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Color plays a key role in human vision but the neural machinery that underlies the transformation

from stimulus to perception is not well understood. Here, we implemented a two-dimensional network

model of the first stages in the primate parvocellular pathway (retina, lateral geniculate nucleus and

layer 4Cβ in V1) consisting of conductance-based point neurons. Model parameters were tuned based on

physiological and anatomical data from the primate foveal and parafoveal vision, the most relevant visual

field areas for color vision. We exhaustively benchmarked the model against well-established chromatic

and achromatic visual stimuli, showing spatial and temporal responses of the model to disk- and ring-

shaped light flashes, spatially uniform squares and sine-wave gratings of varying spatial frequency. The

spatiotemporal patterns of parvocellular cells and cortical cells are consistent with their classification

into chromatically single-opponent and double-opponent groups, and non-opponent cells selective for

luminance stimuli. The model was implemented in the widely used neural simulation tool NEST and

released as open source software. The aim of our modeling is to provide a biologically realistic framework

within which a broad range of neuronal interactions can be examined at several different levels, with a

focus on understanding how color information is processed.
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1. Introduction

The perception of color is a fundamental prop-

erty of primate vision.1 Besides providing an aes-

thetic component to visual experiences, color facil-

itates object recognition, and has an important role

in image segmentation and visual memory.2,3 Since

the early recordings of color-opponency in the first

stages of the visual pathway,4,5 color mechanisms

have been studied physiologically,5–11 psychophysi-

cally12–14 and computationally.15,16 However, many

of these mechanisms are not well understood and

much remains to be learned about the physiological

basis of color perception. Therefore, understanding

the neuronal basis of color coding is a necessity for a

full description of the human visual processing.

The neural code for trichromatic color vision

begins in the retina, when the visual stimulus is

sampled by three cone photoreceptor types, sen-

sitive to long (L cones), middle (M cones), or

short (S cones) wavelengths. Cone signals are sub-

sequently transformed into spectrally opponent re-

sponses through two different parallel processing

streams in the retina, commonly known as red-green

and blue-yellow pathways.17,18 Each pathway is as-
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sociated with distinctive retinal architectures. The

focus of this work is on the red-green pathway, in

which signals from L and M cones are opposed.

Red-green opponency is a characteristic feature

of the visual response of midget cells in the retina.

The largest degree of color opponency has been ob-

served in the central retina, fovea and parafovea, in

which anatomical studies revealed that the receptive

field center of midget cells is derived from a sin-

gle L or M cone.17,19 The visual field area of the

fovea is thus the best candidate to study color mech-

anisms. Midget ganglion cells transmit red-green op-

ponent signals to the parvocellular layers of the lat-

eral geniculate nucleus (LGN) and parvocellular cells

project, in turn, mainly to layer 4Cβ in the primary

visual cortex (V1).20–22 The parvocellular pathway

can be considered the central pathway in color vi-

sion because about 80 % of retinogeniculate connec-

tions project to parvocellular layers23 as well as 80 %

of geniculocortical connections to striate cortex are

from parvocellular LGN cells.16

To examine the neural mechanisms of color at

the different stages of the visual path, we imple-

mented a neuronal network model of the parvocel-

lular pathway, from retina to V1 layer 4Cβ, based

on physiological and anatomical data of the primate

foveal and parafoveal vision. The model is based on

a recently developed network model of the primate

retina.24 To make the model sufficiently representa-

tive, we chose those parameter values that best re-

flect the ”mean” behavior of the whole population of

neurons and discarded those features observed only

in reduced numbers of neurons. Our design strat-

egy has been to first set the morphological proper-

ties of the network, e.g., spatial extent of connec-

tions between different cell types, based strictly on

experimental data from the literature. We then cali-

brated values of synaptic weights following some gen-

eral connectivity rules to produce a model response

that fits the physiological response.

With the exception of the remarkable model-

ing work by De Valois and De Valois,16 there are

few biological models of color processing specifically

tuned to the primate visual system.25–27 However,

there is a greater number of models of the primate

derived from the magnocellular pathway28–32 and

models in which the parvocellular pathway is in-

cluded but the analysis of color mechanisms is ne-

glected.33 The numerous articles coauthored by R.

Shapley28–32 propose large-scale models, constructed

also with conductance-based point neurons, for the

study of different aspects of orientation selectivity in

layer 4Cα. They are designed largely from data for

the anatomy and physiology of the macaque. One

of their major observations is that recurrent intra-

cortical interactions play a major role in sharpening

the orientation selectivity and filling in the gaps of

orientations not represented by LGN.

The major limiting factor that continue to hin-

der the development of biophysical models of the

primate visual system is the scarcity of physiolog-

ical data from this species. Moreover, with regard

to the modeling of the primate retina, there is a

lack of standardized neuron models for neurons that

communicate via graded potentials instead of spikes,

as happens with most retinal neuron types (but not

ganglion cells). Our model aims to provide solutions

to these challenges and to serve as a realistic simu-

lation framework within which several hypotheses of

the neural coding of color vision can be explored.

At every stage of the model, a mechanistic de-

scription is given of the corresponding visual stage,

including the retina (unlike other biophysical mod-

els of the mammalian thalamocortical system34,35).

Neuronal layers of the network are built upon point

neuron models, which have been widely used in large-

scale models focused on neural interactions at the

level of population coding because of the trade-

off they can achieve between computational com-

plexity and biological accuracy.33,35,36 The model

was validated against well-known visual stimuli com-

monly employed in electrophysiological experiments:

disk- and ring-shaped light flashes, spatially uniform

squares and sine-wave gratings of varying spatial fre-

quency. It was also designed with the aim of being

adaptable to different experimental setups and com-

putational resources. Thus, one interesting property

is that the population size can be scaled, while the

model response remains unchanged. For the purpose

of independent validation and further scientific ex-

ploration, the model was implemented using a well-

established simulation tool, NEST 2.12.0,37 and the

code has been released as open source software.38

The rest of the article is organized as follows.

In Section 2, we describe the overall architecture

and connectivity of the network model and dynam-

ics of the different neuron models. We then detail

the specific implementation of each visual stage and
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the methods used to simulate and analyze the data.

The model was benchmarked against commonly used

visual patterns (Section 3): light flashes of different

shape and size, used first to calibrate the model re-

sponse, and sine-wave gratings and spatially uniform

squares. Finally, in Section 4, we discuss the nature

of the model and its possible implications for under-

standing color vision.

2. Methods

2.1. Overview of the network
architecture

The core of the network model comprises two-

dimensional grids of neurons of the retina, LGN and

layer 4Cβ in V1, as shown in the left diagram of

Fig. 1. Each layer is scaled to span a patch of 2 deg

× 2 deg of the foveal visual field and contains 40 ×
40 neurons, except in the case of V1 layers for which

there are 80 × 80 neurons. The cortical magnification

factor of a foveal region in V1 (< 2 deg) is estimated

to be between 4 and 16 mm/deg.39,40 Assuming the

most conservative estimate of 4 mm/deg, a 2 deg

× 2 deg patch in the fovea of our model V1 would

correspond to 64 mm2 of striate cortical surface. On

the primate retina, one degree of visual angle in the

fovea represents between 200 and 300 µm of retinal

distance,41 which implies that a 2 deg × 2 deg patch

would have a surface area of 0.16 - 0.36 mm2 in our

model layers.

The model includes those visual stages that are

involved in the key aspects of color processing in

the parvocellular pathway. Here, we provide a sum-

mary of the main properties of the network circuitry.

Please refer to the following sections for a detailed

explanation of each stage.

The vertical pathway of the earliest stage, the

retina, is well-established, consisting of L and M

cones, midget bipolar cells and midget ganglion cells

(Fig. 1, right panel). As observed experimentally in

the fovea, there is a one-to-one relationship between

cones to midget bipolar cells, which receive input

from a single cone type, L or M type, and between

midget bipolar cells to midget ganglion cells.17 Hor-

izontal connections in the parvocellular pathway are

formed by H1 horizontal cells and amacrine cells.

H1 horizontal cells receive indiscriminate input from

an extended region of L and M cones and do not

transmit an S-cone signal.17 H1 horizontal cells also

synapse onto bipolar cells, providing an inhibitory

signal that is the basis of the inhibitory surround

of the bipolar-cell receptive field. Among all types

of amacrine cells, the model includes only the AII

amacrine cell since it is the most studied amacrine

cell and the most numerous type in the mammalian

retina.42 Under cone-driven conditions, ON-center

bipolar cells excite AII amacrine cells through gap

junctions and, in turn, AII amacrine cells release

inhibitory neurotransmitters onto OFF bipolar cells

and OFF ganglion cells.43,44

Midget bipolar cells react to visual stimuli with

two different responses, ON-center and OFF-center

responses,45,46 described in the model by different

activation functions at the cone bipolar-cell synapse

(g(Vc) in the insets of Fig. 1). ON-center bipolar cells

depolarize with light increments while OFF-center

bipolar cells depolarize when the intensity of the

stimulus is reduced. Combining all alternatives, cone-

type specificity of bipolar cells and the different acti-

vation functions of their synaptic channel, there are

4 possible chromatic signals, L-ON, L-OFF, M-ON

and M-OFF, which are originated in midget bipolar

cells and integrally transmitted to midget ganglion

cells.

The next stage of the model is the parvocellular

laminae of the LGN (layers 3-6), which contain relay

cells and interneurons. In primate, there are about as

many relay cells as ganglion cells and there is nearly a

one-to-one anatomical mapping from retina to relay

cells.47 As a consequence, relay cells inherit similar

receptive-field properties of ganglion cells and show

the 4 types of chromatic responses: L-ON, L-OFF,

M-ON and M-OFF.

A number of studies have revealed that almost

all neurons in laminae 5 and 6 are ON-center cells,

whereas layers 3 and 4 contain mostly OFF-center

neurons.48–50 Thus, ON and OFF cells in the model,

both relay cells and interneurons, remain function-

ally separated at the LGN. Interneurons have electro-

physiological properties similar to the relay cells in

their laminae when using achromatic stimuli.48 How-

ever, interneurons’ dendrites are 2 or 3 times larger

than relay cells’ dendrites48,51 so we assumed that

interneurons can receive input from an extended re-

gion of both L- and M-type ganglion cells. Therefore,

in the model circuit there are two types of interneu-

rons, ON interneurons, located in the same laminae

of L-ON and M-ON relay cells, and OFF interneu-
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Figure 1. Schematic of the circuit model. The different visual stages of the model are indicated by red squares in the left
diagram: retina, parvocellular laminae of the LGN and layer 4Cβ in V1. Each stage consists of two-dimensional grids of
neurons, as illustrated for the retina stage. On the right, we depict the different cell types and their connectivity patterns.

rons, in the laminae of L-OFF and M-OFF relay

cells. Interneurons synapse on relay cells, incorporat-

ing typically both axonal and triadic inhibition.47 In

macaque monkeys, though, triads appear to be com-

mon in the magnocellular layers and much rarer in

the parvocellular layers.52 We only modeled axonal

inhibition.

Cortical neurons in layer 4Cβ of V1 are im-

plemented as coupled populations of excitatory and

inhibitory cells (which is in accordance with other

modeling works28,32). Although model cortical neu-

rons do not strictly match a specific cell type, pa-

rameters of excitatory cells were mainly extracted

from measurements of spiny stellate cells because

parvo inputs to the layer 4Cβ synapse principally

on spiny stellate cells.22 Evidence from anatomical

data53 and other modeling studies28 suggests that

three-quarters of cortical cells are excitatory cells

and the rest are inhibitory cells. To meet the con-

straints of spatial uniformity in the two-dimensional

distribution of cells in the grid, we used a slightly dif-

ferent proportion between excitatory and inhibitory

cells, which is 80 % of excitatory cells and 20 %

of inhibitory cells. As shown in Fig. 1, model cor-

tical cells are synaptically coupled so that excitatory

cells synapse both onto themselves and inhibitory

cells and, similarly, inhibitory cells connect with both

themselves and excitatory cells.

2.2. Organization of receptive fields

Models of the visual system often employ descriptive

filters to reproduce the spatial properties of neurons’

receptive fields.54,55 In accordance with our mecha-

nistic approach of modeling, we constructed recep-

tive fields by shaping the spatial structure of synap-

tic connections. We used the masks included in the

NEST Topology module56 to define the area of nodes

in the target layer to be connected by the source

node. The probability of connection to target cells is

constant within the area defined by the mask, in dis-

agreement with other models in which this probabil-

ity is dependent on distance.28 Until recently, there

had been little clear-cut evidence on whether proba-

bility of connection among adjacent neurons depends

systematically on the distance between neurons.57

Moreover, the spatial extent of a great number of

connections in our model is minimal and applying a

probability function to the connection would result

in several neurons remaining isolated.

Receptive fields of midget bipolar cells al-

ready show the classical center-surround antagonis-

tic structure of the retina.17,58 In the model, cones
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Figure 2. Formation of receptive fields of model neurons. A: Mask types used at the retina (bottom) and V1 (top)
and description of parameters used to define circular masks (radius R and standard deviation σ) and rectangular masks
(width, length and distance D). B: Hypothetical spatial sensitivity profiles and two-dimensional receptive fields of midget
bipolar cells. L- and M-cone inputs to the neuron receptive field are indicated by ’+’ (excitatory) and ’-’ (inhibitory). C:
Receptive fields of the different subpopulations of cortical cells and example spatial sensitivity profile of a double-opponent
cell. Labels of each subregion represent the inputs from the different types of relay cells. H1 corresponds to H1 horizontal
cell, MB is midget bipolar cell, RC is relay cell and CL is color-luminance.

are connected through circular masks of different

sizes to horizontal cells and midget bipolar cells as

shown in Fig. 2 A. The circularly symmetric center-

surround mechanism at the bipolar-cell stage is cre-

ated by combination of signals from horizontal cells

and cones that are opposite in sign. This center-

surround receptive field is inherited by midget gan-

glion cells and LGN relay cells because of the one-
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to-one mapping between them. Weights of synaptic

connections are generated according to a Gaussian

distribution, resulting in the spatial sensitivity pro-

files shown in Fig. 2 B.

Formation of receptive fields of cortical cells may

have a cortical origin, rather than an origin derived

from the LGN input. However, we opted for a simpli-

fied receptive field organization based solely on LGN

inputs. The feedforward input of cortical-cell recep-

tive fields is built upon rectangular masks.35 This

type of mask facilitated the fitting of model parame-

ters to the type of measurements used to estimate the

receptive-field size of cortical cells.40,59 Cortical cells

that are selective for orientation of the stimulus, such

as the vertically-selective neuron shown in Fig. 2 A,

receive input from two adjacent rectangular regions

of LGN relay cells. The overlap of circular receptive

fields of LGN cells located within these rectangular

regions result in the characteristic oval shape of each

subregion in the cortical receptive field.

We divided the population of cortical cells

into three groups in accordance with the studies

of Johnson et al.:7,10,60 luminance-preferring, color-

luminance and color-preferring cells. Luminance-

preferring cells show a minimal response to equi-

luminant gratings, but respond well to luminance

patterns, color-luminance cells are spatially tuned

for equiluminant and also for luminance patterns

and color-preferring cells give large responses to

equiluminant gratings and little response to lumi-

nance gratings. In the model, luminance-preferring

cells are 60 % of the total amount of cortical cells,

color-luminance cells are 30 % and color-preferring

cells are 10 %, in agreement with experimental data

of V1 cells.20 Most luminance-preferring and color-

luminance cells have oriented receptive fields with

odd-symmetry: receptive fields formed by two adja-

cent elongated subregions, ON and OFF, of similar

weights.20,60 Color-preferring cells are not orienta-

tion selective and have subregions that are approxi-

mately circular in shape and concentric.7

Following these guidelines, together with other

complementary physiological measures (addressed

below), we come up with the minimal set of recep-

tive fields given in Fig. 2 C. Receptive fields of color-

luminance cells have subregions that are fed only by

a single type of relay cell. For example, the L-ON/L-

OFF receptive field has a left subregion that re-

ceives input from L-ON relay cells and a right subre-

gion that is driven by L-OFF relay cells. Luminance-

preferring receptive-fields have subregions that re-

ceive input from two types of relay cells but always

of the same sign. In the LM-ON/LM-OFF receptive

field, L-ON and M-ON relay cells synapse onto the

left subregion and L-OFF and M-OFF relay cells

onto the right subregion. There is only a single sub-

region for color-preferring cells, which receive input

from both L-ON and M-OFF relay cells (L-ON/M-

OFF receptive field) or from both M-ON and L-OFF

relay cells (M-ON/L-OFF). Unlike LGN cells, recep-

tive fields of color-preferring cells would be desig-

nated as Type II20 because the spatial spread of cen-

ter and surround are roughly identical.

2.3. Neuron models

All neurons in the network are implemented as

single-compartment models. The basic equation de-

scribing the dynamics of the neurons’ membrane po-

tential, Vm(t), for all types of neurons can be sum-

marized as:33,54,61,62

dVm(t)

dt
= −gL

Vm(t)− EL
Cm

− Iin(t)

Cm
+

Ie
Cm

(1)

where gL is the leak conductance, EL the leak

reversal potential, Cm the capacity of the membrane

and Ie an (optional) constant external input cur-

rent. Spiking cells (e.g., ganglion cells) also include

integrate-and-fire dynamics based on a threshold po-

tential, Vth, a reset voltage, Vreset, and a refractory

period, tref . Ganglion cells also receive a Gaussian

white noise current of zero-mean and standard devi-

ation of 1 pA to prevent them from spike synchro-

nization.

Iin(t) represents either incoming synaptic cur-

rents or gap junction currents. For all cells except

amacrine cells, Iin(t) is the sum of excitatory and

inhibitory synaptic currents:

Iin(t) =

N∑
i=1

wigi(t)(Vm(t)− Eex)+

+

M∑
j=1

wjgj(t)(Vm(t)− Ein)

(2)

wi, wj are synaptic weights and Eex, Ein are the

reversal potentials for the N excitatory synapses and

the M inhibitory synapses respectively. In the case
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of retinal cells, gi(t) and gj(t) are the synaptic acti-

vation functions of the neuron. Synaptic activation

functions are modeled as a direct function of some

presynaptic activity measure. In the simplest case,

synaptic interactions are described by an instanta-

neous sigmoid function:63,64

g(t) =
1

1 + e−(Vprei
(t)−θsyn)/ksyn

(3)

where Vprei(t) is the membrane potential of the

neuron i and θsyn and ksyn are parameters used to

customize the sigmoid function. In the case of LGN

cells and cortical cells, incoming spike events induce

a post-synaptic change of conductance modeled by

an alpha function:

g(t) = (t− tj,k)
e

τsyn
e−(t−tj,k)/τsyn , for t > tj,k (4)

where tj,k is the time of the kth spike arriving

from neuron j and τsyn is the time constant. For

amacrine cells, Iin(t) is the sum of gap junction cur-

rents through electrical synapses with a constant gap

junction conductance (ggap):

Iin(t) =

N∑
i=1

ggap(Vm(t)− Vprei(t)) (5)

Passive electrical properties are different for

each cell type through the parvocellular pathway.

In the retina, beyond the general classification of

retinal cells into photoreceptors, horizontal, bipo-

lar, amacrine and ganglion cells, each class is di-

vided in turn into dozens of morphological distinct

cell types.42 Fitting the specific properties of every

cell type is not within the scope of this study. In-

stead we specified some neuron parameters for all

cells using commonly accepted values: Cm = 100 pF

, gL = 10 nS; and Vth = −55 mV , Vreset = EL and

tref = 2 ms for spiking cells. The leak reversal po-

tential, EL, of spiking neurons is set to -60 mV, con-

sistent with the mean resting potential from in vivo

intracellular recordings measured in others species.65

EL was adjusted in horizontal cells and bipolar cells

to force a resting potential in the dark of about -45

mV (Table 1), as observed experimentally,63,66 and

in amacrine cells for a resting potential of about -65

mV. Values of the synaptic activation functions, θsyn
and ksyn, were set to force a synaptic threshold below

resting potential,63 in particular for bipolar cells.

Table 1. Summary of parameter values of neu-
ron models. Parameters of activation functions
of retinal cells, θsyn and ksyn, correspond to
the postsynaptic conductance. EL, Eex, Ein
and θsyn are expressed in mV, ksyn is unit-
less. H1 is H1 horizontal cell, MB is midget
bipolar cell, AII is AII amacrine cell, MG is
midget ganglion cell, RC is LGN relay cell, IN
is LGN interneuron, CEX is cortical excita-
tory cell and CIN is cortical inhibitory cell.

EL Eex Ein θsyn ksyn

H1 -60 0 - -50 4
ON MB -60 0 -70 -37 2
OFF MB -50 0 -70 -37 2
AII -55 - - -55 4
MG -60 0 -70 - -
RC -60 0 -80 - -
IN -60 0 -80 - -
CEX -60 0 -70 - -
CIN -60 0 -70 - -

Reversal potentials of thalamic cells (RC and IN

in Table 1) are more negative because of nucleus spe-

cific differences in the chloride reversal potential.67

Time constants of alpha functions were selected to

approximate AMPA and GABAA functions used in

other models of the thalamus:35,68 τsyn,ex = 1 ms

(excitatory) and τsyn,in = 3 ms (inhibitory).

2.4. Retina

Response of cones was implemented according to

Van Hateren’s model of primate cones69 with linear

cone-horizontal cell feedback. We opted for the lin-

ear cone-horizontal cell feedback instead of the non-

linear synaptic gain because a linear feedback is suf-

ficient to capture the key properties of light adap-

tation, whereas the nonlinear gain simply adds a

slight improvement of the fits to specific measure-

ments. We chose the same generic parameter values

given in Table 1 of the corresponding publication,69

with the exception of parameter gs, which was 0.5 in-

stead of 8.81 to increase the overshoot of the response

with a stimulus onset, allowing us to improve the fits

to the wider repertoire of stimuli used in this work.

The membrane potential of cones in our model cor-

responds to Vs in Fig. 5 A of Van Hateren’s model.69

Photoreceptors release only one type of neuro-

transmitter, glutamate. However, bipolar cells react
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Table 2. Parameter values of synaptic connections in the retina and
LGN. H1 is H1 horizontal cell, MB is midget bipolar cell, AII is AII
amacrine cell, MG is midget ganglion cell, RC is relay cell and IN is
interneuron.

Source Layer Target Layer R(deg) σ(deg) W (nS) τ(ms)

L-Cone L-ON MB 0.09 0.03 5 1
L-Cone L-OFF MB 0.09 0.03 6 1
L-Cone H1 0.3 0.1 2 1
M-Cone H1 0.3 0.1 2 1

H1 L-ON MB 0.3 0.1 3.5 5
H1 L-OFF MB 0.3 0.1 -6 5
AII L-OFF MB 0.09 0.03 -1 1
AII L-OFF MG 0.09 0.03 -1 1

L-ON MB L-ON MG 0.09 0.03 30 1
L-OFF MB L-ON MG 0.09 0.03 30 1
L-ON MG L-ON RC 0.09 0.03 4 1

L-OFF MG L-OFF RC 0.09 0.03 4 1
L-ON MG ON IN 0.18 0.06 2 1
M-ON MG ON IN 0.18 0.06 2 1

ON IN L-ON RC 0.18 0.06 -2 2
ON IN M-ON RC 0.18 0.06 -2 2
ON IN ON IN 0.18 0.06 -2 2

to this stimulus with two different responses, ON-

center and OFF-center responses.45,46 While OFF

bipolar cells have ionotropic receptors that maintain

light-activated hyperpolarizations of photoreceptors,

ON bipolar cells have instead metabotropic receptors

that produce a sign reversal at the photoreceptor-ON

bipolar cell synapse. Ionotropic glutamate receptors

are positively coupled to the synaptic cation chan-

nel of OFF bipolar cells, which is opened with an

increase of glutamate. On the contrary, ON bipolar

cells are negatively coupled to the synaptic cation

channel and glutamate acts essentially as an in-

hibitory transmitter, closing the cation channel.

To simulate the activation function of this cation

channel based on the cone membrane potential

(Vcone(t)), we used a sigmoid function whose expo-

nent is negative for OFF bipolar cells (standard sig-

moid) and positive for ON bipolar cells (inverted sig-

moid):

gOFF (t) =
1

1 + e−(Vcone(t)−θsyn)/ksyn
(6)

gON (t) =
1

1 + e(Vcone(t)−θsyn)/ksyn
(7)

For the synapse horizontal cell-bipolar cell, al-

though both bipolar cell types express the same

ionotropic GABA receptors, GABA release from hor-

izontal cells can evoke opposite responses. One evi-

dence suggests that GABA evokes opposite responses

if chloride equilibrium potentials of the synaptic chlo-

ride channel in the two bipolar cell types are on op-

posite sides of the bipolar cell’s resting potential.70

In our model, ON bipolar cells receive excitatory

synapses from horizontal cells, which have a positive

reversal potential taking as a reference the bipolar

cell’s resting potential, and OFF bipolar cells receive

inhibitory synapses, which have a negative reversal

potential.

The summary of parameter values used for

synaptic connections is shown in Table 2. Every cell

in the source layer connects to all nodes in the tar-

get layer within a circular mask of radius R and with

a delay τ . Weights of synaptic connections are gen-

erated according to a Gaussian distribution of stan-

dard deviation σ. For a single neuron, the sum of the

weights of all incoming synapses is equal to the total

weight W . W represents the peak value of fluctua-

tions of the input conductance and is expressed in

nS.

For connections of cells in the vertical pathway

(bipolar cells and ganglion cells), we chose the value

of σ (0.03 degrees) to match the size of the receptive-

field center of parvocellular cells in the fovea.71 The
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parvocellular receptive-field surround is created at

the horizontal-cell stage, where synaptic connections

have a σ of 0.1 degrees. To reproduce the delayed

response of the surround, which is estimated, on av-

erage, between 5 and 15 ms,72 a delay of 5 ms was

given to the connection from horizontal cells to bipo-

lar cells. For ganglion cells, we chose larger presy-

naptic weights (30 nS) that keep the cell constantly

depolarized, resulting in a spontaneous firing rate of

50 s−1 in response to a full-field stimulus of about

20 cd/m2.73

2.5. LGN

In the cat, the receptive-field center of relay cells is

driven by excitation of ganglion cells of the same sign

(ON or OFF) and the surround apparently emerges

through inhibition of interneurons that receive in-

put from ganglion cells of the opposite sign.47,74,75

Although there are some recordings of interneurons

in the parvocellular laminae having center responses

that are of the opposite sign of the relay cells around

them,48 evidence suggests that same-sign inhibition

of relay cells is rather the general trend in the pri-

mate: first, ON and OFF cells, both relay cells and

interneurons, remain functionally separated at the

level of the LGN;48–50 second, axons of interneurons

often ramify locally within the boundaries of the tha-

lamic nucleus of origin.76 There are other models of

the LGN that also implement same-sign inhibition

from thalamic interneurons.68,77

Local interneurons are not the only elements

involved in the role of inhibition in the thalamus:

the GABAergic neurons of the reticular nucleus also

project to the dorsal thalamic nuclei in all mam-

malian species. However, the neural density in the

reticular thalamic nucleus is relatively low enough in

the primate thalamus (3-5 cells per 62500 µm2)76,78

to consider the reticular nucleus as a potential can-

didate to be included in our model. Moreover, in a

study of different mammalian species,76 a progressive

decrease is seen in the cellular density of neurons in

the reticular nucleus from the bat to humans, that

seemed to parallel the numerical increase of local in-

terneurons. On this basis, it has been hypothesized

that, with the increase in the number of local in-

terneurons in the dorsal thalamus, the role of the

reticular nucleus becomes more focused on the regu-

lation of the sleep-waking cycle, acting as an internal

thalamic pacemaker, rather than on direct inhibition

of relay cells.

Parameters of synaptic connections of LGN cells

(Table 2) were configured based on the observa-

tion that relay-cell receptive fields fairly replicate

ganglion-cell receptive fields. Thus, synaptic connec-

tions between ganglion cells and relay cells maintain

the same size of the receptive-field center of parvo-

cellular cells (σ = 0.03 degrees). Synaptic weights

of these connections were set to ensure that LGN

transmits only a fraction of the retinal inputs it re-

ceives, typically 50 %.77,79 Interneurons’ dendrites

are 2 times larger (σ = 0.06 degrees) than relay cell’s

dendrites based on anatomical data.48,51

2.6. V1 layer 4Cβ

Receptive fields of color-luminance and luminance-

preferring cells are created by using two adjacent

rectangular masks of the width and length specified

in Table 3 and separated by a distance D. Synap-

tic weights of individual connections to the target

cortical cell are all the same, and the sum of all the

weights for a single neuron is equal to the total weight

W .

To come up with parameter values shown in Ta-

ble 3, we were guided by the following experimental

constraints. The postsynaptic spiny stellate dendritic

arbor in 4Cβ is 200 µm in diameter, matching the

diameter of individual parvocellular thalamic axon

arbors.80,81 The total diameter of the field of termi-

nations of parvocellular axons overlapping at least

half the dendritic field of single spiny stellate neu-

rons is therefore about 400 µm. Assuming a cortical

magnification factor of 4 mm/deg, 400 µm would

correspond to 0.1 degree of visual angle. Therefore

we restricted the width and length of the mask and

the separation distance D to an approximate value

of 0.1 degrees.

The separation between subregions, D, was set

to 0.1 degrees in agreement with physiological mea-

sures in the fovea (estimated on average between 0.1

and 0.2 degrees82). The distribution of receptive-field

length/width ratios is seen to be nearly invariant

with eccentricity in foveal striate cortex and the av-

erage value to be about 2.40 Accordingly, we set the

width of the rectangular mask to 0.052 degrees.

Parameters of intracortical connections are

shown in Table 4. The different subpopulations of

cortical cells are all-to-all coupled (e.g., L-ON/L-

OFF vertically-oriented color-luminance cells are
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Table 3. Parameter values of thalamocortical connections. RC is relay cell, CL is color-lumi-
nance cell, LP is luminance-preferring cell and CP is color-preferring cell. Each subpopulation
of cortical cells is also divided into excitatory cells (Ex.) and inhibitory cells (In.).

Source Layer Target Layer Width (deg) Length (deg) D (deg) W (nS) τ(ms)

RC Ex. CL 0.052 0.12 0.1 2.5 3
RC Ex. LP 0.052 0.12 0.1 1.25 3
RC Ex. CP 0.12 0.12 - 2.5 3
RC In. CL 0.052 0.12 0.1 3 3
RC In. LP 0.052 0.12 0.1 1.5 3
RC In. CP 0.12 0.12 - 3 3

Table 4. Parameter values of intracortical connections. W corre-
sponds to the sum of the weights for all individual connections that
come from a single subpopulation (e.g., L-ON/L-OFF vertically-ori-
ented color-luminance cells). The same value of W is used for incoming
connections from all the different subpopulations of cortical cells.

Source Layer Target Layer R(deg) σ(deg) W (nS) τ(ms)

Ex. cells Ex. cells 0.15 0.05 0.5 2
Ex. cells In. cells 0.15 0.05 0.5 2
In. cells Ex. cells 0.075 0.025 -3 2
In. cells In. cells 0.075 0.025 -3 2

connected with L-ON/L-OFF horizontally-oriented

color-luminance cells, with L-OFF/L-ON vertically-

oriented color-luminance cells and so on).

Parametrization of connections from excitatory

cells is based on the experimental observation that

axonal arborizations originating from spiny stellate

cells are confined to within 2 dendritic arbor radii

of the cell body (about 200 µm, 0.05 degrees).83,84

Inhibitory cells in the model do not correspond to

a specific type of inhibitory cell in V1. However,

most interneurons have dendritic field and axon ar-

bor extents of 300 µm or less in diameter.80 More-

over, inhibitory interneurons do not generally form

long range projections with their axon.80 The axonal

field of a type of GABA cell (clutch cell) in layer

4C was seen to be 100 - 150 µm in diameter.85 It

also seems clear that there are no long horizontal in-

hibitory connections in layer 4Cβ since wide-arbor

basket neurons are found at all depths in V1 but

not in layer 4Cβ.80 Based on all these findings, in-

hibitory connections were assigned a value of 0.025

degrees (100 µm).

Cortico-cortical inhibition plays an important

role in producing orientation tuning of cortical

cells.86 Experimental measures in the visual cortex

have shown that excitatory conductances are gen-

erally lower in magnitude than inhibitory conduc-

tances.87 Parameter values of synaptic weights (W )

in Table 4 reflect the stronger coupling of inhibitory

neurons to all other cortical neurons in rough agree-

ment with other modeling studies of layer 4C in

V1.28,32

2.7. Visual stimuli and analysis of
results

The light intensities of the visual stimuli used in this

study are expressed in units of trolands (td). This is

a measure of retinal illuminance, defined as the area,

in mm2, of the pupil of the eye multiplied by the

scene luminance, expressed in candela/m2 (cd/m2).

Here, we use the approximation of 1 cd/m2 ≈ 10 td.

The three main visual stimuli explored in the present

work were: (i) light flashes of different shapes, (ii)

spatially uniform red and black squares and (iii) sine-

wave gratings of varying spatial frequency.

The contrast of achromatic stimuli (i.e., stim-

ulus intensity/background intensity) was set to 0.8.

Each trial was simulated for 1000 ms with a simula-

tion resolution of 1 ms, and the experiment repeated

for 400 trials. Membrane potentials and raw post-

stimulus time histograms (PSTHs) were collected for

all cells in the model. The PSTHs were averaged over
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400 trials and used to obtain the estimated firing

rates.

The dynamics of parvocellular receptive fields

were explored with flashing spots and annuli con-

centric with the center of the two-dimensional grid.

Each trial of the stimulus consisted of a 500 ms pe-

riod of full-field equiluminant background followed

by a 250 ms period in which the circular spot or

the annulus intensity was superimposed on the back-

ground. There was another 250 ms period in which

the stimulus returned to the background level. The

full-field background was produced by a spatially

uniform light intensity of 250 td per cone type (L-

and M-cone), giving an estimated value of 500 td (50

cd/m2) of mean luminance. 50 cd/m2 is a typical

value of mean luminance used in electrophysiological

experiments.

We used spots of two sizes: a small spot (0.09-

degree radius) to study center mechanisms of the re-

ceptive field and a full-field spot (0.5-degree radius)

to elicit the center-surround antagonistic response.

The full-field spot could be a white or a black spot

based on whether the spot light intensity was added

or subtracted from the equiluminant background re-

spectively. The annulus stimulus was used to study

surround mechanisms and its inner radius was 0.09

degrees and the outer radius 0.5 degrees. We show

the trial-averaged traces of individual neurons and

also the time-averaged topographic representation of

responses of cells in the network grids. Each topo-

graphic map includes the activity of every cell in the

corresponding two-dimensional grid, averaged across

different time intervals.

For the second set of the experiments, red and

black squares (1 deg × 1 deg) were presented on a

full-field equiluminant background (50 cd/m2). The

red square is described mathematically as:

Linput = Ibkg/2 + Istim/2

Minput = Ibkg/2− Istim/2
(8)

where Linput and Minput are the light intensi-

ties received by L- and M-cones located within the

square, Ibkg is the background intensity and Istim the

stimulus intensity. Therefore, the red square is equal

in luminance to the background: Linput + Minput =

Ibkg.

The cone contrast is computed from the amount

of light intensities received by cones in the square

(Esquare) relative to light intensities received in the

background (Ebkg) and expressed as:88

Conec = (Esquare − Ebkg)/Ebkg (9)

The L-M cone contrast is computed as the dif-

ference between the cone contrast of L- and M-cones:

(Ibkg/2 + Istim/2− Ibkg/2)/(Ibkg/2)−
−(Ibkg/2− Istim/2− Ibkg/2)/(Ibkg/2) =

= Istim/(Ibkg/2) = 2(Istim/Ibkg)

(10)

The black square is defined as:

Linput = Ibkg/2− Istim
Minput = Ibkg/2− Istim

(11)

The luminance contrast of the black square

((Ibkg−2Istim− Ibkg)/Ibkg = −2(Istim/Ibkg)) is sim-

ilar to the L-M cone contrast of the red square but

of opposite sign. For the square stimuli, we show

the time-averaged topographic representations of se-

lected cortical subpopulations.

The third stimulus consisted of full-field sinu-

soidal gratings with vertical orientation: luminance

grating, red-green equiluminant grating and L- or M-

cone-isolating gratings. All gratings have the same

mean luminance and contrast. The red-green equi-

luminant gratings were produced by modulating the

red and green intensities of cones in antiphase with

equal amplitudes, but opposite sign. Stimuli for the

two cone-isolating directions (L- and M-cone) were

produced by adjusting the modulation of one cone

to the sine wave and the other cone to the constant

background level. To generate spatial frequency tun-

ing curves, fourier analysis of PSTHs was carried out

and the first harmonic response amplitude was cal-

culated per spatial frequency condition.

To quantify the spatial antagonism in the recep-

tive field of retina and LGN cells, we used the band-

pass index (BPI) definition by Lee et al.,89 which

is the ratio of the spatial frequency response at the

lowest frequency (R0) to the response at the peak

frequency (Rmax):

BPI = R0/Rmax (12)

The BPI lies between 0 and 1. BPI = 1 (low-pass

spatial frequency response) indicates the receptive
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field is solely driven by the center mechanism, and

BPI = 0 (completely bandpass spatial frequency re-

sponse) means complete surround suppression of the

centers response at low spatial frequencies.

To classify cortical cells, we calculated the color-

sensitivity index according to the definition by John-

son et al.:10

SI =
responsemax(equiluminance)

responsemax(luminance)
(13)

where responsemax(equiluminance) is the

peak response to the equiluminant grating and

responsemax(luminance) is the peak response to the

luminance grating.

2.8. Implementation

The network model was simulated using NEST

2.12.037 via its Python interface (PyNEST90). Neu-

ron models of retinal cells were developed as ex-

tension modules linked into NEST. Van Hateren’s

model of primate, implemented in Python, was cre-

ated following the exact description given in the pub-

lication.69 Simulations of different trials were paral-

lelized in the Stallo supercomputer cluster91 based on

the MPI interface. A MPI distributed-memory paral-

lelization was implemented using the Python library

mpi4py .92 By running 64 processes in parallel, com-

putation of all trials for one of the different stimulus

conditions (e.g., spatial frequency) took on average

about 30 minutes.

3. Results

3.1. Achromatic light flashes

Stimulation with light flashes is a common method-

ology for describing the basic properties of the cell’s

receptive field. A full-field spot covering the whole

receptive field of retina cells elicits the well-known

center-surround antagonistic response as shown in

Fig. 3 A, in which both bipolar and ganglion cells

functionally behave as local edge detectors over-

shooting the edges of the white spot.93 Within the

first 50-ms time window after stimulus onset (500-

550 ms), bipolar-cell responses (L-ON and L-OFF

midget bipolar cells) are predominantly driven by

the center response (excitatory for L-ON bipolar cell

and inhibitory for L-OFF bipolar cells) and the re-

sulting spatial profile of cells’ responses is uniform

along the whole spot surface. Surround suppression

of the center response clearly emerges for the sec-

ond time window after stimulus onset (550-600 ms),

when the response of H1 horizontal cells reaches its

peak. During this time window, the response of L-ON

bipolar cells located within the center of the spot is

weakened because they receive strong inhibition from

a great number of surrounding horizontal cells. L-ON

bipolar cells situated on the spot edge, though, re-

ceive strong inhibition only from a reduced number

of horizontal cells and the contribution of the excita-

tory center overcomes the weak inhibitory surround.

A similar behavior is seen for L-OFF bipolar cells

but responses have the opposite sign. The center-

surround response is enhanced for ganglion cells due

to the nonlinearity introduced by the sigmoid func-

tion of the synapse between bipolar and ganglion

cells.

Temporal dynamics of neurons’ responses to dif-

ferent types of light flashes are shown in Fig. 3 B:

full-field black and white spots, a small white spot

and a white annulus. The response properties of all

cell types in the model were calibrated on the ba-

sis of similar experimental results. Thus, for stimu-

lus types somehow correlated with light flashes, the

amplitude of response in model horizontal cells and

bipolar cells was adjusted to be in accordance with

experimental observations of Dacey et al.58,94 The

magnitude of the firing rate of retinal ganglion cells

and LGN neurons is based on data from the stud-

ies by Lee et al.89,95 In addition, synaptic weights of

LGN cells were tuned to transmit only about half of

the retinal inputs they receive.79

In general terms, the full-field white spot evokes

strong depolarizations in ON cells during the stim-

ulus onset, followed by a rebound inhibition for the

stimulus offset. The dark spot evokes responses of

the opposite sign, i.e., pronounced hyperpolarization

followed by rebound excitation.

While the full-field stimuli are used to show

center-surround interactions as described above, the

small spot (covering the receptive-field center) and

the annulus allows an approximate isolation of the

center and the surround responses respectively.96

The responses of cells in the vertical pathway (retinal

bipolar and ganglion cells and LGN relay cells) are

greater for the center spot, in which the surround re-

sponse is silenced, than for the full-field spot, which

also includes surround suppression. The effects of
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Figure 3. Model responses to different types of flashing stimuli. A: Time-averaged topographic representation of cells’
responses to a full-field white spot. Activity of cells was averaged across the five time windows shown at the top of each
plot. B: Trial-averaged individual responses of neurons situated in the center of each grid to a full-field black spot, a
full-field white spot, a small white spot and a white annulus. Responses are either in mV (membrane potential) or s−1

(PSTH), where H1 is H1 horizontal cell, MB is midget bipolar cell, AII is AII amacrine cell, MG is midget ganglion cell,
RC is relay-cell, IN is LGN interneuron, CL is color-luminance cortical cell and LP is luminance-preferring cortical cell.

surround suppression elicited by the full-field spot

are clearly seen when the response reaches a steady

state after 600 ms: e.g., the response of the L-ON

midget ganglion cell is reduced to 74 % of the peak

response with the center spot and to 63 % with the

full-field spot. A marked increase of surround sup-

pression is seen for relay cells (the response is re-

duced to 52 % with the full-field spot) as a result of

the additional inhibition received through interneu-

rons, as observed in the mammalian thalamocortical

system.97,98 Another key aspect of the comparison

between responses to these two stimuli is the time-

to-peak value. The full-field spot response of the ON

cells shows a peak about 35 ms after stimulus onset,

while the response to the center spot is shifted to

40 ms, which is within the range of values found in

experiments with parvocellular cells.72 By contrast,

the peak of the surround response, activated by the

annulus stimulus, is delayed by approximately 10-15

ms with respect to the center response, in agreement

with experimental findings.72

We selected a group of cortical cells in Fig. 3

B as an example that reflects the general trend of

the cortical-cell response to this type of stimuli. As

expected, cortical cells respond poorly to spots and

full-field stimuli.82 Among all these stimuli, the cen-

ter spot is the only one that can elicit a noticeable re-

sponse, although the magnitude of the response is far

from the peak firing rate of cortical cells. The model

emulates two key properties of V1:28,35 inhibitory-

cell firing rates two to three times those of excitatory-

cell firing rates and a low and irregular background

firing between 1 and 10 s−1 (e.g., the background

firing of excitatory cells shown in the insets of Fig. 3
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B is 1-2 s−1).

3.2. Drifting sinusoidal gratings

Cortical cells respond preferentially to an edge-like

stimulus aligned along their orientation axis,82 as ex-

emplified by responses to drifting gratings of the cor-

tical cells shown in Fig. 4. In the primate visual cor-

tex, cells can reach peak firing rates of 80-100 s−1

when driven by their preferred gratings.7,99 How-

ever, the response of most cells in V1 to the ori-

entation orthogonal to the preferred orientation is

often close to zero. In the study of Johnson et al.,7

luminance-preferring cells were the most orientation

selective, but there was a great deal of overlap in the

distribution of orientation-selectivity ratios for the

luminance-preferring and color-luminance cells. Our

choice was to configure both color-luminance and

luminance-preferring cells with a high orientation se-

lectivity. As depicted in Fig. 4, the vertical grating

entirely suppresses the response of the horizontally-

oriented color-luminance cell.

Figure 4. Model responses to a luminance grating with
vertical orientation. The neurons shown are a ganglion
cell (MG), a relay cell (RC), a couple of horizontally-
and vertically-oriented color-luminance cells (CL) and a
luminance-preferring cell (LP). The spatial frequency of
the grating is 3 cpd and the temporal frequency of the
drift is 2 Hz.

Spatial frequency tuning curves have been

widely used to understand the neuronal basis of color

mechanisms.7,10,89,100 It is well-known that parvo-

cellular cells multiplex luminance information (at

high spatial frequencies) and chromatic information

(at low spatial frequencies),72 which means, as shown

in simulation results of Fig. 5, that the response of

ganglion cells and relay cells to chromatic gratings

is low-pass in shape but the response to luminance

gratings is band-pass. As observed for parvocellular

cells near the fovea,89,101 the luminance response of

model cells shows a peak at about 3 cpd. Their re-

sponses to L- and M-cone-isolating gratings are also

consistent with the responses measured experimen-

tally to cone-isolating gratings: almost low-pass in

shape but with a 180-degree phase difference at low

spatial frequencies (not shown here), indicating op-

ponency.

Table 5. Bandpass indices (BPI) of gan-
glion cells and relay cells in response to
luminance and cone-isolating gratings.

Luminance Cone-isolating

Retina 0.63 0.90
LGN 0.59 0.91

However, the responses to L- and M-cone-

isolating gratings show some degree of bandpass

shape, as a consequence of the mixed input of L and

M cones we chose for the H1 horizontal cell, prior-

itizing morphological studies of the primate retina.

To quantify the shape of the spatial frequency tun-

ing curves, we used the bandpass index (BPI) (see

Methods, Section 2.7). According to experimental re-

sults,89 the average BPI for midget and parvocellu-

lar cells in response to luminance gratings was near

0.4 - 0.5 and the BPI in response to cone-isolating

gratings was 0.94 (although 78 % of parvocellular

cells had a BPI > 0.95). The BPI calculated for the

model ganglion cells is 0.63 and for the model LGN

relay cells is 0.59 in response to luminance gratings

(Table 5). When using a grating that isolates the re-

ceptive field center cone class, the BPI of our model

cells is about 0.9. These values differ slightly from

experimental values. Our model cannot reach a BPI

of 0.95 in response to cone-isolating gratings because

the surround circuitry is based on random cone in-

put. However, the BPI of the model is very close to

this value because the center-surround antagonism

is moderate and the weight of the center response

is sufficiently large compared to the weight of the

surround response. On the other hand, a moderate

center-surround antagonism also increases the BPI
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Figure 5. Spatial frequency tuning curves of neurons situated in the center of each grid using four different kinds of
grating patterns: luminance, chromatic equiluminant red/green, and M- or L-cone-isolating gratings. MG is midget gan-
glion cell, RC is relay cell, CL is color-luminance cell, LP is luminance-preferring cell and CP is color-preferring cell. All
cortical cells are excitatory cells.

for luminance gratings. It is worth mentioning that,

for luminance gratings, there was much variability of

BPI in the experiment and a great number of cells

showed a BPI > 0.6.89

Spatial frequency tuning curves of cortical cells

in Fig. 5 are in conformity with the responses de-

scribed by Johnson et al.7,10 Luminance-preferring

cells show little or no response to chromatic gratings,

but respond well to luminance gratings. The response

to the luminance grating is band-pass in shape, with

a peak at 3-4 cpd that is not significantly different

from the range of values reported10 for luminance-

preferring cells (2-3 cpd). Color-luminance cells give

comparable responses to both luminance and chro-

matic gratings. The preferred spatial frequency of

these cells is also in the range 3-4 cpd. Color-

preferring cells give large responses to chromatic

gratings (low-pass in shape) and no response to lu-

minance gratings. A qualitative evaluation of the

degree of similarity between simulated and experi-

mental responses can be made by visual comparison

with Fig. 1 in the referenced paper.10 Quantitatively,

we calculated the sensitivity index (SI) of the three

groups of cortical cells (see Section 2). Luminance-

preferring cells have a very low sensitivity index (SI

= 0.05). Color-luminance cells have a sensitivity in-

dex of about one (SI = 1.1). Color-preferring cells

yield a very large sensitivity index (SI > 100). These

values are in rough agreement with the range of sen-

sitivity ratios measured.10

In a later study,7 Johnson et al. comple-

mented these results providing tuning curves to cone-

isolating gratings. For color-preferring cells, the low-

pass tuning curves to L- and M-cone isolating grat-

ings, which are similar in shape and magnitude, are

consistent with the tuning curves shown in Fig. 3 of

the paper.7 In our model, color-luminance cells give

a large response to one cone-isolating grating and re-

spond very weakly to the other. Experimental data

also show that one of the cone-isolating gratings pro-

duces a more pronounced response.7 However, the

response to the other grating is significantly larger

than zero (see simple-cell tuning curves in Fig. 2 of

the publication7). The weaker response is produced

by the grating that stimulates the receptive-field sur-

round of the LGN cells that connect with the cortical

cell. Due to the network design, these receptive-field

surrounds greatly overlap and thus their responses

to cone-isolating gratings roughly cancel each other

out. It is interesting to note that Johnson’s study

was based on the entire population of V1. It is likely

that neurons’ responses in other layers are different
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Figure 6. Time-averaged topographic representations of neurons’ firing rates to spatially uniform red (A) and black (B)
squares. Firing rates were averaged across the five time windows shown at the top of each plot. CL is color-luminance
cell, LP is luminance-preferring cell and CP is color-preferring cell.

from responses in layer 4Cβ.

3.3. Spatially uniform squares

To investigate the response of model cortical cells in

layer 4Cβ to color surfaces, we replicated the condi-

tions of the experiment conducted by Zweig et al.102

in V1. On each trial of the simulation, red and black

squares (1 deg × 1 deg) were presented for 250 ms on

a full-field equiluminant background (50 cd/m2). The

red square was equal in luminance to the background

and the luminance contrast of the black square (80

% contrast) was adjusted to be similar to the L-M

cone contrast of the red square (see Section 2.7).

Time-averaged two-dimensional representations

of neural responses are shown in Fig. 6 for LGN re-

lay cells and for different subpopulations of cortical

cells. For LGN cells, L-ON relay cells are activated

by the red square and L-OFF relay cells by the black

square. The spatial profile of relay cells’ responses is

uniform along the interior of the square surface. The

receptive-field surround of LGN relay cells (a mix-

ture of L- and M-cone inputs) approximately pro-

duces a signal that is the luminance signal. We set

the red square equal in luminance to the background

so that the level of surround suppression in the relay-

cell receptive field is the same both inside and at

the edge of the red square. Thus, the effect of edge-

enhancement is not seen for the red square, only for

the black square.

The response of cortical color-luminance cells is

consistent with their description as double-opponent

cells.20 They are oriented cells, selective for edge po-
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larity and respond well to the edges of both types

of squares. Luminance-preferring cells have similar

properties except that they respond only to the edges

of the black square. The response of color-preferring

cells to the red square resembles that of LGN cells,

although, unlike LGN cells, color-preferring cells are

silenced in response to the black square. Populations

of inhibitory cells give parallel patterns of activity

but their responses are greater (see scale bars).

According to the experimental results of Zweig

et al.,102 response to the black square early after

stimulus onset were edge-enhanced, in agreement

with the simulation results presented here for the

edge-responsive cells. These experiments show that

the edges of the black square were activated 60-100

ms after stimulus onset. In the same way, the re-

sponse of cortical cells in our model reaches its peak

within the interval 550-600 ms (50-100 ms after stim-

ulus onset).

4. Conclusions

In the present paper we have developed a mechanistic

network model of the first stages in the primate par-

vocellular pathway (retina, lateral geniculate nucleus

and layer 4Cβ in V1) based on two-dimensional lay-

ers of conductance-based point neurons. The main fo-

cus of this work has been on the design of the network

architecture and selection of model parameter values

in strict accordance with available physiological and

anatomical data of the primate foveal and parafoveal

vision. The model is intended to serve as a simula-

tion tool that enables exploration of several hypothe-

ses of the neural coding of color vision. Unlike other

biophysical modeling studies of the mammalian tha-

lamocortical system,34,35 the present model provides

a detailed mechanistic description of every stage of

the visual system, including the retina. To facilitate

independent validation and further scientific explo-

ration, the model has been implemented using a well-

established simulation tool, NEST 2.12.0,37 and the

code has been released as open source software.38

Dynamics of the neurons’ membrane potential

are described according to the basic equation of

a single-compartment neuron model. This neuron

model gives an appropriate tradeoff between com-

putational complexity and biological accuracy and

has been widely used in large-scale modeling focused

on neural interactions at the level of population cod-

ing.33,35,36 The synaptic input is modeled as a fluc-

tuating conductance, rather than a current, because

it has been suggested to be a more realistic model to

capture the effects of synaptic changes on the inte-

grative properties of cortical neurons, effects that are

neglected in current-based models.103 Moreover, it is

known that there is a lack of a standardized model

for neurons that communicate via graded potentials

instead of spikes, as happens with most retinal neu-

ron types.62 Based on previous neural models that do

not include action potentials,63,64 synaptic interac-

tions in the retina stage are described by an instan-

taneous sigmoid function. This function is typically

defined as a direct function of some presynaptic ac-

tivity measure, which, in our case, corresponds to the

presynaptic membrane potential.

One key element of our model circuit is the con-

struction of receptive fields of cortical cells, which

is based on the physiological results of Johnson et

al.7,10,60 The population of cortical cells was divided

into three groups: luminance-preferring (60 % of the

total population), color-luminance (30 %) and color-

preferring cells (10 %). Luminance-preferring and

color-luminance cells have oriented receptive fields

with odd-symmetry: receptive fields formed by two

adjacent elongated subregions, ON and OFF, of simi-

lar weights20,60 (see Fig. 2). Receptive fields of color-

luminance cells have subregions that are fed only by

a single type of relay cell so that their response is spa-

tially tuned for equiluminant and also for luminance

patterns. Receptive fields of luminance-preferring

cells have subregions that receive input from two

types of relay cells but always of the same sign.

Luminance-preferring cells respond preferentially to

achromatic patterns. Color-preferring cells are not

orientation selective and have subregions that are ap-

proximately circular in shape and concentric, receiv-

ing input from both L-ON and M-OFF relay cells or

from both M-ON and L-OFF relay cells.

The response of the model was validated against

well-known visual stimuli commonly employed in

electrophysiological experiments: disk- and ring-

shaped light flashes, spatially uniform squares and

sine-wave gratings of varying spatial frequency. All

stimuli were configured based strictly on descrip-

tions provided in the referenced publications and

some common values (e.g., the intensity of the equi-

luminant background). We have shown in Section 3

that the model response captures the most impor-

tant physiological properties of parvocellular cells,



June 8, 2018 9:27 paper
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e.g., ganglion cells multiplex luminance information

at high spatial frequencies and chromatic informa-

tion at low spatial frequencies. The spatial responses

of cortical cells are also in agreement with their

classification into chromatically single-opponent and

double-opponent groups, and non-opponent cells se-

lective for luminance patterns.

Consistent with our network model, De Valois

and De Valois16 proposed a multi-stage color model

where chromatic and much of the achromatic in-

formation involved in vision are multiplexed in the

parvocellular pathway. In the second stage of their

model, the spectrally opponent retinal cells have re-

ceptive fields that respond to spatially patterned lu-

minance increments but not to diffuse illumination.

Conversely, these cells show an uniformly excita-

tory receptive field for an equiluminant color change.

They also found that it makes little difference to

the total output of the second stage of the model

whether the surround of receptive fields is random

or cone-specific, postulating that random connectiv-

ity is likely to be the rule in the brain. In accordance

with our model, they finally developed the random-

connectivity version for the second stage. The third

stage of their system, assumed to occur in V1, com-

bines these spectrally opponent responses to separate

color and luminance signals. This stage presents sim-

ilarities and differences with layer 4Cβ of our model.

We developed receptive fields of color-preferring cells

in agreement with the receptive fields used by De Val-

ois and De Valois to extract the color signal, which

sum parvocellular cells of opposite sign. The third

stage of their model adds together the outputs of

parvocellular cells of the same sign to produce a

luminance signal. In a similar way, our luminance-

preferring cells have receptive fields whose subregions

receive inputs from relay cells of the same sign. How-

ever, receptive fields in their third stage do not have a

spatial structure selective for orientation. As a con-

sequence, the group of color-luminance cells is not

represented in their model.

The present network model of the primate vi-

sual system is evidently simplified. The model lacks

detailed dendritic/axonal morphologies and intra-

cellular compartments. Single-compartment models

are, though, a convenient oversimplification used

in large-scale models of the thalamocortical system

to describe neural interactions at the population

level.28–32,35 The model circuit of V1 only includes

layer 4Cβ and neglects all intracortical connections

among the different layers. However, the most signif-

icant transformations to color signals may occur at

the next synapse (layers 2/3 and 5/6).20 The present

model also assumes static synapses while a number of

studies have shown the existence of short-term plas-

ticity in different synapses of the thalamocortical cir-

cuit, i.e., short-term depression at the retinogenicu-

late104 and geniculocortical105 synapses, as well as

in the feedback connection from cortex to LGN.106

Such extensions opens up for an even richer dynami-

cal repertoire of the circuit, and would be an interest-

ing topic for a future study using the present model

as a starting point.

The existence and perceptual importance of a

neuronal response to the interior of color surfaces

is still under debate. An interesting topic for a fu-

ture study would be to investigate the population

response of the model to color surfaces. Some stud-

ies found that color surface signals of V1 tend to be

much weaker and remain unaltered when the percep-

tual color change occurs.107 Other researchers pos-

tulate the existence, under certain conditions, of a

mechanism of filling-in as a process by which neu-

ral activity of edges is spread towards the center.102

The recent findings by Zweig and coauthors102 show

that representations of chromatic and achromatic

surfaces in V1 are not similar over time. While the re-

sponses to both types of surfaces were edge-enhanced

throughout the stimulus presentation, only achro-

matic surfaces activated a late filling-in of the cen-

ter’s response. Their results support a horizontal-

connection-mediated neuronal filling-in mechanism.

The interaction between brightness and color

can cause the color appearance of an object to change

when viewing the object against surrounds of dif-

ferent brightness. It has been demonstrated that

brightness and color interact strongly already within

V1 by using chromatic visual-evoked potential.108

The main finding is that brightness-color interactions

take place at the edges of the surface, where it is

suggested that luminance-preferring cells produce an

amount of inhibition proportional to the level of lu-

minance contrast. An interesting next application of

the present model would be to explore the response

properties to color surfaces when the luminance of

the surround is changed and whether the model can

replicate the brightness-color interactions observed

in V1.
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It has been proposed that color information in

the cortex is encoded in the distribution of activity

across the population of neurons20 and recent stud-

ies have focused on measuring population activity

patterns to chromatic and achromatic stimuli.102,109

The present simulation platform brings a great op-

portunity for investigation of neuronal interactions

of color processing at the population level. Further

exploration of the possibilities for population coding

may lead to a new understanding of color perception.
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