptive fields of rat retinal ganglion cells. Vis. Res.
10, 455–460. http://dx.doi.org/10.1016/0042-6989(70)90002-7.

Pearson, J.T., Kerschensteiner, D., 2015. Ambient illumination switches contrast pre-
ference of specific retinal processing streams. J. Neurophysiol. 114, 540–550.

Peichl, L., Wassle, H., 1979. Size, scatter and coverage of ganglion cell receptive field
centres in the cat retina. J. Physiol 291, 117–141.

Pillow, J.W., Paninski, L., Uzzell, V.J., Simoncelli, E.P., Chichilnisky, E.J., 2005.
Prediction and decoding of retinal ganglion cell responses with a probabilistic spiking
model. J. Neurosci. 25, 11003–11013.

Pillow, J.W., Shlens, J., Paninski, L., Sher, A., Litke, A.M., Chichilnisky, E.J., Simoncelli,
E.P., 2008. Spatio-temporal correlations and visual signalling in a complete neuronal
population. Nature 454, 995–999.

Piscopo, D.M., El-Danaf, R.N., Huberman, A.D., Niell, C.M., 2013. Diverse visual features
encoded in mouse lateral geniculate nucleus. J. Neurosci. 33, 4642–4656.

Pitkow, X., Meister, M., 2012. Decorrelation and efficient coding by retinal ganglion cells.
Nat. Neurosci. 15, 628–635.

Poleg-Polsky, A., Diamond, J.S., 2016. Retinal circuitry balances contrast tuning of ex-
citation and inhibition to enable reliable computation of direction selectivity. J.
Neurosci. 36, 5861–5876. http://dx.doi.org/10.1523/JNEUROSCI.4013-15.2016.

Provencio, I., Rodriguez, I.R., Jiang, G., Hayes, W.P., Moreira, E.F., Rollag, M.D., 2000. A
novel human opsin in the inner retina. J. Neurosci. 20, 600–605. http://dx.doi.org/
10.1523/JNEUROSCI.20-02-00600.2000.

Puller, C., Manookin, M.B., Neitz, J., Rieke, F., Neitz, M., 2015. Broad thorny ganglion
cells: a candidate for visual pursuit error signaling in the primate retina. J. Neurosci.
35, 5397–5408.

Radon, J., 1986. On the determination of functions from their integral values along
certain manifolds. IEEE Trans. Med. Imag. 5, 170–176. http://dx.doi.org/10.1109/
TMI.1986.4307775.

Real, E., Asari, H., Gollisch, T., Meister, M., 2017. Neural circuit inference from function
to structure. Curr. Biol. 1–10. http://dx.doi.org/10.1016/j.cub.2016.11.040.

Reid, R.C., Victor, J.D., Shapley, R.M., 1997. The use of m-sequences in the analysis of
visual neurons: linear receptive field properties. Vis. Neurosci. 14http://dx.doi.org/
10.1017/S0952523800011743. 1015.

Reiner, A., Zhang, D., Eldred, W.D., 1996. Use of the sensitive anterograde tracer cholera
toxin fragment B reveals new details of the central retinal projections in turtles. Brain
Behav. Evol. 48, 322–337. http://dx.doi.org/10.1159/000113211.

Reitner, A., Sharpe, L.T., Zrenner, E., 1991. Is colour vision possible with only rods and
blue-sensitive cones? Nature 352, 798–800. http://dx.doi.org/10.1038/352798a0.

Ribelayga, C., Cao, Y., Mangel, S.C., 2008. The circadian clock in the retina controls rod-
cone coupling. Neuron 59, 790–801.

Rieke, F., Rudd, M.E., 2009. The challenges natural images pose for visual adaptation.
Neuron 64, 605–616.

Rivlin-Etzion, M., Grimes, W.N., Rieke, F., 2018. Flexible neural hardware supports dy-
namic computations in retina. Trends Neurosci. 41, 224–237. http://dx.doi.org/10.
1016/j.tins.2018.01.009.

Robles, E., Laurell, E., Baier, H., 2014. The retinal projectome reveals brain-area-specific
visual representations generated by ganglion cell diversity. Curr. Biol. 24,
2085–2096. http://dx.doi.org/10.1016/j.cub.2014.07.080.

Rockhill, R.L., Daly, F.J., MacNeil, M.A., Brown, S.P., Masland, R.H., 2002. The diversity
of ganglion cells in a mammalian retina. J. Neurosci. 22, 3831–3843.

Rodieck, R.W., 1998. The First Steps in Seeing. Sinauer Associates.
Rodieck, R.W., Stone, J., 1965. Analysis of receptive fields of cat retinal ganglion cells. J.

Neurophysiol. 28, 832–849.
Román Rosón, M., Bauer, Y., Berens, P., Euler, T., Busse, L., 2018. Mouse DLGN Receives

Input from a Diverse Population of Retinal Ganglion Cells with Limited Convergence.
BioRxiv.

Rousso, D.L.D.L., Qiao, M., Kagan, R.D.R.D., Yamagata, M., Palmiter, R.D.R.D., Sanes,
J.R.J.R., 2016. Two pairs of on and off retinal ganglion cells are defined by inter-
sectional patterns of transcription factor expression. Cell Rep. 15, 1930–1944. http://
dx.doi.org/10.1016/j.celrep.2016.04.069.

Sakai, H.M., Naka, K., 1987. Signal transmission in the catfish retina 58, 1329–1350.
Sakmann, B., Creutzfeldt, O.D., 1969. Scotopic and mesopic light adaptation in the cat's

retina. Pflügers Archiv 313, 168–185.
Sanes, J.R., Masland, R.H., 2015. The types of retinal ganglion cells: current status and

implications for neuronal classification. Annu. Rev. Neurosci. 38, 221–246.
Schmidt, T.M., Alam, N.M., Chen, S., Kofuji, P., Li, W., Prusky, G.T., Hattar, S., 2014. A

role for melanopsin in alpha retinal ganglion cells and contrast detection. Neuron 82,
781–788. http://dx.doi.org/10.1016/j.neuron.2014.03.022.

Schwartz, G., Rieke, F., 2011. Perspectives on: information and coding in mammalian
sensory physiology: nonlinear spatial encoding by retinal ganglion cells: when 1 +
1 != 2. J. Gen. Physiol. 138, 283–290. http://dx.doi.org/10.1085/jgp.201110629.

Schwartz, G., Taylor, S., Fisher, C., Harris, R., Berry, M.J., 2007. Synchronized firing
among retinal ganglion cells signals motion reversal. Neuron 55, 958–969.

Schwartz, G.W., Okawa, H., Dunn, F.A., Morgan, J.L., Kerschensteiner, D., Wong, R.O.L.,
Rieke, F., 2012. The spatial structure of a nonlinear receptive field. Nat. Neurosci. 15,
1572–1580. http://dx.doi.org/10.1038/nn.3225.

Sethuramanujam, S., McLaughlin, A.J., deRosenroll, G., Hoggarth, A., Schwab, D.J.J.,
Awatramani, G.B.B., 2016. A central role for mixed acetylcholine/GABA transmission
in direction coding in the retina. Neuron 90, 1243–1256. http://dx.doi.org/10.1016/

S. Wienbar, G.W. Schwartz Progress in Retinal and Eye Research 67 (2018) 102–117

116

http://refhub.elsevier.com/S1350-9462(18)30028-4/sref114
http://dx.doi.org/10.1523/JNEUROSCI.2257-13.2013
http://dx.doi.org/10.1523/JNEUROSCI.2257-13.2013
http://dx.doi.org/10.1371/journal.pone.0003060
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref117
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref117
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref118
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref118
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref119
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref119
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref119
http://dx.doi.org/10.1038/s41467-017-00156-9
http://dx.doi.org/10.1038/s41467-017-00156-9
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref121
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref121
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref121
http://dx.doi.org/10.1002/cne.10764
http://dx.doi.org/10.1002/cne.10764
http://dx.doi.org/10.1016/j.cub.2016.12.033
http://dx.doi.org/10.1016/j.neuron.2018.02.006
http://dx.doi.org/10.1152/jn.00484.2015
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref126
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref126
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref126
http://dx.doi.org/10.1016/j.celrep.2017.01.075
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref128
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref129
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref129
http://dx.doi.org/10.1017/S0952523803205022
http://dx.doi.org/10.1017/S0952523803205022
http://dx.doi.org/10.1371/journal.pcbi.1003143
http://dx.doi.org/10.1371/journal.pcbi.1003143
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref132
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref132
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref133
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref133
http://dx.doi.org/10.1016/j.cell.2017.09.005
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref135
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref135
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref135
http://dx.doi.org/10.1523/JNEUROSCI.3241-11.2011
https://doi.org/10.1038/s41467-017-01980-9
https://doi.org/10.1038/s41467-017-01980-9
http://dx.doi.org/10.1523/JNEUROSCI.4554-15.2016
http://dx.doi.org/10.1523/JNEUROSCI.4554-15.2016
http://dx.doi.org/10.1038/35079612
http://dx.doi.org/10.1038/35079612
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref140
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref140
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref140
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref141
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref141
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref141
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref142
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref142
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref142
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref143
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref143
http://dx.doi.org/10.1111/j.1442-9071.2011.02590.x
http://dx.doi.org/10.1002/cne.901900105
http://dx.doi.org/10.1002/cne.901900105
http://dx.doi.org/10.1016/j.neuron.2011.12.029
http://dx.doi.org/10.1016/j.neuron.2011.12.029
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref147
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref147
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref147
http://dx.doi.org/10.1016/0042-6989(70)90002-7
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref149
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref149
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref150
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref150
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref151
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref151
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref151
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref152
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref152
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref152
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref153
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref153
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref154
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref154
http://dx.doi.org/10.1523/JNEUROSCI.4013-15.2016
http://dx.doi.org/10.1523/JNEUROSCI.20-02-00600.2000
http://dx.doi.org/10.1523/JNEUROSCI.20-02-00600.2000
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref157
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref157
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref157
http://dx.doi.org/10.1109/TMI.1986.4307775
http://dx.doi.org/10.1109/TMI.1986.4307775
http://dx.doi.org/10.1016/j.cub.2016.11.040
http://dx.doi.org/10.1017/S0952523800011743
http://dx.doi.org/10.1017/S0952523800011743
http://dx.doi.org/10.1159/000113211
http://dx.doi.org/10.1038/352798a0
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref163
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref163
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref164
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref164
http://dx.doi.org/10.1016/j.tins.2018.01.009
http://dx.doi.org/10.1016/j.tins.2018.01.009
http://dx.doi.org/10.1016/j.cub.2014.07.080
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref167
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref167
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref168
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref169
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref169
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref170
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref170
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref170
http://dx.doi.org/10.1016/j.celrep.2016.04.069
http://dx.doi.org/10.1016/j.celrep.2016.04.069
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref172
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref173
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref173
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref174
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref174
http://dx.doi.org/10.1016/j.neuron.2014.03.022
http://dx.doi.org/10.1085/jgp.201110629
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref177
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref177
http://dx.doi.org/10.1038/nn.3225
http://dx.doi.org/10.1016/j.neuron.2016.04.041


j.neuron.2016.04.041.
Shapley, R.M., Victor, J.D., 1981. How the contrast gain control modifies the frequency

responses of cat retinal ganglion cells. J. Physiol 318, 161–179.
Shapley, R.M., Victor, J.D., 1979. Nonlinear spatial summation and the contrast gain

control of cat retinal ganglion cells. J. Physiol 290, 141–161.
Shapley, R.M., Victor, J.D., 1978. The effect of contrast on the transfer properties of cat

retinal ganglion cells. J. Physiol 285, 275–298.
Sharpe, L.T., Stockman, A., Fach, C.C., Markstahler, U., 1993. Temporal and spatial

summation in the human rod visual system. J Physiol 463 325.
Sharpee, T., Rust, N.C., Bialek, W., 2014. Analyzing neural responses to natural signals:

maximally informative dimensions. Neural Comput. 16, 223–250.
Shimizu, T., Cox, K., Karten, H.J., Britto, L.R.G., 1994. Cholera toxin mapping of retinal

projections in pigeons ( Columba livia), with emphasis on retinohypothalamic con-
nections. Vis. Neurosci. 11, 441–446. http://dx.doi.org/10.1017/
S0952523800002376.

Shlens, J., Rieke, F., Chichilnisky, E.J., 2008. Synchronized firing in the retina. Curr.
Opin. Neurobiol. 18, 396–402.

Silveira, L.C., Saito, C.A., Lee, B.B., Kremers, J., da Silva Filho, M., Kilavik, B.E.,
YAMADA, E.S., Perry, V.H., 2004. Morphology and physiology of primate M- and P-
cells. Prog. Brain Res. 144, 21–46.

Simpson, J.I., 1984. The accessory optic system. Annu. Rev. Neurosci. 7, 13–41.
Sivyer, B., Van Wyk, M., Vaney, D.I., Taylor, W.R., 2010. Synaptic inputs and timing

underlying the velocity tuning of direction-selective ganglion cells in rabbit retina. J.
Physiol 588, 3243–3253.

Sivyer, B., Venkataramani, S., Taylor, W.R., Vaney, D.I., 2011. A novel type of complex
ganglion cell in rabbit retina. J. Comp. Neurol. 519, 3128–3138.

Spillmann, L., 2014. Receptive fields of visual neurons: the early years. Perception 43,
1145–1176.

Srinivasan, M.V., Laughlin, S.B., Dubs, A., 1982. Predictive coding: a fresh view of in-
hibition in the retina. Proc. R. Soc. London - Biol. Sci. 216, 427–459. http://dx.doi.
org/10.1098/rspb.1982.0085.

Sun, W., Li, N., He, S., 2002. Large-scale morphological survey of mouse retinal ganglion
cells. J. Comp. Neurol. 451, 115–126.

Tien, N.-W., Pearson, J.T., Heller, C.R., Demas, J., Kerschensteiner, D., 2015. Genetically
identified suppressed-by-contrast retinal ganglion cells reliably signal self-generated
visual stimuli. J. Neurosci. 35, 10815–10820. http://dx.doi.org/10.1523/
JNEUROSCI.1521-15.2015.

Tikidji-Hamburyan, A., Reinhard, K., Seitter, H., Hovhannisyan, A., Procyk, C.A., Allen,
A.E., Schenk, M., Lucas, R.J., Münch, T.A., 2015. Retinal output changes qualitatively
with every change in ambient illuminance. Nat. Neurosci. 18, 66–74.

Troy, J.B., Bohnsack, D.L., Diller, L.C., 1999. Spatial properties of the cat X-cell receptive
field as a function of mean light level. Vis. Neurosci. 16, 1089–1104.

Troy, J.B., Einstein, G., Schuurmans, R.P., Robson, J.G., Enroth-Cugell, C., 1989.
Responses to sinusoidal gratings of two types of very nonlinear retinal ganglion cells
of cat. Vis. Neurosci. 3, 213–223.

Turner, M.H., Rieke, F., 2016. Synaptic rectification controls nonlinear spatial integration
of natural visual inputs. Neuron 90, 1257–1271. http://dx.doi.org/10.1016/j.neuron.
2016.05.006.

van Hateren, J.H., Ruttiger, L., Sun, H., Lee, B.B., 2002. Processing of natural temporal
stimuli by macaque retinal ganglion cells. J. Neurosci. 22, 9945–9960.

Vaney, D.I., Sivyer, B., Taylor, W.R., 2012. Direction selectivity in the retina: symmetry
and asymmetry in structure and function. Nat. Rev. Neurosci. 13, 194–208.

Venkataramani, S., Taylor, W.R., 2016. Synaptic mechanisms generating orientation se-
lectivity in the on pathway of the rabbit retina. J. Neurosci. 36, 3336–3349. http://
dx.doi.org/10.1523/JNEUROSCI.1432-15.2016.

Venkataramani, S., Taylor, W.R., 2010. Orientation selectivity in rabbit retinal ganglion
cells is mediated by presynaptic inhibition. J. Neurosci. 30, 15664–15676.

Venkataramani, S., Van Wyk, M., Buldyrev, I., Sivyer, B., Vaney, D.I., Taylor, W.R., 2014.
Distinct roles for inhibition in spatial and temporal tuning of local edge detectors in
the rabbit retina. PLoS One 9, e88560.

Victor, J.D., Shapley, R.M., 1979a. The nonlinear pathway of Y ganglion cells in the cat
retina. J. Gen. Physiol. 74, 671–689.

Victor, J.D., Shapley, R.M., 1979b. Receptive field mechanisms of cat X and Y retinal
ganglion cells. J. Gen. Physiol. 74, 275–298.

Völgyi, B., Chheda, S., Bloomfield, S.A., 2009. Tracer coupling patterns of the ganglion

cell subtypes in the mouse retina. J. Comp. Neurol. 512, 664–687.
Wagner, H.J., Wagner, E., 1988. Amacrine cells in the retina of a teleost fish, the roach

(Rutilus rutilus): a Golgi study on differentiation and layering. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 321, 263–324.

Weick, M., Demb, J.B., 2011. Delayed rectifier K channels contribute to contrast adap-
tation in mammalian retinal ganglion cells. Neuron 71, 166–179. http://dx.doi.org/
10.1016/j.neuron.2011.04.033.

Weiland, J.D., Fink, W., Humayun, M., Liu, Wentai, Rodger, D.C., Yu-Chong, Tai, Tarbell,
M., 2005. Progress towards a high-resolution retinal prosthesis. In: 2005 IEEE
Engineering in Medicine and Biology 27th Annual Conference. IEEE, pp. 7373–7375.
http://dx.doi.org/10.1109/IEMBS.2005.1616215.

Wiesel, T.N., 1960. Receptive fields of ganglion cells in the cat's retina. J. Physiol 153,
583–594. http://dx.doi.org/10.1113/jphysiol.1960.sp006557.

Wong, K.Y., 2012. A retinal ganglion cell that can signal irradiance continuously for 10
hours. J. Neurosci. 32, 11478–11485.

Xin, D., Bloomfield, S.A., 1999. Dark- and light-induced changes in coupling between
horizontal cells in mammalian retina. J. Comp. Neurol. 405, 75–87.

Yonehara, K., Ishikane, H., Sakuta, H., Shintani, T., Nakamura-Yonehara, K., Kamiji, N.L.,
Usui, S., Noda, M., 2009. Identification of retinal ganglion cells and their projections
involved in central transmission of information about upward and downward image
motion. PLoS One 4 e4320–e4320.

Yonehara, K., Shintani, T., Suzuki, R., Sakuta, H., Takeuchi, Y., Nakamura-Yonehara, K.,
Noda, M., 2008. Expression of SPIG1 reveals development of a retinal ganglion cell
subtype projecting to the medial terminal nucleus in the mouse. PLoS One 3
e1533–e1533.

Yu, H.-H., De Sa, V.R., 2003. Nonlinear reverse-correlation with synthesized naturalistic
noise. Cogn. Sci. Online 1, 1–7.

Zaidi, F.H., Hull, J.T., Peirson, S.N., Wulff, K., Aeschbach, D., Gooley, J.J., Brainard, G.C.,
Gregory-Evans, K., Rizzo, J.F., Czeisler, C.A., Foster, R.G., Moseley, M.J., Lockley,
S.W., 2007. Short-wavelength light sensitivity of circadian, pupillary, and visual
awareness in humans lacking an outer retina. Curr. Biol. 17, 2122–2128. http://dx.
doi.org/10.1016/J.CUB.2007.11.034.

Zhang, Y., Kim, I.J., Sanes, J.R., Meister, M., 2012. The most numerous ganglion cell type
of the mouse retina is a selective feature detector. Proc. Natl. Acad. Sci 109,
E2391–E2398.

Zhang, Z., Li, H., Liu, X., O'Brien, J., Ribelayga, C.P., 2015. Circadian clock control of
connexin36 phosphorylation in retinal photoreceptors of the CBA/CaJ mouse strain.
Vis. Neurosci. 32 E009–E009.

Zhao, X., Stafford, B.K., Godin, A.L., King, W.M., Wong, K.Y., 2014. Photoresponse di-
versity among the five types of intrinsically photosensitive retinal ganglion cells. J.
Physiol 592, 1619–1636.

List of abbreviations

AOS: Accessory Optic System
DoG: Difference of Gaussians
DS: Direction Selective
FBP: Filtered Back Projection
GLM: Generalized Linear Model
HD1/HD2: High Definition 1/High Definition 2
JAM-B: Junctional Adhesion Molecule B
LN: Linear Nonlinear
LNP: Linear Nonlinear Poisson
LNLN: Linear Nonlinear, Linear Nonlinear
MID: Maximally Informative Dimensions
OS: Orientation Selective
RF: Receptive Field
RGC: Retinal Ganglion Cell
ipRGC: intrinsically photosensitive RGC
SbC: Suppressed by Contrast
SCN: Suprachiasmatic Nucleus
STA: Spike Triggered Average
STC: Spike Triggered Covariance

S. Wienbar, G.W. Schwartz Progress in Retinal and Eye Research 67 (2018) 102–117

117

http://dx.doi.org/10.1016/j.neuron.2016.04.041
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref181
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref181
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref182
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref182
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref183
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref183
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref184
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref184
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref185
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref185
http://dx.doi.org/10.1017/S0952523800002376
http://dx.doi.org/10.1017/S0952523800002376
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref187
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref187
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref188
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref188
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref188
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref189
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref190
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref190
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref190
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref191
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref191
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref192
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref192
http://dx.doi.org/10.1098/rspb.1982.0085
http://dx.doi.org/10.1098/rspb.1982.0085
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref194
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref194
http://dx.doi.org/10.1523/JNEUROSCI.1521-15.2015
http://dx.doi.org/10.1523/JNEUROSCI.1521-15.2015
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref196
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref196
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref196
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref197
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref197
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref198
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref198
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref198
http://dx.doi.org/10.1016/j.neuron.2016.05.006
http://dx.doi.org/10.1016/j.neuron.2016.05.006
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref200
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref200
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref201
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref201
http://dx.doi.org/10.1523/JNEUROSCI.1432-15.2016
http://dx.doi.org/10.1523/JNEUROSCI.1432-15.2016
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref203
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref203
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref204
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref204
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref204
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref205
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref205
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref206
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref206
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref207
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref207
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref208
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref208
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref208
http://dx.doi.org/10.1016/j.neuron.2011.04.033
http://dx.doi.org/10.1016/j.neuron.2011.04.033
http://dx.doi.org/10.1109/IEMBS.2005.1616215
http://dx.doi.org/10.1113/jphysiol.1960.sp006557
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref212
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref212
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref213
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref213
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref214
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref214
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref214
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref214
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref215
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref215
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref215
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref215
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref216
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref216
http://dx.doi.org/10.1016/J.CUB.2007.11.034
http://dx.doi.org/10.1016/J.CUB.2007.11.034
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref218
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref218
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref218
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref219
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref219
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref219
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref220
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref220
http://refhub.elsevier.com/S1350-9462(18)30028-4/sref220

	RGCdynamicRF_Schwartz.pdf
	The dynamic receptive fields of retinal ganglion cells
	Introduction
	Conservation of RGC structure and function across species
	Defining a receptive field

	Methods for measuring RGC receptive fields
	Sparse noise
	Spots of various sizes
	Drifting gratings
	Spatiotemporal white noise
	Filter back-projection
	Naturalistic stimuli
	Closed loop experiments

	Receptive field models
	Difference of Gaussians
	Linear-nonlinear (LN) models
	Incorporating gain control
	Multi-pathway LN models
	Spatially nonlinear RF models

	Feature selectivity: fluidity versus invariance
	Response polarity
	Spatial RF
	Kinetics
	Spatial linearity

	The next generation of measuring, modeling, and understanding RGC RFs
	Can a unified computational framework capture the diversity of RGC RF properties?
	Do RGCs encode multiple features of the visual world depending on context?
	Can invariance inform our intuitions about the features that RGCs extract from the visual world?
	Can we work backward from the brain and behavior to discover the salient features encoded by RGCs?
	Future directions and conclusions

	Acknowledgements
	References
	List of abbreviations





