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SUMMARY
In highermammals, the primary visual cortex (V1) is organized into diverse tuningmaps of visual features. The
topography of these maps intersects orthogonally, but it remains unclear how such a systematic relationship
can develop. Here, we show that the orthogonal organization already exists in retinal ganglion cell (RGC) mo-
saics, providing a blueprint of the organization in V1. From analysis of the RGCmosaics data in monkeys and
cats, we find that the ON-OFF RGC distance and ON-OFF angle of neighboring RGCs are organized into a
topographic tiling across mosaics, analogous to the orthogonal intersection of cortical tuning maps. Our
model simulation shows that the ON-OFF distance and angle in RGCmosaics correspondingly initiate ocular
dominance/spatial frequency tuning and orientation tuning, resulting in the orthogonal intersection of cortical
tuning maps. These findings suggest that the regularly structured ON-OFF patterns mirrored from the retina
initiate the uniform representation of combinations of map features over the visual space.
INTRODUCTION

In higher mammals, the primary visual cortex (V1) is organized

into various functional maps of neural tuning such as ocular

dominance (OD) (LeVay et al., 1985), preferred orientation (PO)

(Blasdel and Salama, 1986), and spatial frequency (SF) (Mov-

shon et al., 1978) (Figure 1A). Interestingly, the topographies of

the observed functional maps are precisely correlated, implying

uniform coverage of sensory modules in the visual space. For

instance, it was reported that the gradient of orientation tuning

intersects orthogonally with that of OD or preferred SF in the

same cortical area in cats (H€ubener et al., 1997) and in monkeys

(Nauhaus et al., 2012) (Figure 1B). High-resolution two-photon

imaging data revealed that the region of higher SF tuning tends

to alignwith the binocular region in theODmap inmonkeys (Nau-

haus et al., 2016). Although the role of each functional map is un-

der debate (Van Hooser, 2007; Horton and Adams, 2005), such

structural correlations between maps are thought to result in

the uniform representation of visual features across cortical

areas, enabling the sampling of a complete set of functional tun-

ings regardless of where the visual space is (Swindale et al.,

2000) (Figure 1C).

Furthermore, observed correlations between different func-

tional maps have raised the possibility that there exists a common

principle of developing individual functional maps and their sys-

tematic organization (Nauhaus and Nielsen, 2014). Important

clues regarding the development of the maps have been found

in the observation that cortical tuning, such as orientation selec-
This is an open access article under the CC BY-N
tivity, may originate from bottom-up feedforward projections.

Although feedforward thalamic inputs are a small portion of the to-

tal inputs (Douglas et al., 1995), earlier work reported that the

orientation tuning of V1 neurons originates from this feedforward

pathway and the orientation preference of a V1 neuron remains

consistentwhen the recurrent cortical circuits are silenced (Chung

and Ferster, 1998; Ferster et al., 1996). Recently, it was reported

that orientation tuning in V1 is predictable from the local average

of ON and OFF thalamic afferents (Jin et al., 2011) (Figure 1D).

At larger scales, it was also reported that the continuous change

of orientation tuning across the cortical surface is strongly corre-

lated with the spatial alignment of ON and OFF receptive fields

in cats and tree shrews (Kremkow et al., 2016; Lee et al., 2016).

These observations suggest that visual tuning in the cortical neu-

rons may originate from the spatial organization of ON and OFF

feedforward afferents, and map structures of cortical tuning may

also be seeded initially from thalamic feedforward projections.

Computational model studies also suggested that the func-

tional tuning in V1 is constrained by the local structure of ON

and OFF mosaics of retinal ganglion cells (RGCs) (Ringach,

2004, 2007; Soodak, 1987). Our previous studies successfully

explained how regularly structured cell mosaics in the retina

could seed the early structure of an orientation map (Jang

et al., 2020; Paik and Ringach, 2011, 2012). In this scenario,

the receptive field of a V1 neuron is generated from the sum of

receptive fields of local RGCs that provide feedforward inputs,

and the V1 neuron is tuned to visual features due to the anisot-

ropy of the receptive fields (Figure 1E, pink arrows). These results
Cell Reports 34, 108581, January 5, 2021 ª 2020 The Author(s). 1
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Figure 1. Orthogonal Organization of Diverse

Cortical Tunings in Visual Cortex

(A) Functional tuning maps in the visual cortex of

higher mammals.

(B) Orthogonal relationship between the gradients of

diverse cortical tuning maps (Nauhaus et al., 2012,

2016; Swindale et al., 2000). Inset, contours of

orientation tuning (colored lines) and ocular domi-

nance/spatial frequency (OD/SF) tuning (gray lines)

from the area in white squares in (A). The shaded

area indicates SD.

(C) Uniform representation of diverse tunings is

illustrated.

(D) Orientation tuning in V1 predicted from the local

average of ON and OFF thalamic afferents.

(E) Illustration of the predicted relationship between

the spatial arrangement of ON and OFF RGCs and

cortical tunings.
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suggested that simple feedforward wiring from the periphery can

provide a strategy to build the initial circuitry for sensory function

in V1. However, how the topographic maps of multiple neural

tunings arise in V1 and how such a systematic relationship of

maps can be achieved in parallel with the development of each

map (Figure 1E, blue arrows) are still poorly understood.

Here, we show that an orthogonal relationship of tuning mod-

ules already exists in retinal mosaics and that this can be

mirrored to V1 to initiate the clustered topography of multiple

tuning maps. From an analysis of RGC mosaics data in cats

andmonkeys, we found that the topographic map of spatial sep-

aration of the ON and OFF RGCs (ON-OFF distance) intersects

orthogonally with the map of ON-OFF alignment angles (ON-

OFF angle) (Figure 2). Our model simulations suggest that these

regularly structured retinal afferents can provide a common

framework for organizing various functional maps in the visual
2 Cell Reports 34, 108581, January 5, 2021
cortex and that this common anatomical

substrate results in the uniform representa-

tion of combinations of sensory modules

by organizing the topographical correla-

tions between diverse tunings. As ex-

pected, our analysis of published V1

recording datameasured in cats (Kremkow

et al., 2016) shows that theOD and SF in V1

are correlated with the spatial separation of

the ON and OFF subdomains of the recep-

tive fields (Figure 3), as predicted by our

model simulation (Figure 4). By combining

our analyses of data in distinct species

and model simulations, we demonstrate

that the regularly structured retinal circuits

provide a common framework of various

functional maps and topographic correla-

tions among the maps in V1.

RESULTS

Orthogonal Organization of ON and
OFF RGCs
From the observation of the correlation be-

tween the ON-OFF angle in the retinal affer-
ents and the cortical orientation tuning, we hypothesized that

other cortical tunings may also be predictable from a profile of

the spatial arrangement of ON and OFF RGCs, which can be ex-

pected to change orthogonallywith a change in theON-OFFangle

across the retinal mosaics. In this scenario, this spatial organiza-

tion of ON and OFF RGCs is mirrored to V1 and induces orthog-

onal tiling of a neural tuning (Figure 1E). To validate this scenario,

we used RGC mosaics data previously measured in cats (Zhan

and Troy, 2000) (Figure 2A, left) and examined whether a change

of the angle anddistancebetween the local ONandOFFRGCmo-

saics would have an orthogonal organization.

Based on the statistical wiring model (Ringach, 2007), we esti-

mated the ON-OFF angle and distance of the sampled receptive

field at each position of the RGC mosaics while assuming that

RGCs are locally sampled to provide feedforward afferents in

the local V1 area (Figures 2A and 2B, left). In this model,
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Figure 2. Orthogonal Organization between ON-OFF Angle and Distance in RGC Mosaics

(A) Estimation of angle and distance between local ON and OFF receptive fields from the measured RGC mosaics.

(B) Left: ON-OFF angle measured from the RGC mosaics. Center and right: smoothed maps for gradient analysis (within the black dashed square in A).

(C) Orthogonal intersection between gradients of ON-OFF angle and distance. Green arrows indicate the average intersection angle. Inset, contours of ON-OFF

angle (colored lines) and distance (gray lines) in the white solid square in smoothed maps.

(D) Similar analyses for 5 other RGC mosaic datasets. Scale bar, the expected average lattice distance of OFF mosaics, dOFF. Gray dashed lines indicate the

chance level. The shaded area indicates SD.

(E) This orthogonal organization in the retina can be mirrored to V1 and induces orthogonal tiling of a neural tuning.

See also Figure S1.
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neighboring cortical neurons can sample a similar RGC popula-

tion but generate a different orientation preference, depending

on the set of several RGCs that provide the dominant inputs to

the neuron. We calculated the angle of the intersection between

the gradients of the ON-OFF angle and that of the distance in

smoothed maps (Figure 2B, center and right). The smoothed

map of the ON-OFF angle covers approximately one period of

the columnar structure and is thus comparable to the estimation

obtained from the size of the RGC mosaics and the retino-

cortical magnification factor (Jang et al., 2020). As predicted

by our scenario, we found that the angle shows a peak at ~90�

(Figure 2C).
We repeated this analysis for 5 sets of RGC mosaic data of

different eccentricities, obtained from independent experiments,

in multiple species (N = 2 for cat [Wässle et al., 1981; Zhan and

Troy, 2000]; N = 4 for monkey [Gauthier et al., 2009a, 2009b;

Rhoades et al., 2019; Vidne et al., 2012]) and confirmed the

orthogonal intersection between the ON-OFF angle and distance

in all sets of tested data (Figure 2D). Each mosaic sample and the

average distribution of all datasets showed a peak at 90�, signif-
icantly higher than that of the control sets with the shuffled distri-

bution of the ON-OFF angle and distance (Figure 2D bottom right;

fitted to a vonMises distribution, ON-OFF angle and distance, m =

92.4�, k = 5.34, control, n = 1,000, k = 0.07 ± 0.02, ON-OFF angle
Cell Reports 34, 108581, January 5, 2021 3
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Figure 3. Topographic Correlation between ON-OFF Angle/Distance and Diverse Cortical Tunings

(A) Left: receptive fields and functional tunings were recorded by the electrodes penetrating cat V1 (modified from Figure 2B of Kremkow et al., 2016).

(B) ON-OFF angle and distance measured from the receptive fields.

(C) Top: ON-OFF angle estimated from the local receptive field is correlated with the orientation tuning measured at each electrode with N = 20 data points.

Bottom: correlation between the ON-OFF angle and the preferred orientation (PO). Green solid circles indicate the data adapted from Jin et al. (2011). Inset: angle

difference between the 2 angles. The average difference is significantly smaller than that of the shuffled pairs (p = 0.01, N = 1,000 repeated trials).

(D) Top: ON-OFF distance (d) and OD vary periodically across the cortical surface. Bottom: correlation between d and OD.

(E) Top: the deviation of ON-OFF distance from its average (|Dd |) and the SF tuning measured by the same electrode. Bottom: negative correlation between the

preferred SF and |Dd |. The collected data were fitted with the 1/|Dd | function (SF = 6.17 3 10�4/|Dd |+8.59 3 10�2).

(C–E) The correlation coefficient and their p-value were calculated from the Pearson’s correlation.
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and distance versus control, p < 0.01). Notably, the strength of

this orthogonal bias is comparable to that observed in the cortex

(orthogonality index [OI] = 3.35 ± 0.90 in the RGC mosaic;

OIDPO-DOD = 3.90 ± 3.3 and OIDPO-DSF = 2.72 ± 2.51 in our analysis

of V1 tuning shown in Figure 1A; fitted to a von Mises distribution,

mDPO-DOD = 91.4�, kDPO-DOD = 5.78, mDPO-DSF = 89.8�, kDPO-DSF =
4 Cell Reports 34, 108581, January 5, 2021
5.12), implying that the orthogonal bias observed in V1 may be

projected from that in the RGC mosaics. These results show

that the ON-OFF angle and distance in RGC mosaics intersect

orthogonally across retinal space and this may provide the blue-

print of orthogonal organization of functional tuning maps in V1

(Figures 2E and S1).
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B Figure 4. Retinal Origin of Orthogonal Orga-

nization of Cortical Tunings

(A) Sequential developmental model of contralat-

eral and ipsilateral visual pathways.

(B–D) Developmental model of functional tunings

from the feedforward projections of ON and OFF

RGCs.

(B) By pooling local RGCs, orientation tuning of V1

neurons is constrained by ON-OFF angle align-

ment.

(C) OD is constrained by ON-OFF distance. Ac-

cording to the distance between neighboring RGCs

in the contralateral retina, the degree of overlap

between ON and OFF subregions in V1 receptive

fields varies and differential response occurs.

When ON and OFF subregions are far from each

other, the V1 neuron can generate a strong

response to contralateral input and become a

contradominant cell. If ON and OFF RGCs are

close, they are not simultaneously activated and

cannot respond strongly to contralateral inputs and

become ipsidominant cells.

(D) SF tuning is constrained by the balance be-

tween contralateral and ipsilateral inputs. In

binocular regions, phase difference between the

contralateral and ipsilateral receptive fields in-

duces preference for higher SF.

(E) Top: the angle distribution of gradient inter-

section between orientation and OD maps (blue

solid curve) or SF maps (violet solid curve) shows a

peak at ~90� in the predicted cortical map from

data retinal mosaics. Bottom: average of the angle

distribution. The shaded area indicates SD.
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The development of orthogonal bias inRGCmosaicswas previ-

ously predicted by the Paik-Ringach model (Paik and Ringach,

2011). In earlierwork, based onobservationsof long-rangehexag-

onal periodicity and the difference between the ON-ON and OFF-

OFFdistances indatamosaics (FiguresS1A–S1D), themodel sug-

gests that the superposition of ON and OFF RGCs generates an
interference pattern that initiates a periodic

pattern of orientation maps; due to the

organized arrangement of RGCs in this

geometric pattern, the orthogonal relation-

ship between the ON-OFF angle and dis-

tance arises spontaneously (Figures S1E

and S1F). In addition, the orthogonal rela-

tionship is consistently obtained across

different conditions of the lattice distance

ratio (a) and the alignment angle (q), and

even obtained in the model-generated

RGC mosaics with realistic noise level that

observed in the measured RGC mosaics

(Jang and Paik, 2017) (Figures S1G–S1J).

These results suggest that ON and OFF

RGCmosaics, with a certain level of spatial

regularity as observed in various datasets,

is likely to induce a correlated topography

of the ON-OFF angle and distance.
Correlation between ON-OFF Afferents and Cortical
Tunings
If the orthogonal tiling of tuning maps in the visual cortex origi-

nates from the spatial organization of ON-OFF afferents, then it

is expected that the spatial separation of ON-OFF receptive

fields (ON-OFF distance) must be correlated topographically
Cell Reports 34, 108581, January 5, 2021 5
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with the OD and SF tuning in V1 (Figure 2E). To test this predic-

tion of the correlation between theON-OFF distance and theOD/

SF tuning (Figure 3A), we analyzed recently published cat data

(Kremkow et al., 2016), in which the profile of V1 receptive fields

and functional tuning were measured together across the

cortical surface (Figure 3B, left). In this dataset, measurements

from two electrodes parallel or perpendicular to an OD column

enabled an analysis of the relationship between the cortical

receptive fields and the underlying cortical tuning (red and blue

electrodes in Figure 3A). From the observed receptive fields,

we measured the angle and the distance between the center of

ON and OFF subfields (Figure 3B, right) and examined correla-

tions with underlying functional tunings.

We found that previously reported correlations between

different functional tuningswere confirmedwith the current data-

set. As in previous studies (Jin et al., 2011; Kremkow et al., 2016;

Lee et al., 2016), we observed that orientation tuning is predicted

by the angle between the ON and OFF receptive fields (ON-OFF

angle; Figure 3C, n = 20, R = 0.59, *p = 6.643 10�3). Similarly, a

correlation between binocularity (1-|OD|) and SF tuning (Nau-

haus et al., 2016) was also observed (n = 25, R = 0.41, *p =

0.03), suggesting that this dataset represents profiles that can

be used to validate our model prediction of the organization of

a correlated topography in the visual cortex.

As predicted, we found that the distance betweenONandOFF

centers (ON-OFF distance, d) periodically changes across the

cortical surface (Figure 3D, top). Notably, the spatial period of

the ON-OFF distance variation was practically identical to that

of the OD in the same cortical area (~2.9% difference; fitted to

a sine curve). As a result, the observed OD appeared to correlate

strongly to the ON-OFF distance (Figure 3D, bottom, n = 25, R =

0.62, *p = 8.54 3 10�4).

The ON-OFF distance and SF tuning were also systematically

correlated in the same data. We found that the deviation of the

ON-OFF distance from its average (|Dd|; Figure 3E, top, gray) is

correlated negatively with SF tuning estimated from the fast

Fourier transform (FFT) analysis of V1 receptive fields (Figure 3E,

bottom, n = 25, R =�0.44, *p = 0.03). Considering the correlation

between the OD and ON-OFF distance we observed (Figure 3E,

bottom), this topographic relationship is analogous to the previ-

ous observation that SF tuning and binocularity are correlated

positively (Nauhaus et al., 2016). These results suggest that the

orthogonal organization of the SF and OD maps may be initial-

ized by the spatial organization of the ON-OFF angle and dis-

tance in the bottom-up projections.

A Developmental Model of Cortical Maps
To explain how cortical tunings could be determined by the

ON-OFF profiles, we carried out a model simulation of the

development of the retino-cortical pathway (Figures 4 and S2).

According to previous observations that the thalamocortical pro-

jections from the contralateral eye arrive at V1 layer 4 ahead of

those from the ipsilateral pathway (Albus and Wolf, 1984; Crair

et al., 1998), we implemented a simplified developmental model

of binocular retino-cortical circuits (Figure 4A; see Figure S2A for

details). In this scenario, the layout of diverse cortical tuning

maps was initially seeded by the structure of contralateral retinal

mosaics. The orthogonal organization of contralateral RGC mo-
6 Cell Reports 34, 108581, January 5, 2021
saics (Figure 2) is mirrored onto the V1 surface, and the synaptic

weights of ipsilateral feedforward projections are then updated

to match the cortical tuning seeded by the contralateral projec-

tions (Figure 4A).

Previously, the Paik-Ringach model suggested that the recep-

tive field of a V1 neuron is generated from the sum of receptive

fields of the local RGC that provides feedforward afferents,

and the PO of the V1 neuron is constrained by the ON-OFF angle

of retinal inputs (Figure 4B). Here, expanding this developmental

principle of orientation maps, we propose that the ON-OFF dis-

tance of RGCmosaics can also induceOD and the SFmap. First,

variation of the distance between neighboring ON and OFF

RGCs modulates the degree of overlap between ON and OFF

receptive field subregions, which varies the sum of neural re-

sponses to ON and OFF stimulus in contralateral afferents.

This induces competition between contralateral and ipsilateral

afferents, resulting in a periodic pattern of OD (Figure 4C; see

Figure S2 for details). Second, in the binocular region, intermin-

gling of both contralateral and ipsilateral inputs with different

spatial phases of the receptive field induces a preference to

higher SF than that in the monocular region (Figure 4D; see Fig-

ure S3 for details).

As a result, our developmental model shows how diverse

cortical tunings can be initiated by retinal mosaics; the PO is

seeded by the ON-OFF angle, while the OD and SF tuning are

seeded by the ON-OFF distance. From the model simulation

with mosaics data observed in cats andmonkeys, we also found

that the orthogonal organization between diverse cortical tun-

ings was successfully generated in all functional maps achieved

from the tested mosaic data (Figure 4E; PO-DOD; OI = 4.75 ±

2.36, fitted to a von Mises distribution, m = 87.7�, k = 1.2,

DPO-DSF; OI = 4.62 ± 3.85, fitted to a von Mises distribution,

m = 86.9�, k = 0.77). These results suggest that the orthogonal re-

lationships among cortical tunings may stem from the projection

of the orthogonal structure in the retina.

DISCUSSION

Our findings suggest that the orthogonal organization in V1 can

originate from the spatial organization of the ON-OFF receptive

fields in the bottom-up projections. We showed that an orthog-

onal relationship of sensory modules exists in the retinal mo-

saics and that this can be mirrored to V1 to initiate the clustered

topography of higher visual areas in the brain. These results

imply that spatially organized input from the periphery initially

provides a common framework for functional architectures in

the visual cortex, which could be refined by the recurrent and

feedback cortical activities through subsequent developmental

stages.

The present scope of our model is limited to explaining how

retinal inputs can provide the ‘‘initial’’ blueprint for each func-

tional map. Accordingly, detailed biological components were

simplified or omitted in the current model if they were not closely

related to the core mechanism discussed here and thus would

not significantly affect the biological plausibility of the model.

In our model, we simplified the retina-lateral geniculate nucleus

(LGN)-V1 pathway as retina-V1 projections based on the fact

that each LGN relays the RGC input with approximately a one-
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to-one connection, as observed in previous anatomical (Hamos

et al., 1987) and physiological (Cleland et al., 1971a, 1971b;Mas-

tronarde, 1992) studies. In cats, it was reported that most LGN

neurons receive feedforward inputs from a small number of

RGCs and that the profile of each LGN receptive field is identical

to that of a single RGC inmost cases, implying that the activity of

LGN neurons is mainly modulated by a single RGC. Similar re-

sults were also observed in macaques (Schein and de Monas-

terio, 1987). Although LGN neurons are observed to receive

feedforward inputs from multiple RGCs (Bloomfield et al.,

1987; Hickey and Guillery, 1979), a recent study (Martinez

et al., 2014) showed that the receptive fields of LGN neurons

observed in experiments are mainly determined by a couple of

ON and OFF RGCs around the center of the convergence

(Alonso et al., 2006; Tavazoie and Reid, 2000) and are well

matched with those predicted by the statistical wiring model

(Ringach, 2004, 2007). Furthermore, our model simulations

show that the orthogonal organization of the cortical map would

remain consistent even when LGN neurons receive feedforward

inputs frommultiple RGCs. Simulations of the retino-cortical pro-

jection of various convergence ranges reveal that the orthogonal

organization of the ON-OFF angle and distance remains consis-

tent even with variation of the convergence range if neuronal tun-

ing is predominantly determined by a couple of ON and OFF

RGCs near the center of the convergence mapping in the retinal

space (Figures S4A–S4C), as observed experimentally (Alonso

et al., 2006; Tavazoie and Reid, 2000).

It must be noted that our simplification of the model by

removing a detailed layered structure of the dorsal LGN (dLGN)

in the retina-dLGN-V1 pathway does not sacrifice the biological

plausibility of themain findings, and the addition of more realistic

dLGN layers to the model does not affect our conclusion. The

rationale of our simplification of the model by removing the

dLGN layers is that different retina-dLGN-V1 pathways invade

V1 at different developmental stages and that the initial blueprint

of cortical maps can be dominantly initiated from a single feed-

forward pathway, as we modeled. Among diverse pathways,

the contralateral magnocellular pathway via layer 1 of the

dLGN appears to contribute predominantly to early V1 organiza-

tion, in which orientation selectivity in V1 is observed initially

(Ghosh and Shatz, 1992; Mooser et al., 2004; Shatz and Luskin,

1986). Specifically, it was reported that orientation selectivity of

the primary visual cortex in cats is observed between develop-

mental stages E57 and P0, during which both magnocellular

and parvocellular pathways are connected to V1 layer 4. Howev-

er, orientation selectivity is observed only in sublayer 4Ca,

where the magnocellular pathway is predominantly connected.

Furthermore, cortical cells in V1 layer 2/3 connected to the

parvocellular pathway are not even completely migrated until

postnatal week 3. Thus, it is reasonable to infer that the magno-

cellular thalamocortical input is the only source when orientation

selectivity is observed initially. Our current model describes this

very early stage of development assuming that the RGCmosaics

of this single class are the only source when the initial layout of

the functional maps is seeded. As a result, the model suggests

that the orientation map can emerge from early magnocellular

connectivity and that it is then refined by parvocellular connectiv-

ity after eye opening. In successive works, further analysis with
more complicated models may reveal the detailed mechanism

by which these two pathways contribute to the development of

functional maps.

Additional analysis with our extended simulations illustrates

that the orthogonal organization of the cortical map would

remain consistent when wirings via LGN layers are included in

the model. When we measured the ON-OFF angle and distance

in cortical receptive fields with a modified model simulation with

the LGN layer added, the results show that orthogonal organiza-

tions remain consistent even when an additional LGN layer is im-

plemented in themodel (Figures S4D–S4F). This occurs because

the ON/OFF topology of V1 neurons is consistently restricted by

the local ON and OFF RGC mosaics, as it is in the retinotopic

projections. Overall, our simplified model of the visual cortex

represents the early developmental stage of the visual pathway

to provide insight into our understanding of the developmental

principles of multiple functional maps. However, it is obvious

that the dynamic refinement of the recurrent and feedback cir-

cuits from the cortical activity and from visual experience is

also a critical factor modifying the layout of functional maps

(Crair et al., 1998; Thompson et al., 2016). Therefore, to under-

stand the complete developmental process of the cortical cir-

cuits, additional components of the cortical circuit activity,

such as cross-orientation suppression (Koch et al., 2016), must

also be considered in future studies.

It should also be noted that the key idea of our model that the

multiple functional maps and their correlated organizations may

originate simultaneously via retinal input is also supported by a

previous study showing that retinal activity in the early develop-

mental stage is necessary for the development of an orientation

map (Chapman and Gödecke, 2000). This study showed that the

orientation map does not develop under a blockade of ON-

center retinal ganglion cell activity during postnatal days

28–52, during which the orientation selectivity of neurons is

observed to develop under normal conditions. Intriguingly,

weak orientation selectivity was observed when they only

blocked the ON-center retinal ganglion cell activity for half of

the day. From this observation, the authors suggested that the

presence of normal activity patterns for only half of each day is

sufficient for orientation tuning to develop, and that ON-center

RGC activity is necessary for the development of orientation

maps.

Regarding the universality of our retinal origin model, it is argu-

able whether our model can also explain the development of

randomly arranged neural tuning in the rodent V1, termed a

salt-and-pepper map. In our recent study (Jang et al., 2020),

we addressed this issue by showing that the retina-to-cortex

sampling ratio is the key factor determining the organization of

columnar and salt-and-pepper patterns in the visual cortex

across species. From an analysis of retinal and cortical data

from eight mammalian species, we find that cortical organization

is predictable by a single factor: the retino-cortical mapping ra-

tio. Groups of species with or without columnar clustering are

distinguished by the feedforward sampling ratio, andmodel sim-

ulations with controlled mapping conditions reproduce both or-

ganization types. Predictions from the Nyquist theorem explain

this parametric division of the patterns with high accuracy.

Thus, our retinal origin model can readily explain both columnar
Cell Reports 34, 108581, January 5, 2021 7
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and salt-and-pepper organization types in various species with

the same principle discussed above.

Notably, a previous study (Basole et al., 2003) suggested that

combinations of features that are encoded in V1 neurons cannot

be simply correspondent to the intersection of independent

multiple feature maps but rather should be considered in terms

of a single energy map because all of the features are systemat-

ically interdependent. However, it must be noted that these re-

sults do not reject the existence of multiple feature maps or the

presence of a spatial correlation of multiple feature maps and

are thus not contradictory to our model. Instead, these findings

can also be consistent with our key assumption that multiple

feature tunings develop from a single source—i.e., the spatial or-

ganization of ON andOFFRGCprojections.We show that the re-

sults reported in the paper can be reproduced by our model by

considering the spatiotemporal receptive fields of ON and OFF

RGCs, particularly with a temporal delay between the ON and

OFF responses (Figures S4G–S4J). Specifically, our model with

the spatiotemporal receptive fields also predicts that when the

bar stimulus moves along non-orthogonal axes, the preferred

feature will be measured differently across different speeds of

stimuli. Thus, the idea that multiple functional tunings should

be considered in terms of a single energy map rather than the

intersection of independent multiple feature maps is not contra-

dictory but rather supportive of ourmodel that multiple functional

maps are interdependent and should be considered as maps

developed by a single constraint, the retinal mosaic.

Our results imply that the current model can provide a frame-

work for early organizations of the visual cortex for efficient cod-

ing, as suggested in previous model studies. For example, the

Petitot-Citti-Sarti model (Petitot and Tondut, 1999; Sarti et al.,

2008) suggests that the long-range horizontal connections be-

tween orientation columns preferring a similar orientation are

the key factors accomplishing efficient coding in V1. Regarding

this issue, we recently reported that these orientation-specific

horizontal connections can be initiated by the retinal structure

transferred by asynchronous ON and OFF retinal waves (Kim

et al., 2020). Our model suggests that long-range orientation-

specific horizontal connections could arise spontaneously by

retinal projection, originating from spatiotemporally structured

feedforward activities generated from spontaneous retinal

waves. These findings overall suggest that functional maps

and neuronal wirings for efficient coding, such as long-range

connections, can arise spontaneously by retinal projection in

the early developmental stage and that our model provides

broader insight into not only the developmental mechanism of

functional circuits in V1 but also the biological strategies of cir-

cuit organization for the efficient processing of sensory

information.

In summary, our study suggests that spatially organized input

from the peripherymay provide a common framework for various

functional architectures in the visual cortex. This common

anatomical substrate results in the uniform representation of

combinations of sensory modules by organizing a correlated

topography of diverse visual tunings. Overall, our results suggest

that the structure of the periphery with simple feedforward wiring

can provide the beginnings of a mechanism by which the initial

circuitry for the visual function is assembled.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

The functional maps in cats (5 cats, unknown sex, aged 2–5months) are from Crair et al. (1997a), H€ubener et al. (1997), and Issa et al.

(2000) for orientation and ocular dominance maps, and from H€ubener et al. (1997), Issa et al. (2000), and Swindale et al. (2000) for

spatial frequency maps. The functional maps in the monkeys (5 monkeys, 3 male, 1 female and 1 unknown sex, unknown age)

are from Landisman and Ts’o (2002) and Nauhaus et al. (2012, 2016) for orientation maps; Landisman and Ts’o (2002) and Nauhaus

et al. (2016) for ocular dominance maps; and Nauhaus et al. (2012, 2016) for spatial frequency maps. Orientation and ocular domi-

nance maps in galago (1 galago, unknown sex, unknown age) are from Xu et al. (2005). Orientation map in ferret (1 ferret, unknown

sex, unknown age) are from Weliky et al. (1996). The multielectrode data of the cat visual cortex (1 cat, male, aged 6–12 months) are

from Kremkow et al. (2016). The retinal ganglion cell mosaics in two cats (2 cat, unknown sex, unknown age) are from Wässle et al.

(1981) and Zhan and Troy (2000). The retinal ganglion cell mosaics in monkeys (4 Monkeys, unknown sex, unknown age) are from

Gauthier et al. (2009a, 2009b), Rhoades et al. (2019), and Vidne et al. (2012).

METHOD DETAILS

Analysis of RGC mosaics
Wemodeled the cortical receptive fields by sampling the receptive fields of local ON and OFF RGCs. We assumed that the RGCs are

statistically wired to cortical space with a 2D Gaussian, where the sigma of synaptic weighting was set to 0.16–0.18 times the ex-

pected average lattice distance of OFF RGC mosaics, dOFF (Paik and Ringach, 2011; Sailamul et al., 2017). The local receptive field

was calculated at each vertex of a rectangular grid with a spacing distance of 0.1dOFF in the RGCmosaics. We analyzed four mosaics

of the receptive field and two mosaics of the cell body of ON/OFF RGCs based on a report that the receptive field center, dendritic

field center and soma of a single RGC are tightly clustered on the retinal surface (Brown et al., 2000).

The receptive fields of RGCs and V1 neurons were defined as a center-surround model of 2D Gaussian and their linear sum,

respectively. The size and the amplitude of the surrounding region were set to 3 and 0.55 times that of the center region. The ON-OFF

angle and distance were measured between the center-of-mass of the modeled ON and OFF receptive fields and then the resultant

maps were smoothed using a 2D Gaussian kernel with sigma of 0.6–1dOFF .

The orthogonality index (OI) of a tuning curve was measured as follows:

m =
X2p
q= 0

ðexpðiqÞ 3 rqÞ
.

OI = jmj3 sinðargðmÞÞ r
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where q indicates each angle, rq indicates the response for each angle, r indicates the mean response. OI becomes 0 for a uniform

tuning curve and increases as the orthogonal bias becomes stronger. The significance of the orthogonal bias was tested by

comparing OI with that measured from the shuffled distribution of ON-OFF angle and distance.

Analysis of multi-electrode recordings
Themulti-electrode data recorded from the cats were provided by Jose-Manuel Alonso (Kremkow et al., 2016) for the analysis in Fig-

ure 3. To remove high-frequency spatial noise, the receptive fields were filtered by a low-pass Fermi filter in the frequency domain.

The filter was designed according to

f = 1

��
exp

�
u� m

Km

�
+ 1

�

, where m is the threshold of the frequency (4 cpd) and K is the smoothness coefficient. The ON-OFF angle was estimated from the

Fourier transform JðuÞ of the receptive fields (Paik and Ringach, 2011). It is defined as argðmÞ=2, where

m =

Z
jJðuÞkujexpð2i argðuÞÞdu

�Z
jJðuÞjdu

Samples for which either theON or OFF subregion is entirely canceled by the other component were excluded. The ON-OFF distance

was defined as the distance between the center of the ON and OFF subregions. The location of the center of the ON and OFF sub-

regions was defined as the strongest peak of each subregion. For multiple subregion samples, the largest subregion was chosen for

analysis.

Design of developmental model
The simulations were performed based on the statistical wiring model (Ringach, 2004, 2007). Diverse cortical tunings were simulated

from the model cortical neuronal response to drifting grating received from retinal ganglion cells. Drifting grating, designed as a sine

function of twenty different spatial frequencies (0.5–8 cycles/degree) and twenty orientations (0–p), was given to binocular retinal

mosaics. All simulations and statistical tests were performed using MATLAB R2017a. We summarized the detailed algorithm and

the parameters used in the simulations in Supplemental Information.

Connectivity and receptive field models
At the initial stage of development, we assumed that the RGCs are statistically wired to cortical spacewith two-dimensional Gaussian

function with a standard deviation of scon.

wij =
Winit

scon

ffiffiffiffiffiffi
2p

p exp

 
�
�
dij + hV1;j

�2
2s2

con

!

Here,wij represents the synaptic weighting between ith RGC and jth cortical sites, whereWinit is the initial connection weight. For real-

istic retinotopic projection, we added zeromean two-dimensional Gaussian noise, hV1, with a standard deviation of sR. The receptive

fields of RGCs and V1 neurons were defined as a center-surroundmodel of 2D Gaussian and their linear sum, respectively. The stan-

dard deviation of the surrounding region was set to three times that of the center region (Croner and Kaplan, 1995).

Ji; RGC = ±

�
1

s
ffiffiffiffiffiffi
2p

p exp

�
� r2i
2s2

RGC

�
� 1

3s
ffiffiffiffiffiffi
2p

p exp

�
� r2i
18s2

RGC

��
ð+ : ON cell; � : OFF cell
Jj; V1 =
X
i

wij$J
RGC
i

Here,Ji; RGC is the receptive field of ithRGC, andJj; V1 is for the j
th cortical site where ri is a distance vector from the center of ithRGC

to each position of the visual field. In this case, sON;RGC and sOFF;RGC were set as ð1 +aÞd=2 and d=2 to satisfy the condition that the

receptive fields of ON and OFF RGCmosaics cover all of the visual field (Balasubramanian and Sterling, 2009), where a is the lattice

distance ratio (0.108 ± 0.003 in cat data and 0.120 ± 0.053 in monkey data; Figure S1D).

Nonlinear response curve of a single neuron
The response curves of RGCs and V1 neurons were designed based on the linear-nonlinear model, which shows a normalized

response to visual input S through a sigmoidal kernel

Ai; RGCðSÞ =
�
1+ exp

�
�Ji; RGC$S

dRGC

���1
e2 Cell Reports 34, 108581, January 5, 2021
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Aj; V1ðSÞ =
�
1+ exp

�
� I� 0:5

dV1

���1

I =
X
i

wij$Ri; RGC

where Ai; RGCðSÞ and Aj; V1ðSÞ are the response of ith RGC and jth cortical cell for visual stimuli S. Here, d stands for nonlinearity of the

sigmoidal response function. All the parameter details are shown in Table S1 ($ denotes a Hadamard product).

Binocular development and Hebbian plasticity
In our binocular development model, the development of connections between contralateral RGCs and V1 neurons were first simu-

lated, and then the ipsilateral connections were allowed to develop (for details, see Figure 4). During the development of contralateral

connections, a random noise activity was provided as a spontaneous retinal activity. Then, during the binocular development stage,

natural-like filtered noise images (Ruderman andBialek, 1994) were provided to both retinal mosaics as a simulation of external visual

input.

The synaptic weights were updated following a simple covariance rule (Sejnowski, 1977) as follows

Dwij =

(
e
�
RV1;j � RV1;j

	�
RRGC;i � RRGC;i

	
0

ifwij <wlim

ifwijRwlimOR
X
i

wijRWlim

R =
1

t

Z t

�N

R$eðt0�tÞ=tdt0

where the learning threshold R is defined as the average value of the current response of the cortical cell. The t represents a time

constant showing how rapidly the threshold changes. The e represents the learning rate, how fast the synaptic weights are updated.

Note that we assumed that there is a limitation of resource, so both wij and
P
i

wij have upper limit wlim andWlim. The development of

both contra- and ipsilateral pathways were simulated with white noise inputs for 10,000 frames.

Measurement of cortical functional maps
The preferred orientation ðqOPÞ of the calculated V1 receptive field was estimated from its Fourier transformJðuÞ. qOP was defined as

qPref = argðmÞ=2, where

m =

Z
jJðuÞkujexpð2i argðuÞÞdu

�Z
jJðuÞjdu

The ocular dominance was calculated as the relative strength of themean cortical responseRV1, to visual stimulus S, given to contra-

and ipsilateral RGCs.

OD = RV1ðScontraÞ � RV1ðSipsiÞ
RV1ðScontraÞ+RV1ðSipsiÞ

To measure the spatial frequency, we computed the response of cortical cells to drifting gratings of various orientation and spatial

frequency. The preferred spatial frequency was defined as the value of spatial frequency that induces the maximum response. To

implement a realistic map-topography, each map was simulated from the hexagonal retinal mosaics with a realistic level of spatial

noise in the cell position (Paik and Ringach, 2011) and all the simulated maps in the study were averaged from 20 repeated trials of

simulation.

QUANTIFICATION AND STATISTICAL ANALYSIS

The Mann-Whitney U test was used to determine the significance of orthogonal bias of retinal mosaics (Figure 2D) and to determine

the significance of the change of preferred orientation difference between contra- and ipsilateral afferents after the designed binoc-

ular development (Figure S2I). The bootstrap analysis was used to test the orthogonality bias of themodel RGCmosaics, in which the

orthogonality index of the original mosaics was compared to that of the shuffled distribution of the ON-OFF angle and distance (Fig-

ure S1J). Two-tailed t test was used to determine the significance of hexagonal peaks in measured RGC mosaic (Figures S1B and

S1C). Pearson correlation coefficient (‘‘corrcoef’’ function in MATLAB) was measured to determine the determine the relationship

between the functional tunings and ON-OFF angle/distance (Figures 3C–3E, S2G, and S3E). Sample sizes, statistical tests and

p values are indicated in the text, figures, and figure legends. All the quantitative data are presented in mean ± SD. The notation

‘‘N’’ represents the number of animals and ‘‘n’’ represents the number of the sample data points.
Cell Reports 34, 108581, January 5, 2021 e3
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