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SUMMARY

In the mammalian primary visual cortex, neural tun-
ing to stimulus orientation is organized in either
columnar or salt-and-pepper patterns across spe-
cies. For decades, this sharp contrast has spawned
fundamental questions about the origin of functional
architectures in visual cortex. However, it is unknown
whether these patterns reflect disparate develop-
mental mechanisms across mammalian taxa or sim-
ply originate from variation of biological parameters
under a universal development process. In this
work, after the analysis of data from eight mamma-
lian species, we show that cortical organization is
predictable by a single factor, the retino-cortical
mapping ratio. Groups of species with or without
columnar clustering are distinguished by the feedfor-
ward sampling ratio, and model simulations with
controlledmapping conditions reproduce both types
of organization. Prediction from the Nyquist theorem
explains this parametric division of the patterns with
high accuracy. Our results imply that evolutionary
variation of physical parameters may induce devel-
opment of distinct functional circuitry.

INTRODUCTION

Neural tuning to visual stimulus orientation is one of the hall-

marks of the primary visual cortex (V1) in mammals. Intriguingly,

this tuning in V1 is organized into distinct topographic patterns

across species, such as columnar orientation maps in primates

(Blasdel and Salama, 1986) and salt-and-pepper type organiza-

tion in rodents (Ohki et al., 2005) (Figure 1A). From the fact that

species of distinct cortical organization are found on separate

branches of the mammalian phylogenetic tree, it has been sug-

gested that columnar or salt-and-pepper organization reflect

species-specific principles of evolution underlying the develop-

ment of cortical circuits (Kaschube, 2014; Kaschube et al., 2010).

An alternative view is that cortical development is governed by

a universal mechanism, but that disparate architectures can

arise from the variation of specific biological parameters, such
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as the size of V1 (Meng et al., 2012) (Figure 1B, left top), the num-

ber of V1 neurons (Weigand et al., 2017), and the range of cortical

interaction (Philips et al., 2017). However, further analysis of data

for various species revealed counterexamples of this simple pre-

diction, implying that V1 organization may not be simply deter-

mined by a single anatomical factor (Van Hooser et al., 2005).

In particular, four species of mammals (ferret, tree shrew, rabbit,

and gray squirrel) have V1 of comparable size, but it was

observed that two of them have columnar orientation maps,

while the others have salt-and-pepper organization (Figure 1B,

left top). This suggests that the size of V1 may not be a determi-

nant of V1 patterns. Similarly, other candidate parameters, such

as visual acuity and body weight, also failed to predict V1 orga-

nization of orientation tuning among these four species (Van

Hooser et al., 2005) (Figure 1B).

An important clue might be in the observation of the thalamic

origin of cortical tuning. Previous studies showed that orientation

tuning in V1 is well predicted by the local arrangement of ON and

OFF thalamic inputs (Jin et al., 2011; Lien and Scanziani, 2013),

implying that functional circuits in V1 might initially be structured

by thalamic afferents. In a subsequent study, Mazade and

Alonso (2017) also suggested that observed variation of tha-

lamo-cortical projection could play an important role in develop-

ment of the cortical functions and in maximizing visual acuity. In

addition, considering that neurons in the lateral geniculate nu-

cleus (LGN) relay the receptive field of only one to three retinal

ganglion cells (RGCs) in most cases (cat: Usrey et al. [1999],

monkey: Schein and de Monasterio [1987], mouse: Litvina and

Chen [2017]), the structure of the LGN afferents reflects that of

the retinal feedforward afferents. Thus, this retinal organization

must be taken into account to understand the development of

the V1 architecture.

Here, from the analysis of data for eight mammalian species,

we propose that the retino-cortical feedforward mapping ratio

can solely predict cortical organization of each species. In the

following model simulations, we confirm that distinct cortical cir-

cuits can arise from different V1 and RGCmosaic sizes. Further-

more, we show that the Nyquist sampling theorem explains this

parametric division of cortical organization with high accuracy.

Our results suggest that both columnar and salt-and-pepper

organization in V1 develop universally with retinal origin (Ring-

ach, 2007), but may bifurcate due to variation of the feedforward

circuit.
r(s).
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Figure 1. Parametric Division of Spatial

Organization of Orientation Tuning across

Species

(A) Columnar and salt-and-pepper organization

of orientation tuning observed in mammalian

species.

(B) Whether a species has columnar or salt-and-

pepper organization cannot be clearly predicted

by V1 size, retina size, visual acuity, or body

weight.

(C) Top: V1 organization of eight mammalian

species can be divided by a linear classifier

(y = 0.46x) in 2D space as a function of V1 and

retina sizes. Bottom: V1 organization of each

species is well predicted by the ratio between the

size of V1 and of a retina.

(D) Similar analysis as in (C) with the number of

RGCs and V1 neurons as determinant parameters

(y = 0.40x).
RESULTS

Parametric Division between Columnar and Salt-and-
Pepper Organization in Visual Cortex
We first found that the V1 organization of the eight species

reported so far can be successfully divided into columnar

maps or salt-and-pepper organization in linear classification,

by considering the size of retina (AR) and the size of V1 (AV)

together (Figure 1C, top; Table 1). In particular, among four spe-

cies (ferret, tree shrew, rabbit, and gray squirrel; gray shaded

area in Figure 1C) that have V1 of comparable size (�80 mm2),

two species (rabbit and gray squirrel) with salt-and-pepper orga-

nization have larger retinas than do the others, which have

columnar maps (ferret and tree shrew; Figure 1B, right top).

Overall, the ratio between the size of V1 and of a retina (AV/AR)

appears higher for those with columnar maps and solely predicts

the V1 organization in all the test data (Figure 1C, bottom).
Cell Re
Species having V1 of comparable size,

in particular, were successfully divided

according to their V1 organization, which

could not be predicted by any single bio-

logical parameter in previous studies.

Next, to examine the mapping between

two areas in terms of neuronal units, we

tested a prediction based on the ratio

between the number of RGCs (NR) and

V1 neurons (NV) and found that this ret-

ino-cortical mapping ratio (NV/NR) also

successfully predicts the V1 organization

of all these species (Figure 1D).

Classification of V1 Organization by
Retino-Cortical Mapping Ratio
What, then, is the underlying principle that

explains this classification of V1 organiza-

tion by retino-cortical mapping? Based

on previous experimental observations

that the orientation tuning in V1 can be
predicted by the arrangement of ON and OFF feedforward affer-

ents (Kremkow et al., 2016; Lee et al., 2016), we hypothesized

that cortical orientation tuning originates from the spatial

arrangement of ON and OFF RGC mosaics (Paik and Ringach,

2011, 2012), and columnar or salt-and-pepper organization in

V1 can simply arise due to a different feedforward mapping ratio

between RGC and V1 neurons (F = NV/NR = number of V1

neurons per RGC), which determines similarity of the cortical

tuning in neighboring V1 neurons (Figures 2A–2C).

Using observed RGC mosaics data in cats (Zhan and Troy,

2000), we simulated three scenarios for different sizes of the

RGC mosaics and V1. In the model, it was assumed that the

entire retinal area is matched to the whole V1 patch, and each

V1 neuron receives feedforward inputs from the same size of

local ON and OFF RGCs in the area of the corresponding retinal

location (see STAR Methods for details). Then, the orientation

tuning of each V1 neuron was calculated from the receptive field
ports 30, 3270–3279, March 10, 2020 3271



Table 1. Experimental Data on the Retina and V1 Anatomy in Diverse Species

Macaque Cat Ferret Tree Shrew Rabbit Gray Squirrel Rat Mouse

(A) V1 size (mm2) 1,257 (Adams et al.,

2007; Van Hooser

et al., 2005)

380 (Tusa et al.,

1978)

83 (Law et al.,

1988)

73 (Keil et al., 2012;

Sesma et al., 1984)

80 (Hughes, 1971) 82 (Van Hooser

et al., 2005)

7 (Espinoza and

Thomas, 1983)

3 (Garrett et al.,

2014)

(B) Retina size

(mm2)

636 (Kong et al.,

2010)

510 (Hughes,

1975)

84 (Henderson,

1985)

122 (Engelmann and

Peichl, 1996)

436 (Oyster et al.,

1981; Ross and

Kay, 2004)

205 (Ross and

Kay, 2004)

52 (Hughes,

1979)

15 (Dräger and

Olsen, 1981)

(C) Visual acuity

(cpd)

Limit of visible

frequency

46 (Van Hooser

et al., 2005)

6 (Van Hooser

et al., 2005)

3.7 (Hupfeld et al.,

2006)

2.4 (Petry et al.,

1984)

3 (Pak, 1984) 3.9 (Jacobs

et al., 1982)

1.2 (Van Hooser

et al., 2005)

0.56 (Van

Hooser et al.,

2005)

(C-1) Visual

acuity (cpd)

Frequency at

optimized

response/

performance

2.7 (Mazade and

Alonso, 2017)

0.9 (Movshon

et al., 1978)

0.22 (Baker et al.,

1998; Dunn-Weiss

et al., 2019)

0.26 (Johnson et al.,

2010)

0.20 (Zhuang et al.,

2013)

0.5 (Jacobs

et al., 1982)

0.22 (Powers and

Green, 1978)

0.04 (Niell and

Stryker, 2008)

(D) Body weight (g) 8,000 (Van Hooser

et al., 2005)

3,250 (Van

Hooser et al.,

2005)

800 (Van Hooser

et al., 2005)

200 (Van Hooser

et al., 2005)

2,720 (Howland

et al., 2004)

600 (Van

Hooser et al.,

2005)

250 (Van Hooser

et al., 2005)

25 (Van Hooser

et al., 2005)

(E) Size ratio (A/B) 1.98 0.75 0.98 0.60 0.18 0.40 0.13 0.20

(F) 2D density of V1

neurons (cells/mm2;

see Figure S4 for

details and

references)

3,033 1,792 2,032 2,045 2,021 (average) 2,021 (average) 2,029 2,205

(G) Number of V1

neurons (3103;

A 3 F)

3,812 681 169 149 162 166 14 7

(H) Number of RGC

(3103)

1,600 (Ross and

Kay, 2004)

247 (Ross and

Kay, 2004)

90 (Henderson

et al., 1988)

305 (Samuels

et al., 2018)

550 (Robinson

et al., 1987)

1,200 (Johnson

et al., 1998)

110 (Ross and

Kay, 2004)

70 (Ross and

Kay, 2004)

(I) Cell number ratio,

F (G/H)

2.38 2.76 1.87 0.49 0.29 0.14 0.13 0.09

(J) Sampling ratio,

G (0.763S
ffiffiffiffi
F

p
;

see STAR Methods)

6.07 4.87 4.72 2.41 1.87 1.28 1.24 1.07

The size ratio (E) and cell number ratio (I) in the main text were estimated from previous experimental data in each case. To estimate the sampling ratio (J), the spatial period of preferred orien-

tations (S) seeded in the retina is required. For cats, macaques, andmice, the spatial periods were estimated from the RGCmosaics data of each species (cat, 3.86 [Zhan and Troy, 2000]; mouse,

4.59 [Bleckert et al., 2014]; macaque, 5.17 [Vidne et al., 2012]; see STAR Methods and Figure S1C for details). For the other five species, the RGC mosaic data were not currently available.

Therefore, the size of the retinal cluster was assumed to be the average of three representative values obtained from cats, monkeys, andmice (S = 4.54). Note that the visual acuity wasmeasured

by two different definitions in previous studies (C and C-1); neither of them can predict the V1 organization of diverse species. The 2D density of V1 neurons in rabbit and gray squirrel (F) was

estimated from the average density of the other species (except macaques), based on the previous observation that the surface density of V1 neurons is not noticeably different across diverse

species (except primates) (Srinivasan et al., 2015). See also Figure S4.
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Figure 2. Variation of V1 Organizations with Retino-Cortical Mapping Conditions

(A–C) From given RGC mosaics, either columnar or salt-and-pepper organizations can be seeded according to the retino-cortical mapping condition.

(A) For a high mapping ratio between RGC and V1 neurons (F = 2.7), neighboring V1 neurons had highly overlapping receptive fields, resulting in a columnar

organization of orientation tuning. Scale bar, 100 mm in retina and V1.

(B)When a larger retinal mosaicmatches the same V1, themapping ratio (F = 0.33) decreases and sparse sampling density induces weakly overlapping receptive

fields of neighboring V1 neurons, resulting in a salt-and-pepper organization.

(C) A low mapping ratio (F = 0.30) can also be achieved due to small V1 size and generates a similar salt-and-pepper organization of orientation preference.

(D) Difference between the preferred orientation of neighboring V1 neurons: F = 2.7 versus F = 0.33 (blue versus red), *p = 6.0310�4; F = 0.30 versus F = 0.33

(green versus red), p = 0.43; F = 0.30 versus shuffled (green versus black), and *p = 2.1310�2; two-sample Kolmogorov-Smirnov test. Shaded areas indicate

the SD of the orientation difference measured from all pairs of V1 neurons (F = 2.7, n = 5.663106; F = 0.33, n = 8.273104; F = 0.3, n = 6.823104 pairs from

100 repeated simulations).

(E) Top: example of tuning profiles of V1 receptive field obtained using the fast Fourier transform (FFT) analysis. Bottom: tuning similarity among neighboring

neurons for different mapping conditions. Weakly clustered orientation tuning observed in mice (Ringach et al., 2016) is reproduced by the model (F = 0.09). Data

versus F = 0.09 (black versus dark red), p = 0.23; two-sample Kolmogorov-Smirnov test.

See also Figures S1, S2, and S3.
(RF) of sampled RGCs (Ringach, 2007) (Figures S1A and S1B).

We assumed that every cortical cell receives input from a similar

number for RGCs regardless of variation in RGC density and ret-

ino-cortical magnification, because the density of the RGCs and

retino-cortical magnification are proportional across retinal

eccentricity in the observed RGC data at large scale (Chaplin

et al., 2013; Peichl and Wässle, 1979; Stone, 1965; Wässle

et al., 1990) (Figure S2).

When the mapping ratio between RGC and V1 neurons was

high (F = 2.7; i.e., local RGCs are sampled by a large number
of V1 neurons), neighboring V1 neurons had highly overlapping

receptive fields due to a high sampling density of mapping

from retina to V1 space (Figure 2A). Then, neighboring V1

neurons had similar orientation tuning, resulting in a columnar

organization of orientation tuning (Figures 2A, right, and 2D,

blue curve). In contrast, when we decreased the mapping ratio

(F = 0.33) by matching a larger retinal mosaic to the same V1,

neighboring V1 neurons received inputs fromweakly overlapping

RGC populations due to the sparse sampling density of themap-

ping (Figure 2B, left) and induced a salt-and-pepper organization
Cell Reports 30, 3270–3279, March 10, 2020 3273



(Figures 2B, right and 2D, red curve; F = 2.7 versus 0.33 [blue

versus red], *p = 6.0310�4; two-sample Kolmogorov-Smirnov

test). We also observed similar salt-and-pepper organization

when we decreased the mapping ratio (F = 0.30) by decreasing

V1 size for the same RGC mosaics (Figures 2C, right and 2D,

green curve; F = 0.30 versus 0.33 [green versus red], p = 0.43;

two-sample Kolmogorov-Smirnov test). These results demon-

strate that distinct V1 organizations can originate from different

retino-cortical mapping ratios rather than from absolute size of

RGC mosaics or V1. The results from comparison of these

distinct mapping conditions explain why rabbits and gray squir-

rels do not have columnar clustering, while ferrets and tree

shrews have columnar clustering, even though their V1 sizes

are comparable (Figures 2A versus 2B).

Interestingly, we found that even for low F, V1 organization of

orientation tuning can be slightly clustered as in mice (Kondo

et al., 2016; Ringach et al., 2016) (Figure 2D, F = 0.30 versus

shuffled [green versus black], *p = 2.1310�2; two-sample

Kolmogorov-Smirnov test). This is because the sampling of

neighboring V1 neurons can partially overlap in the retinal space

(Jimenez et al., 2018). We found a condition of salt-and-pepper

organization with weak clustering that quantitatively matched

the statistics of pairwise tuning similarity (Figure 2E, top) in

recent observations of salt-and-pepper organization in mice

(Kondo et al., 2016; Ringach et al., 2016) (Figure 2E, bottom;

data versus F = 0.09 as estimated for mice [black versus dark

red], p = 0.23; two-sample Kolmogorov-Smirnov test). Thus,

our model also provides a rationale for the observed local clus-

tering in the salt-and-pepper organization of mice (Kondo

et al., 2016; Ringach et al., 2016), gray squirrels (Van Hooser

et al., 2005), and rabbits (Murphy and Berman, 1979). Note

that our current model was tested using experimentally

measured RGC mosaics instead of the regular hexagonal tiling

of RGCs in the original Paik-Ringach model (Paik and Ringach,

2011, 2012). Hence, this demonstrates that the model works

for a more general condition of retinal mosaics compared to

that in our previous studies.

Species with or without Columnar Clustering Predicted
from the Nyquist Theorem
Next, we examined the exact condition of the mapping ratio that

generates columnar and salt-and-pepper organizations, respec-

tively. For this, we applied a mathematical model for Nyquist

sampling (Nyquist, 1928) to investigate how topographic infor-

mation of underlying retinal mosaics pattern could be differently

mapped onto cortical space, depending on the mapping ratio

condition. According to the Nyquist theorem, sampling fre-

quency should be higher than twice the frequency of the original

signal to avoid aliasing. Thus, we assumed that the retino-

cortical sampling ratio should be sufficiently high to generate

columnar organization in V1 from the projection of the clustered

retinal mosaics structure (Ringach, 2007). To validate this idea,

we examined the retino-cortical mapping ratio that can initiate

orientation pinwheels in the V1 organization, in which more

than two cortical neurons are mapped between neighboring pin-

wheels distance in the columnar map. Using the estimated

spatial period of orientation tuning seeded in the retinal mosaics,

we predicted the distance between neighboring pinwheels
3274 Cell Reports 30, 3270–3279, March 10, 2020
(pinwheel distance) and examined whether more than two V1

neurons can be mapped within this distance for the mapping

condition of each species. To do this quantitatively, we defined

the retino-cortical sampling ratio (G = number of V1 neurons

per pinwheel distance; see STAR Methods for details) instead

of the mapping ratio (F) in the previous analysis, which only

roughly compares the relative number of neurons.

We first estimated a topographic cluster pattern of orientation

tuning in the cat RGCmosaics shown in Figure 2 (Zhan and Troy,

2000). From estimation of the local profile of ON and OFF RGC

receptive fields (Figure 3A), orientation preference of the local

neurons and the spatial periodicity of iso-orientation domains

were simulated (period = 413 mm in RGCmosaics = 3.86 dON/OFF,

where dON/OFF indicates the expected average lattice distance of

ON and OFF mosaics (0.107 mm); see Figures S1B and S1C for

details). The nearest neighbor pinwheel distance was assumed

to be 0.534 times the iso-domain period (413 mm 3 0.534 =

221 mm in RGC mosaics) as reported in previous studies (M€uller

et al., 2000), because this cluster pattern does not contain

enough pinwheels for the estimation of average distance.

Similarly, the sizes of the retinal clusters in macaques (5.17

dON/OFF) and mice (4.59 dON/OFF) were estimated by analyzing

RGC data obtained from each species (Bleckert et al., 2014;

Vidne et al., 2012) (Figure S1). For the other five species, the

RGC mosaic data were not currently available, thus the size of

the retinal cluster was assumed to be the average of three repre-

sentative values obtained from cats, monkeys, and mice (4.54

dON/OFF).

With this computational estimation of the retinal cluster, we

investigated modulation of the cortical map structure, generated

from mapping of the retinal cluster for various sampling ratio G.

According to the Nyquist theorem (Nyquist, 1928), a low sam-

pling ratio will cause an aliasing problem, thus our model

predicts that parametric division of cortical organization will

occur around the threshold G = 2. As expected, we observed

that a high retina-to-cortex sampling ratio G (large V1) develops

a periodic orientation map by projecting periodic RGC clusters

onto the cortex with no sampling alias (Figure 3B, G = 6), while

a low sampling ratio G (small V1) causes a noticeable aliasing

of RGC periodicity, producing more irregular clustering of orien-

tation tunings in neighboring V1 neurons (Figure 3B, G = 1.5).

From model simulations of various sampling ratios with RGC

mosaics of three species (cat, macaque, and mouse), we

confirmed that the local map continuity (or degree of spatial clus-

tering) of orientation tuning increased with an increase in the

retina-to-cortex sampling ratio G (Figures 3C and S1D–S1F),

indicating a transition from the salt-and-pepper organization to

a smooth columnar map.We observed that themodel simulation

of each species could reconstruct the V1 organization observed

in the data (either salt-and-pepper or columnar organizations)

from the same RGC mosaics. Importantly, when the average

calculated angle difference was within 150 mm, approximately

the range between the smallest orientation map period

(520 mm, tree shrew) (Bosking et al., 1997) and the local clus-

tering size in mice (z50 mm) (Kondo et al., 2016; Ringach

et al., 2016), the transition between two organizations appeared

to change abruptly around the sampling ratio of G = 2 (the

Nyquist frequency; Figure 3C, top), explaining why cortical



Figure 3. V1 Organization as a Nyquist Sampling in the Retino-

Cortical Projection

(A) Expected cluster pattern of preferred orientation across retinal mosaics in

Figure 2A. Scale bar, 100 mm in the retina.

(B) According to the Nyquist theorem, high ratio G (>2) of cortical sampling

induces a continuous change of orientation tuning, while low G (<2) would

cause an aliasing of RGC periodicity and an abrupt change of orientation

tuning. Scale bar, 50 mm in V1.

(C) The model predicts that the organization of cortical orientation tuning

makes a sharp transition around the Nyquist sampling frequency (fNyq),

matching the observations of estimated sampling ratios across species.

Shaded area indicates the standard deviation across diverse conditions of

retino-cortical feedforward convergence (Figures S3E and S3F). Top: orien-

tation tuning is distributed in random-like manner for G <2. As G increases (>2),

the organization becomes more clustered, resulting in smaller angle difference

among neighboring V1 neurons.

See also Figure S3.
organizations are observed in either columnar or salt-and-

pepper organizations but not in intermediates between these

two stages (Figures 3C and S1D–S1F). This abrupt transition

becomes even sharper when a nonlinear neural response func-

tion is introduced, which suppresses the weak orientation tuning

induced by noisy receptive fields (Figures S3A and S3B).

DISCUSSION

Our findings suggest that both columnar and salt-and-pepper or-

ganizations of cortical circuits originate from retinal mosaics and

by a universal development process. A mathematical sampling

model shows that retino-cortical mapping is a prime determinant

of the topography of cortical organization and this prediction was

confirmed by neural parameter analysis of data from eight spe-

cies. This result implies that evolutionary variation of the size of

retina andV1has led to development of distinct topographical cir-

cuitry in V1, without species-specific developmental principles.

One can argue that the development of the salt-and-pepper

organization in rodents originates from other characteristics of

the rodent visual system, such as the diverse types of RGCs in

mice (>32 types) (Baden et al., 2016). However, it was recently

reported that the response of mouse LGN neurons is mainly

modulated by two major types of RGCs (Román Rosón et al.,

2019) and that this is similar in primates. In addition, the majority

of these types of RGC is still classified as ON or OFF classes of

RGC, and each single class of RGC has been observed to be

tiled regularly across the retinal surface (Anishchenko et al.,

2010; Baden et al., 2016) as in higher mammals, implying that

the regularly structured RGC mosaics may develop cortical or-

ganizations in both higher mammals and rodents, resulting in

blueprints for cortical topography.

Although larger receptive fields and lower visual acuity are

noticeable features of the rodent visual system, cortical orienta-

tion tuning in rodents is also highly predictable according to the

angle at which the ON and OFF inputs are aligned (Lien and

Scanziani, 2013), similar to higher mammals (Jin et al., 2011;

Kremkow et al., 2016; Lee et al., 2016). This implies that the

arrangement of neighboring ON and OFF feedforward afferents

is a more critical factor determining the organization of orienta-

tion tuning than the size of each input component, as supported

by our additional simulation with enlarged RGC receptive fields

(Figures S3C and S3D). The results of a comparison of the visual

acuity of gray squirrels (3.4 cycle per degree [cpd]; without orien-

tation columns) and that of tree shrews (2.4 cpd; with orientation

columns) also suggest that large receptive fields or low visual

acuity are not predictors of the salt-and-pepper organization.

The large convergence in the retino-thalamic pathway in ro-

dents is another factor to be considered. Electron microscopy

techniques revealed that axons from several dozen RGCs

anatomically innervated an LGN neuron in a mouse (Morgan

et al., 2016), while LGN neurons in cats (Usrey et al., 1999; Yeh

et al., 2009) or macaques (Schein and de Monasterio, 1987)

appear to receive inputs from less than 8 RGCs on average.

Therefore, this greater convergence in rodents has been consid-

ered to interrupt the development of a columnar organization in

V1 (Jang and Paik, 2017; Sailamul et al., 2017). However, in a

recent study of mice in which the functional connectome
Cell Reports 30, 3270–3279, March 10, 2020 3275



between the retina and the LGN was examined, it was reported

that the LGN neuron activity is mainly modulated by three RGC

inputs on average (Litvina and Chen, 2017) and that this is in

similar in cats and macaques. In addition, the receptive fields

of mouse V1 neurons mostly consist of a couple of ON and

OFF subregions (Bonin et al., 2011; Smith and Häusser, 2010),

implying that the functional connectome of retino-cortical path-

ways might be more similarly structured across species than is

predictable from an anatomical connectome. Our simulation

results also support this idea, showing that orientation tuning

of a V1 neuron remains consistent even with variation of the

convergence range, because the tuning is predominantly deter-

mined by a couple of ON and OFF RGCs near the center of the

convergence mapping in retinal space (Figures S3E and S3F).

Previous studies also suggest that the emergence of orienta-

tion tuning in the earlier developmental stage of the visual

pathway in rodents can provide evidence of the source of the

salt-and-pepper organization (Scholl et al., 2013). However,

most orientation-tuned cells in the retina (Nath and Schwartz,

2017) and LGN (Tang et al., 2016) are either ON or OFF types,

while most orientation-tuned V1 neurons contain both ON and

OFF subregions in their receptive fields (Cossell et al., 2015; Niell

and Stryker, 2008). Thus, the major thalamic inputs to V1 still

consist of untuned units (Niell, 2013), and LGN orientation-selec-

tive cells are not the primary source of orientation tuning in V1.

Importantly, the preferred orientation of V1 neurons in mice is

highly predictable from the alignment between the ON and OFF

receptive fields (Lien and Scanziani, 2013), implying that cortical

orientation tuning in rodents is initiated by the integration of ON

and OFF feedforward inputs rather than by orientation tuning in

the retina or LGN. Our additional simulation also supports this

idea, showing that the cortical organization of orientation tuning

remains consistent even with elliptical RGC receptive fields hav-

ing weak orientation tuning (Zhao et al., 2013) (Figures S3G–S3I).

One can argue that each V1 organization may originate from

the different dynamics of recurrent cortical circuits across spe-

cies, but experimental observations provide evidence that the

cortical organization of orientation tuning is initialized by feedfor-

ward afferents rather than by recurrent circuits (Jin et al., 2011). It

was recently reported that orientation tuning is initially seeded by

randomly sampled ON and OFF feedforward afferents, and

recurrent circuits can modulate further refinement of the recep-

tive field (Pattadkal et al., 2018). Indeed, cortical orientation

tuning and its columnar organization are observed before the

complete development of recurrent circuits, and the spatial

layout of this initial organization is maintained through the devel-

opment stage (Chapmanet al., 1996;Crair et al., 1998;Huberman

et al., 2008). This indicates that the cortical organization of orien-

tation tuning is initially seeded by feedforward afferents and can

be fine-tuned by various types of synaptic plasticity in feedfor-

ward and recurrent circuits (Park et al., 2017; Lee et al., 2020).

Note that the current study is based on a comparative study of

only eight species, and additional investigations of other species

will provide further support for our model. For example, the

galago (bush baby) is another primate species with orientation

columns (Xu et al., 2005). Although its anatomic parameters

are seemingly different from that of macaques (retina size, 332

[Kaas and Collins, 2005] versus 636 mm2; V1 size, 212 [Rosa
3276 Cell Reports 30, 3270–3279, March 10, 2020
et al., 1997] versus 1,257 mm2), our model predicts that this spe-

cies would have orientation columns because the ratio between

the size of V1 and the retina (212/332 = 0.64) has been found to

be a condition initiating the columnar organization (>0.46; Fig-

ure 1C), consistent with experimental observations. In addition,

ongoing observations of orientation columns in wallabies (Jung

et al., 2019) may provide additional datasets with which to test

our model predictions.

A key assumption of the current model is that neighboring V1

neurons receive feedforward inputs from a similar population of

nearby RGCs, as suggested by the statistical wiringmodel (Ring-

ach, 2004, 2007). Although such feedforward projections have

not yet been directly measured due to a lack of experimental

techniques capable of tracing the retino-cortical connectome

while also measuring corresponding receptive fields, recent

studies have reported a vestige of such local pooling, where

the location ON and OFF receptive fields of neighboring V1 neu-

rons are highly clustered, resulting in similar orientation prefer-

ence of these neurons (Kremkow et al., 2016; Lee et al., 2016).

Considering that the ON and OFF topology in V1 originates

from the thalamic afferents (Jin et al., 2011) and that most

thalamic neurons relay retinal afferents (Usrey et al., 1999), these

results suggest that neighboring V1 neurons receiveON andOFF

retinal inputs from a similar population of nearby RGCs.

Although the manner by which each V1 organization is pro-

jected onto the next stage has not yet been directly measured,

previous studies suggest distinct functional impacts of the twoor-

ganizationson further visual pathways. In a salt-and-pepper orga-

nization, orientation tuning is distributed in a random-like manner

such that receptive fields with different preferred orientations can

sample a visual scene more uniformly (Kaschube, 2014). Consid-

ering that connections from rodent V1 project to very different

visual areas (Andermann et al., 2011; Garrett et al., 2014; Wang

and Burkhalter, 2007), the salt-and-pepper organization may be

the structure providing unbiased visual inputs for diverse visual

pathways specialized for distinct visual functions, such as mo-

tion-related versus pattern-related computations (Marshel et al.,

2011). In contrast, local orientation tuning in a columnar organiza-

tion ismorebiased toward a specific orientation, but this structure

enables an efficient tiling of diverse functional modules for ocular

dominance or spatial frequency tuning, maximizing the represen-

tation of different stimulus combinations for each cortical location

(Nauhaus et al., 2016; Swindale et al., 2000).

The functional role of the columnar and salt-and-pepper orga-

nization has been debated (Koch et al., 2016; Li et al., 2019), and

future studies are needed to reveal whether each type of organi-

zation is the optimized form of functional circuits under different

physical constraints in each species. Our findings may provide

advanced insight into the study of distinct cortical architectures

under a universal principle of development process.
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Wässle, H., Gr€unert, U., Röhrenbeck, J., and Boycott, B.B. (1990). Retinal gan-

glion cell density and cortical magnification factor in the primate. Vision Res.

30, 1897–1911.

Weigand, M., Sartori, F., and Cuntz, H. (2017). Universal transition from

unstructured to structured neural maps. Proc. Natl. Acad. Sci. USA 114,

E4057–E4064.

Xu, X., Bosking, W.H., White, L.E., Fitzpatrick, D., and Casagrande, V.A.

(2005). Functional organization of visual cortex in the prosimian bush baby re-

vealed by optical imaging of intrinsic signals. J. Neurophysiol. 94, 2748–2762.

Yeh, C.-I., Stoelzel, C.R., Weng, C., and Alonso, J.-M. (2009). Functional con-

sequences of neuronal divergence within the retinogeniculate pathway.

J. Neurophysiol. 101, 2166–2185.

Yoshida, T., Ozawa, K., and Tanaka, S. (2012). Sensitivity profile for orientation

selectivity in the visual cortex of goggle-reared mice. PLoS ONE 7, e40630.

Zhan, X.J., and Troy, J.B. (2000). Modeling cat retinal beta-cell arrays. Vis.

Neurosci. 17, 23–39.

Zhao, X., Chen, H., Liu, X., and Cang, J. (2013). Orientation-selective re-

sponses in the mouse lateral geniculate nucleus. J. Neurosci. 33,

12751–12763.

Zhuang, J., Stoelzel, C.R., Bereshpolova, Y., Huff, J.M., Hei, X., Alonso, J.-M.,

and Swadlow, H.A. (2013). Layer 4 in primary visual cortex of the awake rabbit:

contrasting properties of simple cells and putative feedforward inhibitory inter-

neurons. J. Neurosci. 33, 11372–11389.
Cell Reports 30, 3270–3279, March 10, 2020 3279

http://refhub.elsevier.com/S2211-1247(20)30199-6/sref81
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref81
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref81
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref82
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref82
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref83
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref83
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref84
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref84
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref84
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref85
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref85
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref85
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref86
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref86
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref87
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref87
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref88
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref88
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref88
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref89
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref89
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref89
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref90
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref90
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref90
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref91
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref91
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref91
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref92
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref92
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref93
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref93
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref93
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref94
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref94
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref94
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref95
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref95
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref96
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref96
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref96
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref97
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref97
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref98
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref98
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref99
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref99
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref100
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref100
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref101
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref101
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref101
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref102
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref102
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref102
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref102
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref103
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref103
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref103
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref104
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref104
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref105
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref105
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref106
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref106
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref106
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref107
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref107
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref107
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref107
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref108
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref108
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref109
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref109
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref109
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref110
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref110
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref110
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref110
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref111
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref111
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref111
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref112
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref112
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref112
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref113
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref113
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref113
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref114
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref114
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref115
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref115
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref116
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref116
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref116
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref117
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref117
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref117
http://refhub.elsevier.com/S2211-1247(20)30199-6/sref117


STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

MATLAB 2017a The MathWorks, Inc. RRID:SCR_001622
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Se-Bum Paik (sbpaik@

kaist.ac.kr). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The anatomical data used in this study were from Adams et al. (2007), Van Hooser et al. (2005), Kong et al. (2010), Nauhaus et al.

(2016), Ross and Kay (2004), Nauhaus et al. (2012) for macaque; from Van Hooser et al. (2005), Hughes (1975), Ohki et al. (2005),

Ross and Kay (2004), Tusa et al. (1978), Ohki et al., (2006) for cat; from Henderson (1985), Henderson et al. (1988), Van Hooser et

al. (2005), Hupfeld et al. (2006), Law et al. (1988), Li et al. (2008), Sun et al. (2016) for ferret; from Engelmann and Peichl (1996),

Van Hooser et al. (2005), Johnson et al. (2010), Keil et al. (2012), Samuels et al. (2018), Sesma et al. (1984) for tree shrew; from How-

land et al. (2004), Hughes (1971), Oyster et al. (1981), Pak (1984), Ross and Kay (2004) for rabbit; from Van Hooser et al. (2005), John-

son et al. (1998), Ross and Kay (2004) for gray squirrel; from Espinoza and Thomas (1983), Van Hooser et al. (2005), Hughes (1979),

Ohki et al. (2005), Ross and Kay (2004), Ch’ng and Reid (2010), Ding et al. (2017), Kimura et al. (2014) for rat; from Ayzenshtat et al.

(2016), Dräger and Olsen (1981), Garrett et al. (2014), Van Hooser et al. (2005), Ross and Kay (2004), Bock et al. (2011), Goltstein et al.

(2013), Moeyaert et al. (2018), Muir and Kampa (2015), Palagina et al. (2017), Wang et al. (2006), Yoshida et al. (2012) for mouse. The

details are summarized in Table 1.

METHOD DETAILS

Analysis of anatomical data
The V1 (AV) and retina (AR) sizes, and the number of RGCs (NR), were obtained from the references above. The number of V1 neurons

(NV) in a two-dimensional (2-D) section of V1 was estimated by multiplying the V1 area size by the 2-D surface density of V1 neurons.

The surface density was estimated from the two-photon imaging data of each species (Figure S4), which was observed to be fairly

consistent across species (within�11.3 to +9.1% of average) except in macaques (1.50 times higher). This estimation well matched

the previous observation that the surface density of V1 neurons is consistent across mice, rats and cats, but 2.5 times higher in

macaques (Srinivasan et al., 2015).

For precise estimation of retino-cortical mapping across retinal space, both physical cell density and the magnification factor be-

tween two areas are required, but this information for all species across eccentricity is currently not available. Instead, we assumed

that the mapping ratio is quasi-constant across eccentricity based on the cat and monkey data (Figure S2). Then, we estimated the

retino-cortical mapping ratio (F = number of V1 neurons per RGC) by dividing the average number of V1 neurons by the number of

RGCs (NV/NR).

Estimation of retino-cortical sampling ratio
The retino-cortical sampling ratio (G) of each species was obtained by dividing the nearest-neighbor pinwheel distance in the under-

lying retinal structure (dPW ) by the distance between neighboring V1 neurons (dV1), as follows:

G =
dPW

dV1

=
JSdON=OFF

dV1

=JS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NV

NON=OFF

s
=JS

ffiffiffiffiffiffiffiffiffiffiffiffiffi
NV

0:5NR

s
= 0:76S

ffiffiffiffi
F

p

Here dON=OFF represents the expected average lattice distance of ON/OFF RGC mosaics, S represents the spatial period of the

orientation map estimated in RGC mosaics (normalized by dON=OFF ; Figure S1C), J represents the observed distance between

the nearest neighboring pinwheels normalized by the map period in cat V1 ( = 0.534; estimated from Figure 3 of M€uller et al.

(2000) and NON=OFF represents the average number of ON/OFF RGCs in the entire retina, which was assumed to be half of the

whole number of RGCs (NR).
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For the cats, macaques and mice, we applied the spatial period of the orientation map (S) estimated from the RGC mosaics data

obtained from each species (cat, 3.86, [Zhan and Troy, 2000]; mouse, 4.59, [Bleckert et al., 2014]; macaque, 5.17, [Vidne et al., 2012])

as follows:

S =
1

SFFFT

3
1

dON=OFF

where SFFFT is the spatial frequency of orientation tuning. To determine the spatial frequency of orientation tuning, the local orien-

tation tuning was estimated at each retinal location, after which the resulting organization was smoothed by 2D Gaussian filters of

different sizes (Figure S1B). To find a consistent spatial period, the peak frequency calculated from an FFT analysis of maps was

measured for various filter sizes, and the spatial frequency at a stable plateau was selected (Figure S1C). For the five other species,

the RGCmosaic data were not currently available. Accordingly, the size of the retinal cluster was assumed to be the average of three

representative values obtained from cats, monkeys and mice (4.54).

Connectivity and receptive field models
Tomodel a V1 receptive field, we assumed that the RGCs are statistically wired to local V1 neurons around the corresponding cortical

location (Ringach, 2007). The connection weight (w) of the retino-cortical projection was constrained by a 2D Gaussian distribution

with a standard deviation (scon) of 0.4dOFF= 41 mm in the retinal space such that a couple of ON andOFFRGCs strongly contributed to

the formation of the receptive field of a V1 neuron (Ringach, 2007), where dOFF is the average lattice distance between OFF RGCs

(0.102 mm).

We assumed that parameters for the retino-cortical projection could be approximated as quasi-constant in the local eccentric area.

In particular, we assumed that every cortical cell receives input from a similar number for RGCs regardless of variation in RGCs

density and retino-cortical magnification, because the density of the RGCs and retino-cortical magnification are proportional across

retinal eccentricity in the observed RGC data at large scale (Chaplin et al., 2013; Wässle et al., 1990) (Figure S2). Synaptic weighting

between ith RGC and jth cortical sites (wij) was defined as

wij =
1

scon

ffiffiffiffiffiffi
2p

p exp

 
� d2

ij

2s2
con

!

where dij represents the distance from the center of the ith RGC to the projected location of the jth cortical site.

The receptive fields of RGCs were defined as a center-surround 2D Gaussian model. The standard deviation of the surrounding

region was set to three times that of the center region (Croner and Kaplan, 1995). The receptive field of the ith RGC (Ji; RGC) was

defined as

Ji; RGC = ±

�
1

sRGC

ffiffiffiffiffiffi
2p

p exp

�
� r2i
2s2

RGC

�
� 1

3sRGC

ffiffiffiffiffiffi
2p

p exp

�
� r2i
18s2

RGC

��
ð+ : ON cell; � : OFF cellÞ

Here, ri is the distance vector from the center of the ith RGC to each position of the visual field. Additionally, sRGC was set to 43.1 mm

for ON and 38.4 mm for OFF RGC based on the two-sigma rule stating that the sigma of the RGC receptive field is around half of the

cell-to-cell distance (Balasubramanian and Sterling, 2009). The receptive fields of V1 neurons were defined by the linear sum of the

receptive fields of connected RGCs, so the receptive field of jth cortical site (Jj; V1) was defined as

Jj; V1 =
X
i

wij$J
RGC
i

All simulations were performed using MATLAB 2017a.

Measurement of cortical functional tuning
The preferred orientation and selectivity of the calculated V1 receptive field was estimated from its Fourier transform JðuÞ. The
preferred orientation (qPref ) and preferred spatial frequency (upref ) were defined as qPref = argðmÞ=2 and upref = jmj, where

m =

Z
jJðuÞjjujexpð2i argðuÞÞdu

�Z
jJðuÞjdu

The orientation selectivity index (OSI) was defined as

OSI =

����
Z

jJðupref ; qÞjexpð2iqÞdq
����
�Z ��Jðupref ; qÞ

��dq
The tuning similarity between two cortical neurons was obtained by measuring a Pearson correlation coefficient of their receptive

field in the frequency domain (Figure 2E). The tuning similarity was measured from all the pairs of cortical neurons and was averaged

over distance. Receptive fields were Fourier transformed (FFT) and the non-linear response of neurons, Rf , was estimated by

applying a sigmoidal kernel,
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Rf = 1
��

1 + e40ðJðuÞ�0:15Þ	
To examine the effect of an instance of cortical nonlinearity on the organization of orientation tuning (Figure S3A), the responses of

model V1 neurons with a nonlinear response function were simulated by determining the response to a grating input. A classical

linear-nonlinear model for the cortical response was applied to mimic the spike firing rate of V1 neurons (Paninski et al., 2007). First,

for a grating stimulus (G), the cortical input for jth cortical cite (Ij;V1) was obtained from the weighted sum of the multiplication between

the receptive field of the ith RGC (Ji; RGC) and the grating stimulus as follows:

Ij;V1ðGÞ =
X
i

wij$Ji; RGC$G

where the drifting grating was designed as a sine function of twenty different spatial frequencies (0.5–8 cycle/degree).

The cortical input was then provided to a nonlinear response function modeled as a sigmoidal function, resulting in the response of

V1 neurons, Rj;V1 as follows:

Rj; V1ðGÞ =
�
1+ exp

�
� Ij;V1ðGÞ � 0:15

0:025

���1

The preferred orientation was defined as the orientation of the stimulus that generates the largest response. All simulations were

performed using MATLAB 2017a.

QUANTIFICATION AND STATISTICAL ANALYSIS

Two-sample Kolmogorov-Smirnov test was used to determine the significance of spatial clustering of cortical orientation tuning

(Figure 2), F = 2.7 versus 0.33 (blue versus red), *p = 6.0310�4; F = 0.30 versus 0.33 (green versus red), p = 0.43; F = 0.30 versus

shuffled (green versus black), *p = 2.1310�2, F = 2.7, n = 5.663106; F = 0.33, n = 8.273104; F = 0.3, n = 6.823104 pairs from 100

repeated simulations; (Figure 2E), Data versus F = 0.09 as estimated for mice (black versus dark red), p = 0.23). The F-test was used

to determine the significance of the fitted slope in Figure S2C (p = 0.85, n = 28) and S2F (p = 0.12, n = 11). TheWilcoxon rank-sum test

was used to determine the significance of difference between the spatial clustering of cortical orientation tuning in gray squirrels and

in tree shrews (Figure S3F, *p = 0.017, n = 4000). The one-way ANOVAwas used to determine the significance of difference in the cell-

to-cell distance and cell density across the species except the monkey (Figure S4B, *p = 1.2310�4; Figure S4C, *p = 6.7310�4, n =

28). The Wilcoxon rank-sum test was used to determine the significance of difference in the cell-to-cell distance and cell density be-

tween the monkey and the average of other species (Figure S4B, p = 0.82; Figure S4C, p = 0.87, n = 37). Shaded areas or error bars

indicate the standard deviation in Figures 2D, 3C, S1C, S1D, S1F, S3B, S3D, S3I, S4B, and S4C.

DATA AND CODE AVAILABILITY

Data and code used in this study are available from the Lead Contact upon request.
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