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Vision begins in the retina, which extracts salient features from the environment and encodes
them in the spike trains of retinal ganglion cells (RGCs), the output neurons of the eye. RGC
axons innervate diverse brain areas (>50 in mice) to support perception, guide behavior, and
mediate influences of light on physiology and internal states. In recent years, complete lists of
RGC types (∼45 in mice) have been compiled, detailed maps of their dendritic connections
drawn, and their light responses surveyed at scale. We know less about the RGCs’ axonal
projection patterns,whichmap retinal information onto the brain.However, someorganizing
principles have emerged. Here, we review the strategies and mechanisms that govern devel-
oping RGC axons and organize their innervation of retinorecipient brain areas.

ORGANIZING PRINCIPLES, LESSER-
KNOWN TARGETS, AND POSTSYNAPTIC
CHOICES

Eye-Specific Territories

In mammals, retinal ganglion cell (RGC) axons
from both eyes innervate each side of the brain.

Contralaterally projecting RGCs (contra-RGCs)
occupy the nasal retina, whereas ipsilaterally pro-
jecting RGCs (ipsi-RGCs) are found in the tem-
poral retina, which views binocular visual space
(Dräger and Olsen 1980). Across species, the de-
cussation line between ipsi- and contra-RGCs
moves temporally with more lateral eye positions
(Walls 1942; Rodger et al. 1998). Depending on
the species, different subsets of RGCs in the tem-
poral retina contribute to the ipsilateral projec-
tions (mouse: 20%, cat: 70%, macaque: 100%)
(Dräger and Olsen 1980; Illing and Wässle

1981; Fukuda et al. 1989; Johnson et al. 2021).
Thus, during development, region- and cell-type-
specific sets of RGC axons decide to cross or not
to cross at the optic chiasm. In their targets, ipsi-
and contra-RGCaxons initially overlap but refine
to occupy separate territories at maturity (Fig. 1;
Godement et al. 1984).

Retinotopic Maps

Nearby RGCs innervate nearby neurons in their
targets to establish topographic maps that main-
tain spatial information. Like eye-specific territo-
ries, retinotopicmapsemergefrombiasedstarting
pointsbygradual refinement (CangandFeldheim
2013). In addition to establishing order among
neighboring RGCs, retinotopic maps align visual
space across eye-specific territories (Dräger and
Hubel 1976; Haustead et al. 2008). During devel-
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opment, retinorecipient targets also register as-
cending inputs from the retina with descending
visual inputs (Rhoades andChalupa1978) and, in
the superiorcolliculus (SC), other sensorymodal-
itiesandmotoroutputs (SchillerandStryker1972;
Wurtz and Goldberg 1972; Sparks et al. 1990;
Knudsen and Brainard 1995; Triplett et al. 2012).

Type-Specific Targets and Layers

Neuronscanbeclassified into typesbasedontheir
morphology, gene expression pattern, and func-
tion (ZengandSanes2017).Large-scale surveysof
eachmodality identified similar numbers of RGC
types (∼45) in mice (Baden et al. 2016; Bae et al.
2018; Rheaume et al. 2018; Tran et al. 2019). Re-
cent multimodal analyses revealed good correla-
tion between the unimodal classification schemes
and identified cross-modal correspondences
(Goetz et al. 2022; Huang et al. 2022). Each of
the mouse’s∼45 RGC types sends its unique fea-

turerepresentationof theworldtoaspecificsubset
of >50 retinorecipient brain areas (Morin and
Studholme 2014; Martersteck et al. 2017; Ker-
schensteiner 2022). The same applies,with differ-
entnumbers, toother species (e.g.,macaques:∼18
RGC types and >20 retinorecipient areas) (Hen-
drickson et al. 1970; O’Brien et al. 2001; Dacey
2004; Peng et al. 2019). Most brain targets receive
input frommultiple RGC types, whose axons oc-
cupy type-specific layers in the target (Reese 1988;
Huberman et al. 2009; Hong et al. 2011, 2019;
Tien et al. 2022). In addition to choosing the right
targets and correct layers, developing RGC axons
replicate topographic maps in each type-specific
layer and repeat layers across eye-specific territo-
ries (Cang and Feldheim 2013).

Lesser-Known Targets

The principles of RGC axon organization (i.e.,
eye-specific territories, retinotopic maps, and
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Figure 1. Organization of retinal projections into eye-specific territories and topographic maps in the mouse
visual system. (ON) Optic nerve, (OC) optic chiasm, (OT) optic tract, (SCN) suprachiasmatic nucleus, (vLGN)
ventrolateral geniculate nucleus, (dLGN) dorsolateral geniculate nucleus, (IGL) intergeniculate leaflet; (SC)
superior colliculus, (MTN) medial terminal nucleus; (DTN) dorsal terminal nucleus, (NOT) nucleus of the
optic tract, (D) dorsal, (N) nasal, (V) ventral, (T) temporal. (Image created from data in Assali et al. 2014.)
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type-specific layers) were gleaned from stud-
ies of the two main retinorecipient targets in
mammals: the dorsolateral geniculate nucleus
(dLGN) of the thalamus and SC (Kerschen-
steiner and Guido 2017; Cang et al. 2018; Liang
and Chen 2020). Towhat extent these principles
and the mechanisms that control RGC axon or-
ganization are preserved across targets is un-
clear. In addition to dLGN and SC, this review
summarizes recent insights into the RGC inner-
vation of the lesser-known majority of targets.

Postsynaptic Choices

RGCaxons layout retinal information according
to the principles described above. How this in-
formation is used (e.g., whether retinal represen-
tations are preserved downstream or combined
to extract new features) depends on the dendritic
sampling of these maps by postsynaptic target
neurons. Morphological, transcriptomic, and
functional surveys are beginning to define the
diversity of postsynaptic neurons in retinore-
cipient targets (Krahe et al. 2011; Piscopo et al.
2013; Gale and Murphy 2014; Reinhard et al.
2019; Bakken et al. 2021; Liu et al. 2023b). We
cover postsynaptic contributions to retina-to-
brain mapping where they are known.

RETINALWAVES

Retinal connectivity to the brain is established
early in development. RGC axons reach their
targets before birth and long before photorecep-
tors drive their responses (Wong 1999). Al-
though guidance cues and molecular interac-
tions are critical for this process, as RGCs
innervate their targets, they are also spontane-
ously active. This spontaneous activity occurs
in waves propagating across the developing reti-
na (i.e., retinal waves). Retinal waves provide a
robust source of depolarization and correlated
activity to the retina and downstream visual ar-
eas, including the SC, dLGN, and primary visual
cortex (V1) (Kirkby et al. 2014; Seabrook et al.
2017). Waves emerge in a retina with few syn-
apses and a large ventricular zone populated by
precursor cells (embryonic day E16 in mice)
(Catsicas et al. 1998; Bansal et al. 2000) and per-

sist until eye opening (postnatal dayP14 inmice)
when all neurons have differentiated and syn-
aptic circuits are nearlymature (Fisher 1979;De-
mas et al. 2003;Kerschensteiner 2020).Although
there is acontinuumof changes, retinalwaves are
typically classified into three stages (1–3), in
which different circuit mechanisms generate
waves with distinct activity patterns. Waves
have mostly been studied in isolated retinas,
but recent calcium imaging of RGC axons in
the SC confirmed their existence in vivo and re-
vealed similar spatiotemporal patterns (Ackman
et al. 2012; Ackman and Crair 2014).

Retinal waves have been observed in many
species, including primates (Wong 1999; War-
land et al. 2006), but are best studied in mice.
During stage 1 (E16-P1 in mice), retinal waves
are characterized by two types of events: small
nonpropagating events and large propagating
ones (Bansal et al. 2000; Voufo et al. 2023).
Both events are blocked by nicotinic acetylcho-
line receptor (nAChR) antagonists; the large
propagating events are also blocked by gap junc-
tion antagonists (Voufo et al. 2023).Thus, stage 1
waves are mediated by a combination of electri-
cal synapses, likely among specific RGC types,
and volume transmission of ACh. During stage
2 (P2-P10 inmice), waves propagate across large
distances, only limited by refractory periods in-
duced bya previouswave (Ford et al. 2012). Dur-
ing this stage, all waves are blocked by nAChR
antagonists and are mediated by volume trans-
mission of ACh. The transition to stage 3 waves
occurs as glutamatergic bipolar cell synapses in
the inner retinamature (P11-P13 inmice) (Fish-
er 1979; Morgan et al. 2008; Akrouh and Ker-
schensteiner 2013; Kerschensteiner 2016). Stage
3 waves are unaffected by nAChR antagonists
and are blocked by ionotropic glutamate recep-
tor antagonists. Stage 3 waves have more com-
plex propagation patterns and cover shorter dis-
tances than their predecessors (Kerschensteiner
and Wong 2008; Gribizis et al. 2019; Ge et al.
2021). Interestingly, stage 3 waves can be trig-
gered by photoreceptor activation, allowing light
to enter through the closed eyelids to influence
spontaneous activity patterns (Tiriac et al. 2018).
During late stage 2 and early stage 3, waves ex-
hibit a propagation bias, with more waves prop-
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agating in the nasal direction in retinal coordi-
nates, mimicking the optic flow generated when
mice move forward (Stafford et al. 2009; Elstrott
and Feller 2010; Ge et al. 2021; Tiriac et al. 2022).

BINOCULAR VISION

Mammalian brains integrate information from
both eyes to extract depth cues (i.e., stereopsis)
and enhance visual sensitivity in the frontal vi-
sual field (Read 2021). To support binocular in-
tegration in the brain, most RGCs cross at the
optic chiasm (i.e., contra-RGCs), but some in-
nervate ipsilateral targets (i.e., ipsi-RGCs). This
section reviews the development of contra- and
ipsi-RGCs, the factors that guide their axons at
the chiasm and shape their terminal arbors in
retinorecipient targets.

Ipsi- and Contralaterally Projecting RGCs

Ipsi-RGCs are found in the temporal crescent of
the mouse retina (Dräger and Olsen 1980). Ret-
rograde tracing revealed that only a subset
(∼20%)ofRGCs in the temporal retina innervate
ipsilateral brain targets (Dräger andOlsen 1980),
and a functional and morphological survey
showed that ipsi-RGCs comprise nine of the
∼45 RGC types in mice (Johnson et al. 2021).

The decision to cross or not at the optic chi-
asm is guided bymolecular interactions between
cues presented by radial glia and early-born neu-
rons at the diencephalic midline and receptors
on RGC axons (Mason and Slavi 2020). Thus,
radial glia and midline neurons express ephrin-
B2, which interacts with EphB1 receptors on
ipsi-RGCaxons, repelling themfromthemidline
(Williams et al. 2003; Petros et al. 2010). Con-
versely, several pairs of midline ligands and ax-
onal receptors (i.e., Semaphorin6D-PlexinA1,
NrCAM-NrCAM, VEGF-A-Neuropilin 1) at-
tract contra-RGC axons to the midline and pro-
mote their crossing (Williams et al. 2006; Erskine
et al. 2011; Kuwajima et al. 2012). Repulsive sig-
nals from contra-RGCs, releasing Sonic hedge-
hog (Shh), to ipsi-RGCs, expressing the Shh-re-
ceptor Boc, further segregate their axons in the
optic chiasm (Sánchez-Arrones et al. 2013; Peng
et al. 2018).

Transcriptional programs differentiating
ipsi- and contra-RGCs have been uncovered.
The Zinc finger transcription factor Zic2 is re-
stricted to ipsi-RGCs across species, including
mice (Herrera et al. 2003). It determines the
path of their axons by driving the expression of
EphB1 receptors (García-Frigola et al. 2008; Lee
et al. 2008) and the Shh-receptor Boc (Fabre et al.
2010; Sánchez-Arrones et al. 2013). Transcrip-
tion factors associated with contra-RGCs in-
clude Islet2, Brn3a, and SoxC (Mason and Slavi
2020). Clear links from these transcription fac-
tors to axon guidance remain to be established.

Albinism, including in humans, is associated
withareduced ipsilateralRGCprojection (Prieur
and Rebsam 2017; Kruijt et al. 2018). Recent
findings indicate that thedown-regulationofCy-
clinD2 in the ciliarymarginal zona (aneurogenic
niche) of albino mice prolongs the G1/S phase
transition in the progenitor cell cycle, compro-
mising the generation of ipsi-RGCs (Slavi et al.
2023).

Eye-Specific Organization in dLGN

In mice, ipsi-RGC axons innervate a dorsome-
dial patch of the dLGN that contra-RGC axons
avoid (Rafols and Valverde 1973). During devel-
opment, the position of the ipsilateral patch is
defined by molecular cues and the segregation
of ipsi- and contra-RGC axons is driven by ac-
tivity-dependent mechanisms.

Ephrin-As and EphA receptors mediate re-
pulsive interactions andare expressed incomple-
mentary gradients in the dLGN and the retina,
respectively (Feldheim et al. 1998). Conversely,
Ten_m3, a cell-adhesionmolecule that mediates
homophilic attraction, is expressed in matching
gradients in the dLGN and the retina (Leamey
et al. 2007). Disruption of either set of gradients
disperses the termination zones of ipsi-RGC
axons, whereas activity-dependent refinement
drives their segregation from contra-RGCs, re-
sulting in fragmented and displaced ipsi-RGC
patches in dLGN (Huberman et al. 2005; Pfeif-
fenberger et al. 2005; Leamey et al. 2007).

The extracellular glycoprotein Nell2 local-
izes to the ipsilateral patch of dLGN and repels
contra-RGC axons. Deletion of Nell2 results in
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an invasion of contra-RGCs, particularly in the
caudal dLGN, and, after activity-dependent re-
finement, a similar fragmentation and disper-
sion of the ipsi-RGC projection to the gradient
disruptions (Nakamoto et al. 2019).

The axons of ipsi- and contra-RGCs initially
overlap and are gradually separated during de-
velopment (between postnatal days 4 and 10 in
mice) (Rossi et al. 2001; Muir-Robinson et al.
2002). Eye-specific segregation coincides with
the period of stage 2 waves, and deleting the
β2-subunit of nAChRs (i.e., β2-nAChR-KO
mice), which significantly reduces stage 2 waves,
prevents eye-specific segregation (Rossi et al.
2001; Muir-Robinson et al. 2002; Burbridge
et al. 2014). Retinal waves correlate the activity
of RGCs in each eye. Because stage 2 waves are
short compared to their intervals and occur in-
dependently in the two eyes, wave activity can
drive eye-specific segregation via correlation-
based synaptic plasticity rules (e.g., burst-time-
dependent plasticity) (Butts et al. 2007). Opto-
genetic stimulation demonstrated the impor-
tance of asynchronous activity in segregating
ipsi- and contra-RGC axons in dLGN (Zhang
et al. 2011). Activity-dependent synaptic plastic-
ity promotes competition, and when ipsi-RGCs
are silenced, they fail to expel contra-RGC axons
from their dLGN territories (Penn et al. 1998;
Koch and Ullian 2010; Koch et al. 2011).

Thus, retinal waves drive and maintain (De-
mas et al. 2006) the eye-specific segregation of
RGC axons in territories whose position in
dLGN is molecularly defined.

The small size of the ipsi-RGC axon patch
compared to the thalamocortical (TC) neuron
dendrite arbors means that ipsi- and contra-
RGCs could converge onto TC neurons (Krahe
et al. 2011). Indeed, monosynaptic rabies virus
tracing found frequent binocular convergence
(Rompani et al. 2017), and in vivo recordings
identifiedTCneurons responding tovisual stim-
ulation through either eye (Howarth et al. 2014).
However, TCneurons restrict strongRGC inputs
to their proximal dendrites (Morgan et al. 2016),
and optogenetic experiments revealed that when
ipsi- and contra-RGCs converge, one eye’s input
is strongly dominant, and the other eye’s input
is arrested in synaptic development (Bauer et

al. 2021). Thus, the choicesmade by the postsyn-
aptic neurons largely maintain the functional
separation established by the eye-specific segre-
gation of RGC axons.

Eye-Specific Organization in SC

Ipsi- and contra-RGC inputs to the superficial
SC (sSC) are laminarly separated. Ipsi-RGC ax-
ons stratify in the deepest layer of sSC (i.e., the
stratum opticum [SO]), whereas contra-RGCs
target the upper layers (i.e., stratum griseum
superficiale [SGS] and stratum zonale [SZ])
(Godement et al. 1984; Hong et al. 2011). Unlike
the gradual refinement in dLGN, ipsi-RGC ax-
ons are restricted to SO from the outset (García-
Frigola and Herrera 2010). Su et al. (2021)
showed that the extracellular glycoprotein neph-
ronectin is limited to theSOand is required for its
ipsi-RGC innervation.This positional cue is pro-
duced by wide-field neurons in SC, whose cell
bodies reside in SO (Tsai et al. 2022). Ipsi-RGC
axons express α8β1 integrin, which binds neph-
ronectin and guides them to their laminar target
(Su et al. 2021).

Although molecular cues establish eye-spe-
cific axon segregation in SC, retinal waves are
required for its maintenance. Thus, ipsi-RGCs
begin to stray into SGS and SZ in β2-nAChR-KO
mice (Rossi et al. 2001; Burbridge et al. 2014) or
when the activity of both eyes is optogenetically
synchronized (Zhang et al. 2011).

The extent of binocular convergence in SC is
still unclear. A recent characterization of light
responses revealed complex interactions be-
tween stimuli presented through both eyes (Rus-
sell et al. 2022), which could be indirect. More-
over, howbinocular convergence differs between
different SC neuron types remains to be deter-
mined (Gale and Murphy 2014; Tsai et al. 2022;
Liu et al. 2023b).

Eye-Specific Organization in Lesser-Known
Targets

Most retinorecipient targets receive input from
both eyes (Morin and Studholme 2014; Marter-
steck et al. 2017). The extent of ipsilateral input
depends on the complement of RGC types in-
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nervating each target. For example, nuclei of the
accessory optic system (i.e., the medial terminal
nucleus [MTN], dorsal terminal nucleus [DTN],
and nucleus of the optic tract [NOT]), which
mediate the gaze-stabilizing optokinetic reflex,
receive limited ipsilateral input because their ret-
inal innervation is dominated by ON direction-
selective (DS) RGCs, which are excluded from
the ipsi-RGC set (Simpson 1984; Gauvain and
Murphy 2015; Johnson et al. 2021). By contrast,
the olivary pretectal nucleus (OPN), which me-
diates the pupillary light response (i.e., the pu-
pil’s constriction to increasing light levels), re-
ceives abundant input from M1 and M6
intrinsically photosensitive RGCs (ipRGCs),
which are overrepresented in the ipsi-RGC set
(Hattar et al. 2006; Levine and Schwartz 2020;
Johnson et al. 2021). TheM1 ipRGC population
encodes global luminance in a distributed man-
ner, and its ablation abolishes the pupillary light
response (Chen et al. 2011; Milner and Do 2017;
Liu et al. 2023a). Eye-specific axon segregation in
OPN appears precise from the outset (McNeill
et al. 2011); the mechanisms guiding this orga-
nization remain unknown.

Across species, the size of ipsilateral projec-
tions can be predicted from the eye positions: the
more lateral the eyes, the smaller the ipsilateral
projection (i.e., the Newton–Müller–Gudden
law) (Walls 1942). The retinal projection to the
suprachiasmatic nucleus (SCN), which entrains
circadian rhythms to light, consistently breaks
this law (Magnin et al. 1989). The SCN is pre-
dominantly innervated by M1 ipRGCs (Hattar
et al. 2006; Baver et al. 2008; Güler et al. 2008).
Single-cell labeling demonstrated that the axons
of individual M1 ipRGCs frequently innervate
both SCNs via collaterals branching at the chi-
asm or within the SCN (Fernandez et al. 2016).
As a result, the mouse SCN receives approxi-
mately equal input from both eyes (Hattar et al.
2006; Fernandez et al. 2016).However, function-
al convergence appears limited, and 67% of cells
respond exclusively to stimuli through one or the
other eye (Walmsley and Brown 2015). Unlike
dLGN and SC (Howarth et al. 2014; Russell
et al. 2022), monocular responses in SCN are
equally distributed between ipsi- and contralat-
eral eyes (Walmsley and Brown 2015). The

mechanisms guiding the development of bilat-
eral axonal projections and maintaining post-
synaptic eye-specific segregation in SCN remain
to be uncovered.

RETINOTOPY

Nearby RGCs innervate nearby neurons in reti-
norecipient targets to maintain spatial informa-
tion. This section reviews regional specializa-
tions within the retina and the mechanisms
that establish and refine retinotopic target inner-
vation.

Regional Specializations of RGCs

Most RGCs are distributed across the retina in
regular mosaics, in which the distances between
same-typeneighbors are relatively constant.This
arrangement enables the retina to encode visual
features uniformly across space. However, recent
experiments have revealed striking variations in
RGCdensityand receptivefieldproperties across
the mouse retina (i.e., regional specializations)
(Rivlin-Etzion et al. 2018; El-Danaf and Huber-
man 2019; Heukamp et al. 2020).

The retinas of many species contain areas in
which the RGC density is increased and den-
dritic and receptive fields are proportionally
smaller, allowing for high-acuity vision (i.e.,
acute zones) (Baden et al. 2020). When all
RGCs are labeled, no acute zones are visible in
themouse retina (DrägerandOlsen 1981).How-
ever, Bleckert et al. (2014) discovered that the
density of sustained ONα and OFFα RGCs,
which signal local light increments and decre-
ments (i.e., luminance contrast), respectively, is
elevated, and their dendritic and receptive fields
are smaller in the temporal retina, forming acell-
type-specific binocular acute zone. An extreme
asymmetry in distribution has also been ob-
served in the non-image-forming pathway,
where a subtype ofM1 ipRGCs resides exclusive-
ly in the dorsal retina and projects to specific
targets within the SCN, the supraoptic nucleus
through which light regulates metabolism and
social memories, and the zona incerta, a struc-
ture associated with novelty seeking and the in-
tegration of sensory and motivational cues for
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predation (Zhao et al. 2019;Monosov et al. 2022;
Berry et al. 2023; Huang et al. 2023; Meng et al.
2023).

In addition, regional specializations in RGC
function have been identified. Thus, the re-
sponses of transient Offα RGCs are more sus-
tained in the dorsal than the ventral retina (War-
wick et al. 2018). Transient OFFα RGCs in the
ventral retina drive the innate defensive responses
of mice to looming stimuli that signal approach-
ing aerial predators in the sky (Münch et al. 2009;
Kim et al. 2020; Wang et al. 2021). Furthermore,
variations in the center-surround organization of
receptive fields have been observed across multi-
ple RGC subtypes that appear optimized to en-
code variations in spatiotemporal features of nat-
ural scenes across the visual field (Gupta et al.
2023). The developmental bases of these regional
specializations in cell density and function have
not yet been elucidated.

The preferred directions of DS RGCs vary
with location in the retina, followingacoordinate
system defined by optic flow (Sabbah et al. 2017;
Tiriac et al. 2022). Thus, the preferred directions
of horizontal DSRGCs converge on a singularity
in the temporal retina, from which optic flow
emerges when mice move forward. Vertical DS
RGCpreferences converge on a ventral singular-
ity. The mapping of horizontal but not vertical
DS RGC motion preferences depends on retinal
waves, which showa horizontal propagation bias
aligned with optic flow fields during late stage 2
and early stage 3 (Stafford et al. 2009; Elstrott and
Feller 2010; Sabbah et al. 2017; Ge et al. 2021;
Tiriac et al. 2022).

Retinotopic Organization in dLGN

Contra-RGCs are organized retinotopically, with
the nasal–temporal retinal axismapping onto the
ventrolateral–dorsomedial axis of the dLGN, and
the dorsoventral retinal axis mapping onto the
ventromedial–dorsolateral axis of the dLGN
(Lund et al. 1974). Ipsilaterally projecting axons
also followaretinotopicorganizationwithventro-
temporalRGCsprojecting to thedorsalpartof the
ipsi-recipient region, which is shifted ventrally
from the contra-RGC axons. Ephrin-A/EphA in-
teractions guide nasotemporal mapping, with

high ephrin ligand expression in ventrolateral an-
terior dLGN (Pfeiffenberger et al. 2005). Mice
lacking ephrin-As exhibit abnormal mapping
along this axis, although the defects are less dra-
matic than in the SC (Pfeiffenberger et al. 2005).
Also, in contrast to SC, there are no overshooting
axons but increased branching in the correct ret-
inotopic location (Dhande et al. 2011; Assali et al.
2014). Knocking out ephrin-A signaling and ret-
inal waves leads to the most dramatic disruption
along the horizontal visual field axis (Pfeiffen-
berger et al. 2006). Reconstructions of individual
retinogeniculate axons showed that activity dis-
ruption prevents the refinement of their arbors
(Dhande et al. 2011; Benjumeda et al. 2013).

After eye-opening, retinotopic connections
between RGCs and TC neurons continue to
refine, a process driven by visual experience
(Hooks and Chen 2006, 2008).

Retinotopic Organization in SC

Themechanisms underlying the development of
retinotopic maps have beenmost intensely stud-
ied in the contra-RGCprojections to the SC (Tri-
plett and Feldheim 2012; Cang and Feldheim
2013; Johnson and Triplett 2021; Tomar et al.
2023). Inmice, contra-RGC axons reach the ros-
tral end of the SC at E16 and grow across to the
caudal end by P2. Over the first postnatal week,
overshooting branches are retracted, and axons
elaborate dense arbors in their final termination
zone (SimonandO’Leary1992;Yates et al. 2001).
Distinct mechanisms appear to determine the
size and location of the termination zone along
the rostrocaudal axis versus the mediolateral
axis, which represents the vertical visual field.

The retraction of overshooting branches and
the location of the termination zone along the
rostrocaudal axis are determined by contact-me-
diated repulsive interactions between ephrin-As
andEphA receptors and retinal waves. Temporal
RGCs with high receptor expression are strongly
repelled from caudal SC, whereas nasal RGC
axons with lower receptor expression are less
sensitive to high ligand concentrations, and so
remain.Thismodel is supportedby loss-of-func-
tion and gain-of-function studies (Nakamoto
et al. 1996; Frisén et al. 1998; Feldheim et al.
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2000; Cang et al. 2008). Single knockout mice
have minor retinotopic defects, often manifest-
ing as a normal projection with an ectopic ter-
mination zone, with more serious deficits asso-
ciatedwith double and triplemutants, indicating
it is the sum total of ephrin-A/EphA signaling,
rather than specific ephrin-A/EphA receptor
species that drive repulsion (Cheng et al. 1995;
Triplett andFeldheim2012).More recent studies
based on conditional knockouts of ephrin-A5 in
the retina indicate that SC-independent ephrin-
A/EphA interactions between RGC axons also
contribute to their topographic mapping (Suet-
terlin and Drescher 2014). A role for axon–axon
interactions is also supported bya study inwhich
the depletion of large percentages of RGCs led to
the degradation of retinotopic maps (Maiorano
and Hindges 2013).

Waves also contribute to the retinotopic
mapping of RGC axons to SC. In β2-nAChR-
KO mice or mice in which waves have been in-
hibited pharmacologically, axonal arbors are
centered on the correct retinotopic locations
but with expanded termination zones (Mc-
Laughlin et al. 2003;Burbridge et al. 2014).These
expanded termination zones expand receptive
fields in SC (Chandrasekaran et al. 2005;
Mrsic-Flogel et al. 2005). Knocking out both
β2-nAChRs and ephrin-As leads to a complete
lack of refinement along the horizontal visual
axis (Pfeiffenberger et al. 2006).

Refinement along the vertical visual axis
(dorsoventral on the retina, mediolateral in the
SC) follows a different developmental program.
When entering the SC, RGC axons are partially
organized along themediolateral axis, branching
off the primary axon in the correct termination
zones (Plas et al. 2005). EphB/ephrin-B have
counter gradients within the retina and SC.
Loss-of-function and overexpression studies im-
ply that targeting of these axonal branches de-
pends on EphB/ephrinB interactions, although
the details remain obscure (Hindges et al. 2002).
Other molecular gradients have also been impli-
cated, including Wnt signaling (Schmitt et al.
2006) and cell-adhesion molecules (Dai et al.
2013). Activity manipulations have limited ef-
fects along this axis, indicating that it is likely
to bemediated primarily by guidancemolecules.

Retinotopic Alignment of Feedforward and
Feedback Connections in SC and dLGN

The SC and the dLGN receive feedback connec-
tions from V1 that are retinotopically organized
and aligned with feedforward retinal inputs
(Triplett et al. 2009; Wang and Burkhalter
2013). Descending cortical inputs appear to
modulate the gain of SC neuron responses but
not alter the featurepreferences they inherit from
the retina (Zhao et al. 2014; Liang et al. 2015;
Cang et al. 2018). Following RGC innervation
and refinement in the first postnatal week, axons
fromlayer5neurons inV1reachSCstartingatP6
and refine their termination zones by P12 in
alignment with the retinal input map. The topo-
graphic refinement of the cortical input is in-
structed by the retinal projection (Johnson and
Triplett 2021) and depends on ephrin-A gradi-
ents (Savier et al. 2017) and activity (Triplett et
al. 2009). Interestingly, the refinement ofV1pro-
jectionsbutnot retinal projections toSCdepends
onpostsynapticNMDAreceptors (Johnson et al.
2023).

The dLGN receives input from layer 6 of V1,
which is also aligned with the retinal input
(Hasse and Briggs 2017). Layer 6 axons arrive
in the dLGN around P0 but only innervate the
nucleus after the retinal input has traversed the
structure atP3.Thecortical innervationofdLGN
is accelerated in the absence of RGC input (Sea-
brook et al. 2013), a processmodulated by neural
activity (Moreno-Juan et al. 2023). Corticoge-
niculate feedback also regulates the experience-
dependent refinement of retinogeniculate syn-
apses after eye-opening (Thompson et al. 2016).

Retinotopic Organization in Lesser-Known
Targets

In retinorecipient regions, other than dLGN and
SC, the development of topographic organiza-
tion has rarely been explored (Dhande et al.
2015). Inputs to the ventrolateral geniculate nu-
cleus (vLGN), which may mediate a wide range
of light influences onmood, learning, andbehav-
ior (Huang et al. 2019, 2021; Fratzl et al. 2021;
SalayandHuberman2021;Huet al. 2022), arrive
in the first postnatal week (Su et al. 2011), are
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organized retinotopically (Holcombe and Guil-
lery 1984), and undergo eye-specific segregation
(Monavarfeshani et al. 2017). The mechanisms
that govern this organization remain unex-
plored.

In the SCN, which receives overlapping ipsi-
lateral andcontralateral inputs fromM1ipRGCs,
there is some evidence for a coarse retinotopic
organization (Fernandez et al. 2016).The limited
retinotopic and eye-specific refinement in the
SCNmay partly be due to the lack of M1 ipRGC
participation in retinalwaves (Caval-Holmeet al.
2022).

TYPE-SPECIFIC PATHWAYS

The retina extracts salient features from the en-
vironment and encodes them in the spike trains
of diverse RGC types (∼45 in mice). RGCs in-
nervate an equally diverse set of brain areas (>50
in mice) to guide actions, generate perception,
and mediate influences of light on physiology
(Morin and Studholme 2014; Martersteck et al.
2017). This section reviews how developing
RGCs choose specific targets, how they organize
their axons within, and how postsynaptic neu-
rons select inputs from the diverse RGCoffering.

Type-Specific RGC Projections

The number of targets varies widely between
RGC types; some innervate one or two brain ar-
eas (Chen et al. 2011; Martersteck et al. 2017),
whereas others innervate more than 10 (Hattar
et al. 2006). Screens of transgenic mice revealed
that single drivers, with fewexceptions, label sev-
eral RGC types (Siegert et al. 2009; Ivanova et
al. 2010; Badea and Nathans 2011; Martersteck
et al. 2017), and isolating individual RGC types
requires intersectional strategies (Chen et al.
2011; Tien et al. 2022). A few studies have labeled
single RGCs and shown that their axons inner-
vate multiple targets via collaterals, forming
complete retinotopic maps in each (Dhande
et al. 2011; Fernandez et al. 2016).

Different developmental strategies for target
innervation have been identified. ON–OFF DS
RGC axons innervate the correct targets shortly
after they arrive in the brain postnatally. Con-

versely, transient suppressed-by-contrast (tSbC)
RGCs span the length of the optic tract by birth
andremainpoisedthereuntil theysimultaneously
innervate their four targets (i.e.,dLGN,vLGN,SC,
and NOT) around P3. Like ON–OFF DS RGCs,
tSbCRGCsmakenodevelopmental errors intheir
target choices. The same applies to M1 ipRGCs
(McNeill et al. 2011). By contrast, M6 ipRGCs
havebeen reported to exploremore targets during
development than they keep at maturity. Howev-
er, developmental changes in the labeling specif-
icity of the Cdh3-GFP transgenic mice used to
traceM6 ipRGCprojections in this study indicate
that this developmental deviation needs to be re-
evaluated (Osterhout et al. 2011, 2014;Quattrochi
et al. 2019).Whether these different developmen-
tal strategies correlate with particular features of
these RGC types or their targets remains to be
determined.

Molecular mechanisms that guide RGC-
type-specific target choices are discussed in the
following sections.

RGC-Type-Specific Organization in dLGN

In primates, cats, and ferrets, dLGN neurons are
divided into layers that get input from specific
RGC types (Usrey and Alitto 2015; Liang and
Chen 2020). Mice and rats lack clear separation
in dLGN neurons, but RGC projections divide
the dLGN into a dorsolateral shell and ventro-
medial core (Reese 1988). More than 30 mouse
RGC types innervate the dLGN (Ellis et al. 2016;
Román Rosón et al. 2019). The shell receives in-
put fromON–OFF DS RGCs, orientation-selec-
tive RGCs, and F RGCs (Kim et al. 2008; Huber-
man et al. 2009; Kay et al. 2011; Rivlin-Etzion
et al. 2011; Rousso et al. 2016;Nath and Schwartz
2017). The core is strongly innervated by α
RGCs, PixON RGCs, ipRGCs, and transient sup-
pressed-by-contrast RGCs (Huberman et al.
2008; Ecker et al. 2010; Johnson et al. 2018;
Tien et al. 2022). TC neurons in the dLGN shell
and core innervate layers 1/2 and 4 ofV1, respec-
tively (Cruz-Martín et al. 2014), extending the
parallel visualpathways fromtheretina.The shell
and core contain complete retinotopic maps
(Reese 1988). Eye-specific segregation is limited
to the core (Liang and Chen 2020) because the
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RGC types targeting the shell lack ipsilateral pro-
jections (Johnson et al. 2021). The mechanisms
that guide RGC types to the dLGN shell or core
remain unknown.

TC neurons initially receiveweak input from
many RGCs and consolidate and strengthen
connectivitywith synaptic partners across devel-
opment (ChenandRegehr2000;LiangandChen
2020). Estimates of mature convergence (i.e.,
how many RGCs innervate each TC neuron)
vary by technique and between target cells, but,
on average, TC neurons receive input from ∼10
RGCs (Chen and Regehr 2000; Hammer et al.
2015; Morgan et al. 2016; Litvina and Chen
2017; Rompani et al. 2017; Román Rosón et al.
2019).

The refinement of RGC–TCconnections de-
pends on spontaneous activity (Hooks andChen
2006). In addition to correlating RGC activity in
a distance-dependent manner, stage 3 waves de-
synchronize the activity of neighboring RGCs
with opposite light responses (ON vs. OFF)
(Kerschensteiner and Wong 2008; Akrouh and
Kerschensteiner 2013). Given burst-time-de-
pendent plasticity rules (Butts et al. 2007), the
asynchronous activation of nearby ON and
OFF RGCs is predicted to separate their inner-
vation in retinotopically refined projections
(Kerschensteiner and Wong 2008; Gjorgjieva
et al. 2009). In ferrets, blocking stage 3 waves
blocks ON/OFF segregation (Hahm et al. 1991;
Cramerand Sur 1997), andmicewith precocious
stage 3 waves show excessive ON/OFF segrega-
tion (i.e., ON and OFF dLGN neurons, which
normally intermingle, congregate separately)
(Grubb et al. 2003).

At a fine scale (∼6 μm), boutons of RGC ax-
ons with overlapping feature preferences (in-
cluding ON vs. OFF responses and motion di-
rection preferences) cluster to converge onto TC
neurons (Liang et al. 2018). The formation of
complex bouton clusters depends on Lrrtm1, a
postsynaptic cell-adhesionmolecule on TCneu-
ron dendrites (Monavarfeshani et al. 2018). The
organization of synaptic boutons within RGC
axons is also shaped by visual experience and
late dark rearing (i.e., from postnatal day 20 to
30)disperses clusteredboutons andreduces their
size (Hong et al. 2014).

Like TC neurons, local interneurons (LINs)
in dLGN receive input from diverse RGC types
(Morgan and Lichtman 2020; Muellner and
Roska 2023). RGC convergence appears to be
higher for LINs than TC neurons. Individual
LINs select input from nonrandom sets of RGC
types to preserve feature-selective responses,
similar to TC neurons (Piscopo et al. 2013;
Muellner and Roska 2023). The mechanisms
that regulate RGC connectivity with dLGN
LINs remain to be elucidated.

RGC-Type-Specific Organization in SC

More than 85% of mouse RGCs project to sSC
(Ellis et al. 2016). Transgenic labeling of specific
RGCpopulations and viral labeling of individual
cells revealed that axons of different RGC types
stratify at particular depths within the sSC (Hu-
berman et al. 2008, 2009; Kim et al. 2008; Hong
et al. 2011; Tien et al. 2022).Whereas someRGC
axons target the correct depths from the outset
(Kimet al. 2010;Tienet al. 2022), others establish
mature patterns gradually (Huberman et al.
2008; Kim et al. 2010). The molecular or activi-
ty-dependentmechanismsthatguidedeveloping
RGC axons to specific SC depths remain to be
uncovered.

The sSC contains different neuron types that
can be distinguished by their dendriticmorphol-
ogy, axonal projection patterns, visual functions,
and gene expression (Gale and Murphy 2014;
Tsai et al. 2022; Li and Meister 2023; Liu et al.
2023b). Synaptic physiology suggests that each
SC neuron receives input from∼5 RGCs (Chan-
drasekaranet al. 2007).Theobservation thatmo-
lecularly distinct SC neuron types differ in their
functional responses, therefore, suggests that SC
neurons select input from specific RGC types
(Gale and Murphy 2014; Hoy et al. 2019; Liu
et al. 2023b), a notion supported by retrograde
tracing and transsynaptic sequencing experi-
ments (Reinhard et al. 2019; Tsai et al. 2022).
Connections between ipsilaterally projecting
αRGCs and wide-field neurons in SC depend
on α8β1 integrin expression of the RGC axons
and nephronectin production by the target (Su
et al. 2021; Tsai et al. 2022). The comprehensive
transcriptomic data sets available on both sides
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should accelerate the discovery of molecular
partners that match RGC and SC neuron types
(Rheaume et al. 2018; Tran et al. 2019; Dimitrov
et al. 2022; Tsai et al. 2022; Liu et al. 2023b).

Whether RGC-type-specific connectivity
patterns vary across SC topography to form fea-
turemaps formotion direction and stimulus ori-
entation and, if so, what drives the development
of these maps are matters of ongoing debate and
investigation (Ahmadlou and Heimel 2015;
Feinberg and Meister 2015; de Malmazet et al.
2018; Li et al. 2020; Chen et al. 2021; Ge et al.
2021; Tiriac and Feller 2022; Tiriac et al. 2022).

RGC-Type-Specific Innervation
of Lesser-Known Targets

M1ipRGCs strongly innervate the vLGNand the
intergeniculate leaflet (IGL) of the visual thala-
mus, a structure that combines photic and non-
photic information to regulate circadian behav-
iors (Morin et al. 2003; Hattar et al. 2006;
Fernandez et al. 2020; Beier et al. 2021). This
targeting requires the glycoprotein Reelin in the
extracellular matrix of vLGN and IGL and the
intracellular signaling molecule disabled-1
(Dab1) in M1 ipRGCs (Su et al. 2011). Dab1
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Figure 2. Retinorecipient brain targets and retinal ganglion cell (RGC)-type-specific lamination. Background
illustration of the distribution of retinorecipient targets in a sagittal view of the mouse brain. (SI) Substantia
innominata, (AAV) ventral anterior amygdaloid area, (MeA) anterior medial amygdala, (MePV) posteroventral
medial amygdala, (VLPO) ventrolateral preoptic area, (SON) supraoptic nucleus, (SCN) suprachiasmatic nucleus,
(RCH) retrochiasmatic area, (SBPV) subparaventricular zone, (AHN) anterior hypothalamic area, (LHN) lateral
hypothalamic area, (PN) paranigral nucleus, (MRN) midbrain reticular nucleus, (MTN) medial terminal nucleus,
(LTN) lateral terminal nucleus, (DTN) dorsal terminal nucleus, (ZI) zona incerta, (PP) peripeduncular nucleus,
(SubG) subgeniculate nucleus, (vLGN) ventrolateral geniculate nucleus, (SGN) suprageniculate nucleus, (AD)
anterodorsal thalamic nucleus, (IGL) intergeniculate leaflet, (CL) centrolateral thalamic nucleus, (dLGN) dorso-
lateral geniculate nucleus of the thalamus, (LP) lateral posterior nucleus of the thalamus, (APT) anterior pretectal
nucleus, (CPT) commissural pretectal nucleus, (MPT) medial pretectal nucleus, (PPT) posterior pretectal nucleus,
(PHb) perihabenular nucleus, (LHb) lateral habenula, (OPN) olivary pretectal nucleus, (NOT) nucleus of the optic
tract, (SC) superior colliculus, (DCIC) dorsal cortex of the inferior colliculus, (PAG) periaqueductal gray, (DRN)
dorsal raphe nucleus, (PB) parabrachial nucleus, (tSbC) transient suppressed-by-contrast. Insets in the foreground
show the RGC-type-specific lamination of RGC axons in the LGN complex (top left), SC (top right), MTN (bottom
left), and OPN (bottom right) in coronal views. (oDS) ON DS RGCs, (ooDS) ON-OFF DS RGCs.
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mediates Reelin signals transmitted via VLDLR
and ApoER2 receptors on the M1 ipRGC axons
(Su et al. 2011).

The M6 ipRGC targeting of pretectal nuclei
(i.e., OPN and the medial division of the poste-
riorpretectalnucleusormdPPN)dependson the
matchingexpressionof thehomophilically inter-
acting cell-adhesionmoleculeCadherin-6on the
RGC axons and their postsynaptic partners (Os-
terhout et al. 2011). In the OPN, M6 ipRGCs
target the core region (Quattrochi et al. 2019),
whereas M1 ipRGCs innervate the OPN shell
(Fig. 2; Chen et al. 2011). The function of this
M6 ipRGC projection remains unknown.

DifferentONDSRGCtypes innervatediffer-
ent nuclei of the accessory optic system (i.e.,
MTN, DTN, and NOT) to mediate horizontal
and vertical gaze-stabilizing eye movements
(Fig. 2; Simpson 1984). Interactions between
the cell-adhesion molecule Contactin-4 on
RGC axons and the amyloid precursor protein
(APP) on target neurons drive the innervation of
the NOT (Osterhout et al. 2015). Conversely, in-
teractions between Semaphorin6A on RGC ax-
ons and PlexinA2/A4 on target neuronsmediate
ON DS RGC targeting of the MTN and DTN
(Sun et al. 2015).

CONCLUDING REMARKS

The last 5 years represent significant progress
toward a complete taxonomy of RGC types and
retinorecipient brain areas inmice. This progress
has opened the door for identifying the wide va-
riety of molecular- and activity-based mecha-
nisms that govern retina-to-brainmapping. Un-
derstanding thedevelopmentalmechanisms and
sequence of retinal innervation will, in turn, ad-
vance our understanding of the adult organiza-
tion of visual brain areas and how they mediate
their diverse functions.
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