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Abstract

Recent experimental work on zebrafish has shown the in vivo activity of photoreceptors and horizontal cells
(HCs) as a function of the stimulus spectrum, highlighting the appearance of chromatic-opponent signals at
their first synaptic connection. Altogether with the observed lack of excitatory intercone connections, these
findings suggest that the mechanism yielding early color opponency in zebrafish is dominated by inhibitory
feedback. We propose a neuronal population model based on zebrafish retinal circuitry to investigate whether
networks with predominantly inhibitory feedback are more advantageous in encoding chromatic information
than networks with mixed excitatory and inhibitory mechanisms. We show that networks with dominant inhibi-
tory feedback exhibit a unique and reliable encoding of chromatic information. In contrast, this property is not
guaranteed in networks with strong excitatory intercone connections, exhibiting bistability. These findings pro-
vide a theoretical explanation for the absence of excitatory intercone couplings in zebrafish color circuits. In
addition, our study shows that these networks, with only one type of horizontal cell, are suitable to encode
most of the variance from the zebrafish environment. However, at least two successive layers of inhibitory
neurons are needed to reach the optimum. Finally, we contrast the encoding performance of networks with
different opsin sensitivities, showing an improvement of only 13% compared with zebrafish, suggesting that
the zebrafish retina is adapted to encode color information from its habitat efficiently.

Significance Statement

Recent experiments show that outer retinal circuits in zebrafish exhibit color opponency at the first synaptic
contact between cones and HCs. We propose a neuronal population model to study dynamical and mecha-
nistic properties of zebrafish-like networks in the context of efficient chromatic coding. We show that net-
works with strong excitatory feedback can lead to an ambiguous color encoding, providing a plausible
explanation for the primarily inhibitory feedback observed in zebrafish. Finally, we parametrize the network
coupling parameters to investigate network architectures allowing an efficient chromatic coding of the ze-
brafish habitat. Our findings suggest that retinal networks with red, green, and blue zebrafish cones are
highly efficient in encoding such natural spectral information. Still, further improvement is possible with ad-
ditional inhibitory feedback at downstream layers.

Introduction
The study of chromatic information processing in the

retina has a long history (Kolb, 1994; Cronin et al., 2014;
Nelson, 2017; Baden and Osorio, 2019). Still, some ques-
tions on the diversity and functionality of retinal circuits re-
main unanswered (Baden and Osorio, 2019; Thoreson

and Dacey, 2019). Information theory has provided in-
sights into these questions via principles of efficient infor-
mation transmission (Cover, 1999), related to reliable
encoding and transmission of spectral information via
neuronal responses and synaptic interactions at a mini-
mum energetic cost (Lee et al., 2002; Kelber and Osorio,
2010; Zimmermann et al., 2018). More specifically, we

Received September 20, 2022; accepted November 8, 2022; First published
November 29, 2022.
The authors declare no competing financial interests.

Author contributions: L.R. and R.D. designed research; L.R. performed
research; L.R. analyzed data; L.R. and R.D. wrote the paper.

November/December 2022, 9(6) ENEURO.0397-22.2022 1–10

Research Article: New Research

https://orcid.org/0000-0002-8052-3260
https://doi.org/10.1523/ENEURO.0397-22.2022


identify efficient coding processes as those maximiz-
ing the information transfer rate over the limited retinal
capacity (Attneave, 1954; Buchsbaum and Gottschalk,
1983; Cover, 1999), for instance, by adapting to the
statistics of natural stimuli.
Retinal circuits are organized in layers, such that the

outermost neurons receive photonic stimuli, while the in-
nermost neurons connect to downstream brain circuits.
Photoreceptor neurons, specifically cones, are the basis
of color vision at photopic conditions. They are categorized
by their independent spectral response via the sensitivity
function, which displays a vast diversity across species
(Cronin et al., 2014). In retinas, functional cone circuits
determine the color-space, defined by the number of
functional chromatic channels (Kelber and Osorio,
2010; Cronin et al., 2014). For instance, human cones,
sensitive to long-wavelength, middle-wavelength, and
short-wavelength stimuli, shape a trichromatic visual
system. Responses from the photoreceptor layer acti-
vate horizontal cells (HCs), following the retinal path-
way. Similarly to photoreceptors, the diversity of these
neurons across species is vast and their functionality
has been extensively investigated (Chapot et al., 2017).
Broadly, HCs connect laterally to several photorecep-
tors, integrating spatially localized responses that are
further processed by downstream retinal layers.
While the selective advantage conferred by color vision

derives from object discrimination via spectral contrast
(as opposed to mere brightness contrast), the response
curves of different type of opsins have significant overlap,
yielding highly redundant signals. Reducing such redun-
dancies enhances the transfer rate of color information
optimizing the chromatic encoding process (Barlow,
1961). For instance, theoretical work by Buchsbaum
and Gottschalk (1983) on trichromatic visual systems
shows that given the covariance matrix of photorecep-
tor responses, the eigenvalue or principal component
transformation is optimal at decorrelating these three
chromatic channels, resulting in a more efficient infor-
mation encoding. Such a transformation leads to the
appearance of chromatic opponent signals, also pre-
dicted by color-opponency theory (Shevell and Martin,
2017), meaning that cone responses turn inhibitory in
certain ranges of the spectrum to guarantee their linear
independence. Over the past decades, experimental
work in vertebrates (De Valois et al., 1966; Patterson et
al., 2019) has shown color opponency in retinal-ganglion
layers and downstream neuronal circuits. Evidence of

opponency in outermost retinal circuits, however, is more
recent (Packer et al., 2010; Yoshimatsu et al., 2021a) and
suggests that cone spectral responses turn opponent at
the first synaptic contact with HCs.
In vivo recordings of zebrafish cones in response to

chromatic stimuli (Yoshimatsu et al., 2021a) show evi-
dence of color-opponent circuits in outer retinal layers,
yielding important insights into retinal color processing.
Such work highlights the importance of interneurons in
color encoding, showing that these opponent responses
depend on inhibitory feedback from mostly one type of
HC, whereas excitatory intercone connections are negligi-
ble. These experimental observations together with
ideas of efficient coding suggest that color processing
in zebrafish might be optimized at the earliest retinal
stage. Moreover, such cone responses follow qualita-
tively the principal components of hyperspectral natural
images, suggesting that zebrafish circuits are adapted
to their natural chromatic statistics. Following these ex-
perimental results, we ask whether (1) these findings
can be generalized at the level of network dynamics,
leading to a broader understanding of retinal circuits for
color discrimination; and (2) whether we can contrast
the color encoding performance of zebrafish circuits
with other networks sharing similar architectures.
To address these questions, we propose a retinal popu-

lation model to investigate chromatic encoding. First, we
investigate the role of excitatory and inhibitory synaptic
connections in dichromatic and trichromatic networks with
structures similar to that of zebrafish. We study whether
the absence of excitatory intercone connections facilitates
coding of chromatic information, providing a plausible ex-
planation for the predominant inhibitory feedback mecha-
nism observed in zebrafish (Yoshimatsu et al., 2021a).
Second, we include the statistics of hyperspectral images
of zebrafish environments (Cornelius, 2021), quantifying
the encoding performance of the previously investigated
networks. More specifically, we study the limitations of ze-
brafish-like networks to capture all the accessible chro-
matic variance. As previously discussed, experiments in
zebrafish show that only one type of HC, from the four
identified, contribute to the chromatic-opponent responses
of cones. Similarly, the results suggest that the ultraviolet
(UV) channel is independent from the other three channels
(red, green, and blue), being unaffected by HC activity.
Consequently, in this work, we focus in retinal networks
with (1) combinations of red, blue, and green photorecep-
tors, and (2) inhibitory feedback from one type of HC.
Species with early chromatic opponency but different reti-
nal architectures, such as butterflies (Beluši�c et al., 2021),
are left as topics for future work.

Materials and Methods
Dynamics of outer retinal networks
We begin by studying the dynamic properties of dichro-

matic and trichromatic networks with photoreceptors
sensitive to short (B), middle (G), and long (R) spectral
ranges, interacting via direct intercone excitatory cou-
plings or indirect HC-cone inhibitory couplings. Figure 1a
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shows an example of a typical R-G dichromatic network
with inhibitory feedback, that is, with HC-cone synaptic
connections. More precisely, light stimuli induce linear ex-
citatory responses, Ii, of photoreceptor neurons (R and G),
which in turn activate horizontal cells (H). The inte-
grated response of horizontal cells, IH, provides an in-
hibitory feedback to photoreceptor neurons, inducing
final responses, I9i , sent to downstream retinal circuits.
Networks with excitatory intercone connections and
inhibitory feedback have additional cone-cone con-
nections (Fig. 1a, dashed arrow). We denote networks
with dominant inhibitory feedback and weak intercone
connections as Type I; networks with strong excitatory
intercone connections are denoted Type II.
One way of characterizing visual stimuli is via the

spectral density, S(l ), which contains all relevant chro-
matic information. To calculate the magnitude of the
isolated cone response, Ii, to a stimulus with spectral
density, S(l ), we integrate the product of Hi(l ), the cor-
responding sensitivity function, and S(l ), over the
spectrum:

Ii ¼ tanh
ð
Hiðl ÞSðl Þdl

� �
: (1)

Determining responses to specific wavelength intervals
requires stimuli with a narrow spectral distribution, con-
veniently represented by Gaussian distributions centered
at a characteristic wavelength l 0, and having a small SD,
s , that is,

Sðl Þ ¼ a exp
�ðl � l 0Þ2

2s 2

� �
; (2)

with a the stimulus intensity. Figure 1c shows the re-
sponse in Equation 1 as a function of the intensity and SD
in Equation 2 for a fixed value l 0. We see that for highly
intense or spectrally broad stimuli, cone responses satu-
rate as expected. To avoid this saturation regime, we use
the parameters s0 = 1 nm and a = 0.5 to characterize
cone responses in our analysis. Photoreceptor sensitivity
functions, on the other hand, can be broadly categorized

into ultraviolet, blue, green, and red according to the spectral
range at which their response is maximum. Figure 1b shows
the sensitivity functions of red, green, and blue zebrafish
cones (Cornelius, 2021; Yoshimatsu et al., 2021b), which we
use as a template for our main analysis. Nevertheless,
we have also studied other sets of sensitivity curves,
from different species, finding similar results (see, e.g.,
Fig. 4 in supplementary material). Zebrafish curves were
obtained experimentally using LEDs ranging from 350 to
650nm, with the same luminance (Yoshimatsu et al.,
2021a). With these sensitivity functions and the Gaussian
chromatic stimuli previously described, we use Equation
1 to model photoreceptor responses. As shown in Figure
1d, Gaussian chromatic stimuli with the same luminance
intensity and far from the saturating regime yield re-
sponses similar to the sensitivity functions, but with a dif-
ferent overall intensity.
We propose a neuronal population model to characterize

the average activity of cones and horizontal cells using the
membrane potential, hi, of the embedded neurons. Currents
induced by excitatory and inhibitory synaptic connections
are proportional to the number of presynaptic neurons and
their corresponding average membrane potential, such that
the larger the number of synaptic connections, the stronger
the induced internal current. In homogeneous populations,
we can consider the magnitude of such internal currents to
be a function of the average presynaptic membrane poten-
tial, F[hj], multiplied by a coupling constant, wij (Gerstner et
al., 2014). We therefore model the dynamics of these net-
works using the membrane potentials hi(l ) of neurons in the
corresponding populations, that is,

t i
@hi

@t
¼ �hi 1 Ii 1

X
j

wijFj hj½ � i; j ¼ R;G;B;Hf g;f (3)

with t i the membrane potential time constant.

Code accessibility
Codes, data, and supplementary material are available

in the GitHub repository of the paper at the following link:
https://github.com/luframirezoc/Chromatic_coding.

Figure 1. a, Dichromatic sketch of a fully connected network with an external stimulus, S(l ). R: red cones, G: green cones, B: blue
cones, H: horizontal cells. Solid black arrows represent inhibitory synaptic connections on cones from horizontal cells. Dashed
black arrows represent excitatory synaptic connections between cones. b, Sensitivity functions of independent red, green, and blue
zebrafish opsins (Cornelius, 2021; Yoshimatsu et al., 2021b). c, Cone response in Equation 1 as a function of the free parameters in
Equation 2; the solid (dashed) line corresponds to the variation of the intensity (SD) for a fixed value s = 1 (a = 0.5). d, Independent
responses of photoreceptors to narrow Gaussian stimuli. Dashed curves are red, green, and blue zebrafish sensitivity curves and
colored distributions correspond to five Gaussian stimuli with a = 0.5 and SD s = 1 nm. Markers correspond to the independent re-
sponses, described by Equation 1, of the three photoreceptors. Colored markers show the response to the five plotted stimuli.
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Results
Dichromatic system
In large neuronal systems, neurons with similar functional

properties can be grouped into homogeneous populations
described by their average behavior. Photoreceptors in di-
chromatic networks, for instance, can be grouped into two
main populations characterized by their sensitivity function.
Similarly, horizontal cells can be grouped into one or more
populations that characterize photoreceptor responses.
More specifically, we can think of the network shown in
Figure 1a as a system composed of two populations, R and
G, for red and green photoreceptors, and a single horizon-
tal-cell population, H. Chemical synapses and gap junctions
between neurons are lumped into effective interactions
among populations that are either excitatory or inhibitory,
depending on the presynaptic population.
As described in the previous section, we characterize

the average activity of such dichromatic network with the
membrane potentials, hRðlÞ; hGðlÞ and hHðlÞ of neurons
in the corresponding populations, that is,

tE

h0

@hRðlÞ
@t

¼ � hRðlÞ
h0

1 IRðlÞ1wRG FE½hGðlÞ�
1wRH FI½hHðlÞ� (4)

tE

h0

@hGðlÞ
@t

¼ � hGðlÞ
h0

1 IGðlÞ1wGR FE½hRðlÞ�
1wGH FI½hHðlÞ� (5)

t I

h0

@hHðlÞ
@t

¼ � hHðlÞ
h0

1wHR FE½hRðlÞ�1wHG FE½hGðlÞ�;
(6)

with h0 the membrane potential when applying a unit of
current (1mA), that we set to unity without loss of general-
ity(Gerstner et al., 2014). The last two terms on the right-
hand sides of Equations 4 and 5 correspond to excitatory
and inhibitory connections, respectively, with coupling pa-
rameters, wij, which are positive for excitatory currents and
negative otherwise; the first (second) subscript denotes the
postsynaptic (presynaptic) population. The functions FI[s²]
and FE[s²], characterize the population response to either in-
hibitory or excitatory currents, respectively. The second
term, Ii, corresponds to the magnitude of the independent
photoreceptor response described by Equation 1. For sim-
plicity, we refer to these terms as currents, but we remind
the reader that they are dimensionless. Since horizontal
cells do not receive direct external stimulation, the only
source terms in Equation 6 correspond to the currents be-
cause of photoreceptor populations. The explicit depend-
ence on the wavelength in Equations 4–6 characterizes
chromatically diverse external stimuli; for simplicity, we omit
this dependence in all subsequent equations.
The membrane time constants on the left-hand side of

Equations 4–6, tE for excitatory neurons and t I for inhibi-
tory neurons, introduce two time scales that are related to
neuron responses and the latency of the feedback mech-
anism. Some experimental works (for review, see Chapot
et al., 2017) show the existence of two fast feedback

mechanisms from HCs; ephaptic and proton-mediated
feedback, highlighting the suitability of HC for tasks in-
volving fast adjustment of cone responses. We take it into
consideration, assuming that the time membrane con-
stant of inhibitory neurons is much faster than the time
membrane constant of excitatory neurons, t I,,tE, which
allows us to simplify Equations 4–6 as:

tE
@hR

@t
¼ �hR 1 IR 1wRHFI tanh wHR FE½hR�ð½

1wHG FE½hG�Þ1 1 �1wRG FE½hG�

tE
@hG

@t
¼ �hG 1 IG 1wHGFI tanhðwHR FE½hR�½

1wHG FE½hG�Þ1 1 �1wGR FE½hR�
hH ¼ wHR FE½hR�1wHG FE½hG�; (7)

where we have set FI½h� ¼ tanhhh 1 1. This response
function is always positive and saturates with strong stim-
ulation, resembling typical cone activity (see supplemen-
tary material for further details on the response functions
in the GitHub repository).
The experimental observations of zebrafish outer retinal

layers lead us to ask whether inhibitory feedback mecha-
nisms are advantageous for chromatic encoding. More
generally, whether networks of Type I are more useful
when compared with networks of Type II. We use the
population model previously described to investigate this
question first in dichromatic networks and subsequently
in trichromatic ones. The set of Equation 7 provides a sim-
plified framework to study the time evolution of population
membrane potentials in dichromatic networks as a function
of the synaptic strengths, allowing us to compare Type-I
networks, with only inhibitory feedback, and Type-II net-
works, with strong intercone connections. Comparing the
dynamics of the two types of networks should provide in-
sights into encoding performance.
A Type-I network is characterized by weak intercone con-

nections, that is, wRG ¼ wGR � 0 in Equation 7. This regime
allows an analytic solution of the stationary state as a func-
tion of the four remaining coupling parameters, and all the
chromatic stimuli illustrated in Figure 1c. Assuming a satu-
rating excitatory response function, FE[h] = tanh (h)11, We
find that for any set of parameters, there is a unique stable
fixed point in the two-dimensional domain fhr � hg; 2 R2g.
Figure 2a shows a typical phase portrait.
The existence of a single fixed point implies that the sta-

tionary response to a stimulus S(l ) is unique and independ-
ent of the initial state. Our results show that regardless of
variations in the coupling strengths among neuronal popula-
tions, networks with only inhibitory feedback exhibit a unique
response to a given chromatic stimulus, hence reliable en-
coding of chromatic stimuli. In the outermost retinal layers,
this is desirable to avoid ambiguity in chromatic encoding
and transmission.
We now ask whether such behavior persists in a Type-II

network. We calculate the fixed points of Equation 7 by de-
termining the intersections of the nullclines for all coupling
parameters in the discrete space wij [ [0.1, 0.2, ..., 5.0) for
excitatory and wij [ (–5.0, ..., –0.1, 0) for inhibitory parame-
ters. As shown in Figures 2b,c, we find that, in contrast to
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Type-I networks, Type-II networks with strong intercone
couplings (compared with HC-couplings), can exhibit
three fixed points, two of them stable and one saddle
node. This means that if the difference between stable
network responses or fixed points is larger than the in-
trinsic network noise, the same chromatic stimulus
leads to two different encodings, increasing the en-
tropy. We characterize this difference via the distance, Dij,
between normalized fixed points in the phase plane. More
specifically, we normalize the network responses by the
maximum fixed point value, �hi ¼ hi=maxfhp1i ;hp2i g, and cal-
culate the distance between normalized stable fixed points,
making an average over different spectral stimuli in the visual

range. Figure 2d shows the average distance (dashed lines)
corresponding to the cases of wRG ¼ wGR ¼ 2:0 (orange)
and wRG ¼ wGR ¼ 2:0 (purple). To estimate the typical net-
work noise, we use the variance of in vivo responses of zebra-
fish cones (Yoshimatsu et al., 2021a; Fig. 3a). For instance,
for the RG-dichromatic network, we can use the SD of red
and green cone responses to estimate the uncertainty, DDRG ,
over different chromatic stimuli. Figure 2e shows the distance
DRG as a function of the excitatory parameter wRG in the RG-
Type-II network; the red dashed line corresponds to the
mean uncertainty over different stimuli and colored markers
indicate the cases shown in Figure 2c. We see that the
stronger the excitatory parameter, the larger the response

Figure 2. a, b, Phase portraits of Equation 7 for a dichromatic network with red and green photoreceptors, and with the pa-
rameters wHR ¼ 1:5;wRH ¼ �1:7; wHG ¼ 0:9;wGH ¼ �1:1;Sðl Þ ¼ Nðl ¼ 380;1Þ, and (a) wGR ¼ wRG ¼ 0 corresponding to Type-I
and (b) wGR ¼ wRG ¼ 1:8, corresponding to a Type-II network. c, Bifurcation diagram of hR for the intercone coupling parame-
ters wGR ¼ wRG ¼ ½1;2:5�. d, Normalized phase portraits for red and green responses with two stable fixed points at a distance DRG

(dashed line). The plot on the left (right) corresponds to the phase portrait of a Type-II network with the excitatory couplings
wRG ¼ wGR ¼ 2:0 (wRG ¼ wGR ¼ 2:2). e, Distance DRG between stable fixed points in the phase plane as a function of the excitatory cou-
pling; the parameters are the same as in c. The distribution on the right corresponds the SD, DDRG , obtained from zebrafish experimental
data; the dashed red line is the mean error. f, Trichromatic sketch of a fully connected network with an external stimulus, S(l ). R: red
cones, G: green cones, B: blue cones, H: horizontal cells. Solid black arrows represent inhibitory synaptic connections on cones from hori-
zontal cells. Dashed black arrows represent excitatory synaptic connections between cones. g, Proportion of networks exhibiting multi-
stability. Color intensity represents the normalized sum over the discrete interval wRG = [0.1, ..., 2.0], for a fixed combination of the excitatory
parameters, wGR and wBR. All points correspond to the same combination of inhibitory parameters used before.

Figure 3. a, In vivo responses of red, green, and blue zebrafish opsins (Cornelius, 2021; Yoshimatsu et al., 2021b). b, Upper panel,
Hyperspectral data from 30 images of aquatic natural images typical of the zebrafish larvae environment (Cornelius, 2021;
Yoshimatsu et al., 2021b). Lower panel, First three principal components obtained from the hyperspectral data. c–e, Stationary solu-
tions of Equation 7 for the optimal coupling parameters of a dichromatic network with (a) red and green, (b) red and blue, and (c)
green and blue photoreceptors. Inset in a shows the distributions of the optimal parameters (absolute value, |wij|) over 20 repetitions
of the gradient descent algorithm starting from different initial values; inhibitory parameters wiH are negative by definition; we used a
KDE method to infer the curves. Red, green, and blue curves correspond to the stationary solutions of the membrane potentials hr,
hg, and hb, respectively. Dashed curves correspond to the principal component curves of b.
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difference compared with DDRG , leading to an ambiguous
chromatic signal. Networks with other photoreceptor com-
binations, such as red-blue and green-blue, were also stud-
ied. Such combinations lead to similar phase portraits and
dynamical properties, reinforcing our general conclusion
(see supplementary material in the GitHub repository).
Thus, we have shown that the responses of a two-pho-

toreceptor system to a given chromatic stimulus are al-
ways independent of the initial state of the network if
feedback is predominantly inhibitory, via horizontal cells.
Conversely, including excitatory intercone interactions
(e.g., via gap junctions) can lead to responses that de-
pend on the initial state of the network. To investigate
whether these results can be further generalized, next we
investigate trichromatic networks, contrasting our find-
ings with zebrafish experimental observations.

Trichromatic system
The preceding stability results on networks with two pop-

ulations of photoreceptors sensitive to different spectral
ranges, allow extrapolation to other species with functionally
similar dichromatic retinas. Generalizing these results to
species with more photoreceptors, however, is not straight-
forward. We advance in this direction by investigating tri-
chromatic systems, expanding considerably the diversity of
color-vision systems. The trichromatic networks studied here
include long-wavelength (R), middle-wavelength (G), and
short-wavelength (B) photoreceptors, and a single horizontal
cell population (H) that provides inhibitory feedback to cone
populations (see Fig. 2f). Assuming that, as in the dichromatic
network, t I,,tE, the equations of motion are as following:

tE
@hi

@t
¼ �hi 1 Ii 1wiHFI

X
j

wHjFE½hj�
� �

1
X

j

wijFE½hj�; i; j ¼ fR;G;Bg;

FE½h� ¼ FI½h� ¼ tanhh11: (8)

We first investigate whether trichromatic networks with
dominant inhibitory feedback (Type I) are also advantageous
for chromatic encoding, as found in dichromatic networks.
Similarly to the dichromatic case, the analytical solution of the
system shows that Type-I networks exhibit a unique response
to the same chromatic stimulus regardless of the coupling pa-
rameters strength. To investigate Type-II networks, we char-
acterize the fixed points of Equation 8 for a discrete set of
coupling combinations and for all the chromatic stimuli con-
sidered previously. In contrast to dichromatic networks, such
fixed points, if any, are embedded in a three-dimensional
phase portrait. To locate the fixed points, we minimize a cost
function, L, that is zero if and only if _hi ¼ 0 for all three photo-
receptor populations in Equation 8, that is:

L ¼
X

i

�hi 1 Ii 1wiHFI

X
j

wHjFE½hj�
� �

1
X

j

wijFE½hj�
� �2

:

(9)

We use a gradient-descent algorithm to find the global
minima of L for each parameter combination. It is easy to

verify that, depending on the parameter combination, the
network can exhibit one, two or three fixed points. Similarly
to the dichromatic case, multiple fixed points are common
in Type-II networks with strong intercone connections. To
see this in detail, note that Equation 9 has six excitatory pa-
rameters corresponding to the couplings between red,
green, and blue cone populations. Considering a symmet-
ric interaction between populations, only three free param-
eters, wRG = wGR, wRB = wBR, and wGB = wBG, remain. For
each combination of inhibitory couplings previously stud-
ied, we calculate the number of fixed points for all combi-
nations of these three remaining excitatory couplings,
finding that the stronger the excitatory parameters, the
larger the likelihood of bistability. We summarize this re-
sult in the intensity plot of Figure 2g. For each fixed com-
bination of the parameters wGB and wRB, we count the
number of networks exhibiting multiple stable fixed points
when varying the discrete values wRG = [0.1, 0.2 ... 2]. We
find that networks with at least one strong excitatory inter-
cone coupling tend to exhibit multiple responses to the
same chromatic stimulus. As in the dichromatic analysis,
when the distance between fixed points in the RGB
phase-space is greater than the mean response noise,
the network exhibits ambiguous encoding of chromatic
stimuli. This behavior is similar for all Gaussian stimuli
studied.
We conclude that adding a third type of photoreceptor

to the outermost retinal networks does not change our
general conclusion regarding feedback mechanisms for
chromatic encoding. In contrast, these results support the
hypothesis that outer retinal networks with predominantly
inhibitory feedback provide an advantage for reliable and
unambiguous chromatic encoding, allowing a direct com-
parison with zebrafish experimental observations. As a
complementary study, we investigated six other species
with different sets of opsins (see supplementary material
in the GitHub repository), finding similar dynamical prop-
erties. This suggests that our findings might be general-
ized to other species with similar outer retinal circuits.

Efficient chromatic encoding
In the previous section, we focused on the synaptic

strengths between populations that yield stable responses.
In this section, we use both zebrafish in vivo photoreceptor
activities (Yoshimatsu et al., 2021a) and hyperspectral data
from zebrafish environments (Zimmermann et al., 2018) to
investigate the architecture of outer retinal networks from
the viewpoint of efficient encoding and transmission of
chromatic information.
Figure 3a shows the in vivo spectral responses of zebra-

fish photoreceptors. Remarkably, interactions with horizon-
tal cells cause green and blue neurons to exhibit opponent
responses to chromatic stimuli, which, as discussed above,
suggests early optimization of chromatic information encod-
ing. Adopting this optimization hypothesis, we expect: (1) re-
duced redundancy of network responses in spectral space
(Buchsbaum and Gottschalk, 1983); (2) efficient encoding of
the environmentally available chromatic information. As a
proxy of chromatic encoding, we use a principal component
analysis of the hyperspectral data of aquatic naturalistic
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images typical of zebrafish environments studied previously
(Zimmermann et al., 2018). In accord with analysis by
Yoshimatsu et al. (2021a), we find that the first three princi-
pal components capture .97% of the chromatic data var-
iance. Figure 3b shows these three principal components
(PC1–PC3), the first without zero-crossings, the second with
one zero-crossing, and the third with two. Comparing Figure
3a,b, we observe that the in vivo red and green cone re-
sponses match the first two principal components qualita-
tively, supporting the hypothesis of efficient encoding of
chromatic stimuli in zebrafish outermost retinal layers.
We begin our analysis by studying the dichromatic net-

work shown in Figure 1a and described by Equation 7.
We adjust the coupling parameters, wij, such that the
spectral responses of the photoreceptor populations, hR
and hG, match the first two principal components, which
together explain .91% of the hyperspectral data var-
iance. (We use the L-BFGS-B minimization algorithm to
obtain the coupling parameters yielding the best match.)
Figure 3c shows the solutions of Equation 7 for a network
with only inhibitory feedback (in red and green), with both
a no zero-crossing and a single zero-crossing curve, as ex-
pected for color-opponent signals (Hurvich and Jameson,
1955; Buchsbaum and Gottschalk, 1983). The inset shows
the density of the coupling parameter absolute value jwijj
of Equation 7 over different basins of attraction. Similarly,
we adjust the parameters to investigate a Type-II network
with both inhibitory feedback and excitatory intercone con-
nections; in all cases, optimization leads to weak or negligi-
ble excitatory couplings, producing results similar to those
found in the inhibitory network. Type-II networks with im-
posed strong excitatory couplings might allow a fit of the first
two principal components. Nevertheless, when compared
with Type-I networks, they are disadvantageous since they
are less reliable and increasemetabolic cost unnecessarily.
The previous results show that optimized zebrafish-like

dichromatic networks are Type-I since they do not require
strong excitatory intercone couplings to match the two
first environmental PCs. Together with the stability analy-
sis, our findings suggest that zebrafish-like retinal net-
works provide unambiguous and efficient encoding of
chromatic environmental information in the outer layer.
This means that network responses are consistent (at
least for t I,,tE) for any initial condition. We also studied
other opsin combinations, leading to the results shown in

Figures 3d,e. We observe that having only blue and red
photoreceptors provides a qualitatively good fit to the first
principal component, but not to the second. Moreover, di-
chromatic networks with only blue and green photorecep-
tors cannot fit either of the first two principal components.
Contrasting the results for these two-photoreceptor combi-
nations, we conclude that zebrafish-like dichromatic net-
works with long -and middle-range photoreceptors have the
best performance when encoding chromatic information
typical of the zebrafish environment.
Next, we analyze trichromatic networks, restricting the

parameter space to reproduce the expected opponent
responses, as we have done for dichromatic networks.
Following the same procedure as before, we fit the mem-
brane potential response of each photoreceptor population,
hR, hG, and hB, to the first three principal components of the
naturalistic images. As shown in Figure 4a, the optimized
network yields a poor fit to the third principal component,
and the network responses do not match qualitatively the
expected responses. Instead, we find a single zero-crossing
in the blue photoreceptor response curve. We note, how-
ever, that in vivo recordings of photoreceptor responses do
not match this third principal component either, as shown in
Figure 3a.
For trichromatic systems, Type-I and Type-II networks

are unable to reproduce all three principal components,
leading us to ask whether an expanded network, e.g.,
with a second parallel inhibitory feedback or with a fourth
type of photoreceptor is capable of realizing this task. We
begin by including a second type of horizontal cell, H2,
providing feedback to only two of the three cone popula-
tions. Repeating the previous analyses, we find that net-
works with two parallel inhibitory feedback mechanisms
do not eliminate the errors in fitting of the third principal
component. Similarly, we investigated whether a fourth
type of photoreceptor, with a maximum response in the
UV range, might allow the other three photoreceptor re-
sponses to match all three principal components simulta-
neously. We found that adding such a UV cone population
has little effect on the functional responses of the other
cones, in agreement with the experimental analysis of ze-
brafish (Yoshimatsu et al., 2021a; see supplementary ma-
terial in the GitHub repository).
From these results we conclude that in zebrafish retinas,

trichromatic networks are incompatible with obtaining the

Figure 4. a, Stationary solutions of Equation 8 for the optimal coupling parameters of the trichromatic network sketched in the
inset. b, Sketch of a fully connected trichromatic network with two types of horizontal cells providing two successive inhibitory feed-
back mechanisms. c, Stationary solutions of Equations 8 and 10 for the optimal coupling parameters of the trichromatic network
sketched in the inset. Red, green, and blue curves correspond to the stationary solutions of the membrane potentials hr, hg, and hb,
respectively. Dashed curves correspond to the principal component curves of Figure 3b.
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first three principal components of environmental chro-
matic data at the first synaptic connection. This motivates
us to add a second synaptic connection, or network layer,
to verify whether such a network can be optimized to re-
produce the expected results. Figure 4b shows a sketch of
such a network, with a second type of horizontal cell, H2*,
integrating the first layer responses, and providing feed-
back only to population B, which is the one unable to fit the
third principal component. The blue cone population re-
sponse, hpB, at the second layer is described by the follow-
ing equation:

@hp
B

@t
¼ �hp

B 1 hB 1wHp
2
R hR 1wHp

2
G hG: (10)

with wHp
2R
;wHp

2G
,0. Figure 4c shows the responses of the

more efficient network after learning the parameters of
Equations 8 and 10. The improved agreement between
response curves and PCs suggests that obtaining the
three efficient chromatic channels requires a second syn-
aptic contact (or network layer), including a second type
of inhibitory neurons. Although we modeled this popula-
tion as a second type of horizontal neuron, other neuronal
populations in inner retinal layers, such as bipolar cells,
might also realize this task. We also stress that the stabil-
ity analysis does not change since the excitatory cou-
plings remain weak, which leads to a reliable and efficient
network to encode chromatic information from zebrafish
environment.
In summary, adopting ideas from information theory,

chromatic opponency and network stability, we have
shown that after the first synaptic connection, dichromatic
networks can yield efficient responses when red cones are
available. Otherwise, responses of photoreceptor popula-
tions are suboptimal. Generalizing to trichromatic networks,
we find that, after the first synaptic connection, photorecep-
tors are unable to exhibit all three opponent responses. Only
by including a second synaptic connection, or network
layer, with a fourth neuronal population, can photoreceptor
responses match the PCs.

Optimal sensitivity peaks
Our study identified networks that optimize the encod-

ing of chromatic information available in the zebrafish en-
vironment, using the set of zebrafish sensitivity curves.
Now we ask whether such curves are optimal for the net-
work to fit the given chromatic information, or if instead,
there are other opsin combinations leading to more pre-
cise chromatic encoding. Although optimization is not the
only feature that determines visual system properties, it
has been shown that some species adapt aspects, such as
the sensitivity functions, to fit the environmental conditions
(Chittka and Menzel, 1992; Fasick and Robinson, 2000).
To answer this question, we contrast the performance of

networks composed of different opsin combinations ob-
tained by varying the wavelength of maximum sensitivity of
zebrafish cones, while maintaining the shape of the distri-
bution fixed (we use a discrete step interval of Dl � 12nm).
Variations of response-curve shapes are being investi-
gated in another work contrasting oil-droplet effects in
color encoding. For all opsin combinations, we calculate
the optimal two-layer network, described by Equations 8
and 10, fitting the first three principal components of the
zebrafish environment, as in the previous sections. To
quantify the network encoding performance, we define the
cost function as follows:

C2
o ¼ hR � PC1ð Þ2 1 hG � PC2ð Þ2 1 hp

B � PC3

� �2
: (11)

such that near-zero values correspond to optimal perform-
ance. Using the same interval Dl for blue and green opsins,
we calculate the cost function for all possible combinations
within the interval (350, 650) nm, and search for an optimal
set of opsins. Figure 5a shows an example of the intensity
plot of the cost function for all green and blue opsin combi-
nations given a fixed red sensitivity curve. We find that the
global minimum, over all combinations of the three curves,
is reached at Hp

RðlÞ ¼ HRðl12DlÞ; Hp
GðlÞ ¼ HGðl � DlÞ

andHp
BðlÞ ¼ HBðl � 3DlÞ, as illustrated in Figure 5b,c.

From this optimization analysis, we conclude that com-
pared with zebrafish, the optimal set of cones improves

Figure 5. a, Intensity plot of the cost function (Eq. 11) for different opsin curves combinations, darker colors represent smaller val-
ues. Red opsin was first fixed to optimize all possible combinations; the optimal curve is shown in the upper plot; x and y labels in
the intensity plot represent the number of shifts (in steps of 5 nm) of blue and green curves respectively, with the sign indicating the
shift direction. b, Comparison between experimentally observed sensitivity functions (dashed lines) and the optimal fitting curves
(solid lines). Arrows indicate the optimal shift direction. c, Network responses for this optimal set of opins.
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performance by ;13%, suggesting that retinal networks
with zebrafish cones are quite efficient to encode chro-
matic information. Other strategies, such as shrinking of
the sensitivity curves, might provide further optimization,
but as previously mentioned, we lead that discussion to
another work. Extrapolating these results to other species
with similar environmental chromatic conditions and reti-
nal circuitry requires knowledge of the independent cone
responses, or sensitivity curves to properly compare the
networks. Studies involving species with different envi-
ronmental conditions would naturally require analysis of
the corresponding environmental hyperspectral data.

Discussion
Identifying the retinal circuits specialized in chromatic

discrimination leads to an understanding of how organ-
isms extract spectral information from their environment
(Huang and Rao, 2011; Baden and Osorio, 2019). In vivo
experiments on outer retinal circuits, however, are only fea-
sible in a restricted number of species, limiting a broader
study. In this situation, theoretical models are useful to pre-
dict general features that can be tested in such model or-
ganisms and extrapolated to others beyond experimental
access. Our study attempts to identify features of zebrafish-
inspired outer retinal networks to understand more broadly
the biological fundamentals of chromatic encoding and
transmission in visual systems. As mentioned earlier, we fo-
cused our work on networks that mediate chromatic infor-
mation via HCs. Other species, such as butterflies (Beluši�c
et al., 2021), with different network architectures will be
studied in future works.
In the first part of our study, we found that in outer reti-

nal networks with fast inhibitory feedback, intercone exci-
tatory connections can lead to bistability, so that network
responses to a given chromatic stimulus could be ambig-
uous. Ideally, one expects photoreceptors to encode as
much relevant visual information as possible from the en-
vironment and transmit it reliably to downstream circuits.
More complex tasks, such as edge or movement detec-
tion, for which such bistability might be desirable, are ex-
pected to take place later in the visual system. Our results
suggest that, in retinas with circuitry similar to that of zebra-
fish, intercone excitatory couplings, if present, are likely not
involved in chromatic encoding and/or are much weaker
than inhibitory feedback. Some experimental studies on
macaques and other vertebrate species (Raviola and Gilula,
1973; DeVries et al., 2002; Laughlin, 2002) have shown evi-
dence of both cone-cone and cone-rod gap junctions in the
foveal region. The role of such connections, however, is not
fully understood. In ground squirrel retinas, for instance,
such connections seem to play an important role in increas-
ing the signal-to-noise ratio (DeVries et al., 2002); similar be-
havior has been found in macaque retinas (Tsukamoto et
al., 1992). Noise reduction is highly relevant in low-lumi-
nance environments. At high luminance, where color dis-
crimination is possible, the effects of gap junctions seem to
be negligible given their weak extent, supporting the hy-
pothesis that gap junctions are involved in achromatic
tasks. Some other works (Jackman et al., 2011) have shown
evidence of excitatory feedback in individual synapses

between HCs and cones, which might lead to other ef-
fective connections, not considered in our model.
In addition to studying different types of feedback, we in-

vestigated network architectures leading to efficient encoding
of the available chromatic information. Determining whether
outer retinal circuits are optimized to encode available chro-
matic information allows one to gauge the relevance of color
discrimination in a given species. Such findings might afford
insights into other areas, such as ecology and animal behav-
ior. As suggested previously (Yoshimatsu et al., 2021a), ze-
brafish seem to encode of the chromatic information
efficiently, qualitatively matching the first two PCs of the
hyperspectral data. We formalize these ideas in a neuronal
population model. Specifically, we find that a network with
two interneuron layers is necessary to fit reliably the three
first PCs. We would expect retinas to optimize the trade-off
between information transmission and metabolic cost,
such that information transmission is guaranteed at the
lowest energy expenditure. Nevertheless, even with an op-
timal architecture, more complex networks are necessary
to transmit specific information, as suggested by our re-
sults. Whether it is advantageous for an organism to invest
energy in an additional retinal layer to improve chromatic
discrimination depends on species-specific interactions
with its habitat. These results are general for zebrafish-like
networks with inhibitory interneuronal layers and similar en-
vironmental conditions.
Our study of network architecture was performed using

zebrafish opsin curves as a reference. Subsequently, we in-
vestigated whether other opsin combinations might lead to
further optimization of the network, that is, whether it would
be possible to improve zebrafish performance at encoding
environmental chromatic information. We find that optimiz-
ing opsin combinations, by varying their wavelength peak,
leads to an improvement of ;13% in zebrafish perform-
ance. As mentioned earlier, in some species, such as bees,
photoreceptor sensitivity functions are highly tuned to the
environmental chromatic spectrum, leading to an efficient
encoding of color information (Chittka and Menzel, 1992;
Fasick and Robinson, 2000). Our results on zebrafish show
that they have an efficient chromatic encoding, but still there
are other networks yielding modest improvements. Other
relevant features, such as movement or edge detection,
might favor retinal circuits that optimize other general as-
pects of visual stimuli, by penalizing slightly chromatic infor-
mation. As before, these results hold for zebrafish-inspired
retinal circuits under similar environmental conditions.
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