bioRxiv preprint doi: https://doi.org/10.1101/744615; this version posted August 22, 2019. The copyright holder for this preprint (which was

not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

phototransduction elements according to
the observed expression differences
between SZ and non-SZ batches. In this
way, we tested if we could turn a non-SZ
cone (default model) into a SZ-cone
through specific regulatory manipulations.
Indeed, altering only the top four most
differentially expressed targets
(Transducin, GC3, Rec2 and CNG)
phenomenologically  reproduced  the
elevation in constitutive baseline and
corresponding increase in the amplitude of
the light-response in SZ cones (Fig. 69).
Already the modulation of single gene

products’ relative expression levels could
have a major effect, most notably in the
case of transducin and GC3, and to a
lesser extent also the downregulation of
recoverin 2  (Rec2®7") (Fig. 6h).
Interestingly, transducin expression is also
systematically adjusted between
peripheral and foveal L/M-cones in the
primate!®, indicating that this might
constitute a regulatory hotspot for tuning
cone function.

Figure 6. Tuning of phototransduction cascade elevates SZ baseline. a, UV-cone RNA-
seq. workflow. Retinas from 7 dpf zebrafish Tg(opnlswl:GFP) were dissected and
separated into SZ and non-SZ. After cell dissociation, UV-cones were FACS-sorted and
immediately flash frozen. Samples were then subjected to library preparation for next-
generation sequencing. b, All detected genes in UV-cones ranked by expression label, with
phototransduction genes highlighted and ¢, zoom in to the top 200 genes. The top 2 highly
expressed genes are both non-protein coding genes, therefore UV-opsin is the highest
expressed protein coding gene. d, Mean gene expression ratio between SZ and non-SZ
batches, with phototransduction genes highlighted. e, as (d) but normalised to UV-opsin
expression level in each batch and zoomed in to high expression phototransduction targets.
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Green and grey markers denote activators and repressors of the photo-response,
respectively. Error bars in s.e.m.. f, Schematic of phototransduction based on ref'®, with
activators and repressors denoted in green and grey, respectively. g, Simulated current
response of SZ and non-SZ UV-cones to 100% dark- and light-contrasts from a 50%
contrast background based on ref”®. Non-SZ was based on default model parameters, while
SZ uses relatively scaled parameters according to gene expression ratios as in (e). h,
Effects of expression changes of individual phototransduction components compared to non-

SZ.

Nevertheless, not all activators of
phototransduction were downregulated,
and not all repressors were upregulated.
For example, the downregulation of
cnga3, a subunit of CNG channels, in the
SZ had a minor hyperpolarising effect on
cone-baseline. However, this was readily
compensated for by the combination of the
other expression differences. Indeed, the
additional inclusion of all observed
regulatory changes beyond the first four
had a negligible effect on model baseline
(not shown). Finally, to what extent
additional changes might occur at targets
with lower expression, such as synaptic
calcium channels, remains an open
guestion.

Taken together, our transcriptomics data
therefore strongly suggests that a
substantial fraction of the observed
differences in light- over dark-preference
in UV-cones across regions in the eye (cf.
Figs 3,5) have an origin in the regulation
of phototransduction. In this view, the
simultaneous up- and down-regulation of
key phototransduction repressors and
activators, respectively, will result in an
increased dark current in SZ UV-cones
and thereby boost constitutive opening of
voltage activated calcium channels in the
synapse, thus elevating the calcium
baseline.

Imaging synaptic release from cones in
vivo. We next asked if and how the
observed variations in UV-cone synaptic
calcium are translated into rates of light-
driven synaptic vesicle release in the live
eye. Cones use ribbon synapses to
release glutamate onto the dendrites of
BCs and HCs!®22-2578  (Fig. 7a,b).
Different ribbon designs are used
extensively in sensory systems to support
both transient and continuous high-

throughput vesicle release with a broad
spectrum of properties?0:21:26.78.79,
Accordingly, we wondered if UV-cones
may also differentially tune their synaptic
release machinery to further enhance the
differences already present at the level of
calcium and thus amplify eye-position
specific signalling.

To address this question, we established
optical glutamate recordings from single
cones in the live eye by expressing the
fluorescent glutamate biosensor
SFiGIUSNFR® in postsynaptic HCs. HCs
contact cones at specialised invaginations
that are tightly sealed against the
surrounding  extracellular matrix®8t

meaning that their dendrites can act as
highly specific and spatially restricted
glutamate antennas®. As a population,
HCs contact all four types of cones in the
zebrafish eye®?84 meaning that only a
subset of HC dendritic signals correspond
to synaptic release from UV-cones. To
identify these contacts, we co-expressed
mCherry in UV-cones (Fig. 7a-c). In an
example recording from the nasal retina,
we presented a 12.8 Hz tetrachromatic
binary noise stimulus® (Methods) and
recorded the glutamate signals from the
HC dendrites that innervate a row of
neighbouring cones (Fig. 7d, Vid. Sb).
Amongst eight example regions-of-interest
(ROIs), each covering a presumed single
cone’s output site, two were identified as
UV-cones based on mCherry co-
expression (ROIs 3 and 7). Across
glutamate responses within all eight ROIs
(Fig. 7e), example sections of traces
extracted for the two UV-cones were very
similar to each other, but distinct from all
other traces (Fig. 7e,f). Moreover, reverse
correlation of each ROIs’ response to the
noise stimulus revealed a pronounced UV-
component for the two UV-cones, but
diverse non-UV components in all other
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sites (Fig. 7g). This strongly indicated that
there was no glutamate spill-over between
neighbouring ROIs (see also discussions
in refs®88%)  QOur approach therefore

glutamate in the live eye at single pedicle
resolution. We next used this approach to
compare UV-cones’ calcium-to-glutamate
transfer functions in different parts of the

allowed recording UV-cone driven eye.
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Figure 7. In vivo imaging of light-driven glutamate release from UV-cones. a,b,
Schematic of HC dendrites at photoreceptor synaptic invaginations. SFiGIuSnFR expression
in HC dendrites is well-positioned to detect glutamate release from ribbon synapses (bar
structure) at single terminals of any cone-type. UV-cones are identified by co-expression of
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mCherry as before. Outer segment (OS), outer nuclear layer (ONL), outer plexiform layer
(OPL), inner nuclear layer (INL). ¢, In vivo two-photon image of SFiGIuSnFR in HCs and
nfsBmCherry in UV-cones. d, scan field for SFiGIuSnFR recordings. Individual HC dendritic
bundles at single cone terminals are readily visible. ROl 3 and 7 are associated with UV-
cones as seen by overlap with the mCherry signal. A map of pixel-to-pixel correlation over
time®® highlights localised activity at each cone terminal. e, Exeat of mean and individual trial
glutamate responses of ROIs from (d) to a tetrachromatic binary noise stimulus (Methods).
UV-cone responses highlighted in magenta. f, Correlation of glutamate responses across
pairs of ROIs. ROIs 3 and 7 are highly correlated only to each other. Colour code based on
each ROIs preferred response as in (9). g, Linear filters (“kernels”) recovered by reverse
correlation of each ROI's response to the noise tetrachromatic stimulus (e): R, G, B, U
denote red, green, blue and UV light, respectively. UV-cones are highlighted by *.

Glutamate-release accentuates existing
differences in presynaptic calcium. In
nature, photoreceptors are constantly
exposed to a rapidly changing stream of
light- and dark-events as animals explore
their visual environment. To explore how
UV-cones in different parts of the eye
differentially encode complex light-dark
sequences, we recorded calcium and
glutamate responses to the tetrachromatic
binary noise-stimulus. Superimposition of
the average calcium (top) and glutamate
(bottom) responses to this stimulus from
SZ and dorsal UV-cones revealed a
marked difference in the synaptic transfer
between these zones (Fig. 8a, Vid. S6):
Despite relatively similar responses at the
level of calcium (top), only SZ UV-cones
responded strongly to the most rapid of
stimulus reversals (bottom, arrowheads).
These differences, which could not be
explained by differences in the kinetics of
GCaMP6f® and SFiGIuSnFR® (SFig. 4a),
were subtly visible at the level of calcium,
but they were strongly accentuated at the
level of glutamate. Qualitatively similar
effects were observed across all four
zones (Fig. S4b-e).

To determine how these differences can
be linked to the amount of information
which can be linearly decoded from the
responses in each case, we computed the
information rate based on the signal to
noise ratio (SNR) in the Fourier domain
(Fig. 8b,c)®8. Both at the level of calcium
and glutamate, the most linearly
decodable information was found in SZ-
cones, followed by nasal, dorsal and

finally ventral UV-cones. Moreover, the
more pronounced glutamate responses of
the SZ to rapid stimulus changes led to a
higher SNR especially in the higher
frequency domain. Accordingly, our
glutamate imaging experiments clearly
demonstrated that the differential tuning of
UV-cones at the level of anatomy (Figs.
1,2), phototransduction (Fig. 6) and
synaptic calcium (Figs. 3-5) is further
enhanced at the level of synaptic release
(Fig. 7,8). Taken together, SZ UV-cones
are therefore tuned to best support prey
capture behaviour through the intricate
adjustment of multiple mechanisms that
involve all physiologically critical parts of
the cell, from initial photon absorption in
the outer segment to vesicle release at the
synapse.

DISCUSSION

We have shown that larval zebrafish must
use single UV-cones at a time to detect
the UV-bright microorganisms they feed
on (Figs. la-g, 4). For this, UV-cones in
the retina’s strike zone are particularly
dense and exhibit grossly enlarged outer
segments (Fig. 1f-g, Fig. 2, Fig. S1) to
boost local UV-photon detection efficiency.
This is complemented by an elevation in
these  UV-cones’ synaptic calcium
baseline (Figs. 3, 5) that likely stems from
molecular retuning of the
phototransduction machinery (Fig. 6)
rather than interactions with horizontal
cells. This leads to an increased dynamic
range for encoding UV-bright events (Fig.
3) and sets of the capacity for increased
information transfer across the synapse at
the level of vesicle release driving retinal
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circuits (Figs 7,8). Together, UV-cones lower calcium baseline to detect large UV-
specifically in the strike zone are therefore dark objects, such as predators. In doing
exquisitely tuned to support the visual so, non-SZ UV-cones signal more
detection of prey. In contrast the sparsely and presumably conserve
remainder of the UV-detector array is less energy.

dense, uses smaller outer segments and a
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Figure 8. Synaptic release accentuates functional differences between UV-cones. a,
Exeat of mean calcium (SyGCaMP6f) and glutamate (SFiGIuSnFR) responses of SZ and
dorsal UV-cones to the tetrachromatic noise stimulus (cf. Fig. 7e). Background shading
indicates UV-light and dark stimulus periods. Arrowheads highlight enhanced glutamate
response transients from SZ relative to dorsal UV-cones. b, Signal to noise ratio in the
Fourier-domain and resulting information rate in calcium responses across UV-cones from
different regions. c, as (b), computed for glutamate responses. n = 35, 20, 28, 18 for calcium
in SZ, D, N and V, respectively and 51, 20, 22, 18 for glutamate SZ, D, N and V,

respectively.

Studying prey capture behaviour in the the strong UV-dominance in SZ BCs is
lab. Larval zebrafish prey capture complemented small signals elicited also
behaviour has been extensively studied in at other wavelengths, most notably in the
the [ab36:37404346-485189 = though never blue range of the spectrum?. In parallel, it
specifically using UV-light. Nevertheless, is important to consider the specific
even under these low-UV conditions, absorption spectrum of the zebrafish UV-
zebrafish do perform the behaviour. This opsin relative to the spectrum of any
suggests that non-UV cones feed into illuminating light. For safety reasons,
prey-capture circuits, perhaps to boost commercially available TFT monitors®,
signal power in the absence of systematic projectors and organic-LED (OLED)
background clutter, as is also the case screens used in behavioural experiments
under typical lab conditions. In support, tend to restrict short wavelengths to <1%
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signal power below 420 nm. In contrast,
zebrafish UV-opsin absorption peaks at
365 nm*9%,  meaning that the short-
wavelength signal of most of these light
sources will activate the UV-opsin with
<1% efficiency. Nevertheless, owing to the
extreme photon-catch efficiency of SZ-UV
cones this might still generate a small
signal, provided the screen is sufficiently
bright. Moreover, different projection set-
ups®:374651 or live paramecia illuminated
by indoor lighting3-434748 or indeed a
fluorescence  microscope’s  excitation
light®2 might afford higher spectral overlap.
In the future it will therefore be critical to
establish how the addition of UV-light
affects behavioural performance.

Mechanisms of photoreceptor tuning in
vertebrates. For all we know, all sighted
vertebrates have at least a mild form of an
area temporalis or an area centralis, and
in some species such as many primates
as well as birds of prey and species of
reptiles and fish, these specialised regions
have further evolved into a fovea®®,
However, data on the possibility of
regional tuning of photoreceptor function
across most of these species remains
outstanding with the notable exception of
primates!®!2, mice®, and now zebrafish. In
each of these latter three, cone-function
has been found to be regionally tuned.

In many ways both the ‘purpose’ of
functional tuning of SZ UV-cones as well
as the underlying cellular and molecular
mechanisms are reminiscent of
differences between peripheral and foveal
cones of the primate retinal®1217.1897.98
For example, in both zebrafish SZ UV-
cones and in primate foveal cones outer
segments are elongated'’*® and light-
response kinetics are slowed!®!?, In the
primate fovea, expression of rod-
transducin has been discussed as one
determinant of the slowed kinetics®, which
conceptually links with our finding of
reduced levels of cone-transducin in
zebrafish SZ cones. In each case, these
structural and functional alterations can be
linked to an increased capacity for the
detection of low numbers of photons and
subsequent signal processing. In the

primate fovea, they are critical to keep
noise at bay to supply a low-convergence
postsynaptic retinal network90-101,
Establishing to what extent the
postsynaptic networks in the zebrafish’s
SZ resemble those of the primate fovea
will be an important area of research in the
future. Nevertheless, already now it seems
clear that noise-reduction will be an asset
also for SZ UV-cones. In contrast to
primates and zebrafish, mice have only a
very mild area centralis aligned with visual
space above the nose!®?1% However,
they feature a pronounced opsin
expression gradient across the retina’'s
dorsal-ventral axis'® which has been
linked to differential processing of light-
and dark-contrasts®, much in line with
observed differences in zebrafish UV-
cones. However, unlike in zebrafish,
ventral short-wavelength vision in mice is
dark-biased®, which rather hints at the
flexibility in how photoreceptors can be
tuned to support specific visual tasks.

For the most part, the detailed cellular and
molecular mechanisms that lead to
differential cone-tuning across the retinal
surface in mice and primates remain to be
established. Building on our work, we
anticipate that the possibility to perform
high-throughput in-vivo experiments in
genetically modified larval zebrafish will be
a major asset for studying mechanisms of
photoreceptor tuning in general.

Synaptic tuning through the ribbon.
Beyond altering the morphological and
biochemical properties of the outer
segment, our results further suggest that
also the pedicle is functionally adjusted to
support distinct modes of calcium-
dependent vesicle release in UV cones in
different parts of the eye. Cones use
ribbon-type synapses which have been a
key focus for investigating the functional
tuning of neural circuits!®21.23-267879  Eor
example, electro-sensory ribbon synapses
in rays and sharks are differentially tuned
at the level of both synaptic ion channels
and ribbon morphology to support the
encoding distinct signal frequency bands
required by these two groups of animals?®.
Indeed, ribbon synapses across species
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and modalities support a vast range of
functional properties, and generally the
structure and function of each group of
synapses can be closely linked to specific
signalling requirements?23-%.78 While
therefore ribbon synapses do strongly vary
across distinct sets of neurons that
support diverse functional tasks, to our
knowledge this type of tuning has not
been studied across a single neuron type.
Accordingly, in the future it will be
important to establish if and how the
observed differences in synaptic transfer
functions across zebrafish UV-cones can
be linked to structural and molecular
differences in the synapse itself.

Retinal and central wiring for prey
capture. The region-specific differences in
UV-cone function present the first pre-
processing steps to detect prey and
predators already at the visual system’s
first synapse®®l. However, how these
signals are used by retinal and brain
networks for robust extraction of such
behaviourally crucial information remains
an open question. Ultimately, light patterns
picked up by distinct regions of the UV
detector array must lead to the differential
activation of brain circuits that control
distinct behavioural programmes3’:196.107,
For this, the signal must first travel to the
feature extracting circuits of the inner
retina®!%® via the diverse set of retinal
bipolar  cells?>1°%-111  Previous  work
highlighted a strong dominance of inner
retinal UV-On circuits specifically in the
strike zone?°, suggesting that the signal
from SZ UV-cones is indeed selectively
picked up by a subset of local UV-On BCs
for further processing. Next, the UV-signal
must be selectively sent to the specific
relevant processing centres of the
brain’'>4 In agreement, pretectal
arborisation field 7 (AF7) which underpins
prey-capture  behaviour is  mainly
innervated by temporal but not nasal
RGCs?¥, strongly hinting that AF7 may be
predominately driven by SZ-circuits.
Clearly, circuits for prey capture in larval
zebrafish are both anatomically®” and
functionally?® regionalised to drive a
regionally biased behavioural

repertoire®*44, To what extent this can be
supported through regional tuning of
neuron-types alone — as in case of UV-
cones - or in addition requires the specific
positioning of unique neuron types in
different parts of the eye and brain will be
important to address in the future. Indeed,
transcriptomic analysis recently
highlighted the putative presence of one
“extra” bipolar cell type specifically in the
primate fovea!®, with yet unknown
morphology and function.

MATERIALS AND METHODS

Imaging the appearance of paramecia
at different wavelengths of light.
Paramecium caudatum (Sciento, P320)
were placed in a container filled with fish
water and pebbles, to approximately
mimic a zebrafish natural habitat®.
Images were taken outdoors under the
sun (typical sunny day in UK, Brighton in
May, no cloud at around 1 pm) with a CCD
camera (Thorlabs DCU223M) fitted with a
lens (Thorlabs ACL1815L), a constitutive
glass filter (Thorlabs FGB37) as well as
switchable glass filters (UV: FGUV11-UV,
Yellow: FGV9; both Thorlabs) on a filter-
wheel. Videos were acquired at 10 Hz,
with single frame exposure times of 1 and
70 ms for yellow and UV, respectively.
The focal distance of the camera was ~2.5
cm, and it was positioned against the wall
of the tank from the outside. The effective
recording spectra were computed by
multiplying the spectral sensitivity of the
camera chip itself with all optical
components in the path.

Animals. All procedures were performed
in accordance with the UK Animals
(Scientific Procedures) act 1986 and
approved by the animal welfare committee
of the University of Sussex. For all
experiments, we used 6-8 days post
fertilization (dpf) zebrafish (Danio rerio)
larvae. The following previously published

transgenic lines were used:
Tg(opnlswl:nfsBmCherry)!*®,
Tg(opnlswl:GFP)®°, In addition,
Tg(opnlswl:GFP:SyGCaMP6f),
Tg(cx55.5:nIsTrpR), and
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Tg(tUAS:SFiGIuSnFR) lines were
generated by injecting pBH-opnlswl-
SyGCaMP6f-pA, pBH-cx55.5-nIsTrpR-
pA®  or  pBH-tUAS-SFiGIuSnFR-pA
plasmids into single-cell stage eggs.
Injected fish were out-crossed with wild-
type fish to screen for founders. Positive
progenies were raised to establish
transgenic lines.

All  plasmids were made using the
Gateway system (ThermoFisher,
12538120) with combinations of entry and
destination plasmids as follows: pTo2pA-
opnlswl-SyGCaMP6f-pA: pTol2pAlle,
p5E-opnlswi!'®, pME-SyGCaMP6f, p3E-
pA!®; pBH-tUAS-SFiGIuSnFR-pA: pBH!?,
P5E-tUAS!Y, pME-SFiGIUSNFR, p3E-pA.
Plasmid pME-SyGCaMP6f was generated
by inserting a polymerase chain reaction
(PCR)-amplified GCaMP6f®’ into pME
plasmid and subsequently inserting a PCR
amplified zebrafish synaptophysin without
stop codon at the 5 end of GCaMP6f.
pPME-SFiGIuSnFR was made by inserting
a PCR amplified SFiGIuSnFR® fragment
in pME plasmid.

Animals were housed under a standard
14:10 day/night rhythm and fed three
times a day. Animals were grown in 200
mM 1-phenyl-2-thiourea (Sigma, P7629)
from 1 dpf to prevent melanogenesis. For
2-photon in-vivo imaging, zebrafish larvae
were immobilised in 2% low melting point
agarose (Fisher Scientific, BP1360-100),
placed on a glass coverslip and
submerged in fish water. Eye movements
were prevented by injection of a-
bungarotoxin (1 nL of 2 mg/ml; Tocris,
Cat: 2133) into the ocular muscles behind
the eye. For some experiments, CNQX
(~0.5 pl, 2 mM, Tocris, Cat: 1045) in
artificial cerebro-spinal fluid (aCSF) was
injected into the eye.

UV-cone density estimation across the
visual field. The UV-cone distribution
across the eye was first established from
confocal image stacks of
Tg(opnlswl:GFP) eyes from 7 dpf larvae
where all UV-cones are labelled. Fish
were mounted with one eye facing the
objective lens. As in previous work?® the
locations of all UV-cones in the 3D eye

were detected using a custom script in
Igor Pro 6.3 (Wavemetrics). To project the
resultant UV-cone distribution into visual
space, we first measured the eye size as
being 300 ym on average. In addition, we
determined that both the eyeball and the
lens follow a nearly perfect spherical
curvature with a common point of origin.
From this, we assumed that any given UV-
cone collects light from a point in the
space that aligns with a straight line
connecting the UV-cone to the outside
world through the centre of the lens. From
here, we mapped UV-cone receptive field
locations across the full monocular visual
field.

Immunostaining, dye-staining and
confocal imaging. Larval zebrafish (7-8
dpf) were euthanised by tricane overdose
and then fixed in 4% paraformaldehyde
(PFA, Agar Scientific, AGR1026) in PBS
for 30 min at room temperature. After
three washes in PBS, whole eyes were
enucleated and the cornea was removed
by hand using the tip of a 30 G needle.
Dissected and fixed samples were treated
with  PBS containing 0.5% TritonX-100
(Sigma, X100) for at least 10 mins and up
to 1 day, followed by the addition of
primary antibodies. After 3-5 days
incubation at 4°C, samples were washed
three times with PBS 0.5% TritonX-100
solution and treated with secondary
antibodies and/or BODIPY (ThermoFisher,
D3835) dye. After one day incubation,
samples were mounted in 1% agar in PBS
on a cover slip and subsequently PBS was
replaced with mounting media
(VectaShield, H-1000) for imaging.
Primary antibodies used were anti-GFP
(abcom, chicken, ab13970) and anti-
CoxlV ~ (abcom, rabbit, ab209727).
Secondary antibodies were Donkey
CF488A dye anti-chick (Sigma,
SAB4600031) and Goat Alexa647 dye
anti-rabbit  (ThermoFisher,  A-21244).
Confocal image stacks were taken on a
TSC SP8 (Leica) with 40x water
immersion objective (C PL APO CS2,
Leica), a 63x oil immersion objective (HC
PL APO CS2, Leica) or a 20x dry objective
(HC PL APO Dry CS2, Leica). Typical
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voxel size was 150 nm and 1 pym in xy and
Z, respectively. Contrast, brightness and
pseudo-colour were adjusted for display in
Fiji (NIH). Quantification of outer segment
lengths and anti-GFP staining intensity
was performed using custom scripts in
Igor Pro 6.3 (Wavemetrics) after manually
marking outer segment outer and inner
locations.

2-photon calcium and glutamate
imaging and light stimulation. All 2-
photon imaging was performed on a

MOM-type 2-photon microscope
(designed by W. Denk, MPI, Martinsried;
purchased through Sutter

Instruments/Science Products) equipped
with a mode-locked Ti:Sapphire laser
(Chameleon Vision-S, Coherent) tuned to
927 or 960 nm for SyGCaMP6f and
SFiGIluSnFR imaging and 960 nm for
mCherry and  SFiGluSnFR  double
imaging. We wused two fluorescence
detection channels for
SyGCaMP6f/iGIURSnFR (F48x573,
AHF/Chroma) and mCherry (F39x628,
AHF/Chroma), and a water immersion
objective (W Plan-Apochromat 20x/1,0
DIC M27, Zeiss). For image acquisition,
we used custom-written software (ScanM,
by M. Mueller, MPI, Martinsried and T.
Euler, CIN, Tuebingen) running under
IGOR pro 6.3 for Windows (Wavemetrics).
Recording configurations were as follows:
SyGCaMP6f UV flashes Fig. 3: 128x16
pixels (1 ms per line, 625 Hz);
SyGCaMP6f whole-eye Fig. 5: 512x512
pixels (2 ms per line, 0.97 Hz),
SFiGIuSnFR noise recording Fig. 7:
128x32 pixels (1 ms per line, 31.25 Hz),
SFiGluSnFR and SyGCaMP6f noise
recordings Fig. 8: 64x4 pixels (2 ms per
line, 125 Hz). Light stimulation was setup-
up as described previously?. In brief, light
stimuli  were delivered through the
objective, by band-pass filtered light
emitting diodes (LEDs) (‘red’ 588 nm,
B5B-434-TY, 13.5cd, 20 mA; ‘green’ 477
nm, RLS-5B475-S; 3-4 cd, 20mA; ‘blue’
415 nm, VL415-5-15; 10-16 mW, 20 mA;
‘ultraviolet, UV’ 365 nm, LED365-06Z; 5.5
mW, 20 mA, Roithner, Germany). LEDs
were filtered and combined using FFO1-
370/36, T450/pxr, ET420/40 m, T400LP,

ET480/40x, H560LPXR (AHF/Chroma)
and synchronized with the scan retrace at
500 (2 ms lines) or 1,000 Hz (1 ms lines)
using a microcontroller and custom scripts
(available at
https://github.com/BadenLab/Zebrafish-
visual-space-model). The ratio of LED
intensities was calibrated (in photons per s
per cone) such that each LED would
relatively stimulate its respective cone-
type as it would be activated under natural
spectrum light in the zebrafish habitat®®:
34, 18, 4.7 and 2.1 x10° photons per cone
per s for red-, green-, blue-, and UV-
cones, respectively. We wused these
“natural spectrum” LED intensities as a
background light and modulated contrasts
depends on experiments. LED contrasts
were 0% for dark and 2,500% for bright
flashes (Fig. 3b-f), 0% background and
2,500% flash (Fig. 3g,h), 2,500%
background and 0% dark flash (Fig. 3i,)),
0% dark and 200% bright (Fig. 5). For
tetrachromatic noise (Figs. 7-8), each of 4
LEDs was simultaneously but
independently presented at 100% contrast
in a known sequence at 12.8 Hz. For all
experiments, the animal was kept at
constant background illumination for at
least 5 s at the beginning of each
recording to allow for adaptation to the
laser.

UV-cone activation model. Cone
distributions were taken from published
data®®. UV- and blue-cones were taken
from the same representative eye and
aligned with red- and green-cones from a
second eye and projected into visual
space. The full array was cropped at +60°.
Model BCs were randomly spaced at a
minimum radius of 10°. BCs summed the
activity from all cones within this same
fixed radius. Target trajectory was
computed as a random walk on an infinite
plane (canonical diffeomorphism), such as
the left/right and top/bottom borders are
continuous with each other. At each 1°
step-size iteration (equivalent to 10 ms),
the target advanced at a constant speed
of 100°/s with a random change of angle
(a) that satisfied -15" < a < 15°. Cone
activation by the moving target was
computed as follows: At each time-point,
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the distance between the centres of the
target and each cone was determined. If
this distance was smaller than the sum of
the target radius (1" and 2.5° for light and
dark target, respectively) and a cone’s
receptive field radius (0.38°), the cone was
activated to yield a binary activation
sequence over time for each cone. This
sequence was then convolved with the
cone’s impulse response. Here, the peak
amplitude and recovery time constant was
assigned based on a cone’s position,
drawing on the four measurement points
established from calcium imaging (dorsal,
nasal i.e. horizon, ventral and Sz, cf. Fig
3). Along the dorsal-ventral axis, values
were chosen based on the relative
distance between the horizon and the
dorsal or ventral edge. For example, a
cone positioned 75% towards the dorsal
edge from the horizon would be assigned
values weighted as 0.75:0.25:0 from
dorsal, nasal and ventral measurements,
respectively. In addition, if a cone was
within 30° of the SZ centre (-30°,-30°), it
was in addition weighted based on values
from the SZ in the same way. In each run,
all activation values were normalised to
the peak activation across the entire array.

RNA-sequencing of UV-cones. Whole 7
dpf Tg(opnlswl:GFP) larval zebrafish
retinas were dissected in carboxygenated
aCSF (CaCl 0.1275 g/L, MgSO, 0.1488
g/L, KCI 0.231 g¢/L, KH,PO4 0.068 g/L,
NaCl 7.01 g/L, D-Glucose 1.081 g/L, and
NaHCO; 1.9 g/L) while keeping track of
each retina’s orientation. Each retina was
then cut into two pieces: SZ, and non-SZ.
Typically tissues from ~10 fish (20 eyes)
were batched into one tube and
dissociated using a papain dissociation
system (Worthingtonm LK003176,
LK003170, LK003182) with the following
modification in the protocol: Incubation in
papain for 10 min at room temperature.
During dissociation, tissues were gently
pipetted every 3 min to facilitate
dissociation using glass pipette with
rounded tip. After 10 min incubation,
DNase and ovomucoid were added and
the tissues were further mechanically
dissociated by gentle pipetting.
Dissociated cells were immediately sorted
for GFP expression by FACSMelody (BD

Biosciences). Approximately 100 cells
were sorted in one tube, flash frozen in
liquid nitrogen and stored at -80 degree
until further use. Libraries were prepared
using Ultra-low input RNA kit (Takara,
634888) and subjected to next generation
sequencing at GENEWIZ (NZ, US).
Sequencing data was quality checked and
trimmed to remove adaptors using Trim
Galore!'*®, aligned on the zebrafish
genome (GRCz11.9) in HISAT2'®, and
counted for gene expression in
featureCounts?° using the public server at
the usergalaxy.org online platform?, In
total, four repeats each were performed
for SZ and non-SZ samples.

Differential gene expression analysis.
For the analysis of differential gene
expression of the SZ vs non-SZ we used
the DESeq2 package in R/bioconductor!?2,
We only included genes which had a
count of at least 5 sequence fragments in
at least 2 of the 8 samples (4 SZ + 4 non-
SZ). Since we wanted to measure the
effect between zones, -controlling for
differences in the individual eyes, we
included the eye as an additional latent
variable (design = ~eye+zone). The
DESeq2 package then uses a generalised
linear model with a logarithmic link to infer
a negative-binomial distribution for gene
counts'??, The inferred means via the
poscount estimator, which calculates a
modified geometric mean by taking the n®"
root of the product of non-zero counts, are
shown in Fig. 6b,c. The log-fold changes
(Fig.6d) were then also estimated in
DESeqg?2.

For determining differential expression
normalised by UV-opsin (Fig. 6e) we
instead calculated using the raw count
data, normalised by the count of the UV-
opsin gene. From here, mean fold
changes were calculated by taking fold
changes of individual SZ and non-SZ
sample pairs.

Modelling phototransduction. We used
a previously described and verified
computational model of phototransduction
in vertebrate ciliary photorecptors®®°. We
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simulated the photo-response to 100%
dark or 100% bright contrasts using
default parameters provided by the model
for non-SZ simulation. For simulating the
SZ, we then scaled all according to the
relative gene expression change between
SZ and nSZ conditions. Transducin was
scaled by taking the lowest value among
components  (gngt2b, gnb3b, gnat2)
because all components are necessary for
transducin function. Similarly, we scaled
CNG based on the CNGa3 expression
level. Parameters changed for each
condition are listed in Supplementary
Table S1.

Software. Data analysis was performed
using IGOR Pro 6.3 (Wavemetrics), Fiji
(NIH), Python 3.5 (Anaconda distribution,
scikit-learn 0.18.1, scipy 0.19.0 and
pandas 0.20.1) and R 3.5.1.

Pre-processing and Dark-Light-index.
Regions of interest (ROIs), corresponding
to individual presynaptic terminals of UV-
cones were defined automatically based
on local thresholding of the recording
stack’s s.d. projection over time (s.d.
typically >25), followed by filtering for size
and shape using custom written software
on IGOR Pro 6.3 (Wavemetrics).
Specifically, only round ROIs (<150%
elongation) of size 2-5 um? were further
analysed. For glutamate recording, ROIs
were manually placed as the shape of HC
dendritic terminals at cone terminals are
often skewed. Calcium or glutamate traces
for each ROl were extracted and z-
normalised based on the time interval 1-6
s at the beginning of recordings prior to
presentation of systematic light
stimulation. A stimulus time marker
embedded in the recording data served to
align the traces relative to the visual
stimulus with a temporal precision of 1 or
2 ms (depending on line-scan speed). The
Dark-Light-index (DLi) was calculated as:

L—-D
DLi= ——
L+D

where L and D are the mode of response
amplitudes to UV- and dark-flash with
RGB background, respectively.

Information Rates. To calculate
information rates, we first filtered recorded
traces for quality: We calculated the linear
response kernel to UV-light stimulation for
each trace and took only the traces where
the response amplitude of the kernel,
measured as its standard deviation, was
at least 70% of the kernel with maximal
response amplitude of the same zone.

We then followed the procedure as
described in ref!? wusing the bias
correction method for finite data. For this,
we assumed that the noise between
repetitions of the experiment was
statistically independent. For independent
Gaussian statistics, the information rate R
can be computed as:

R = rlc.gz(stﬂ(mdf.
o

Since photoreceptors are best driven by
low frequency signals?® we chose a cut-off
frequency of 12 Hz. We then calculated a
bias corrected signal to noise ratio (SNR)
as:

SO =2 %)

i

UOREDYCOREAG)

SNR(f) =%-,_———

where X; is an individual trial, n is the
number of trials and § and N are the
Fourier transform of S and N, respectively.
We used Welch's method to reduce noise
in the estimated power spectra.

Statistics

No statistical methods were used to
predetermine sample size. P-values were
calculated using non-parametric Mann-
Whitney U tests in Fig. 3 and Fig. S2.
Owing to the exploratory nature of our
study, we did not use randomization or
blinding.
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We used Generalized Additive Models
(GAMs) to analyse the relationships
between eye position and outer segment
size, baseline, and dark-light index. GAMs
can be seen as an extension to the
generalized linear model by allowing linear
predictors, which depend on smooth
functions of the underlying variables!?.
We used the mgcv-package (version 1.8-
28) on a Windows 10 workstation (8 Xeon
E3-1270 v5 3.6 GHz; 64 GB RAM) with
default parameters. We modelled the
dependence of the variable of interest as a
smooth term with 20 degrees of freedom.
In addition, we incorporated the fish id as
a random effect. The models explained
~40-80% of the deviance. For plotting, we
generated the predicted mean response
with  approximate 95%  confidence
intervals excluding fish id (this leads to a
slight perceived offset between the raw
data points and the mean response).
Statistical significance for differences
between the dependence of DLi in
baseline and HC block conditions were
obtained using the plot_diff function of the
itsadug-package for R (version 2.3).

Data and software availability. Pre-
processed 2-photon imaging data, cone-
density counts, natural imaging data and
transcriptome data will be made freely
available at
http://www.badenlab.org/resources  and
http://www.retinal-functomics.net. All other
data and code are available upon
reasonable request.

Author contributions

TY and TB designed the study, with input
from CS and PB; TY generated novel lines
and performed all data collection and pre-
processing with input from TB; TY and CS
analysed transcriptomic data; CS
computed information rates and
deconvolutions. TY and PB performed
statistical analysis. TY and TB wrote the
manuscript with inputs from all authors.

Acknowledgements

We thank Leon Lagnado, Thomas Euler
and Julie Semmelhack for critical
feedback. The authors would also like to
acknowledge support from the FENS-Kavli
Network of Excellence and the EMBO YIP.

Funding

Funding was provided by the European
Research Council (ERC-StG
“NeuroVisEco” 677687 to TB), The UKRI
(BBSRC, BB/R014817/1 and MRC,
MC_PC 15071 to TB), the German
Ministry for Education and Research
(01GQ1601, 011S18052C to PB), the
German Research Foundation (BE5601/4-
1, EXC 2064 — 390727645 to PB), the
Leverhulme Trust (PLP-2017-005 to TB),
the Lister Institute for Preventive Medicine
(to TB). Marie Curie Sklodowska Actions
individual fellowship (“ColourFish” 748716
to TY) from the European Union’s Horizon
2020 research and innovation programme.

REFERENCES

1. Sterling, P. & Laughlin, S. Principles of
neural design. (The MIT Press, 2015).

2. Lamb, T. D. Why rods and cones? Eye 30,
179-185 (2016).

3. Fain, G. L., Hardie, R. & Laughlin, S. B.

Phototransduction and the Evolution of
Photoreceptors. Curr. Biol. 20, R114-R124
(2010).

4. Jacobs, G. H. Photopigments and the
dimensionality of animal color vision.
Neuroscience and Biobehavioral Reviews
86, 108-130 (2018).

5. de Busserolles, F. & Marshall, N. J. Seeing
in the deep-sea: visual adaptations in
lanternfishes. Philos. Trans. R. Soc. Lond.
B. Biol. Sci. 372, (2017).

6. Baden, T., Euler, T. & Berens, P. Retinal
circuits for vision across species. Nat. Rev.
Neurosci. in press, (2019).

7. Hornstein, E. P., O’Carroll, D. C., Anderson,
J. C. & Laughlin, S. B. Sexual dimorphism
matches photoreceptor performance to
behavioural requirements. Proc. R. Soc. B
Biol. Sci. 267, 2111-2117 (2000).

8. Hardie, R. C. Properties of photoreceptors
R7 and R8 in dorsal marginal ommatidia in
the compound eyes of Musca and
Calliphora. J. Comp. Physiol. A (1984).
doi:10.1007/BF00604981

9. Baden, T. et al. A Tale of Two Retinal
Domains: Near-Optimal Sampling of
Achromatic Contrasts in Natural Scenes
through Asymmetric Photoreceptor

23


http://www.badenlab.org/resources
http://www.badenlab.org/resources
http://www.retinal-functomics.net/
http://www.retinal-functomics.net/
https://doi.org/10.1101/744615
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/744615; this version posted August 22, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Distribution. Neuron 80, 1206-1217 (2013).
Sinha, R. et al. Cellular and Circuit
Mechanisms Shaping the Perceptual
Properties of the Primate Fovea. Cell 168,
413-426.e12 (2017).

Sancer, G. et al. Modality-Specific Circuits
for Skylight Orientation in the Fly Visual
System. Curr. Biol. (2019).
doi:10.1016/j.cub.2019.07.020

Baudin, J., Angueyra, J. M., Sinha, R. &
Rieke, F. S-cone photoreceptors in the
primate retina are functionally distinct from
L and M cones. Elife 8, (2019).

Cronin, T. W., Johnsen, S., Marshall, N. J.
& Warrant, E. J. Visual Ecology. (Princeton
University Press, 2014).

Schmitt, E. A. & Dowling, J. E. Early retinal
development in the Zebrafish, Danio rerio:
Light and electron microscopic analyses. J.
Comp. Neurol. (1999).
doi:10.1002/(SICI)1096-
9861(19990222)404:4<515::AID-
CNE8>3.0.CO;2-A

Yau, K.-W. & Hardie, R. C.
Phototransduction Motifs and Variations.
Cell 139, 246-264 (2009).

Lamb, T. D. Evolution of phototransduction,
vertebrate photoreceptors and retina. Prog.
Retin. Eye Res. 36, 52-119 (2013).
Curcio, C. A., Sloan, K. R., Kalina, R. E. &
Hendrickson, A. E. Human photoreceptor
topography. J. Comp. Neurol. 292, 497-523
(1990).

Peng, Y.-R. et al. Molecular Classification
and Comparative Taxonomics of Foveal
and Peripheral Cells in Primate Retina. Cell
176, 1222-1237.e22 (2019).

Regus-Leidig, H. & Brandstatter, J. H.
Structure and function of a complex sensory
synapse. Acta Physiologica (2012).
doi:10.1111/j.1748-1716.2011.02355.x
Baden, T., Euler, T., Weckstrom, M. &
Lagnado, L. Spikes and ribbon synapses in
early vision. Trends Neurosci. 36, 480-488
(2013).

Lagnado, L. & Schmitz, F. Ribbon
Synapses and Visual Processing in the
Retina. Annu. Rev. Vis. Sci. 1, 235-262
(2015).

Heidelberger, R., Thoreson, W. B. &
Witkovsky, P. Synaptic transmission at
retinal ribbon synapses. Prog. Retin. Eye
Res. 24, 682—-720 (2005).

Moser, T., Grabner, C. P. & Schmitz, F.
Sensory processing at ribbon synapses in
the retina and the cochlea. Physiol. Rev.
physrev.00026.2018 (2019).
doi:10.1152/physrev.00026.2018
Thoreson, W. B. Kinetics of Synaptic
Transmission at Ribbon Synapses of Rods
and Cones. Mol. Neurobiol. 36, 205-223
(2007).

Sterling, P. & Matthews, G. Structure and
function of ribbon synapses. Trends
Neurosci. 28, 20—29 (2005).

Bellono, N. W., Leitch, D. B. & Julius, D.
Molecular tuning of electroreception in

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

sharks and skates. Nature 558, 122—-126
(2018).

Field, G. D., Sampath, A. P. & Rieke, F.
RETINAL PROCESSING NEAR
ABSOLUTE THRESHOLD: From Behavior
to Mechanism. Annu. Rev. Physiol. 67,
491-514 (2005).

Yilmaz, M. & Meister, M. Rapid innate
defensive responses of mice to looming
visual stimuli. Curr. Biol. 23, 2011-5 (2013).
Zimmermann, M. J. Y. et al. Zebrafish
Differentially Process Color across Visual
Space to Match Natural Scenes. Curr. Biol.
CB 28, 2018-2032.e5 (2018).

Land, M. F. & Nilsson, D.-E. Animal Eyes.
(Oxford University Press, 2012).
doi:10.1093/acprof:0s0/9780199581139.00
1.0001

Lamb, T. D., Collin, S. P. & Pugh, E. N.
Evolution of the vertebrate eye: Opsins,
photoreceptors, retina and eye cup. Nature
Reviews Neuroscience (2007).
doi:10.1038/nr2283

Rowena, S., Gabriele, G., Christian, L. &
Carl, S. The behaviour and ecology of the
zebrafish, Danio rerio. Biol. Rev. 83, 13-34
(2007).

M, W. The zebrafish book. A guide for the
laboratory use of zebrafish (Danio rerio).
Univ. Oregon Press 4th editio, (2000).
Jung, |, Powers, T. R. & Valles, J. M.
Evidence for two extremes of ciliary motor
response in a single swimming
microorganism. Biophys. J. 106, 106-113
(2014).

Cronin, T. W. & Bok, M. J. Photoreception
and vision in the ultraviolet. J. Exp. Biol.
219, 2790-2801 (2016).

Bianco, I. H., Kampff, A. R. & Engert, F.
Prey Capture Behavior Evoked by Simple
Visual Stimuli in Larval Zebrafish. Front.
Syst. Neurosci. 5, (2011).

Semmelhack, J. L. et al. A dedicated visual
pathway for prey detection in larval
zebrafish. Elife 3, (2014).

Nathans, J. The Evolution and Physiology
of Human Color Vision: Insights from
Molecular Genetic Studies of Visual
Pigments. Neuron 24, 299-312 (1999).
Johnsen, S. & Widder, E. A. Ultraviolet
absorption in transparent zooplankton and
its implications for depth distribution and
visual predation. Mar. Biol. 138, 717-730
(2001).

Novales Flamarique, I. Diminished foraging
performance of a mutant zebrafish with
reduced population of ultraviolet cones.
Proceedings. Biol. Sci. 283, 20160058
(2016).

Novales Flamarique, I. Opsin switch reveals
function of the ultraviolet cone in fish
foraging. Proc. R. Soc. B Biol. Sci. 280,
20122490-20122490 (2012).

Chinen, A., Hamaoka, T., Yamada, Y. &
Kawamura, S. Gene Duplication and
Spectral Diversification of Cone Visual
Pigments of Zebrafish. Genetics 163, 663—

24


https://doi.org/10.1101/744615
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/744615; this version posted August 22, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

675 (2003).

light. Nat. Neurosci. 14, 951-952 (2011).

43. Patterson, B. W., Abraham, A. O., Maclver, 59. Shaner, N. C. et al. Improved monomeric
M. A. & McLean, D. L. Visually guided red, orange and yellow fluorescent proteins
gradation of prey capture movements in derived from Discosoma sp. red fluorescent
larval zebrafish. J. Exp. Biol. 216, 3071-83 protein. Nat. Biotechnol. (2004).

(2013). doi:10.1038/nbt1037

44, Mearns, D. S., Semmelhack, J. L., 60. Takechi, M., Hamaoka, T. & Kawamura, S.
Donovan, J. C. & Baier, H. Deconstructing Fluorescence visualization of ultraviolet-
hunting behavior reveals a tightly coupled sensitive cone photoreceptor development
stimulus-response loop. bioRxiv 656959 in living zebrafish. FEBS Lett. 553, 90-4
(2019). d0i:10.1101/656959 (2003).

45, Haug, M. F., Biehlmaier, O., Mueller, K. P. 61. Shourav, M. K. & Kim, J. K. Long-Term
& Neuhauss, S. C. Visual acuity in larval Tracking of Free-Swimming Paramecium
zebrafish: behavior and histology. Front. caudatum in Viscous Media Using a Curved
Zool. 7, 8 (2010). Sample Chamber. Micromachines 9,

46. Trivedi, C. A. & Bollmann, J. H. Visually (2017).
driven chaining of elementary swim patterns 62. Van Hook, M. J., Nawy, S. & Thoreson, W.
into a goal-directed motor sequence: a B. Voltage- and calcium-gated ion channels
virtual reality study of zebrafish prey of neurons in the vertebrate retina. Prog.
capture. Front. Neural Circuits 7, (2013). Retin. Eye Res. (2019).

47. Gahtan, E. Visual Prey Capture in Larval doi:10.1016/j.preteyeres.2019.05.001
Zebrafish Is Controlled by Identified 63. Chapot, C. A., Euler, T. & Schubert, T. How
Reticulospinal Neurons Downstream of the do horizontal cells ‘talk’ to cone
Tectum. J. Neurosci. (2005). photoreceptors? Different levels of
doi:10.1523/JINEUROSCI.2678-05.2005 complexity at the cone-horizontal cell

48. McElligott, M. B. & O’Malley, D. M. Prey synapse. J. Physiol. 595, 5495-5506
tracking by larval zebrafish: Axial (2017).
kinematics and visual control. Brain. Behav. 64. Thoreson, W. B. & Mangel, S. C. Lateral
Evol. (2005). do0i:10.1159/000087158 interactions in the outer retina. Prog. Retin.

49. Lawrence, C. The husbandry of zebrafish Eye Res. 31, 407-41 (2012).

(Danio rerio): A review. Aquaculture 269, 1— 65. J. Klaassen, L., Fahrenfort, |. &
20 (2007). Kamermans, M. Connexin hemichannel

50. Wilson, C. Aspects of larval rearing. ILAR mediated ephaptic inhibition in the retina.
Journal (2012). doi:10.1093/ilar.53.2.169 Brain Research (2012).

51. Jouary, A., Haudrechy, M., Candelier, R. & d0i:10.1016/j.brainres.2012.04.059
Sumbre, G. A 2D virtual reality system for 66. Stark, R., Grzelak, M. & Hadfield, J. RNA
visual goal-driven navigation in zebrafish sequencing: the teenage years. Nat. Rev.
larvae. (2016). doi:10.1038/srep34015 Genet. (2019). doi:10.1038/s41576-019-

52. Losey, G. S. et al. The UV visual world of 0150-2
fishes: A review. Journal of Fish Biology 67. Pugh, E. N. & Lamb, T. D. Amplification and
(1999). doi:10.1006/jfbi.1998.0919 kinetics of the activation steps in

53. de Busserolles, F., Fitzpatrick, J. L., phototransduction. Biochim. Biophys. Acta
Marshall, N. J. & Collin, S. P. The Influence 1141, 111-49 (1993).
of Photoreceptor Size and Distribution on 68. Pergner, J. & Kozmik, Z. Amphioxus
Optical Sensitivity in the Eyes of photoreceptors - insights into the evolution
Lanternfishes (Myctophidae). PLoS One 9, of vertebrate opsins, vision and circadian
€99957 (2014). rhythmicity. Int. J. Dev. Biol. 61, 665-681

54. Warrant, E. J. & Nilsson, D.-E. Absorption (2017).
of white light in photoreceptors. Vision Res. 69. Invergo, B. M., Montanucci, L., Koch, K.-W.,
38, 195-207 (1998). Bertranpetit, J. & Dell'Orco, D. Exploring the

55. Okawa, H., Sampath, A. P., Laughlin, S. B. rate-limiting steps in visual
& Fain, G. L. ATP Consumption by phototransduction recovery by bottom-up
Mammalian Rod Photoreceptors in kinetic modeling. Cell Commun. Signal. 11,
Darkness and in Light. Curr. Biol. 18, 1917— 36 (2013).

1921 (2008). 70. Invergo, B. M., Dell'Orco, D., Montanucci,

56. Giarmarco, M. M., Cleghorn, W. M., Sloat, L., Koch, K.-W. & Bertranpetit, J. A
S. R., Hurley, J. B. & Brockerhoff, S. E. comprehensive model of the
Mitochondria Maintain Distinct Ca2+ Pools phototransduction cascade in mouse rod
in Cone Photoreceptors. J. Neurosci. 37, cells. Mol. Biosyst. 10, 1481-9 (2014).
2061-2072 (2017). 71. Dizhoor, A. M. & Hurley, J. B. Regulation of

57. Knabe, W., Skatchkov, S. & Kuhn, H.-J. photoreceptor membrane guanylyl cyclases
“Lens Mitochondria” in the Retinal Cones of by guanylyl cyclase activator proteins.
the Tree-shrew Tupaia belangeri. Vision Methods 19, 521-31 (1999).

Res. 37, 267-271 (1997). 72. Kuhn, M. Molecular Physiology of
58. Dreosti, E., Esposti, F., Baden, T. & Membrane Guanylyl Cyclase Receptors.

Lagnado, L. In vivo evidence that retinal
bipolar cells generate spikes modulated by

Physiol. Rev. (2016).
doi:10.1152/physrev.00022.2015

25


https://doi.org/10.1101/744615
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/744615; this version posted August 22, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

73. Hurley, J. B. Molecular properties of the primary visual cortex. Proc. R. Soc. London
cGMP cascade of vertebrate B Biol. Sci. 265, (1998).
photoreceptors. Annu. Rev. Physiol. 49, 89. Muto, A. & Kawakami, K. Prey capture in
793-812 (1987). zebrafish larvae serves as a model to study

74. Sprang, S. R., Chen, Z. & Du, X. Structural cognitive functions. Front. Neural Circuits 7,
Basis of Effector Regulation and Signal 110 (2013).

Termination in Heterotrimeric Ga Proteins. 90. Franke, K. et al. An arbitrary-spectrum
Advances in Protein Chemistry (2007). spatial visual stimulator for vision research.
doi:10.1016/S0065-3233(07)74001-9 bioRxiv 649566 (2019). doi:10.1101/649566

75. Pugh, E. N., Nikonov, S. & Lamb, T. D. 91. Robinson, J., Schmitt, E. A., Harosi, F. I.,
Molecular mechanisms of vertebrate Reece, R. J. & Dowling, J. E. Zebrafish
photoreceptor light adaptation. Curr. Opin. ultraviolet visual pigment: absorption
Neurobiol. 9, 410-418 (1999). spectrum, sequence, and localization. Proc.

76. Zang, J., Keim, J., Kastenhuber, E., Natl. Acad. Sci. (1993).

Gesemann, M. & Neuhauss, S. C. F. doi:10.1073/pnas.90.13.6009

Recoverin depletion accelerates cone 92. Muto, A., Ohkura, M., Abe, G., Nakai, J. &
photoresponse recovery. Open Biol. (2015). Kawakami, K. Real-time visualization of
d0i:10.1098/rsob.150086 neuronal activity during perception. Curr.

77. Dizhoor AM, Ray S, Kumar S, Niemi G, Biol. (2013). d0i:10.1016/j.cub.2012.12.040
Spencer M, Brolley D, Walsh KA, Philipov 93. Bringmann, A. et al. The primate fovea:

PP, Hurley JB, S. L. Recoverin: a calcium Structure, function and development. Prog.
sensitive activator of retina... [Science. Retin. Eye Res. 66, 49-84 (2018).
1991] - PubMed result. Science (1991). 94. Bringmann, A. Structure and function of the

78. Heidelberger, R., Thoreson, W. B. & bird fovea. Anat. Histol. Embryol. 48, 177—
Witkovsky, P. Synaptic transmission at 200 (2019).
retinal ribbon synapses. Prog. Retin. Eye 95. Collin, S. P., Lloyd, D. J. & Wagner, H.-J.
Res. 24, 682-720 (2005). Foveate vision in deep-sea teleosts: a

79. Wichmann, C. & Moser, T. Relating comparison of primary visual and olfactory
structure and function of inner hair cell inputs. (2000). doi:10.1098/rsth.2000.0691
ribbon synapses. Cell Tissue Res. 361, 95— 96. Land, M. F. Eye movements of vertebrates
114 (2015). and their relation to eye form and function.

80. Marvin, J. S. et al. Stability, affinity, and J. Comp. Physiol. A 201, 195-214 (2015).
chromatic variants of the glutamate sensor 97. Kemp, C. M., Faulkner, D. J. & Jacobson,
iGluSnFR. Nat. Methods 15, 936-939 S. G. The distribution and kinetics of visual
(2018). pigments in the cat retina. Invest.

81. Chapot, C. A. et al. Local Signals in Mouse Ophthalmol. Vis. Sci. 29, 1056-65 (1988).
Horizontal Cell Dendrites. Curr. Biol. (2017). 98. Mowat, F. M. et al. Topographical
doi:10.1016/j.cub.2017.10.050 characterization of cone photoreceptors and

82. Klaassen, L. J., de Graaff, W., van Asselt, the area centralis of the canine retina. Mol.
J. B., Klooster, J. & Kamermans, M. Vis. (2008).

Specific connectivity between 99. Packer, O., Hendrickson, A. E. & Curcio, C.
photoreceptors and horizontal cells in the A. Photoreceptor topography of the retina in
zebrafish retina. J. Neurophysiol. 116, the adult pigtail macaque (Macaca

2799-2814 (2016). nemestrina). J. Comp. Neurol. 288, 165-83

83. Li, Y. N., Matsui, J. I. & Dowling, J. E. (1989).

Specificity of the horizontal cell- 100. Ala-Laurila, P., Greschner, M., Chichilnisky,
photoreceptor connections in the zebrafish E. J. & Rieke, F. Cone photoreceptor
(Danio rerio) retina. J. Comp. Neurol. 516, contributions to noise and correlations in
442-53 (2009). the retinal output. Nat. Neurosci. 14, 1309—

84. Yoshimatsu, T. et al. Transmission from the 16 (2011).
dominant input shapes the stereotypic ratio 101. Angueyra, J. M. & Rieke, F. Origin and
of photoreceptor inputs onto horizontal effect of phototransduction noise in primate
cells. Nat. Commun. 5, (2014). cone photoreceptors. Nat. Neurosci. 16,

85. James, B., Darnet, L., Moya-Diaz, J., 1692-1700 (2013).

Seibel, S.-H. & Lagnado, L. An amplitude 102. Bleckert, A., Schwartz, G. W., Turner, M.
code transmits information at a visual H., Rieke, F. & Wong, R. O. L. Visual space
synapse. Nat. Neurosci. (2019). is represented by nonmatching
doi:10.1038/s41593-019-0403-6 topographies of distinct mouse retinal

86. Franke, K. et al. Inhibition decorrelates ganglion cell types. Curr. Biol. 24, 310-5
visual feature representations in the inner (2014).
retina. Nature 542, 439-444 (2017). 103. Dréager, U. C. & Olsen, J. F. Investigative

87. Chen, T.-W. et al. Ultrasensitive fluorescent Ophthalmology & Visual Science the
proteins for imaging neuronal activity. mouse. Ganglion cell Distrib. Retin. mouse
Nature 499, 295-300 (2013). 20, 285-293 (1981).

88. van Hateren, J. H. & van der Schaaf, A. 104.  Salinas-Navarro, M. et al. Retinal ganglion

Independent component filters of natural
images compared with simple cells in

cell population in adult albino and
pigmented mice: A computerized analysis

26


https://doi.org/10.1101/744615
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/744615; this version posted August 22, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

of the entire population and its spatial
distribution. Vision Res. 49, 637-647
(2009).

Szél, A., Lukats, A., Fekete, T., Szepessy,
Z. & Rohlich, P. Photoreceptor distribution
in the retinas of subprimate mammals. J.
Opt. Soc. Am. A 17, 568 (2000).

Dunn, T. W. et al. Neural Circuits
Underlying Visually Evoked Escapes in
Larval Zebrafish. Neuron (2016).
doi:10.1016/j.neuron.2015.12.021

Preuss, S. J., Trivedi, C. A., Vom Berg-
Maurer, C. M., Ryu, S. & Bollmann, J. H.
Classification of Object Size in Retinotectal
Microcircuits. Curr. Biol. 24, 2376-2385
(2014).

Masland, R. H. The fundamental plan of the
retina. Nat. Neurosci. 4, 877-86 (2001).
Connaughton, V. P. & Nelson, R. Axonal
stratification patterns and glutamate-gated
conductance mechanisms in zebrafish
retinal bipolar cells. J. Physiol. 524 Pt 1,
135-46 (2000).

Li, Y. N., Tsujimura, T., Kawamura, S. &
Dowling, J. E. Bipolar cell-photoreceptor
connectivity in the zebrafish (Danio rerio)
retina. J. Comp. Neurol. 520, 3786—802
(2012).

Connaughton, V. P. & Maguire, G.
Differential expression of voltage-gated K+
and Ca2+ currents in bipolar cells in the
zebrafish retinal slice. Eur. J. Neurosci. 10,
1350-1362 (1998).

Robles, E., Laurell, E. & Baier, H. The
Retinal Projectome Reveals Brain-Area-
Specific Visual Representations Generated
by Ganglion Cell Diversity. Curr. Biol. 24,
2085-2096 (2014).

Xiao, T. & Baier, H. Lamina-specific axonal
projections in the zebrafish tectum require

the type IV collagen Dragnet. Nat. Neurosci.

(2007). doi:10.1038/nn2002

Connaughton, V. P. & Nelson, R. Ultraviolet
dominates ganglion cell responses in larval
zebrafish. in Invest. Ophthalmol. Vis. Sci

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

3251 (2015).

Yoshimatsu, T. et al. Presynaptic partner
selection during retinal circuit reassembly
varies with timing of neuronal regeneration
in vivo. Nat. Commun. 7, (2016).

Kwan, K. M. et al. The Tol2kit: A multisite
gateway-based construction kit forTol2
transposon transgenesis constructs. Dev.
Dyn. 236, 3088—-3099 (2007).

Suli, A., Guler, A. D., Raible, D. W. &
Kimelman, D. A targeted gene expression
system using the tryptophan repressor in
zebrafish shows no silencing in subsequent
generations. Development 141, 1167-74
(2014).

Babraham Bioinformatics - Trim Galore!
Available at:
http://www.bioinformatics.babraham.ac.uk/p
rojects/trim_galore/. (Accessed: 17th July
2019)

Kim, D., Langmead, B. & Salzberg, S. L.
HISAT: a fast spliced aligner with low
memory requirements. Nat. Methods 12,
357-60 (2015).

Liao, Y., Smyth, G. K. & Shi, W.
featureCounts: an efficient general purpose
program for assigning sequence reads to
genomic features. Bioinformatics 30, 923—
930 (2014).

Afgan, E. et al. The Galaxy platform for
accessible, reproducible and collaborative
biomedical analyses: 2018 update. Nucleic
Acids Res. 46, W537-W544 (2018).

Love, M. I., Huber, W. & Anders, S.
Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2.
Genome Biol. (2014). doi:10.1186/s13059-
014-0550-8

Van Hateren, J. H. & Snippe, H. P.
Information theoretical evaluation of
parametric models of gain control in blowfly
photoreceptor cells. Vision Res. (2001).
doi:10.1016/S0042-6989(01)00052-9
Wood, S. N. Generalized additive models :
an introduction with R. (CRC Press, 2017).

27


https://doi.org/10.1101/744615
http://creativecommons.org/licenses/by/4.0/

