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Abstract

Optic flow processing by neurons in the diencephalic pretectum is essential for visually
guided behaviours in vertebrates, such as the optokinetic and optomotor responses. Animals
actively stabilize both their gaze and position relative to their surroundings when exposed to
translational and rotational stimuli. Recently, pretectal neurons distinguishing these moving
patterns have been identified in the zebrafish brain and they are thought to mediate
downstream motor outputs. It is still unclear whether binocular stimulus motion in other
planes besides the horizontal plane is also represented in the zebrafish brain. Furthermore,
while receptive field sizes and centres of tectal neurons have been reported, those of
zebrafish pretectal neurons remain mainly elusive. We elucidate these crucial features with in

vivo calcium imaging.

First, we find that both pretectal and tectal neurons are each tuned to one out of four (roughly
equally spaced) preferred directions. No anatomical segregation of direction-selective tectal
neurons was identified. Second, we identified neurons responding to specific translational or
rotational whole-field patterns by presenting all possible binocular combinations of the four
(monocularly) preferred stimulus directions to both eyes of the fish. These binocular selective
neurons could — in principle — directly instruct appropriate compensatory eye and tail

movements during optokinetic and optomotor behaviour, respectively.

Furthermore, monocular receptive field mapping shows that the vast majority of tectal
motion-sensitive neurons are tuned to small-size motion, many with reduced neural activities
when the motion-covered region increases. The visual space of the small-size tectal
receptive fields is over-represented in the nasal-dorsal visual field. In contrast, many
pretectal neurons have large-sized receptive fields (> 60°x30°, in azimuth, and elevation)
with centres of receptive fields in the ventral visual field. Finally, besides full-field motion, the
larval zebrafish optomotor response was preferably evoked by binocular forward translational
motion located in the ventral temporal visual field, which mainly overlaps with the receptive

filed centres of the pretectal large-size receptive fields.
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Our study characterizes fundamental features of tectal and pretectal information processing

and provides the basis for further investigations into visuomotor transformations in zebrafish.



Introduction

Optic flow

Optic flow results from the relative motion of an observer (an animal or a camera) to the
visual scene. It is the vector field of the apparent motion of objects or surfaces in the visual
scene (Figure 1A) (Gibson, 1950; Serres and Ruffier, 2017). The patterns of the optic flow
can be very complex depending on the relative motion. In principle, the patterns of the optic
flow can be decomposed into rotational and translational motions (Figure 1B-D) (Koenderink

and van Doorn, 1987).
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Figure 1. Optic flow patterns during translational and rotational ego-motion. (A) Optic flow
generated when approaching an object via forward translational motion. The arrows indicate the
velocity vectors of image points projected onto the retina. The whole moving pattern of the optic flow
expended from the location of the target (focus of expansion). (B) Three axes in the three dimensional

Cartesian coordinate system with a larval zebrafish in the centre of the sphere. The corresponding
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rotational and translational motions around/along these axes are yawl/lift, roll/thrust and pitch/shift
axes. These three axes are represented by black arrows and the rotational motions are indicated with
red curved arrows. (C) and (D) Two basic optic flow patterns (azimuth, [-180°, 180°]; elevation, [-90°,
90°]) generated by forward translational motion and rotational movement around the yaw axis,
respectively. In panel (C), the motion expends from the focus of expansion [0°, 0°] with increasing
velocity and retracts on the opposite side [180°, 0°]. In panel (D), the velocity increases from North
pole (90° in elevation) to the equator (0° in elevation), then reduces to zero at the South pole (-90° in

elevation). On the same elevation level, the velocity is constant for all the azimuth angles.

Through the optic flow, animals can perceive their own locomotion, actively adjust their
trajectory and navigate in the environment (Baird et al., 2011; Cabrera and Theobald, 2013;
Serres and Ruffier, 2017). The ratio between the relative linear speed of the visual scene
from the perspective of the observer and the distance between the observer and obstacles in
the surrounding environment is a key factor for translation optic flow. Several hypothetic
mechanisms underlying the optic flow-based guidance of navigation have been proposed,
though the neural circuits are mainly unclear (Serres and Ruffier, 2017). On the other hand,
animals perform compensatory behaviours such as optokinetic and optomotor responses
(OKR and OMR), to stabilize the images on the retina (counteract the retinal slip) when
exposed to moving surroundings (Eckmeier and Bischof, 2008; Lappe et al., 1998; Masseck
et al.,, 2010; Miles and Busettini, 1992; Najafian et al., 2014).The corresponding sensory
neural circuits are mainly located in the vertebrate accessory optic system (or pretectum for

fish), but the detailed neural mechanisms mainly remain elusive.

Accessory optic system

The accessory optic system (AOS) is a primary visual system present in all vertebrates,
including humans (Clement and Magnin, 1984; Fredericks et al., 1988; Kubo et al., 2014;
Simpson, 1984; Wylie, 2000). In mammalian brains, the AOS is located in the dorsal
midbrain anterior to the superior colliculus (SC) (Simpson, 1984) and receives direct retinal

input from both ON-retinal ganglion cells (ON-RGCs) and a subpopulation of ON-OFF-retinal
4



ganglion cells (ON-OFF-RGCs) (Oyster et al., 1980). Most of the ON-RGCs are direction
selective (DS) and each is tuned to low speed motion in one of the three different preferred
directions (PDs, shown in Figure 2, middle bottom) (Borst and Euler, 2011; Oyster and
Barlow, 1967). The mammalian AOS, responsive to optic flow like fish pretectum, contains
several neural clusters, the dorsal terminal nucleus (DTN), lateral terminal nucleus (LTN) and
medial terminal nucleus (MTN), each composed of neurons with a distinct directional
preference (Giolli et al.,, 2006; Masseck and Hoffmann, 2009a). Due to the functional
similarities, the pretectal nucleus of the optic tract (NOT), which is direction selective to
ipsiversive motion, and the DTN are regarded as one functional entity, known as NOT-DTN
(Figure 3C). However, these mammalian AOS neurons only represent three directions,
lacking of contraversive direction in each hemisphere (Masseck and Hoffmann, 2009a).
Functionally, consistent with the PDs of the nuclei, innervation of the DTN/NOT induces
horizontal OKRs (hOKRs). For example, electrical stimulation and pharmacological
inactivation of the NOT-DTN exclusively induced hOKRs with ipsiversive slow phases but did
not influence the vertical eye position (Hoffmann and Fischer, 2001). Similarly, only vertical

OKRs (VOKRs) were evoked by the stimulation of the LTN-MTN.
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Figure 2. Diagram section (vertical) of the retina with the dendritic stratification of three types of

DS (ON/OFF-DS, ON-DS, and OFF-DS) cells. The preferred directions of motion with respect to the

visual field for each (sub-)types are indicated below. SAC, starburst amacrine cell; OPL, outer plexiform
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layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. (adapted from Figure
3D of Borst and Euler, 2011)

The AOS projects to various brain areas, including inferior olive (10), vestibular nuclei and
the basal pontine nuclei (Giolli et al., 2006). For example, the direct AOS—olivary pathway of
the rabbit MTN conveys visual/optokinetic signals from the MTN through the IO to the

Purkinje cells of the cerebellar flocculus (Giolli et al., 2006).

In amphibians, reptiles and birds, similarly, the AOS contains two nuclei. The pretectal
nucleus lentiformis mesencephalic (LM) encodes the ipsiversive motion, homologous to the
mammalian NOT-DTN (Masseck and Hoffmann, 2009a; Xiao and Frost, 2009). The other
nucleus, the tegmental nucleus of the basal optic root (nBOR) responds to the movements in
the other three directions (Figure 3B), as the counterpart of LTN and MTN in mammals.
However, the fish pretectal neurons in one specific region, representing the AOS of tetrapod,
were also direction selective but showed no functionally separated nuclei (Figure 3A) (Klar

and Hoffmann, 2002; Masseck and Hoffmann, 2009a).
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Figure 3. Neural circuit of OKR in fish (A), birds (B), representing non-mammalian tetrapod, and
frontal-eyed mammals (C). Arrows between the boxes represent confirmed anatomical connections.
(A) Arrows in the box APT indicate that neurons represented all the four moving directions in the left
as well as in the right nucleus. (B) The two boxes indicate that the monocular moving directions are
separately represented by two different nuclei, LM mainly encoding ipsiversive motion and nBOR
representing contraversive, up and down directions of stimulus movement on the contralateral side.
(C) Arrows in the circles NOT-DTN, LTN, and MTN show that only stimulus movement in ipsiversive,
downward or upward directions are represented by neurons in these nuclei respectively. lll, nucleus
oculomotorius; IV, nucleus trochlearis; VI, nucleus abducens. APT, area pretectalis; eVC, extrastriate
visual cortex; 10, inferior olive; LGN, lateral geniculate nucleus; PN, pontine nuclei; VP, velocity-to-
position integrator; VN, vestibular nuclei; The figure is adapted based on the Figure 1 in (Masseck and
Hoffmann, 2009a).



Optokinetic response (OKR)

OKR is an innate reflexive eye movement behaviour induced by whole-field rotational visual
motion (Tauber and Atkin, 1968). The behaviour is evolutionally highly conserved across the
vertebrates in spite of species specialisations (Masseck and Hoffmann, 2009a). OKR is
composed of two different eye movement phases. The slow phase is characterized with the
smooth eye movement pursuing the moving visual stimulus to counteract the retinal slip of
the images. When the eyes moved to the extreme position at the end of the slow phase, the
fast phase (saccade) during which the eyes were reset rapidly back to the initial eye position
started (Figure 4) (Masseck and Hoffmann, 2009a; Mueller and Neuhauss, 2010; Tauber and
Atkin, 1968). The gain (eye velocity over the velocity of the stimulus) during the slow phase is
mainly influenced by the contrast, spatial and temporal frequencies of the visual stimulus

(Rinner et al., 2005).

The amplitude of the OKR eye movement varies much among different species. While other
animals, such as birds, maintain their visual stabilization mainly with head rotation, fish and
mammals rely predominantly on the OKR. In most species, the amplitude of OKR is
asymmetrical regarding the horizontal moving direction of the visual stimulus. Motion in the
temporal-nasal (TN) direction induced larger eye movement than motion in the opposite

direction (Knapp et al., 2013; Masseck and Hoffmann, 2009a; Matsuo and Cohen, 1984).

Optomotor response (OMR)

The optomotor response (OMR) is the stereo-typed locomotor behaviour of an animal
following the translational shifting visual patterns to maintain the body location relative to the
moving surroundings and counteract the retinal slip (Figure 4) (Arnold, 1974; Krauss and
Neumeyer, 2003; Pflugfelder and Heisenberg, 1995). The OMR has been reported in
different animal species, including insects, fish, salamander, mice and humans (Besharse
and A. Brandon, 1973; Kretschmer et al., 2017; Orger and Baier, 2005; Tauber and Koffler,
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1966; Theobald et al., 2010). In zebrafish, the OMR behaviour is visually induced by forward
translational motion and tuned preferably to moving patterns with low spatial and temporal

frequencies (Maaswinkel and Li, 2003).

OKR
eye position > I—
10 sec
OMR Tnd b bt binn s i d i n s d v v e d s ans s

Figure 4. Schematics of larval zebrafish OKR and OMR. Upper panel, a larval zebrafish embedded
in low melting agarose was presented with clockwise rotational visual stimulus from below indicated by
the green bars. The rotational direction is indicated with the red curved arrow. The movement of the
eyes was monitored with an infrared camera and the (angular) position of the right eye was plotted on
the right side. The cyan and magenta arrows indicate a slow eye movement phase and a saccade,
respectively. The eye position curve in blue is adapted from (Dehmelt et al., 2018). Bottom panel, a
free-swimming larval zebrafish was stimulated with forward translational gratings from below. The

larva followed after the motion to the right side as indicated by the red arrows.

The sensory neurons underlying the invertebrate OMR neural network have been widely
investigated. The tangential horizontal system (HS) cells in drosophila are direction selective
to the motion in the front-to-back direction and are supressed by the motion in the opposite
direction (Schnell et al., 2010). These neurons have been reported to be crucial for the OMR.
The HS cells defective mutants and flies whose HS cells axons were cut off showed much
weaker optomotor response (K. Hausen and Wehrhahn, 1983; M. Heisenberg et al., 1978).
Particularly, optogenetic manipulation of the HS cells were able to elicit robust head tuning
behaviour in free-moving drosophila (Haikala et al., 2013). In contrast, the neural circuitry

underlying the vertebrate OMR is mainly unclear, though optic tectum (OT) and pretectum of



fish have been reported to be involved in the OMR and binocular forward motion selective
neurons were identified in the fish pretectum (Kubo et al., 2014; Naumann et al., 2016;

Springer AD et al., 1977).

On the retinal level, vertebrate L-cone photoreceptors and ON-RGCs dominate the OMR.
Therefore, the zebrafish OMR depends on the wavelength with a peak around 550-600 nm

and ‘colour-blind’ (Krauss and Neumeyer, 2003; Schaerer and Neumeyer, 1996).

Calcium imaging

Calcium ions are universal second messengers in the cells and play vital roles in various
physiological processes, ranging from neuronal signalling and exocytosis to muscle
contraction and bone formation (Barclay et al., 2005; Jiang and Stephens, 1994; Paredes et
al., 2008). For example, the calcium ions flow into neurons upon the depolarization of the
cellular membrane and the calcium concentration increases dramatically in the cytosol
(Rosen et al.,, 1994). In the presynaptic zone, high concentration of calcium triggers the

release of vesicles and neurotransmitters (Kyoung et al., 2013).

Chemical calcium indicators, usually small molecules based on BAPTA, bind to calcium ions
and emit fluorescence upon light excitation (Nakai et al., 2001; Paredes et al., 2008).
Through the changes of the fluorescence, neural activities of the neurons can be reliably
read out. Chemical indicators and genetically encoded calcium indicators (GECI) are widely
used in the field of neuroscience (Stosiek et al., 2003; Tian et al., 2012). But the former has
several disadvantages. First of all, invasive injection of the indicators into the animal or tissue
is required, which is elaborate and harmful to the experimental organism (Niell and Smith,
2005; Tischbirek et al., 2015). Second, the chemical indicators tend to compartmentalize and
are finally extruded from the cell during long recordings, allowing functional recordings only

for a couple of hours (Paredes et al., 2008).
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In comparison, GECI can be specifically, stably or inheritably expressed in the tissues or
cells with genetic modification (Figure 5) (Muto and Kawakami, 2011; Muto et al., 2011).
GCaMP is a GECI and established based on the green fluorescent protein (GFP). GCaMP
binds to or releases the calcium ions upon calcium concentration changes in the neurons
and emits green fluorescence (Figure 5) (Nakai et al., 2001). Red fluorescent protein (RFP)-
based GECIs, which are applicable in deeper tissue and enable multicolour visualization,

lead to new applications recently (Shen et al., 2018).
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Figure 5. A schematic of GCaMP binding to calcium ions and emitting light. (A) The
conformational change of GCaMP protein in presence of Ca*". M13, a peptide sequence from myosin
light chain kinase. Adapted from (Grienberger and Konnerth, 2012). (B) Calcium traces from four cells
recorded with 2-Photon microscopy. The curves in colors are the A F/F and the grey background

indicates the motion and stationary phases of the visual stimulus to the neurons.

Zebrafish are emerging as an ideal model organism for visual neuroscience

Zebrafish (Danio rerio) are tropical freshwater fish originating from South Asia. The adult fish
are around 1.8-3.7 centimetres long and preferably live in the shallow streams and rivers
(Engeszer et al., 2007). Owing to easy genetic modification and fast development, zebrafish
have been widely used in genetic and biological developmental research (Irion et al., 2014;
Ma et al., 2016; Xiao et al., 2005). In the last decades, many inheritable mutants and
transgenic fish lines have been screened or established for different studies (Muto et al.,

2005; Scott and Baier, 2009). For example, nacre mutants are transparent, which makes
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them a perfect model for in vivo microscopy and non-invasive optogenetic manipulation
(Lister et al., 1999). Genetically encoded calcium indicators (GECI) have been widely used in
the research of neuronal encoding in intact larval zebrafish as well (Ahrens et al., 2013b;

Kubo et al., 2014; Muto and Kawakami, 2011; Naumann et al., 2016).
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Figure 6. Looming-induced larval escape response and small moving dots evoked prey capture
behaviour in zebrafish. (A) Looming visual stimulus induced escape behaviour of a larval zebrafish.
A large-angle, long-distance escape response towards the right side was evoked when a looming disk
expanded in the left visual field. The direction of the fish head or body axis (relative to vertical up
direction; vertical up direction corresponds to 0° and the value decreases clockwise) was represented
by the a angle. When the critical visual angle (©) of the looming disk is reached (indicated with the
magenta arrow), the fish turned to the right immediately with a high angle velocity. The centre of the
looming visual stimulus is 1 cm away from the fish. The figure is adapted from (Dunn et al., 2016). (B-
1) A maneuver of prey capture behaviour of a larval zebrafish. The black arrow indicates the prey, a

swimming paramecium. The figure is adapted from (McClenahan et al., 2012).

Zebrafish navigate in the environment and hunt for prey mainly depending on their vision
(Figure 6) (Burgess et al., 2010; Gahtan et al., 2005). The visual system of zebrafish
develops and matures rather fast. As early as 4 days post fertilization (dpf), the larvae
showed stable OKR behaviour evoked with rotational motion (Brockerhoff, 2006). Meanwhile,
they start hunting swimming paramecia actively guided by the visual system (Muto and
Kawakami, 2013). By 5 dpf, the OKR behaviour can be use in the laboratory for the mutant
screening and visual function study in larval zebrafish (Huber-Reggi et al., 2013). The
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development of the OMR behaviour is relatively slower, and most of larvae show OMR,
following the forward translational moving gratings, reliably on 7 dpf (Fleisch and Neuhauss,

2006; Orger and Baier, 2005).

With various behavioural readouts and the availability of in vivo functional calcium imaging
with cellular resolution, zebrafish are emerging as an important animal model for visual

neuroscience (Ahrens et al., 2013b; Huang and Neuhauss, 2008; Robles et al., 2014).

Receptive field

Visual receptive fields (RFs) are regions within the visual field in which the visual stimulus
changes the neuronal firing status (Figure 7A) (Spillmann, 2014). The shape and size of the
RFs vary among neurons from the retinal ganglion cells to the cortical neurons in the brain,
and the diversity is considered as the basis of visual functions (Hirsch, 2003). For example,
the RFs of the simple cells from the primary visual cortex (V1) of monkeys and cats are
elongated with a narrow excitatory centre and inhibitory flanks (often asymmetric) in the
surround or vice versa (Field and Tolhurst, 1986; Hamilton et al., 1989). These antagonistic
arrangements enable the simple cell RFs to optimally detect lines, bars, and edges (Hubel

and Wiesel, 1968; Ringach, 2004; Ringach et al., 2002).

In adult zebrafish, the average RF size of the tectal neurons is relatively small, ranging from
25 to 39 degrees (Sajovic and Levinthal, 1982). Furthermore, the tectal RFs from larval
zebrafish are even smaller as revealed with calcium imaging method. Some of these neurons
selectively responded to small-size moving objects of 2° (Preuss et al., 2014). During the
early development of the larval zebrafish, tectal RF sizes increase from 4 to 6 dpf and then
undergo refinement afterwards. As a result, the RF sizes at 4 dpf and 8 to 9 dpf are similar to

each other (Figure 7B) (Zhang et al., 2011).

In comparison, neurons from the tetrapod AOS and teleost pretectum have large RFs with

broad DS tuning curves (Figure 7C) (Britto et al., 1981; Grasse and Cynader, 1984; Masseck
13



and Hoffmann, 2008; Simpson, 1984; Walley, 1967). The RFs even cover nearly the whole
lower view field of the contralateral eye (Masseck and Hoffmann, 2008). These AOS and
pretectal neurons process optic flow and drive compensatory behaviours to control body
posture and stabilize the gaze via OMR and OKR (Giolli et al., 2006; Kubo et al., 2014;

Lazar, 1972; McKenna and Wallman, 1985; Naumann et al., 2016).

ON center
OFF surround

RF structure

light ON  light OFF

Firing of one neuron under
different conditions

Figure 7. (A) A schematic of an ON-centre, OFF-surround retinal ganglion cell. Upper, the structure of
the RF from a neuron. The centre of the RF responds to increase of light intensity and the surround to
reduce of light intensity. Bottom, responses of the neuron above stimulated with three different
protocols. The neuron responded maximally when the ON-centre is stimulated with increase of the
light intensity. On the contrary, the firing frequency of this neuron drops dramatically when the
increase of the light intensity occurs exclusively within OFF-surround region. The firing frequency is
between those under the first two conditions when both the ON-centre and OFF-surround regions are
stimulated with light intensity increase. Yellow colour indicates light ON. Vertical bars below represent
single action potentials. (B) Light ON (upper) and OFF (bottom) receptive fields of one zebrafish tectal
neuron (8 dpf) recorded with patch clamp. The original responses evoked by small-size light ON/OFF
patches were plotted on the left side (adapted from (Zhang et al., 2011)) and the interpolated heat
maps are on the right. 56 small light ON-OFF stimulus patches were used to evoke the neuron
activities corresponding to the 7 x 8 signal matrix. (C) The large-size receptive field of one neuron
recorded from a rabbit median lateral nucleus. The strips and small rectangles covered the receptive
field sub-regions with opposite preferred directions. The black square on the rabbit head indicates the

recorded brain region (adapted from (Simpson et al., 1988b)).
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DS cells in zebrafish optic tectum

Direction selectivity is a fundamental mechanism for motion perception (Mateeff et al., 1991;
Pasternak, 1986). Direction selective (DS) cells discharge robustly when a stimulus moves
through the RF of the cells in a certain direction and discharge weakly or even stop firing to
motions in other directions (Figure 8A) (Barlow and Levick, 1965). DS neurons are also
frequent in zebrafish tectum, one of the primary retino-recipient brain regions of retina
ganglion cells (RGCs) (Burrill and Easter, 1994). Previous studies have identified four
subtypes of DS neuron groups, with an overlapping cardinal direction representation in
zebrafish stratum periventriculare (SPV) (Hunter et al., 2013), although another research
showed all directions were represented, with a preponderance of nasal-ward motion in the
tectum (Niell and Smith, 2005). The four PDs of the periventricular neurons (PVNs) are
nearly parallel to the rostro-caudal and dorsal-ventral axes (Figure 8B). However, the
direction space is represented by three functional subtypes of RGCs with triangularly
distributed tiled tuning curves. In the retinae of mammals, on the contrary, the direction
space of the ON-OFF-RGCs is represented with four PDs, similar to the space
representation of zebrafish tectal neurons. But the “ON” DS cells, which are sensitive to the
whole field motion, only have three PDs like zebrafish RGCs (Oyster and Barlow, 1967). PD
differently tuned tectal neurons showed stereotypic, different projecting laminae in the tectal
neuropil (Lowe et al., 2013). They receive excitatory input from the neuropil layers where the
PDs have been represented. Also, tectal neurons representing different directions seem to

be equally distributed spatially (Masseck and Hoffmann, 2009a; Niell and Smith, 2005).
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Figure 8. (A) A schematic of the firing frequency of a direction selective neuron stimulated with a bar

moving in different directions. The moving directions, orthogonal to the black bar, are indicated by the
red arrows. The small vertical black bars on the right side represent action potentials. (B) Histogram
analysis of the preferred directions of the zebrafish direction selective periventricular neurons (DS-
PVN). The total number of the neurons was fitted with a four-peak Von Mises function shown in red.
The four preferred directions were indicated with coloured arrows on the top (adapted from (Hunter et
al., 2013)).

Binocular neurons in the AOS and pretectum

Intriguingly, various types of binocular neurons were also identified in the tetrapod AOS and
teleost pretectum, despite the completely crossed projection of the optic nerves in non-
mammalian vertebrates (Manteuffel, 1984, 1987; Wylie, 2000). These neurons are direction
selective to translational or rotational visual stimuli with PDs or preferred axes (PAs). In many
species, such as rabbits, pigeons and goldfish, the PDs and PAs of AOS and pretectal
binocular neurons are parallel or orthogonal to the internal reference frame shared by the
extraocular muscles and vestibular canals, respectively (Figure 7C, 9A, B and C) (Masseck
and Hoffmann, 2009b; Simpson et al., 1988a, b; Wylie and Frost, 1996). Binocular DS
neurons responsive to motion in the horizontal plane are also found in the larval zebrafish
pretectum. Some of forward motion selective neurons are exclusively activated by forward
translational motion from both sides. And other forward motion selective neurons are also
responsive to monocular visual stimuli and inhibited by rotational motion. These results

indicate that the horizontally rotational and translational movements can be distinguished by
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the pretectal sensory neurons, which are likely to relay the information to motor control units
and affect motor outputs (Kubo et al., 2014). Besides, roll and pitch rotational selective
pretectal neurons have been recorded from dogfish (Masseck and Hoffmann, 2008). It still
remains unknown whether zebrafish also have these kinds of neurons or up- and downward

binocular selective neurons to differentiate translational and rotational movements.

superior oblique

superior rectus

midsagittal plane

anterior canal

posterior canal

Figure 9. (A) Left, four rotational optic flow axes in the horizontal plane were tested by (Masseck and
Hoffmann, 2009b) from the goldfish pretectum. The tested rotational axes are 45° apart from
neighbouring axes. RALP, right anterior left posterior; LARP, left anterior right posterior. The
rotational directions are labelled with blue and red arrows. To illustrate the directions explicitly, all the
arrows are assigned with a single number corresponding to the numbers on the right side. Right,
distribution of preferred axes of direction-selective neurons stimulated with axes in the horizontal
plane. Each line indicates the preferred rotational axis of a single neuron. Additional notations refer to
the optic flow moving direction sensed by the nasal visual field of the right eye (neurons were
recorded from the left pretectum). For instance, ‘RALP up’ means clockwise rotational motion along
the right anterior left posterior axis from the perspective of the fish. In the nasal visual field of the right
eye, the moving direction is ‘upwards’. The letter colours and the numbers correspond to those on the
left side. (B) Left, four rotational optic flow axes in the midsagittal plane were tested by (Masseck and
Hoffmann, 2009b) from the goldfish pretectum. The tested rotational axes are 45° apart from
neighbouring axes. Right, distribution of preferred axes of direction-selective neurons stimulated with
axes in the midsagittal plane. Each line indicates the preferred rotational axis of a single neuron. The

letter colours and the numbers correspond to those on the left side. Roll up and down, roll motion
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around the anterior-posterior axis. ‘Up’ and ‘down’ refer to the moving direction of the optic flow in the
nasal visual field of the right eye. Yaw NT and TN, yaw motion in the nasaltemporal (NT) and
temporalnasal (TN) directions to the right eye. OU T-up and N-down, motion along the oblique up axis
from nasal-down to the temporal-up region and from temporal-up to nasal-down region, respectively.
OD N-up and T-down, motion along the oblique down axis from temporal-down to the nasal-up region
and from nasal-up to temporal -down region, respectively. (C) Spatial orientation of the planes of the
semi-circular canals and extraocular muscles planes in goldfish. (Figure 9 is adapted from (Masseck
and Hoffmann, 2009b))

Like the monocular AOS and pretectal neurons, the binocular neurons also have quite large
RFs and respond to specific binocular visual stimulus patterns (Simpson et al., 1988a). RFs
of rabbit binocular neurons from the rostral dorsal cap are mainly larger than 225° in azimuth.
Intriguingly, in the sub-regions divided by either of the vertical plane 45° apart from the
midsagittal plane, the RFs often show bipartite profile with opposite PDs, making the
binocular neurons ideal candidates to detect rotational motion (Figure 7C) (Simpson et al.,
1988a, b). In zebrafish and lizards, some of the binocular cells were responsive to clockwise
rotational visual stimuli with temporonasal (TN) and nasotemporal (NT) movements to
ipsilateral and contralateral eyes respectively, while the forward moving patterns (NT to both
eyes) strongly inhibited the activation of these cells (Figure 10) (Kubo et al., 2014;
Manteuffel, 1987). Nonetheless, the sizes, location and PDs of the RFs from the binocular
neurons and how the excitatory and inhibitory inputs are integrated into these neurons are

still unknown.
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Figure 10. Calcium traces of responsive pretectal neurons to 8 different combinations of
horizontal motion presented to both eyes of a larval zebrafish. Left side, Z-score map of one
recording from zebrafish pretectum with motion-correlated pixels highlighted in warm colours. Right
side, example fluorescence (AF/F) traces (coloured lines) from the recording shown on the left. The
eight different stimulus phases (represented by grey vertical bars) had three repetitions in each
recording. The grey lines, overlaid on AF/F traces, are the best-performing regressor traces.
Correlation coefficients calculated from the best regressors are shown in parentheses. A, anterior; P,
posterior; R, right; L, left. NL/-, nasalward motion to left eye; TL/-, temporalward motion to left eye; -
/TR, temporalward motion to right eye; -/NR, nasalward motion to right eye; CCW, counter-clockwise
motion; CW, clockwise motion; FW, forward; BW, backward. Scale bar shows 50 ym. (adapted from
(Kubo et al., 2014)).
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Project goals

(1) What are the PDs of zebrafish pretectal neurons? Do pretectal and tectal neurons of

zebrafish share the same spatial coordinate system?

While the tectal space is represented by four different directions, zebrafish retinal ganglion
cells are directional selective to three different directions on the population level (Hunter et
al., 2013). Certain directional transform mechanism is supposed to exist to mediate the
changing of preferred directions between the tectum and neuropils (Abbas et al., 2017;
Grama and Engert, 2012). The pretectum receives direct projections from retinal ganglion
cells and is involved in both OKR and OMR behaviours, which are induced by large-size
rotational and translational motion, respectively. Rotational and translational patterns are
likely distinguished by direction selective pretectal neurons (Kubo et al., 2014). Mapping the
pretectal directional space advances our understanding about the visual adaptations of

animals to their natural habitats and life styles.

(2) Do RF sizes of zebrafish tectal and pretectal neurons differ? How are the RFs distributed

in the whole visual field? And how do the shapes of the RFs look like?

Zebrafish tectal RFs are relatively small, ranging from 25°-39° in size. Pretectal RFs from
zebrafish have not been studied yet. Given the large size of the pretectal RFs in other
teleosts and that pretectum is involved in OKR behaviour, zebrafish pretectal RFs are most

likely large as well.

In the primate superior colliculus, neurons encoding the upper visual field, in which higher
spatial resolution is preferable for the animals in natural habitats, have smaller RFs and are
more sensitive to image contrast than those encoding lower visual field, indicating the visual

system adapts to the animals’ living environment (Hafed and Chen, 2016). In addition, the
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distribution of four types of photoreceptors has been shown to be highly asymmetrical in

larval zebrafish retinae (Zimmermann et al., 2018).

(3) What kind of binocular rotational or translational selective neurons exist in the zebrafish
tectum and pretectum? Which translational directions and rotational axes do these binocular

neurons prefer?

The RF sizes of the tetrapod AOS and teleost pretectal neurons are relatively large (Masseck
and Hoffmann, 2008; Simpson et al., 1988a). The sub-regions of the RFs from these neurons
are oftentimes divided by the vertical plane along 45° in azimuth on either side of the brain
hemisphere. Especially, the PDs in these adjacent sub-regions are opposite, indicating that
the binocular neurons detect rotational motion, with the lines along 45° azimuthally in the
horizontal plane as the PAs (Simpson et al., 1988a, b). Similarly, neurons encoding the
translational or rotational optic flow respond best to the yaw axis and two horizontal axes
orientated at 45° to either side of the body midline in pigeons (Wylie et al., 1998). Binocular
neurons selective to rotation around the yaw axis or translational motion along the thrust axis
have been identified in the zebrafish pretectum (Kubo et al., 2014). It is still unknown whether
other rotational axes or translational directions are also represented by binocular selective

neurons.

(4) Regarding the RFs, from which regions of the visual view does the binocular forward

motion induce OMR behaviour most effectively?

Zebrafish OMR behaviour has been reliably induced with whole-field binocular forward
motion projected to the animal both from sides and below (Naumann et al., 2016; Orger and
Baier, 2005; Thiele et al., 2014). Zebrafish retinae, projecting to the pretectum directly, are
highly asymmetric anatomically and functionally (Zimmermann et al., 2018). Though

binocular motion presented below the equator line of the retina is obviously sufficient to
21



evoke the OMR behaviour (Naumann et al.,, 2016; Orger and Baier, 2005), the effective

visual field of the zebrafish OMR behaviour is still unknown.
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Discussion

Both tectal and pretectal neurons are each tuned to one of four preferred directions

Neurons from both tectum and pretectum are tuned to four PDs which are roughly parallel to
the horizontal or vertical directions. Therefore, all the motion in a vertical plane can be
represented or detected by these tectal or pretectal neurons. Moreover, the four PDs
resemble the direction preferences of the tetrapod AOS neurons. While mammalian AOS
neurons with different PDs are spatially distributed in various clusters, neurons with different
PDs are intermingled in the zebrafish pretectum, same as the pretectal neurons in other fish
(Klar and Hoffmann, 2002). On the retinal ganglion cell level, the directional space is
represented by three PDs, but both the tectal and pretectal space shows four PDs (Hunter et
al., 2013). Inhibitory neurons are involved in the spatial transformation of the PDs though the

whole mechanism is still unclear (Grama and Engert, 2012; Sajovic and Levinthal, 1983).

Furthermore, each PD is represented by roughly the same number of neurons, which
indicates that all the directions are equally represented by pretectum, without a clear bias.
Given that pretectal neurons are involved in zebrafish OKR and OMR behaviours (Kubo et
al.,, 2014; Naumann et al., 2016), these neurons likely send presynaptic inputs to more
complex binocular rotational or transitional selective neurons which serve as the detectors of

optic flow patterns and instruct behaviours.

Notably, in this monocular direction selective analysis experiment, only large-size whole-field
motion stimulus was presented to the animals. Neurons selective to smaller-size motion are
undetectable with our current experiment protocol (see our monocular receptive field
mapping experiments). Also, the PDs were calculated from the data fitting of Von Mises
distribution with only 8 data points (three repetitions), corresponding to neural responses to
the moving gratings used in the experiment. Additionally, since the neural activities were
recorded indirectly with GCaMP5G, due to the limitation of the calcium imaging method, the

inhibitory effects in the null direction are also undetectable.
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Tectal RFs are relatively small and bias to the upper nasal view field

Consistent with previous research results, the RFs of zebrafish tectal neurons are relatively
small (Bergmann et al., 2018; Niell and Smith, 2005; Zhang et al., 2011). In adult zebrafish,
the typical RF size of the neurons in the tectum ranges from 25 to 39 degrees and many
tectal neurons were also strongly activated by small moving dots (Sajovic and Levinthal,
1982). In our current study, however, the smallest visual stimulus covered 30° x 13° (azimuth
x elevation) in the visual field, which is too large for the measurement of the smallest RFs,
given that larval tectal neurons, which were size-selective to moving visual stimulus of 2°,

have been reported (Preuss et al., 2014).

Zebrafish tectum has been reported to be involved in the prey capture behaviour. Larval
zebrafish prefer to hunt swimming preys located above the visual field equator, in front and
within 60° temporalwards of the fish (Bianco et al., 2011; Romano et al., 2015). Intriguingly,
the RF centres of the small-size selective tectal neurons are much denser in the nasal upper
visual field, in agreement with the ‘striking zone’ of the larval hunting behaviour
(Zimmermann et al., 2018). In spite of that, larval zebrafish initiate the hunting behaviour
towards a prey with a size of smaller than 5 visual degrees (Bianco et al., 2011), which is
much smaller than the visual stimulus (30° x 13°, azimuth x elevation) used in this study
though the visual angle size of the prey perceived by the animal retinae increases as the
animal approaches the prey. Plus, our visual stimulus was horizontally moving gratings
instead of a moving dot. The absence of tectal neurons with RF centres in the temporal lower
visual field is most likely not due to the physical structure of the setup itself, though the setup

(metal holder) of the experiment might block part of the temporal visual field of the animals.

Consistent with the anatomical projections of the retinal ganglion cells (Baier et al., 1996;
Trowe et al., 1996), small-size RF tectal neurons are aligned in a topographic pattern as
reported previously (Bergmann et al.,, 2018; Niell and Smith, 2005). In this study, the
monocular visual field is represented by a topographic map comprised of small-size RF tectal

neurons as revealed with precise measurement.
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Pretectal neurons have large-size RFs and bias to the ventral visual field

Neurons in the pretectal region (more prominent in the caudal region) often show large-size
RFs, occasionally even covering the whole monocular visual field. These large-size RF
neurons selectively responded to large moving gratings, but ignoring the small-size local
motion. The pretectal region correspond likely to the pretectal anterior medial cluster (AMC)
reported before based on the anatomical location. This AMC was considered to process optic
flow and involved in the OKR (Kubo et al., 2014). Notably, the RF centres of these neurons
tend to be located in the lower visual field, which resembles the pretectal RFs from the
dogfish (Masseck and Hoffmann, 2008). Large-size RFs are considered as excellent
detectors to perceive the optic flow and potentially mediate visuomotor transformation (Krapp
et al., 1998; Simpson et al., 1988a). Regarding the bias of the pretectal RF centre towards
the lower visual field, these zebrafish pretectal neurons likely sample visual inputs from the

river bed below the animals.

Three rotational/translational axes are represented by the tectal and pretectal

binocular neurons

Fish pretectum is functionally similar to the tetrapod AOS and is involved in OKR and OMR
behaviour (Kubo et al., 2014; Masseck and Hoffmann, 2008, 2009b; Naumann et al., 2016).
Some of the zebrafish pretectal neurons were shown previously to selectively respond to
binocular rotational or translational motion in the horizontal plane (Kubo et al., 2014). In this
study, neurons exclusively responsive to the rotational or translational binocular motion
around/along three Cartesian coordinate axes have been identified (translational motion
along left-right axis was analysed from the data kindly offered by Prof. Florian Engert
(Naumann et al., 2016)), though the number of the neurons is relatively low. These binocular
selective neurons resemble the binocular cells in the tetrapod AOS. However, the preferred

rotational axes or preferred translational orientations in the horizontal plane are about 45°
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apart from the anterior-posterior axis on either side of the midsagittal plane in previous
reports (Masseck and Hoffmann, 2009b; Simpson et al., 1988b; Wylie et al., 1998). Our
experimental protocol didn’t include motion along/around these two axes, since only a few
neurons selective to these axes were identified in our pilot experiments. The pitch and roll
axes are possibly not the optimal axes of these binocular neurons. A new experimental
protocol with more binocular visual stimulus combinations is needed to identify the optimal

translational/rotational axes of these neurons.

The binocular motion encoding of these neurons is highly specific regarding the large
number of possible binocular motion combinations in our current protocol. Particularly, the
rotational and translational motion selective neurons are potentially able to code and
differentiate rotational and translational optic flow and instruct the behavioural choice of the

animals directly.

The optomotor response is driven strongest by motion in the lower-temporal visual

field

Zebrafish OMR behaviour can be stably elicited with large-size forward binocular motion
projected from below or both sides of the animals (Severi et al., 2014; Thiele et al., 2014).
The behavior consists of symmetrical tail undulation and locomotion following the large-size
forward motion (Ahrens et al., 2013a). For the free-swimming larvae, the tail-beat frequency
is positively correlated with the velocity of the stimulus (Severi et al., 2014). In our
experiment, the larval zebrafish were head-fixed embedded in low melting agarose.
Symmetrical tail beats, typically higher than 25 Hz, were successfully induced with our
forward translational motion protocol, but the intended locomotion of the animals is actually
unknown. Furthermore, we confirmed that free-swimming larvae showed OMR behavior
following the motion with the same setup and whole-field motion protocol, which strongly

indicates that the head-fixed larvae were performing virtual OMR swimming. Regarding
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head-fixed larvae, it has been reported that the tail-beat frequency often contained a
maximum around 30 Hz, even induced by fast grating speeds. The lowest maximal tail-beat
frequency centreed around 25 Hz (Severi et al., 2014). We used 25 Hz as a threshold to
detect OMR tail beats in our study while no frequency threshold was applied in the previous
report (Severi et al.,, 2014). Some OMR tail beats might be filtered out in our results
compared to the those from Severi et al.. But the differences in setups and protocols should

be taken into consideration as well.

In our recordings, visually inspected zebrafish struggle behavior is rather rare. Only one fish
struggled severely and the dataset was not included for the OMR behavior analysis.
Therefore, strict thresholds of the tail-beat frequency and amplitude for the OMR behavior
are not critical for the data analysis. Nevertheless, the amplitude of the tail undulation is
dramatically smaller than that of the struggle behavior, in which the tail often bends until

close to the fish head in a ‘C’-shape, in our study.

Here we show that the forward motion in the lower-temporal visual field, even as small as 45°
x 20° (azimuth x elevation), was able to induce larval OMR behaviour. Thus, unexpectedly,
whole-field forward translational motion is not necessary for the larval OMR. But the exact
size and location of the OMR behaviour ‘receptive field’ cannot be precisely measured with
our experimental protocol. A more flexible setup, presenting visual stimulus in various sizes
and locations, is ideal to overcome this limitation. In comparison, visual stimulus in the upper
nasal visual field, mainly corresponding to the RF centres of the small-size RF tectal
neurons, is insufficient to elicit OMR swim. Since zebrafish preferably live in shallow water or
streams (Engeszer et al., 2007), in the OMR visuomotor system, the visual information is
most likely gathered from the lower-temporal visual field, in this case, the river bed with high

visual contrast below the animals instead of the sky above the visual field equator.

The lower-temporal visual field, the ‘hotspot’ to induce OMR behavior, coincides largely with
the RF centres of large-size RF pretectal neurons. Given the involvement of the zebrafish

pretectum in the OMR behavior, though causative experiments are still missing, these large-
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size RF pretectal neurons are potentially the upstream sensory neurons and mediate the
OMR behavior in the visuomotor pathway. Optogenetic manipulation has been widely applied
in zebrafish (Kubo et al., 2014; Schoonheim et al., 2010), but transgenic fish lines with
caudal pretectal neurons labelled are still needed for further tests of the OMR neural

pathway.

Limitation of the experiments

Reflections in the experimental setup

In our in vivo calcium imaging experiment, the animals were embedded on a triangular stage
located in the centre of a glass bulb when the visual stimulus was presented from the right
side. Since the optic nerves totally cross the chiasm and project to the contralateral side of
the eyes, only a few ipsilateral responsive neurons were expected in our experiment.
However, reflection of the monocular visual stimulus to the other side (left side in our case) of
the animals was noticed and so were many responsive neurons on the ipsilateral side of the

visual stimulus (Figure 11A).

According to the Fresnel Equations, the intensity of final reflected light reaching the
unstimulated eye was about 4% of that of the grating’s light emitted from the cylindrical arena
(only the main light refraction and reflection towards the animal were taken into account,
Figure 11B-E). The reflection is visible to the fish for two main reasons. First of all, when the
incidence angle of the visual stimulus is small, the reflected light can be shed into the
opposite eye (left eye) due to the large size of the fish eyes (Figure 11A). In this case, the
reflected light intensity is low (less than 4%, Figure 11D, E). Second, the reflected light can
reach the fish eyes directly when the incidence angle of the visual stimulus is large since the
glass bulb is not totally spherical and the fish eyes are not exactly located in the glass bulb

centre. We should note that with a large incidence angle using an ideal spherical glass bulb
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and perfect alignment of the fish, the fish could not see the reflected light according to the

Snell’'s law (Figure 11B, C).

The reflection was weak, but strong enough to evoke neural activities in the fish brain. In the
new experiments of 14 animals, the left eyes of the animals were covered with a piece of

black foil. As expected, most of the neural activities in the ipsilateral tectum disappeared.

In the monocular direction selectivity analysis and RF mapping experiments, the old and new
datasets were merged together. But the ipsilateral tectal neurons were excluded in the
analysis for the old data (without covering the left eye). Parts of the ipsilateral pretectal
neurons are likely activated by the reflection in our old dataset, though binocular pretectal

neurons are frequent on both hemispheres of the zebrafish brain (Kubo et al., 2014).

The binocular direction selectivity analysis experiment is also influenced by the reflection in
spite of the weak light of the reflection. The original protocol contained 63 (8x8-1) visual
stimulus phases, including 14 (2x7) phases with one eye (unstimulated eye) presented with a
totally dark half arena. The reflection of the visual stimulus to the unstimulated eye made the
result from these 14 phases very complex. Therefore, the data of these 14 phases were
excluded in the final analysis. In comparison, the reflected light was much weaker when both
of the two half arenas presented contrast rich visual stimulus. The influences of the reflection

in the other 49 (8x8-1-2x7) stimulus phases are negligible.

Coating the glass bulb with anti-reflective materials, such as silicon nanotips and random
GaN nanopillars, from inside is likely a good option to reduce the reflection of the glass
surface for our experiment (Raut et al., 2011). But this coating method is quite expensive and
might lead to other physical optical problems. Alternatively, casting visual stimulus patterns
using a back-projected stimulus system to a screen outside of a frosted glass bulb provides

stimulation with minimised reflection (Fuller et al., 2014) .
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perpendicular to the air-glass-water interface and reaches the right eye of the fish directly without refraction. The
light beam is absorbed by the fish right eye and no reflection occurs on the opposite side (relative to the fish) of
the light source. Due to the refraction and reflection of the air-glass-water interface, light beam b is reflected
back to the left eye of the fish when the incidence angle of light beam b is almost (but not) perpendicular to the
glass surface (as will be the case for many photons emitted by our cylindrical stimulus arena, not depicted). The
black circle with cyan shade represents a glass bulb filled with water. The pentagon and the dashed pentagon
are corresponding to the visual stimulus and its reflection. Red dashed lines, normal planes. To simplify
discussion, only two media (air and water) are considered in panels (A), (B), (F) and (G), although in reality three
media (air, glass, water) are present (see panels (D) and (E)). (B) Light beam b is reflected back but cannot

reach fish left eye when the incidence angle of light beam b is large. (C) Four light beams (a, b, ¢ and d) are
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shed into the glass bulb with different angles of incidence simulated with software (Ray Optics Simulation). The
indices of refraction from water (inner circle) and glass (outer ring) are 1.333 and 1.47. The reflected light
reaches the unstimulated eye of the fish (left eye) only when the incidence angle of the visual stimulus is small
(e.g., beam a). (D) The light pathway of reflection and refraction with the air-glass-water interface taken into
consideration. The outer cyan ring represents the glass bulb and the lighter cyan inside corresponds to the
water. T, transmitted light; R, reflected light. The angles of incidence and refraction are labelled with letters ii, ti
(an angle of incidence or refraction conditionally), and tt. R3 and T5 can reach the unstimulated eye when the
incidence angle ii of the original light beam is small. (E) Ratios of reflected and retransmitted light to the original
light intensity and angles of refraction incidence calculated according to the Fresnel equation and Snell's law.
The colours correspond to the colours and light beams in panel (D). T5 is about 14 times stronger than R3 when
the incidence angle ii is smaller than 30°. To show the overlapping curves, some of the curves are plotted with a
wider stroke. (F) Light pathways in a big glass bulb with low water level. Left panel, due to short working
distance of the objective and the shape of the objective tip, the maximal under water access angle (upper view
field) of light beams equals to the objective access angle a’. Because of the low water level and the refraction of
the light on the air-water surface, the visual access angle a from above (visual space in elevation in the upper
view field) is smaller compared to high water level in panel (G); middle panel, a light beam from below the fish is
reflected downwards. As a result, the visual stimulus reflection is accessible to the animal from above; right
panel, one stimulus (a pentagon) is shown to the animal from below. Due to the reflection, the image of the
objective is accessible to the animal from both below (direct image) and above (reflection). (G) Light pathways in
a small glass bulb with high water level. Left panel, due to the high water level, the visual access a’ angle from
above, which equals to the objective access angle o', is larger compared to low water level in panel (F); right
panel, light from below the fish is reflected downwards and shown from above of the animal. However, the angle
of incidence is too large and it is not available with our LED arena. (H) A diagram of parts of the RF mapping
protocol and the response profile of one double-field receptive field neuron recorded under the condition shown
on the right side of panel (F). Red dashed lines are the normal for the refraction or reflection. The magenta and
green arcs show the visual access angles a and o’ of the light for the animals. The orange arcs represent the

objective access angle a'.

Limited whole view field

The half cylindrical arena covered about 165° x 80° (azimuth x elevation), but still less than
the monocular visual field of a single eye (Pita et al., 2015). The parts of the visual fields
close to the upper or lower poles are not studied in our experiments. That also explains why
the RF centres of many small-size RF pretectal neurons are located on the edge of the arena
from our data. It is likely that those RF centres are actually located in the region even closer

to either pole.
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Because of that, a new spherical arena with a larger coverage was developed in our lab to
overcome this caveat, though the region higher than 40° in elevation above the fish head is

still blocked by the objective for calcium imaging experiments (Figure 12).

Apart from the reflection mentioned above, more complex reflection light pathways existed
when a large-size glass bulb and the 25 x Nikon objective were used for the recordings
(Figure 11F). The Nikon objective is not water-proof, and because of that, the glass bulb was
not allowed to fill up with E3 water. Instead, the water surface was only about 1 cm above the
fish head. Under this experimental condition, many apparent double RFs with two RF centres
were found in the fish brain (Figure 11H). But these double RFs are most likely an artefact
caused by our setup for the following two reasons. 1) In most cases, the two RF centres are
vertically aligned in the upper and lower visual field respectively. 2) This type of RFs almost
disappeared after using a small glass bulb filled up with E3 water and a water-proof Zeiss

objective (Figure 11G).
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Figure 12. Image of the two hemispheres and the imaging setup. The two halves of the arenas
cover almost the whole visual field of the zebrafish (Dehmelt et al., 2019). The arrows indicate the

movable directions.

Drifting of the fish along z axis during calcium imaging recordings

During the in vivo calcium imaging, especially when the visual stimulus protocol lasted a long

time (e.g., 40 minutes), image drift in the horizontal plane and along the z axis was noticed.
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For shifting in the horizontal plane, the image time series were registered with TurboReg
(EPFL) in imagedJ. Regarding the image shift along the z axis, three methods were tried to
eliminate the influences.1) Shifting the objective controlled with a custom-written script in
data acquisition software Mscan to counteract the image drifting during the recordings.
However, the shifting direction and velocity are unpredictable and the imaged frames are not
available to calculate the drifting length during the recording with our imaging software (new
version software of Mscan allows for online access of acquired data). 2) Taking a z stack
recording from 5 um below to 5 um above the target plane with an increment of 0.5 um.
During the recordings, on-line images were captured from the computer monitor and
localized to the z stack above based on the optimal correlation with NI LabView. Then the
objective was manually shifted to the initial z level. Due to the changes of the fluorescence
during the recordings, the localization with NI LabView failed frequently. The method was
discarded in the end. 3) Taking a z stack recording from 100 um above the landmark to 60
um below the landmark (posterior commissure). The images were visually localized to the z
stack and then the objective was manually shifted to the initial z level. On average the
objective shifting along the z axis is smaller than 5 um during a 35 minutes’ recording and the
last method worked well in our case, though the experimenter has to check the shift visually
frequently. Among the three methods above, the first one is potentially applicable, the

second one was discarded and we only used the last one in the data acquisition.

Generally the z shift was faster at the beginning of the experiment, and then the velocity
decreased dramatically. The z shift is larger when the animals were paralyzed with a-
bungarotoxin. It is possible that the z shift was contributed from the gravity of the low melting
agarose surrounded the fish or the paralysis of muscles. But the reason for the z shift is still

unclear.
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RFs were mapped only with horizontally moving gratings monocularly

In the RF mapping experiment, only horizontally moving stimuli were presented to the right
eye with a half-cylindrical arena. Thus neurons with more complex, e.g. rotational, binocular,
or vertical optic flow fields could not be detected in this study (Kubo et al., 2014; Wang et al.,
2019). These types of complex RF structures exist in visual neurons of other species
(Karmeier et al., 2003; Krapp et al., 2001) and future studies are needed to identify them in
zebrafish. A new RF estimation method, which is based on contiguous motion noise stimuli
and allows for rapid RF mapping of global motion sensitive neurons with calcium imaging

method, has been reported (Zhang and Arrenberg, 2019).

The topographic map of the zebrafish optic tectum has been shown both anatomically and
functionally before (Bergmann et al., 2018; Niell and Smith, 2005; Trowe et al., 1996). In this
study, the topographic pattern was measure with higher resolution. Since the direction
selective neurons with different preferred directions are intermingled in the tectum, vertical
motion-sensitive neurons most likely show the same alignment as well, though the

topographic pattern was only measured from the horizontal motion-sensitive neurons.

Limitation of the visual stimulus size in the RF mapping experiment

Our RF mapping protocol contained 57 different motion phases. Square wave gratings, 0.033
cycles per degree, covered a view field of 168° x 80° (azimuth x elevation) monocularly. In
each phase, a patch of moving gratings was presented to the animal, varying its size and
location among the motion phases (Figure 13A, B). Since the smallest visual motion stimulus
in the RF mapping experiment covered 30° x 13° (azimuth x elevation), tectal neurons with
even smaller RFs were unidentifiable and the precise location and size of the RFs are not
available with our protocol. Theoretically, the accuracy could be higher when measured with

smaller visual stimulus. But in our case, the large decay time constant of the calcium
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indicator GCaMP5G, 1.5 s, made our experimental protocol quite long, lasting around 40
minutes per recording, which introduces other uncontrollable effects (e.g., animal shifting
along the z axis during the recordings). In compromise, 6 x 6 patches were used as the
smallest visual stimulus and 57 phases of moving gratings in 7 different sizes were included

in our protocol.

Another caveat resulting from the protocol is the calculation of the RF size and location.
Here, an assumption that the response of each neuron is linear across the RF is made and
the response in each of the 57 phases was weighted according to the sizes of the visual
stimuli. However, high temporal resolution recordings with patch clamp showed that the

responses within regions of a RF are not linear (Zhang et al., 2011).

In addition, response curve of GCaMP5G shows strong non-linearity due to the cooperative
calcium-binding sites of the calcium indicator. The Hill coefficients of GCaMP5 range from
2.5 to 4. Therefore, the inference of calcium transients from fluorescence data is highly
affected. Only in the ‘linear’ regime of a calcium indicator, below its K4 value, is quantification
with the commonly used calibration methods possible since the fluorescence intensity
change AF/F of the indicator is roughly proportional to the cellular calcium concentration
(Rose et al., 2014). In our study, owing to the non-linearity of the GCaMP5G, it is impossible
to accurately infer the firing frequencies of a single neuron stimulated with different visual

stimulus patterns and estimate the precise RF size and location.

Last, most of the medium-size RF neurons responded to the 2 x 2 patch visual stimulus
which is assigned a weigh factor of 4. But we didn’'t present visual stimulus with the same
size located in the centre of the monocular visual field. Consequently, the RF centre
calculation of the medium-size RFs is biased toward the periphery regions of the visual field.
The RF mapping could be improved with high temporal resolution recordings, such as
voltage-sensitive dye Di-4-ANEPPDHQ or using fluorescent voltage reporter Archon1
(Follmann et al., 2018; Piatkevich et al., 2018), combining with homogeneously distributed

smaller visual stimulus units.
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Two-dimensional Gaussian fitting of receptive fields

Based on the responses of the neurons in the 6 x 6 phases (Figure 13A, B), the RFs of the
neurons were tried to be fitted with a 2-D Gaussian model with Matlab. Using different seeds
(beta values), we managed to fit most small-size RFs with this model (Figure 13E, F). Since
large-size RF neurons show very weak or no activities to small-size visual stimulus, the fitting
model is not applicable to this response type (Figure 13C, D). Apart from that, there are three
major caveats in our case. 1) The original dataset for the fitting only contain 36 data points,
which is rather small for the fitting of the 180° x 80° (azimuth x elevation) whole visual field.
2) When the strongest responsive patch is on the edge or in the corner of the 6 * 6 patches,
the fitted RF centre is biased towards the centre of the whole visual field (Figure 13G, H). 3)
It is difficult to figure out an applicable method to calculate the size of the RFs for all the
response types. Consequently, the Gaussian fitting method was not used in our published

data analysis.

In the first RF mapping dataset recorded from 10 animals, RFs with two spatially separated
RF centres were also identified. This type of RFs was fitted with two 2-D Gaussian model
and the corresponding cells were named as double receptive field neurons (Figure 11H).
However, it turned out that this RF type resulted from the reflection of visual stimulus from

the water-air interface (Figure 11F; see discussion in the reflection section).

Nevertheless, the Gaussian fitting method was finally substituted with a linear overlay

method (see the method in the paper).
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Figure 13. A simple 2D Gaussian model of RFs does not work for all neurons and was
abandoned. (A) An illustration of the setup for RF mapping experiment. Vertical moving gratings with
different sizes (1x1, 2x1, 1x2, 2x2, 6x1, 1x6 and 6x6 patches, in panel (B)) and locations were
presented to the right eye of the fish by a half cylindrical LED light area while fish was mounted in the
centre of the arena. This plot shows a frame from one motion phase corresponding to one of the 6x6
patches. For the illustration purpose, the view field covered by the cylindrical half arena is plotted here
instead of the real half arena. (B) A diagram of the monocular RF mapping protocol in our study. In
each motion phase (in total 57 phases), vertical moving gratings covering one of the patches (1x1,
2x1, 1x2, 2x2, 6x1, 1x6 and 6x6) were presented to the larva monocularly in three repetitions. 8 out 10
fish were stimulated with temporalwards motion (indicated with arrows), the other 2 fish stimulated
with nasalwards motion. The blank areas in this diagram were covered with stationary vertical gratings
during the experiments. The first square in the first row represents the stationary visual stimulus during
the pauses of the protocol. A, anterior; P, posterior, D, dorsal, V, ventral. (C) The z-score heat map of
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the responses from a large-size RF pretectal neuron. The 8 squares, corresponding to panel (B),
represent the medium responses of the neurons from three repetitions in the 57 motion phases (plus
the average response of all the stationary phases). This neuron responded exclusively to the whole
field motion (the 1x1 patch). (D) The 2-D Gaussian model fitted RF from the 6x6 patched of the neuron
in panel (C). Since the data fitting was performed with the calcium signals in the 6x6 patched which
the neuron didn’t respond to, a small-size RF with RF centre in the lower visual field was fitted in the
fitting result and this can’t represent the real RF. (E) The z-score heat map of the responses from a
small-size RF tectal neuron. The neurons responded strongest to either of the two 6x6 patches. The
neural activity decreased when the size or the location of the visual stimulus changed. (F) The 2-D
Gaussian model fitted RF from the neuron in panel (E). The fitted RF matches the response profile
(locations and size) of the neuron. (G) The z-score heat map of the responses from a small-size RF
tectal neuron. The neurons responded strongest to one of the 6x6 patches in the left upper corner.
The neural activity decreased when the size or the location of the visual stimulus changed. (H) The 2-
D Gaussian model fitted RF from the neuron in panel (G). The fitted RF, on the whole, matches the
response profile (locations and size) of the neuron. But it is difficult to estimate the RF size since the
potential RF outside of the visual field covered by our setup is unknown.

Indirect measurement of the inhibitory RFs

Inhibitory RFs are very common in zebrafish tectal neurons and they are reported to mainly
overlap with the excitatory RFs from the same neurons (Zhang et al., 2011). Due to the
limitation of the GCaMP5G calcium indicator, the inhibitory RFs cannot be measured directly.
Instead, the inhibitory effects were only calculated via subtraction of the responses evoked

with visual stimuli of different sizes.

A series of inverse-response Ca?" indicators, which showed increased fluorescence
responding to the reduced intracellular calcium concentration, have been developed and
applied in fruit fly recently (Zhao et al., 2018). These new indicators may enable us to

visualize the inhibitory RFs directly in zebrafish brain in the future.
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Limitations of the binocular DS data

Pitch rotational selective neurons were also identified in the zebrafish tectum and pretectum.
These neurons are likely specifically activated by the optic flow to maintain body balance
when the animals turn their heads up or down. Nevertheless, we are still not sure whether
these neurons are selectively tuned to pitch motion due to the lack of the knowledge of their
RF sizes and locations. For instance, the neurons identified here may have small direction
selective RFs and they were merely not activated by other types of whole field motion in our
protocol. Further experiments testing with motion covering different visual field areas and in

different directions are needed to confirm the pitch rotational selectivity.

In the main data analysis steps, only the responses in 25 stimulus phases were analysed. In
these phases, responses were binarized with a certain threshold and thus each neuron was
classified as either active or silent for a given stimulus phase. Therefore, 2%° binary response
profiles were theoretically possible. This corresponds to a high-dimensional space, and
actual neuronal responses only covered a fraction of the possible response types. To identify
the visually evoked responses, certain arbitrary thresholds were applied to motion sensitive
neurons. Though the final results are relatively stable when the threshold varies between 2.5
to 3.5 x standard deviation of the baseline, the response type classification method is still
needed to optimize. Noticeably, some of the response types are extremely similar to each

other except the difference of one stimulus phase out of 25.

Besides, binocular neurons selective to horizontal gratings motion presented to one eye and
vertical motion to the other eye are also frequent, which is quite unexpected. These kinds of
binocular motion combinations are not naturalistic. At least, these combinations cannot be

generated via self-motion of the animals.

Correlation analysis was also applied for the binocular direction preference analysis
experiment (data not shown), though the method was not adopted in the final analysis. The

correlation analysis was adapted from a previous report (Kubo et al., 2014). Briefly, a series
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of regressors were generated based on the amplitudes of the calcium events. Since only the
calcium events during the grating motion phase and stronger than 3 x standard deviation of
the baseline count, each regressor has maximally 49 (7 x 7) active phase in each repetition.
Regression coefficients between the calcium trace and the regressors were calculated with
Matlab. The optimal regressor was considered as the response type of the neuron. However,
the main caveat of this method is that several best regressors frequently show quite similar
regression coefficients for a single neuron. In addition, the response types calculated with
this method often deviate dramatically from human judgement. Different methods were tried
to improve the regression analysis, but finally the method was discarded. Instead, we used
an arbitrary threshold, 3 x standard deviation, to detect each neurons’ responsive phases to
the motion. Then the response types of the neurons were defined based on these response
phases above. This method is more robust and the result is consistent when the threshold
varies in a small range. In addition, the result from this method is in agreement with human

judgement.

Defining the brain region of pretectum

The adult zebrafish pretectum is comprised of several nuclei distributed from the superficial
to the periventricular regions, receives numerous retinal and tectal afferents, and projects to
the optic tectum as well (Fernald and Shelton, 1985; Kastenhuber et al., 2010; Presson et al.,
1985; Yanez et al., 2018). Though the visual function of the pretectum has been investigated
in zebrafish previously (Kubo et al., 2014; Naumann et al., 2016; Wang et al., 2019), and
various nuclei have been identified in the adult pretectum (Yanez et al., 2018), the
anatomical structure of the larval pretectum is still not clear. Morphologically, the identity,
extent, and overlap of larval pretectal neuron populations, which give rise to each of the
known adult pretectal nuclei, is not easily discernible (Arrenberg and Driever, 2013; Kubo et

al., 2014; Muto et al., 2017; Semmelhack et al., 2014).
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In the fish line GCaMP5G used in this study, the boundaries between the pretectum and
adjacent brain structures, especially the ventral and rostral boundaries, are mainly invisible.
Pretectal dopaminergic neurons, which are evolutionarily conserved across most amniotes
(Yamamoto and Vernier, 2011), indicate the location of the periventricular pretectal nucleus
as landmark (Filippi et al., 2014). Unfortunately, no other fish lines that label specific pretectal

regions in our imaging experiments were available.

Our preliminary data from another fish line, Tg(elavi3:nls-GCaMP6s)mnp400 (Dal Maschio et
al.,, 2017), in which the fluorescence signal is localized to the cellular nucleus, revealed
several separated nuclei in the larval pretectal region (Figure 14). It is most likely that the
anatomical and functional segregation of the pretectal nuclei have been established at this
development stage, 5 dpf, in larval zebrafish. Functional pretectal clusters, like the AMC
(Kubo et al., 2014), rostral small-size RF and caudal large-size RF neuron clusters can be
localized to three different clusters in this new fish line though we have not confirmed the
classification of the pretectal neurons in the Tg(elavi3:nls-GCaMP6s)mnp400 fish line yet.
Nevertheless, detailed anatomical annotation of the larval pretectum is needed to understand

the functional and anatomical segregation of the pretectal neurons.
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Figure 14. Manually defined larval zebrafish pretectal anatomic clusters (in magenta, the nuclei
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of the cells from Tg(elavi3:nls-GCaMP6s)mnp400 are shown in green pseudo colour) with
software Slicer 4.10.2. From (A) to (D), the locations of the image planes are aligned along the
dorsal-ventral axis with an increment of 8.8 um. (A) The landmark posterior commissure and tectal
neurons. (B) The bar shape clusters in the posterior region are most likely in the tegmentum. The
clusters highlighted in the yellow circles correspond to AMC. (C) An anatomical gap devoid of neurons
is located between the anterior pretectum and posterior pretectum. (D) The bar shape clusters on both
sides correspond to ALC. The other clusters are not clear. AMC, anterior medial cluster; ALC, anterior
lateral cluster (Kubo et al., 2014).
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Future directions

(1) Zebrafish tectal and pretectal neurons receive neural inputs from RGCs directly.
However, the directional space of the tectum and pretectum is comprised of four PDs while
RGCs only have three. The transformation of the PDs between the tectum/pretectum and
RGCs is an interesting research topic. New genetically encoded calcium indicators (GECI)
with different colours or sensitive to inhibitory inputs will be beneficial to solve this problem

(Abbas et al., 2017; Marvin et al., 2019; Shen et al., 2018).

(2) The PDs of a single large-size RF neuron in different sub-regions within the RF are
potentially different, matching the spatial pattern of optic flow during ego-motion. Although
large-size RF pretectal neurons have been found in our study, the detailed PD construction
of the RFs is still unknown. Faster calcium indicators or electrophysiological recordings are
ideal to answer this question. Alternatively, a new rapid RF mapping method, which is based
on contiguous motion noise stimuli and combined with calcium imaging method, can be

applied (Zhang and Arrenberg, 2019).

(3) Only binocular motion along/around three axes was tested in this study. It is still unknown

whether these axes are the preferred axes or not (Wylie et al., 1998).

(4) How the pretectal binocularity is accomplished remains peculiarly intriguing given that fish
optic nerves cross the chiasm completely. We propose that these binocular neurons receive
synaptic inputs from multiple monocular neurons and integrate the information. For example,
a binocular forward motion selective neuron likely integrates excitatory inputs from one
nasalward selective monocular neuron corresponding to one eye and inhibitory inputs from
one temporalward selective monocular neuron corresponding to the other eye (Kubo et al.,
2014; Manteuffel, 1987). If this hypothesis stands, an excitatory and an inhibitory receptive
field are identifiable corresponding to either eye. Localizing these receptive fields for each

binocular neuron is an interesting task. Furthermore, it would advance our understanding of
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the mechanisms underlying binocular direction selectivity to label these binocular single

neurons and investigate the functional properties encoded by their presynaptic neurons.

(5) The binocular neurons are thought to send outputs to the (pre-)motor neurons and
instruct behaviour choice directly. Single cell labelling of these binocular neurons will enable

us to trace the neural circuits and confirm the hypothesis with in vivo imaging.
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Appendix:

Abbreviation:

AF 9
ALC
AMC
AOS
AVC
DA
dpf
DS
DTN
GECI
INL
IPL
LM
LTN
MTN
nBOR
NOT
NT
OFF-RGCs
OKR
OMR
ON-RGCs
OPL
oT
PA
PD
PT
RF
SAC
SC
SPV
TN

Arborisation field 9

Anterior lateral cluster

Anterior medial cluster

Accessory optic system

Anterior ventral cluster
Dopaminergic

Day post fertilization

Direction selective

Dorsal terminal nucleus
Genetically encoded calcium indicators
Inner nuclear layer

Inner plexiform layer
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Abstract

Vision research with laboratory animals requires high quality visual stimuli in the 3D visual
space of the animal eyes. Due to the large binocular visual fields and the aquatic lifestyle,
however, stimulus quality control is oftentimes challenging in the case of small-size fish.
Here, we design a spherical glass bulb, coupled with a mechanical metal holder which allows
for translational and rotational position adjustment in 3D Cartesian space, as a fish tank for
visual experiments. Stimulus distortions resulting from light refraction, reflection and
dispersion are effectively minimized in the glass bulb simulated with Blender. Neural direction
selectivity and receptive field mapping analysis of zebrafish tectal neurons using calcium
imaging method also confirm the optical advantages of the glass bulb, though minor optical
disturbances still exist. Potential solutions and further suggestions for improvement are

discussed.

Keywords

light reflection, refraction, dispersion, meniscus, receptive fields, optic tectum, zebrafish,

glass bulb
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Introduction

In visual neuroscience research with model organisms, an important standard protocol is that
visual stimuli are presented to the animals, and behaviours and/or neuronal activities are
recorded simultaneously while the animals are immobilized (Portugues et al., 2014, Ahrens
et al., 2012, Ahmadlou et al., 2018, Boulanger-Weill et al., 2017, Bianco and Engert, 2015).
The visual system extracts visual features from stimulus patterns, and neurons underlying
the visual information encoding are sensitive and oftentimes selective to contrast, direction,
spatial frequency, sizes, locations and shapes of the visual stimulus (Niell and Smith, 2005,
Wang et al., 2020, Rust et al., 2005, Preuss et al., 2014, Abbas et al., 2017, Bianco and
Engert, 2015). Therefore, presenting high quality visual stimulus patterns to the animal eyes
is crucial for the investigation of the visual functions and neural encoding (Dunn and

Fitzgerald, 2019).

A conventional platform, equipped with a standard-size monitor or a small LCD screen, is
suitable for neural direction selectivity and receptive field (RF) mapping analysis of non-
mammalian vertebrate optic tectum (Niell and Smith, 2005, Sajovic and Levinthal, 1982)
since the RFs of tectal neurons are generally small (Sajovic and Levinthal, 1982, Bergmann
et al., 2018, Zhang et al., 2011) and visual stimulus parameters, such as contrast and spatial
frequency, are easy to control with programmable hardware and software (Rinner et al.,

2005, Reiser and Dickinson, 2008).

Due to the size selectivity of large-size visual RF neurons, in contrast, the stimulus delivery
system needs to cover a large or even the whole visual field of the animal eyes and the
platform supporting experiment animals should allow for a large accessible view field for

animals (Masseck and Hoffmann, 2009, Simpson et al., 1988, Wylie et al., 1998).

Furthermore, research using aquatic model animals (e.g. fish) gives rise to additional
problems since a water environment is required during the experiments (Masseck and

Hoffmann, 2009, Damjanovic et al., 2009). Visual stimuli to the animal eyes, presented from
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air to water, are blurred and distorted via the air-container-water interface, resulting from
geometrical optics (Dunn and Fitzgerald, 2019, Schuster et al., 2004). Thus, the motion
consistency and entirety are disrupted. Alternatively, the stimulus delivery system and the
camera can be set underwater, surrounding the experimental animal. However, the

waterproof protection for the electronic setup is usually highly costly.

Here, we make use of Snell's law that disruptive optical effects are quite low when light
beams pass through an optical interface orthogonally, and design a new spherical glass bulb
container, coupled with an angle and location adjustable holder to optimize large visual field
experiments with small-size fish. Moreover, we prove the optical advantages of the new glass

bulb with optical simulation and functional neural activity recordings.
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Results

Design and optical advantages of the new glass bulb container

The new glass bulb container is 8 centimetres (cm) in diameter, with an opening of 2 cm (in
diameter) on the top, which allows for in vivo imaging experiment with an objective from
above (Figure 1D, Supplementary Figure S1C). During the experiment, the animal was
immobilized on the tip of a triangular stage located in the centre of the spherical glass bulb
(Supplementary Figure S1D). In comparison to the common containers, such as Petri dish
lids (e.g. 35 mm in diameter) and a cylindrical container (Figure 1B, C and Supplementary
Figure S1A, B), the spherical glass bulb allows for larger homogeneous accessible visual
space (Figure 1F-H). In addition, using a metal holder (Figure 1D, Supplementary Figure
S1C), the animal's position is adjustable along and around the three axes of the Cartesian

pace.

Ideally, from the perspective of the animals, visual stimulus is presented homogeneously
from outside into the location of the animal (Figure 1A). But due to the optical material
interfaces between the fish eyes and the visual stimulus system, geometrical optics (Figure
1E) likely deteriorates of the optical quality of the experiment. Here, three containers (Figure
1B-D) are compared regarding geometrical optics and the coverage range of the visual

stimulus via Blender simulation.

Light transmission

Light absorption remains under 2% due to the small sizes of the containers and, therefore, is
negligible for our analysis. A high transparency of the water container is necessary for the
precise visibility of the stimulus to the fish. Edges or thickenings of a container (e.g., at the
vent edges and the outer reinforcement ring of the petri dish lid or the glued faces of the
acrylic cylinder tank, Figure 1B, Supplementary Figure S1A) increase opacity and should be

avoided in the design of containers.
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Light refraction and reflection (including total internal reflection (TIR))

In these three containers, the stimulus patterns are only slightly disturbed by the general light
refraction and reflection (TIR not included here) due to the geometry of the tank together with
the material properties (Figure 1F-H). Only in the glass bulb, the reflected light from one side
of the animal to the other side is visually detectable. But the reflected light is much weaker
compared to the original visual stimulus (Figures 1H and 3B). In comparison, the TIR in the
small Petri dish and the cylindrical container disrupts the consistency of the visual stimulus
when light beams come from below with certain incidence angles (Figure 1F, G). Because of
the TIR, light beams bounce many times in the Petri dish material (also in the cylindrical
container, but fewer times than in the Petri dish, Supplementary Figure S2). Each beam
splits into several rays at different locations, blurring the stimulus from the perspective of the
fish (Figure 1F, G). For the small Petri dish, the visual stimulus is superimposed by multiple
TIR from -41.4° to 41.4° in elevation (Figure 1F), which can severely disrupt the perception of
vertical motion presented to the animals (Figure 4A). In the cylindrical container, the TIR
mainly influences the visual stimulus in the range from 25° to 41.4° in elevation and the
stimulus pattern in this visual field is reflected from below the equator of the view field without
blurring. In addition, the view field of -40° to -50° in elevation is also disrupted by refraction
and reflection (including TIR, Figure 1G). However, the glass bulb is not influenced by the

TIR in our experimental condition (Figure 1H).

Dispersion of light

Light dispersion is restricted to non-orthogonal light beam passages through the water
surface (Figure 1E). Therefore, it does not occur in the glass bulb since theoretically only
orthogonal light beams reach the visual field of the stimulated animal eye via the bulb. For
the Petri dish and cylindrical container, light disperses on the non-spherical polystyrene
surfaces (Supplementary Figure 1E). Blur and rainbow edges by chromatic aberration are

visible to the fish. Light dispersion is, however, very weak because of the narrow wavelength
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band of coloured LED lights and does not dominate distortions and blurring in the Petri dish

(Supplementary Figure S1G, H).

Meniscus

The meniscus on the surface of the water close to the edge of containers is modelled as well
(Figure 1E and Supplementary Figure S11). For the glass bulb, the meniscus only interrupts
the upper view near 50° in elevation (Figure 1H and Supplementary Figure 1F). Particularly,
the interruption does not exist in a glass bulb filled up with water when the opening rim is
radially truncated (Supplementary Figure S1F). Nevertheless, due to the relatively small
accessible elevation angles (40°) in the upper region restricted by the tip of the objective
(Supplementary Figure S1J), the visual field of the fish in our glass bulb is not influenced by
water meniscus. In the Petri dish and cylindrical container, the refraction and reflection are

far more influential than the meniscus (Figure 1F, G).

Covering

The zebrafish has a large view field about 163° and the field of view is even broader with eye
movements (Zimmermann et al., 2018). For each container in this study, its holder blocks
parts of the stimulus (Figures 1F-H). Accordingly, a slim silhouette (contour/outline) of the
holder is recommended. A large horizontal sector view of 180° to the rear of the fish from 0°
to -90° in elevation is blocked by the holder of the Petri dish lid (Figure 1B, F). Due the
camera and bracket mounted at the bottom of the cylindrical container, view field downwards
from -60° is blocked as well (Figure 1B, G). The largest view field is access to the animals in
the case of the glass bulb. Only a small region at the rear of the fish is missing, resulting from

the metal holder well (Figure 1D, H).

In summary, the new glass bulb designed in this study offers a much larger coverage of the
visual field and a better optical environment (no TIR, light dispersion or meniscus) to present

visual stimuli to small aquatic animals than the other two containers (Figure 1F-H).
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Water level influences geometrical optics of the glass bulb

TIR occurs in the glass bulb and influences the visual perception of the fish when the water
level is low (Figure 2A). As a result, one part of the visual stimulus below the equator is
reflected and shown upside down from above in the upper visual field of the animal, and the
consistency of the visual stimuli near the equator along the elevation is disrupted (Figure 2B).
In our first RF mapping experiment design, the glass bulb allows the filling up with water until
1 cm above the glass bulb centre due to its large size and the limited waterproof range of the

objective tip (within 2 cm above from its tip).

Visual RFs of larval zebrafish tectal neurons were mapped with horizontally moving gratings
with different sizes and locations (Figure 2C and Supplementary Figure S3C, D, see
Method). Double-field RFs with two RF centres are frequently encountered under this low
water level condition (Figure 2C, D). The two RF centres are vertically aligned for the
majority of these RFs (Figure 2E). Therefore, this new RF type is most likely an artefact from

the TIR of the light (Figure 2A, B).

Larval zebrafish tectal small-size RF centres cover nearly the whole monocular visual field
and are biased to the upper nasal visual field (Supplementary Figure S3F, G) (Wang et al.,
2020). In this hotspot region, however, only very few small-size tectal RFs centres are

identified when the glass bulb is not filled up (Supplementary Figure S3E).

Reflection of the visual stimulus via the glass bulb

Theoretically, light beams of the visual stimulus are shed perpendicularly through the glass
surface to the fish eye in the centre of the glass bulb and absorbed by the photoreceptor
cells. Therefore, light reflection does not occur on the side of the un-stimulated fish eye (light
beam a, Figure 3A). However, owing to light refraction, reflection and the large size of the
fish eye, the reflected light can reach the un-stimulated eye when the incidence angle of the

non-perpendicular light beams is small (light beam b, Figure 3A). Reflected visual stimulus
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pattern is even visible on the contralateral side of the visual stimulus (Figure 3B), though the

reflected light intensity is only about 4% of the original light (Figure 3C, D).

Here, the influences of the reflection to the unstimulated eye are tested with tectal RF
mapping. In the control group, the unstimulated eye (left eye) was blocked by a black foil.
The active tectal neurons are mainly on the contralateral side and the RF centres show
topographical distribution along the anterior-posterior and dorso-ventral axes (Figure 3E, F
and Supplementary Figure S4). In comparison, many tectal neurons, which show a reverse
topographic map, are identified on the ipsilateral side when both eyes are exposed (Figure

3E, F and Supplementary Figure S4).

Total internal reflection and light refraction in the Petri dish lid resulted uncomplete

detection of preferred directions in zebrafish tectal neurons

The inconsistency and disruption of the visual stimulus patterns in the Petri dish lid are
mainly caused by TIR. As a result, the vertical motion of simple grating bars is seen as
motion in opposite vertical directions on different elevation levels though horizontal motion is

only slightly affected (Figure 4A).

Direction selectivity analysis of larval zebrafish tectal neurons was performed by presenting
motion in eight different directions using a Petri dish lid (in this study) or a glass bulb as the
container for the animal (Wang et al., 2019). Four preferred directions, which are represented
by nearly the same amount of neurons, are shown from results recorded with the glass bulb.
The four PDs are nearly perpendicular to each other, though the angle between the
downward and temporalnasal PDs is smaller than 90° (Wang et al., 2019). As expected from
the optical analysis (Figure 4A), almost no neurons represented the vertical PDs and only
two horizontal PDs are detected. The two PDs point a little upward compared to the

corresponding horizontal PDs recorded with the glass bulb. The nasaltemporal direction
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(292°, 109 cells) is represented by many more neurons than the opposite temporalnasal

direction (80°, 44 cells) (Figure 4B).

Discussion

Zebrafish are an important animal model for neuroscience and are widely used in vision
guided behavioural and functional research (Wang et al., 2020, Bianco and Engert, 2015,
Romano et al., 2015, Portugues et al., 2014). Here, we design a new glass bulb fish

container providing improved optical properties for presenting the visual stimulus.

The glass bulb offers a better optical presentation of the visual stimulus than the other

two containers

Petri dish lid

Visual stimuli seen in the Petri dish lid is severely disrupted across about 80° in elevation
near the equator by the TIR (Figure 1F). The bounced light beams (Supplementary Figure
S2) result in 1) Stimuli from different spatial locations projecting to the same region within the
fish eye leads to stimuli overlapping and blurring. 2) Stimuli from adjacent spatial locations
projecting to angular regions far away apart in the eye fish (e.g., 30°), leads to distortion of
stimuli from the perspective of the animal. 3) Vertical motion in one direction is seen as
motion in opposite vertical directions in different elevations (Figure 4A), which confuses the
animals. Therefore, the Petri dish lid is not recommended for being used as a container for
aquatic animal visual research, especially for experiments with presentation of the vertical

motion or small-size stimuli in specific locations (RF mapping).

Cylindrical container
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The cylindrical container offers a better optical environment than the Petri dish lid, though a
relatively large view field is still disrupted by light refraction and reflection (Figure 1G).
Overall, the cylindrical container should be designed to be as large as possible in the vertical
direction (high on the top and deep at the bottom) to minimize the disturbance by its holder,
water meniscus, light refraction and light reflection, in which case a highly waterproof

objective is needed.

Glass bulb

From the perspective of the fish in the container, the distortion and blur of the visual stimulus
are dramatically minimized in the glass bulb, though several potential problems still exist. 1)
The visual stimulus is distorted, especially near the two poles, when the animal is not in the
centre of the glass bulb (Supplementary Figure 5SA). 2) As the RF mapping experiment
shows, the weak reflection of the visual stimuli is strong enough to activate ipsilateral tectal
neurons. Optical coating is, however, not recommended in this case because of its negative
optical effects, such as colour distortions and Newton rings. Blocking of the unstimulated eye
is strongly recommended in monocular experiments with this glass bulb. 3) It is difficult to
make the glass bulb ideally spherical and homogeneous. Thus, some potential geometrical

optical problems may occur in reality.

Glass reflected light intensity is about 4% of the incoming light

The ratio of the reflected light to the incoming light increases, reaches the maximal value of
24.8% (angle of incidence, 83°) and reduces to 0 when the incidence angle increases from
0° to 90° (Figure 3C, D). However, the reflected light beam is far away from the glass bulb
centre where the fish eyes are located when the ratio is high (e.g. light beam c in
Supplementary Figure S5B). Only very small incidence angles allow for visible reflection to
the unstimulated eye (e.g. light beam a in Supplementary Figure S5B). From 0° to 30°, the

reflection rate of the original light is about 4% (Figure 3D). Regarding the light reflection from
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the glass bulb, using frosted glass material is likely the best solution to reduce the reflection

for our experiment, though the visual stimuli might be diffused (Raut et al., 2011).

Influences of geometrical optics on RF mapping and direction selectivity analysis

Many double-field RF neurons were found in larval zebrafish tectum when the water level in
the glass bulb was low and these special RFs most likely resulted from the TIR of the visual
stimulus. In this case, the RFs of these neurons are located in the upper visual field and
relatively close to the equator. Therefore, the neurons responded to small-size motion
located above the equator and the reflection of the small-size motion presented from below
the equator of the view field, resulting in the artefacts of double-field RFs (Figure 2). But not
all the small-size RF tectal neurons with RF centres above the equator responded to the
reflection (Supplementary Figure S3E). The low intensity and low contrast of the stimulus
reflection, resulting from the LED light emission angle and light refraction, likely contribute to

the silence of these neurons to the reflection.

Similarly, much fewer ipsilateral small-size RF tectal neurons were identified than the
contralateral counterpart. Furthermore, the small number also likely resulted from the
opposite moving direction of the stimulus reflection in this case (Figure 3E, F and

Supplementary Figure S4).

Only two out of the four PDs, which has been reported previously (Wang et al., 2019), were
found from the zebrafish tectal space when a Petri dish lid was used for the experiment
(Figure 4B). The incomplete detection of the PDs most likely resulted from the disruption of
the vertical motion by the light refraction and TIR (Figure 4A). The horizontal PDs, different
from those measured with the glass bulb, tend to the upward direction (Figure 4B), which

cannot be contributed from the pitch angle during the embedding of the animals.
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A limited accessible angle of upper visual field and potential stimulus reflection from

the objective

For all three containers, the shape of the objective tip restricted the accessible angle of the
upper view field (Supplementary Figure S1J). For example, the Zeiss W N-Acroplan (2.6 mm
working distance, accessibility 41.6 °) offers accessibility that is 3° larger than that of Zeiss
W-Apochromat (1.9 mm working distance, 38.39 ° accessibility). Thus, an objective with a

long working distance and a large tip angle provides a larger upper view field for the animals.

Meanwhile, the material around and at the objective lens reflects the visual stimuli as well,
though it is unlikely for the animals to see the reflection directly owing to the angle of the

objective tip.

Caveats of the 3D modelling

Because of the limitation of our 3D modelling methods, possible physical optics effects, such
as light interference between superposed waves and light polarization, on the experiment
were not tested in detail. Nevertheless, these effects are usually very weak and not relevant

for the experiments studied here.
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Method

3D visualization techniques

All the 3D visualizations were performed with 3D computer graphics software Blender and
LuxCoreRender. The rendered images are either shown in photorealistic representations to
test the optical quality (e.g., Figure 1B-D) or symbolic representations for illustration (e.g.,
Supplementary Figure S11). The perspective of rendered images (either from the researchers
or the experimental animals), camera settings of the rendering and rendering composition
are indicated in corresponding figure legends. In this study, geometrical optical effects
resulted from light transmission (including turbidity, absorption, filtering (UV-light)), reflection

(including TIR), refraction, dispersion and covering, were simulated and visualized.

Three different fish containers

Three types of fish containers are simulated based on the real containers used for zebrafish

visual research.

e Petri dish lid (e.g. 35 mm diameter, Figure 1B): The fish is embedded at the bottom of
the lid, while the lid is located on a platform.

e Cylindrical container (Figure 1C): The animal is placed on a small, custom-made
stage in the middle of the cylinder. A camera is available from below to monitor fish
behaviours.

e Glass bulb (Figure 1D): The animal is mounted on a small triangular stage and the

whole glass bulb is held by a stand at the rear.

Inputs

The main inputs, indices of refraction (IOR) for different containers, are listed in the table

below for the photorealistic modelling.
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containers Petri dish lid Cylindrical container | Glass bulb
material Polystyrene Acrylic glass Glass Schott Boro
IOR 1.57 1.49 1.473

Stimulus

For optical testing, a coloured checkerboard pattern, consisted of 36 columns and 18 rows,
was used to differentiate the main directions (up/down and right/left, marked by a letter ‘L’ to

identify mirroring).

Renderer

The images were usually rendered using the Cycles renderer. Only in special tasks, such as
the visualization the light beam path and the analysis of dispersion, images were rendered
with LuxCoreRender using bidirectional path tracing, appropriate volume scattering and

camera clipping.

Physical background

Snell's Law | n; sing = n,sing, the angle of incidence (ei) and the angle of
refraction/transmission (gt) with given indices of
refraction ni and nt for two media.

Fresnel R — |ni cosg; —ngcosgl? | R, the reflectance for s-polarized light

Equations S Injcosg + nycos g

Fresnel n; cos &, — necos €52 | Ry, the reflectance for p-polarized light

Equati Ro = |
quations n; COS & + N COS &

1 R , the total reflectance of unpolarised light
Refr = E (Rs + Rp) of P 9

T=1-—R T, the fraction of the transmitted power; R, the
fraction of the reflected power;
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Animal care and transgenic lines

All animal procedures conformed to the institutional guidelines of the Universities of
Tudbingen and the local government (Regierungsprasidium Tubingen). The transgenic
zebrafish line Tg(HuC:GCaMP5G)a4598Tg was used in this study. Transgenic line was kept
in either a TL or TLN (nacre) background. Zebrafish larvae were raised in E3 medium until

day 5 or 6 post-fertilization (dpf).

Experiment protocols and data analysis

The monocular direction selectivity experiment protocol was the same as before (Wang et
al., 2019) except that the small petri dish was used instead of the glass bulb. The monocular
RF mapping protocol was described before (Wang et al., 2020). In this study, a larger glass
bulb with a diameter of 10 cm was used, in which case the water level was only 1 cm above
the glass bulb centre. Data analysis was performed with Matlab script (MOM_Load,
Midbrain_Localizer and Cell_Viewer) available online (https://gin.g-node.org/Arrenberg_Lab)

(Wang et al., 2019, Wang et al., 2020, Kubo et al., 2014, Miri et al., 2011).

Quantification and statistical analysis

The statistical information calculated with Matlab R2014b built-in functions is provided in
each of the sections above. For statements of significance an alpha level of 0.05 was used

unless stated otherwise.

The analysed number of zebrafish and brains is indicated in the main text and figure legends.

Error bars correspond to SEM unless stated otherwise.
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Figures and legends
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Figure 1. Photorealistic illustration (3D rendering) of three containers coupled with
stages and simulated visual patterns seen from the perspective of the fish in the
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centre of corresponding containers. (A) The sphere in the centre shows outside view of
checkerboard stimulus under ideal optical condition. Letter ‘L’s with coloured backgrounds
distributed in four quarters and aligned in 18 rows and 36 columns, indicate directions (left,
right, up and down) and locations. Right up corner, a patch of the checkerboard stimulus (0°
in elevation; 0° in azimuth) seen from the inner centre of the container. (B) Simulation of a
commercially available Petri dish lid (35 mm in diameter) on a metal stage. (C) Simulation of
a plastic cylindrical container made by a fine mechanics workshop (40 mm in diameter) on a
camera lens holder. (D) Simulation of a custom-made glass bulb (80 mm in diameter)
attached to a holder. (E) A diagram of light reflection, refraction, dispersion and water
meniscus. Black arrows represent light beams and vertical dashed lines indicate normal
planes. Angles a, a’, and [ indicate angles of incidence, reflection and refraction. Red arrows
indicate meniscus on the interface of a container and water on the water surface. (F) A two-
dimension plot of the stimulus pattern in (A) seen from the centre of the Petri dish lid. (G) A
two-dimension plot of the stimulus pattern in (A) seen from the centre of the cylindrical
container. (H) A two-dimension plot of the stimulus pattern in (A) seen from the centre of the
glass bulb stage. In panels (F) to (H), the azimuth and elevation angles are labelled below
and on the right side.
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Figure 2. Low water level in the glass bulb results in artificial double-field RFs due to
the total internal reflection. (A) An illustration of the TIR generated from low water level.

The orange pentagon represents one object below the centre of the glass bulb. Light beam a
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is perpendicular to the air-glass-water interface and reaches the right eye of the fish directly.
On the contrary, light beam b, which originates from the same light source as light beam a, is
refracted twice on the air-glass-water interface and then is totally reflected back to the right
eye of the fish from above via the water-air interface. Black arrows, light beams; dashed red
lines, normal planes; dashed orange pentagon, reflection of the orange pentagon. (B) A two-
dimension plot of the ideal stimulus pattern seen from the centre of the glass bulb stage with
low water level (only 7 mm above the fish back). Part of the visual stimulus below the equator
is reflected to the upper visual field via TIR (the revered blue and orange letter ‘L’s). (C) The
response profile of a double-field RF. Left side, a simple diagram of the monocular RF
mapping protocol (Supplementary Figure S3 shows the whole protocol). Vertical moving
gratings of different sizes and locations were presented to the right eye of the animal. The
cyan arrows indicate the moving direction. Right side, the z-score of the calcium signal of a
double-field RF neuron in each motion phase corresponding to the phases shown on the left.
The neuron responded exclusively in several motion phases corresponding to the 6x6 small-
size patches. Two separate responsive centres are located in the upper temporal and lower
temporal view fields, respectively. (D) The average numbers of double-field RF neurons in
each fish measured under different experimental conditions. ***, p<0.001; **, p<0.01; ns, no
significant differences; n = 6 (3 composite fish brain, high water level no foil), 6 (3 composite
fish brain, high water level with foil) and 4 (2 composite fish brain, low water level)
recordings. (E) The polar distribution of the degree angle of the line across the two RF
centres from each double-field RF. TN, temporalnasal direction; NT, nasaltemporal direction.
The neurons numbers are labelled with red numbers. The recording numbers are same as in

panel (D).
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Figure 3, Reflection from the air-glass-water interface within the glass bulb activated

the neurons corresponding to the unstimulated eye. (A) A simple illustration of the light
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reflection from the air-glass-water interface to the unstimulated eye due to light reflection and
refraction. Light beams a and b come from the same point of one object (orange pentagon).
Light beam a, perpendicular to the glass bulb surface, reaches the right eye of the fish
directly without refraction. In this case, no reflection occurs on the opposite side (relative to
the fish) of the light source since the light beam is absorbed by the fish right eye. Light beam
b, not perpendicular to the glass bulb surface and with a small incidence angle, is refracted
and reflected to the left eye due to its large size but does not reach the glass bulb centre. (B)
The rear of the fish (90° to 180° and -90° to -180° in azimuth) shows the checkerboard
stimulus seen from the centre of the glass bulb stage. The front half (-90° to 90° in azimuth)
shows the reflection of the checkerboard stimulus from the rear of the fish while the original
visual stimulus pattern in frontal region is omitted. (C) The light reflection and refraction of a
light beam shed into the glass bulb in detail. Reflective and transmitted refracted light beams
are labelled with letters ‘R’ and ‘T’, respectively. Angles ii and ti indicate the angles of
incidence and refraction for the first refraction on the air-glass interface. Since the glass is
thin and the refractive angle ti is relatively small, the angle of incidence for the second
refraction approximates the first refractive angle ti. The original light beam is theoretically
refracted and reflected infinite times. But the majority of light power is contained in the light
beams shown in the figure and other light beams are negligible. Light beams R3 and T5 can
reach the unstimulated eye when the incidence angle ii of the original light beam is small. (D)
Final reflection and refraction rates of the light and angles of refraction calculated according
to the Fresnel equation and Snell's law when the angle of incidence ii increases from 0° to
90°. The colours correspond to the colours and light beams in panel (C). T5 is about 14 times
stronger than R3 when the incidence angle ii is smaller than 30°. (E) Topographic maps of
tectal small-size RF neurons in azimuth when the left unintended eye was covered by a black
foil (left) or not (right). Each coloured dot represents a single neuron with its receptive field
centre in the corresponding azimuth range. For example, all receptive field centres of the
neurons in red are located between 0° azimuth (in front of the fish) and 30° azimuth on the
nasal right side of the fish. n = 6 fish, 3 composite brains. (F) Topographic maps of tectal
small-size RF neurons in elevation when the left unintended eye was covered by a black foil
(left) or not (right). Each coloured dot represents a single neuron with its receptive field
centre in the corresponding elevation range. For example, receptive field centres of the
neurons in green are located slightly above the equator of the view filed (0° to 13° in

elevation). n = 6 fish, 3 composite brains.
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Figure 4, vertical motion seen from the centre of the Petri dish lid is disrupted due to
light refraction and reflection. (A) Because of the light refraction and reflection, the visual
stimulus patterns near the horizontal equator (-41° to 41° in elevation) from below and above
are intermingled and reversed (background, also see Figure 1F). Left side, horizontal motion
(indicated with magenta arrows) to the right is presented from outside of a Petri dish lid.
Seen from the centre of the Petri dish, the whole moving pattern is still continuous, consistent
and homogeneous (cyan and magenta arrows). Right side, vertical upward motion (indicated
with magenta arrows) is presented from outside of a Petri dish. The whole moving pattern is
disrupted and not continuous from the perspective of the animal in the centre of the
container. On different elevation levels, the stimulus patterns move upwards (magenta
arrows) or in the opposite direction (cyan arrows). (B) Histograms of the preferred directions
of direction-selective tectal neurons recorded with a Petri dish lid (top, n = 5 fish) or a glass
bulb (bottom, n = 9 fish). The peaks were fitted with a sum of two (top) or four (bottom) Von-

Mises functions (red lines). The PDs are indicated with grey arrows.
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Figure S1. Three different containers for fish visual research and simulation of
geometrical optics. Related to figure 1. (A) A commercially available Petri dish lid (35 mm
in diameter). (B) A plastic cylindrical container made by a fine mechanics workshop (40 mm
in diameter). (C) A custom-made glass bulb (80 mm in diameter) attached to its metal holder.
(D) A simulation of a 5 dpf larval zebrafish is embedded in low melting agarose on a
triangular stage. (E) A white light beam is shed 45° downwards in the centre of a Petri dish

lid (side view). Because of different indices of refraction from the white light components,

94



light dispersion occurs on the water-air interface. (F) The rim shape and water level influence
the water meniscus in the glass bulb. Using radial truncated rim and filling up the glass bulb
with water reduce the optical influences of water meniscus. The view perspective is from the
centre of the glass bulb centred at the view field of 0° in azimuth and 50° in elevation. (G)
The checkerboard stimulus seen from the centre of the Petri dish lid (without the holder
stage) without light dispersion. (H) The checkerboard stimulus seen from the centre of the
Petri dish lid (without the holder stage) with light dispersion. Colour distortions and blurring
exist in comparison to panel (G) but their influences are weaker than those of light infraction
and reflection. (I) A symbolic simulation of water meniscus in the Petri dish lid (side view). On
the inner wall of the Petri dish lid, the water level is higher than more central regions. (J) The
accessible angle a (orange angle) of the fish to the visual stimulus is only 1° larger than the
angle of the objective tip since the location of the fish eyes (magenta arrow) are roughly

0.3mm in front of the focus point (cyan arrow) of the objective.
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©
o

resulting from light fraction and reflection in the Petri dish lid. Related to Figure 1. For
each panel from (A) to (G), only one single light beam is shown under different conditions
(angles of incidence and directions). (A) A light beam is shed 45° (applicable from 0° to
48.6°) upwards. 86% of the light is refracted into the air and only 14% is reflected back. Light
reflections and refractions continue to the Petri dish side wall. (B) The same as in panel (A)
except that the light intensity is colour coded (red to purple representing 100% to 2% of
original light power). (C) A light beam is shed 48° (applicable from 0° to 48.6°) upwards.
48% of the light is refracted into the air and only 43% is reflected back. Light reflections and
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refractions continue to the Petri dish side wall. (D) A light beam is shed 49° (larger than
critical angles, 48.6° from water to air and 39.6° from polystyrene to air) upwards. The light
beams cannot be refracted from water or polystyrene to air. (E) The same as in panel (D)
except that the light beam is shed 80° upwards. The light beam can only come out of the
Petri dish lid through the vertical lid wall. (F) A light beam is shed 84° downwards. (G) A light
beam is shed 45° downwards. (H) Refraction angle (in blue) and transmission power (in red)
change when a light beam is projected from water (IOR = 1.333) to air (IOR = 1) and the
angle of incidence increases from 0° to 90°. The critical angle of total internal reflection from

water to air is indicated with a vertical dashed line.
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Figure S3. Experimental protocols for monocular direction selectivity analysis and RF

mapping; low water level disrupts the distribution of receptive field centres from
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small-size RF tectal neurons measured with the glass bulb. Related to Figures 2-4. (A)
A diagram of the monocular direction selectivity analysis setup. Upper, gratings, 0.033 cycles
per degree, moving in eight different directions, were presented to the right eye of the animal,
which was embedded in low melting agarose in the centre of the cylindrical half arena. The
sizes of the fish and the arena are not proportional to the real experiments in this illustration.
Below, an illustration of the 8 moving patterns. The cyan arrows indicate the moving
directions. NT, nasaltemporal; TN, temporalnasal. (B) An example DS tectal neuron. Upper,
the original calcium trace of the DS neuron in three repetitions (in orange). The blue
background curve indicates the convolved (1 = 1.5 s) motion-stationary phase regressor.
Below, the DS tuning curve. The neuron responded most robustly to the downward motion.
(C) A diagram of the monocular RF mapping protocol. Upper, vertical gratings (0.033 cycles
per degree) with different sizes and locations were presented to the right eye of the animal,
which was embedded in low melting agarose in the centre of the cylindrical half arena. The
sizes of the fish and the arena are not proportional to the real experiments in this illustration.
Below, an illustration of the whole visual stimulus protocol. The cyan arrows indicate the
moving directions. A, anterior; P, posterior; D, dorsal; V, ventral. (D) The response profile of
a small-size RF neuron plotted z-score. Upper, the original calcium traces (yellow, cyan and
magenta) of the neuron in the three repetitions and their median (orange). The blue
background curve indicates the convolved (1 = 1.5 s) motion-stationary phase regressor.
Below, the response profile of a small-size RF neuron plotted with z-score. The response in
each phase is corresponding to one of the motion phases in panel (C). (E-G) Visual field
locations and density contour plot of receptive field centres of small-size RF tectal neurons
recorded with low water level (panel (E), n = 4 fish, 2 composite tecta), high water level
without left eye covered (panel (F), n = 6 fish, 3 composite tecta) and high water level with
left eye blocked by a black foil (panel (G), n = 6 fish, 3 composite tecta), respectively. In
penal (E), the low neuron density in the upper visual field potentially resulted from water

meniscus (grey shade).
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Figure S4. Reflection in inner surface of the glass bulb activated tectal neurons

corresponding to the unstimulated eye. Related to Figure 3. (A, B) Topographic maps of
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tectal small-size RF neurons in azimuth (A) or elevation (B), when the left unintended eye
was covered by a black foil. Each coloured dot represents a single neuron with its receptive
field centre in the corresponding azimuth (A) or elevation (B) range. For example, all
receptive field centres of the neurons in red are located between 0° azimuth (in front of the
fish) and 30° azimuth on the nasal right side of the fish (A). For example, receptive field
centres of the neurons in green are located slightly above the equator of the view filed (0° to
13° in elevation) (B). n = 6 fish, 3 composite brains. (C, D) Topographic maps of tectal small-
size RF neurons in azimuth (C) or elevation (D), when the left unintended eye was not
covered by a black foil. Each coloured dot represents a single neuron with its receptive field
centre in the corresponding azimuth (C) or elevation (D) range. For example, all receptive
field centres of the neurons in red are located between 0° azimuth (in front of the fish) and
30° azimuth on the nasal right side of the fish (C). For example, receptive field centres of the
neurons in green are located slightly above the equator of the view filed (0° to 13° in

elevation) (D). n = 6 fish, 3 composite brains.
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Figure S5. Other factors which influence the visual stimulus patterns perceived by the
fish. Related to Figure 4 and the discussion. (A) An ideal checkerboard stimulus
perceived when the animal is located 15 mm in front of the glass bulb centre. (B) Four light
beams (a, b, ¢ and d) are shed into the glass bulb with different angles of incidence
simulated with software (Ray Optics Simulation). The indices of refraction from water (inner
circle) and glass (outer ring) are 1.333 and 1.47. The reflected light reaches the unstimulated
eye (close to the centre of the glass bulb) of the fish (left eye) only when the incidence angle
of the visual stimulus is small (e.g., beam a). (C) Reflection of the stimulus pattern by

microscope objective tips with different textures. Left side, glossy metal results in upside

100



down reflection (upside down letters ‘L’); right side, Matt black and white, like Zeiss W N-

Acroplan.
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Abstract

Background: The processing of optic flow in the pretectum/accessory optic system allows animals to stabilize
retinal images by executing compensatory optokinetic and optomotor behavior. The success of this behavior
depends on the integration of information from both eyes to unequivocally identify all possible translational or
rotational directions of motion. However, it is still unknown whether the precise direction of ego-motion is already
identified in the zebrafish pretectum or later in downstream premotor areas.

Results: Here, we show that the zebrafish pretectum and tectum each contain four populations of motion-sensitive
direction-selective (DS) neurons, with each population encoding a different preferred direction upon monocular
stimulation. In contrast, binocular stimulation revealed the existence of pretectal and tectal neurons that are specifically
tuned to only one of the many possible combinations of monocular motion, suggesting that further downstream
sensory processing might not be needed to instruct appropriate optokinetic and optomotor behavior.

Conclusion: Our results suggest that local, task-specific pretectal circuits process DS retinal inputs and carry out the
binocular sensory computations necessary for optokinetic and optomotor behavior.

Keywords: Optomotor response, Optokinetic response, Pretectum, Optic tectum, Zebrafish, Optic flow, Binocular

integration, Calcium imaging

Background

Animals process optic flow and execute optokinetic
(OKR) and/or optomotor responses (OMR) to actively
stabilize their gaze and position relative to the visual
world [1-6]. The underlying sensorimotor transforma-
tions involve direction-selective retinal ganglion cells
(DS-RGCs) that project to the pretectum/accessory optic
system (AOS). The pretectum in turn projects to (pre-)
motor midbrain and hindbrain areas to evoke compen-
satory eye and tail movements [1, 7-10]. The optic tec-
tum also receives DS-RGC inputs and is involved in
detecting the location of small visual stimuli, as needed
during prey capture behavior [11-13]. The directional
tuning of neurons in the zebrafish pretectum is still un-
known, while the optic tectum has been shown to be
represented by four preferred directions, roughly
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K BMC

corresponding to up, down, temporal-to-nasal (TN), and
nasal-to-temporal (NT) [12, 14, 15]. For the detection of
ego-motion directions, comparing the motion informa-
tion across the two eyes is an efficient strategy for
lateral-eyed animals, which has been shown to be imple-
mented in the zebrafish pretectum for certain directions
[10]. Corresponding binocular neurons (selective for
translational or rotational motion) have also been identi-
fied in other species [16, 17]. However, a recent study
suggested that the hindbrain is necessary for the unam-
biguous identification of optic flow directions in zebra-
fish and reported the binocular sensory representation in
the pretectum to be incomplete for this task [9].

Here, we investigated the binocular sensory representa-
tion in the main visual brain areas of zebrafish, the optic
tectum and the pretectum. First, we characterized the dir-
ection selectivity of zebrafish pretectal and tectal neurons
using monocular visual stimuli. Based on the preferred di-
rections of these neurons, binocular stimulation was used
to identify neurons selective for specific binocular visual
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stimulus combinations. For each of the six spatial degrees
of freedom, we identified corresponding neurons select-
ively representing it. These binocular-selective neurons
may evoke appropriate compensatory swim and eye move-
ments by direct axonal projections to motor nuclei in the
tegmentum and hindbrain [1, 18, 19]. Our results suggest
that optic flow directions are readily detected in local, reti-
norecipient sensory circuits to support reflexive optomo-
tor and optokinetic responses.

Results

Neurons of the pretectum and tectum prefer one of four
cardinal motion directions during monocular stimulus
presentation

Since monocular motion processing likely forms the basis
for the comparison of binocular motion patterns, we first
set out to investigate the representation of preferred mo-
tion direction (PD) using monocular gratings moving in
eight different directions. Grating motion was presented
to the right eye of larval zebrafish (HuC:GCaMP5G) [20]
that broadly expressed GCaMP5G in the brain.
Stimulus-associated changes in the concentration of som-
atic calcium ions in neurons of the diencephalon and mid-
brain were recorded using two-photon population
calcium imaging (Fig. la—c) [10]. Tectal and pretectal
brain regions were identified based on anatomical land-
marks (Additional file 1: Figure S1A). Identified motion-
sensitive neurons were further classified based on their
orientation- (OS) or direction-selective (DS) responses
(calculation of orientation and direction selectivity indices,
OSI and DSI). Neurons were considered DS if the DSI
was larger than 0.7 (Additional file 1: Figure S1C), and OS
if OSI > 0.5 and DSI < 0.7. About half of the motion-sensi-
tive neurons were DS (pretectum, 50 + 4% (43/85); tec-
tum, 56 + 3% (68/120); mean + SEM across fish, n =9 for
both pretectum and tectum), and a minority were OS
(pretectum, 3 +0.8% (3/85); tectum, 12 + 1.8% (14/120);
n=9 fish). We identified 43+7 DS neurons per re-
corded pretectum and 68 + 5 DS cells per recorded tec-
tum (Fig. 1d). The tuning specificity of DS neurons,
measured by the normalized vector sum, varied greatly
across neurons (Additional file 1: Figure S1D).

Tectal DS neurons were each tuned to one out of four
preferred directions of motion (Fig. le), corresponding
to up (9°), down (164°), TN (263°), and NT (103°). The
observed preferred directions are comparable to those
reported in a previous study [14]. We found that the
four classes of DS neurons were approximately equally
abundant (Fig. le), while horizontal directions were
more prominently represented in the previous study
[14]. Notably, DS neurons of the pretectum preferred
the same directions (up, 358°; down, 167°; TN, 258°; NT,
97°). Intriguingly, the preferred directions of neurons in
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both the pretectum and tectum were not precisely or-
thogonal to each other: the angle between down and NT
was smaller (~70°) and the angle between up and TN
was larger (~ 100°) than 90° (Fig. 1e, f).

Tectal and pretectal DS neurons were predominantly
identified in the brain hemisphere contralateral to the
stimulated eye (laterality indices for tectum, 0.88 + 0.04;
pretectum, 0.70 + 0.12; with a value of - 1 corresponding
to an exclusively ipsilateral and +1 to an exclusively
contralateral placement of neurons). No salient anatom-
ical clustering of functionally similar DS neurons was ob-
served (Fig. 1g). In summary, our monocular stimulation
experiments showed that the four Cartesian axes of mo-
tion are well represented in both tectum and pretectum.

Pretectal and tectal neurons encode specific binocular
optic flow patterns corresponding to rotation or translation
about or along the yaw, roll, or pitch axes
We have previously shown that many neurons of the zeb-
rafish pretectum differentially respond to rotation and
translation in the horizontal plane (clockwise, counter-
clockwise, forward, or backward motion). Many of these
neurons were selectively tuned to one specific binocular
optic flow pattern [10]. Based on the assumption that the
binocular responses result from simple combinations of
synaptic inputs from monocular neurons and the four
monocularly preferred directions identified above, stimu-
lus motion along the rostral-caudal and dorsal-ventral
axes was used in the binocular direction selectivity experi-
ment. To investigate the three-dimensional binocular en-
coding of optic flow in the zebrafish brain and how the
monocular visual representations are combined binocu-
larly, we designed seven monocular stimulus patterns con-
sisting of (1) stationary grating (St), (2) temporal-to-nasal
motion (TN), (3) nasal-to-temporal motion (NT), (4) up,
(5) down, (6) pitch down, and (7) pitch up. Presentation of
each of these seven stimuli to both eyes resulted in 7 x 7 =49
combinations of binocular stimulus patterns (Fig. 2a, b).
For each neuron, we identified the stimulus patterns
for which the neuron was active (see “Materials and
methods”). We then classified neurons into binary re-
sponse types based on the active/silent status for all
stimulus phases (Fig. 2c, d). We analyzed responses to
St, TN, NT, up, and down separately from the responses
to pitch stimuli (see “Materials and methods”). The bina-
rization of neuronal response profiles during the first
5x 5 =25 stimulus phases (TN, NT, up, down, and St)
resulted in 2*° (ca. 34 million) mutually exclusive, theor-
etically possible response types. The number of frequent
response types, however, for which three or more neurons
(Fig. 2e) were identified was much smaller than this: 49.
These 49 response types (excluding pitch-specific re-
sponse types) accounted for a large proportion (39%) of
the recorded motion-sensitive neurons (300/763 neurons).
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Within these 49 response types, about a third of the neu-
rons (32%, 95/300) showed simple monocular DS re-
sponses without any contribution of motion presented to
the other eye (Fig. 2d, top, and 2f). However, we also fre-
quently observed binocular selective neurons, which were
activated only during one specific combination of motion
presented to the left and the right eye and silent to other
combinations of motion (35%, 105/300, Fig. 2d, middle,
and 2g). Among these binocular selective neurons, those
coding for up-up (i.e., up to the right eye and up to the left
eye), down-down, roll rightwards (down-up), roll leftwards
(up-down), TN-TN (forward), and NT-NT (backward)
were found frequently (5 to 17 neurons each). TN-NT and
NT-TN neurons (yaw rotation-selective) were only found
three times each. In our separate analysis of responses to
pitch stimuli, we identified monocular pitch-responding
neurons (Fig. 2h) and also four binocular pitch-selective
neurons. Each of these pitch neurons was silent during
the first 5 x5 stimulus phases. Additional auxiliary ana-
lyses, which included all neurons and avoided forcing
them into particular binary response types as above, con-
firmed the binocular selectivity of pretectal neurons (Add-
itional files 1 and 2: Figures S1 and S2).

Taken together, our data show that a large fraction of
the motion-sensitive pretectal and tectal neurons encode
specific binocular optic flow patterns during horizontal,
vertical, and pitch motion, resulting, among others, in
translation- or rotation-selective responses in three dif-
ferent axes.

Pretectal computations can distinguish between optic
flow stimuli that elicit forward swimming and turning
OMR behavior

To investigate whether the same type of binocular select-
ivity also exists for stimulus combinations presented from
below the animal, we analyzed a dataset from a previously
published study [9] (Fig. 3a). The stimuli were chosen to
elicit two different behaviors during certain stimulus
phases: leftward/rightward OMR turning behavior was
elicited by sideward visual motion and forward OMR
swimming was elicited by forward visual motion [21, 22].
Five different monocular stimuli (leftward, rightward, for-
ward, backward, and stationary gratings) were combined
binocularly to achieve in total 10 different binocular
stimulus phases (Fig. 3b, Inw, moving inward; Left, mov-
ing sideward to the left; Outw, outward; FW, forward;
Right, moving to the right; RE, right eye, LE, left eye
and BE, both eyes), resulting in 2'° = 1024 possible bin-
ary response types. However, as in the experiment in
Fig. 2, only a very small fraction of the theoretically
possible response types were detectable in the activity
recordings (Fig. 3c—e and the response profiles of the
mirror-symmetrical ~ rightward  counterparts  in
Additional file 3: Figure S3). Activity was generally
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phase-locked to motion (Fig. 3b, motion phases are indi-
cated by the colored bars which share the same colors of
the icons above) and the eight most frequent response
types (and their six mirror-symmetrical counterparts)
encompassed 45% (753/1672) of the neurons (Fig. 3d, the
indicated neuron numbers correspond to the sums of the
response type pairs active during leftward and rightward
motion, except for FW and BW response types.).

The frequent response types fall into three major re-
sponse categories. First, more than 13% (176 + 44 neu-
rons) were selective for optic flow corresponding to
forward or backward translation. Second, 5% of the re-
corded neurons (88/1672) were selective for optic flow
corresponding to sideward translation. Third, the other
neurons showed responses that were not fully selective
for either forward, backward, or sideward translation,
i.e., they were also active during additional binocular
stimulus combinations.

Discussion

We show that both pretectum and optic tectum contain
monocular DS neurons tuned to one out of four roughly
orthogonally arranged directions. In addition, monocular
pitch-selective neurons were also identified. This layout
is in agreement with previous reports on the pretectum/
AOS in other species [1, 19, 23]. Zebrafish swim in a
three-dimensional environment. During forward swim-
ming, they mainly experience horizontal motion, al-
though pitch angle changes are associated with
swimming bouts [24]. The perpendicularly arranged pre-
ferred directions are potentially the result of efficient
coding strategies. The angular spacing between the
neighboring represented preferred directions does, how-
ever, not match precisely 90° in each case, and this “odd”
angular spacing could potentially correspond to a spe-
cific adaptation of the zebrafish visual system, which still
remains to be discovered and understood. Since zebra-
fish DS-RGCs show different directional preferences
than somata in the pretectum/tectum [15, 25], a trans-
formation of directional axes needs to be computed in
the pretectum/tectum [13]. Since the optic chiasm is
completely crossed in the lateral-eyed zebrafish, pretectal
binocular integration is likely established by the
intra-pretectal commissures connecting the pretectum
across hemispheres (Fig. 4a, b). In our experiment, we
detected about 49 frequent response types. These re-
sponses encode different binocular combinations of
image motion in each eye along the four cardinal
directions.

Most of our manually drawn regions of interest (see
“Materials and methods”) corresponded to the contours of
individual cells (Additional file 4: Figure S4), confirming
that the binocular responsivity described in this study was
only minimally affected by potential cross-talk from
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(See figure on previous page.)

Fig. 2 Binocular selective neurons in the optic tectum and pretectum. a Two half-cylindrical arenas were used to present moving gratings. The
binocular zone (nasal 36°) was blocked. b The stimulus protocol consisted of 7 x 7 binocular motion phases. A unique combination of stimuli
(stationary: St, temporal-to-nasal: TN, upwards: Up, nasal-to-temporal: NT, downwards: Down, pitch up: PiUp, pitch down: PiDo) was shown to
both eyes in each phase. For each stimulus combination, the summed activity (z-score) across motion-sensitive neurons is indicated in arbitrary
units (a.u.). The red rectangle indicates the 5x 5 stimulus phases further analyzed in panels d-g. Ry, R, R,: binocular pitch, roll and yaw rotational
stimulus phases. Ty, T;: binocular thrust (forward/backward) and lift (up/down) translational stimulus phases (also see Fig. 4a). ¢ Calcium responses
of three example cells (median activity across three repetitions). The rectangular gray shades correspond to the 64 motion stimulus phases
(Additional file 1: Figure S1E). d Calcium activity heat maps, classified binary response types and linear model fits of the cells from (c). e Binary
response type analysis. The number of neurons (in pretectum and tectum, n =8 animals, four composite brains, see “Materials and methods’) is plotted
versus the ~ 34 million (2%°) theoretically possible binary response types. Green, monocular response types; magenta and gray, binocular-selective
response types; light blue: indistinct binocular response types. The first 34 frequent response types are illustrated below. Yellow, responsive
phases; blue, non-responsive phases. f The number of neurons for the frequent monocular response types (each line corresponds to one
response type), g binocular-selective response types (active only during one binocular stimulus combination) and h monocular pitch-responding type
(only active during the indicated monocular pitch phases) are indicated in green (monocular responsive), magenta (binocular selective), gray
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(stationary selective), and red (pitch responsive). LE/RE: left/right eye

multiple cells in our calcium imaging experiments. Many
binocular neurons were selective for particular binocular
combinations of visual stimuli that occur during transla-
tion, while being suppressed or non-responsive during any
of the other combinations of binocular stimulus patterns.
Furthermore, abundant sideward-selective responses were
identified in the pretectum using stimuli presented from
below (Fig. 3). Binocular rotational responses were also fre-
quently observed, particularly for optic flow generated dur-
ing roll or pitch, while yaw-specific responses were
underrepresented. ~ The number of identifiable
binocular-selective neurons depends on the choice of the
active/non-active threshold (Additional files 5 and 6: Fig-
ures S5 and S6). However, binocular-selective and mon-
ocular response types are still identifiable at each tested
threshold, providing further support for our conclusions.

Our finding of abundant pretectal translation- and
rotation-selective responses differs from findings reported
in a recent study investigating zebrafish OMR circuits [9].
Since there were 10 stimulus phases, there were 2'° = 1024
theoretically possible response types. However, in the au-
thors’ analysis, only the first eight stimuli (w/o forward and
backward) were considered for building the response types,
so that in their analysis the “sideward-selective” response
type contained forward-responsive signals as well (see ex-
plicit example in Fig. 3e). This analysis difference explains
why the forward translation-selective and sideward
translation-selective pretectal responses have not been re-
ported in the original study (see Fig. 5b in [9]).

The stimulus sets that were used in the experiments
presented here were not fully realistic. For example, our
forward “translation” stimulus (Fig. 2) did not contain
realistic optic flow contraction in front of the animal as
would be expected during backward ego-motion in a
contrast-rich environment. Furthermore, some of the
monocular motion stimuli (e.g., right eye inward in Fig. 3
and stimulus TN-St in Fig. 2) contained a stationary
stimulus presented to one eye, which results in conflicting
information for the fish. While presentation of such

stimuli helps scientists to understand how the zebrafish
brain processes motion, such stimuli are unlikely to occur
in nature and therefore might evoke different (e.g. smaller)
brain responses than more naturalistic stimuli would
evoke.

Our results are in agreement with reports on binocular
neurons in the pretectum/AOS of other species [26—28].
However, in birds and goldfish, the preferred axes for ro-
tations and translations have been shown to differ from
the motion axes used in our stimulus set. Three pre-
ferred axes have been reported, with one corresponding
to the vertical axis (yaw rotation, lift translation) and
two axes located in the horizontal plane, oriented at 45°
to either side of the midline [16, 29-32]. Such layout
supports a common reference frame with the axes of the
vestibular canals. In this study, we intended to investi-
gate the binocular combination of the four monocularly
preferred directions, which roughly correspond to the
Cartesian directions (see Fig. 1). We therefore did not
include stimuli containing binocular motion along or
about the horizontal oblique axes suggested in previous
studies. If the binocular neurons are not tuned to ob-
lique directions of motion in any part of their receptive
fields (which seems likely given that during monocular
stimulation the vertical or horizontal motion is pre-
ferred, see Fig. 1), then the precise preferred (binocular)
rotation and translation axes largely depend on the re-
ceptive field locations. Suppose a hypothetical neuron
with one small receptive field patch in each eye,
responding to up in the right eye and down in the left
eye. In total, this neuron has two receptive field patches,
like the binocular bipartite receptive fields that have
been measured in the rabbit AOS [33]. If the receptive
field patches were located laterally in each eye, the
neuron would respond maximally to stimulus rotations
about the roll axis. If, however, the receptive field
patches were located on the equator but shifted nasally
(by 45° relative to the lateral location) for the right eye
and temporally for the left eye, the neuron would prefer
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Fig. 3 Pretectal binocular selective neurons processing visual stimuli presented from below. a The visual stimulus was presented from below the
animal, while calcium activity was recorded from above. b Top: Ten binocular stimulus phases were repeated 3 to 10 times. The black arrowheads
indicate the gratings’ moving directions. Bottom: normalized AF/F calcium responses for three examples, forward-selective, sideward-selective,
and forward-and-sideward-selective neurons. White bars indicate the gratings' moving directions for the corresponding eyes (colored circles);
black circles represent eyes when stationary gratings were presented. ¢ Neuronal response types were classified based on the calcium activity
during the ten stimulation phases (y-axis, black: active). The width in the x-axis corresponds to the cell number for each response type. Response
types are ordered according to frequency. d Response profiles of the eight most frequent response types (Additional file 3: Figure S3 for the
mirror-symmetrical response types). Response types labeled “non-selective” are active for more than one stimulus phase. Response types labeled
“binocular” are influenced by stimulus motion presented to either eye. e Grouped and averaged response profiles of all neurons (leftward or
rightward) that are sideward-selective, when only the first 8 stimulus phases are considered, corresponding to response type “S" in the previous
study [9]. The first four rows show all possible response combinations for S type cells (including all 10 — not just 8 — stimulus phases) and the
last row shows the weighted average of all S type neurons. The cell numbers correspond to the sum of S type cells and the mirror-symmetrical S'
type cells. Note that the response type exclusively active for leftward motion (S w/o FW w/o BW, first row) cannot be detected when all responses are

merged together (fifth row). In the study by Naumann et al,, only this fifth merged response type has been reported

the horizontal axis identified in previous studies (+45°
to the left from the midline). Since the receptive field
sizes and centers have not been investigated in this
study, more elaborate stimulus sets, including binocular
oblique motion, would be necessary to identify the pre-
cise orientation of the preferred binocular motion axes
for translation and rotation. This would allow to con-
clude whether the preferred motion axes in zebrafish
correspond to those identified in other vertebrate species
or not. Furthermore, knowledge about receptive field lo-
cations is needed to relate response types identified
using sideward stimulation and stimulation from below.
For example up-down binocular-selective neurons
(Fig. 2) could correspond to sideward-selective neurons
(Fig. 3), if the receptive fields of both eyes were located
laterally and slightly below the equator of the view field.

We found that binocular responsive neurons are
present in both pretectum and optic tectum. While the
function of binocular neurons in the pretectum is likely
related to its role in mediating OKR and OMR behavior
(as discussed above and below), the role of binocular
tectal neurons is less clear. While the optic tectum is
dispensable for OKR and OMR in zebrafish [34], the tec-
tal binocular neurons might still be involved in modulat-
ing these behaviors or be involved in different behaviors
that require binocular representations. The high number
of identified binocular response types (in comparison to
the number of recorded neurons) made it difficult to
compare binocular representations across the two brain
areas. Ideally, the comparison of the binocular respon-
sivity in these two brain areas should also include an es-
timation of the receptive field sizes in each eye, since
pretectal receptive fields are expected to be larger than
tectal ones. However, receptive field size estimation was
not included in this study, since the associated long
stimulus protocol durations prohibited it.

In the invertebrate visual system of flies, the optic flow
is considered to be encoded by the lobula plate tangen-
tial cells, mainly including vertical system neurons (VS)

and horizontal system neurons (HS), which are direc-
tional selective for vertical and horizontal motion, re-
spectively [35, 36]. Intriguingly, these neurons show
large and complex monocular or binocular receptive
fields, with different preferred directions across local re-
ceptive field positions, resembling the roll rotational or
nasalward translational optic flow [36—39]. Similarly, bi-
partite receptive fields with opposing preferred direc-
tions, e.g., upwards and downwards, within one entire
receptive field of one neuron have been identified in the
rabbit AOS and pigeon vestibulocerebellum, though
these bipartite receptive fields do not precisely match
any optic flow pattern expected to occur during
ego-motion [33, 40].

Taken together, our experiments and analyses revealed
the existence of binocular sensory neurons in pretectum
and optic tectum which are selective for optic flow cor-
responding to motion in each of the six degrees of free-
dom (Fig. 4): rotation (roll, pitch, yaw) and translation
(lift, thrust, sideslip). These selective neurons could—in
principle—directly instruct appropriate OKR and OMR
behavior, since no further sensory processing is needed.
Indeed, in the case of OKR, direct projections of pretec-
tal neurons into a cranial nerve nucleus responsible for
horizontal eye movements (nucleus abducens) have been
shown to exist in other vertebrate species [1, 18, 19].

A biologically faithful model, describing each process-
ing step from the retina to OMR and OKR behavioral
outputs, would significantly advance our understanding
of neural processing principles in the vertebrate brain.
Future studies are needed to investigate the connectivity
of functionally identified cells in the pretectum, as well
as the receptive field properties of DS-RGCs and pretec-
tal neurons.

Conclusion

The optic tectum and pretectum of larval zebrafish con-
tain motion-sensitive neurons, which each prefer one out
of four directions (up, down, temporal-to-nasal, nasal-to-
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A common
computational motif
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Fig. 4 Proposed circuit model for binocular processing of optic flow
in the pretectum. a The pretectum receives its DS-RGC inputs mainly
via the pretectal arborization field AF5 (F. Kubo, personal
communication, October 2018) and a transformation of represented
motion axes occurs between retina (three PDs [14, 15]) and
pretectum (four PDs). The monocularly responsive pretectal DS cells
(green) send commissural projections (via the posterior commissure)
to the contralateral pretectum, resulting in binocular non-selective
response types (half green/half magenta) and binocular selective
(magenta) response types. The binocular-selective neurons code for
a single rotational or translational optic flow direction and could
directly drive appropriate optomotor and optokinetic behavior via
premotor structures such as the nucleus of the medial longitudinal
fasciculus and oculomotor nuclei. Ry, R, R,: neurons selective for
rotations about the pitch, roll and yaw axes, respectively. T, T, T;:
neurons selective for translations along the sideslip (sidewards left/
right), thrust (forward/backward), and lift (up/down) axes,
respectively. Please note that only these six axes were tested in this
study and it is possible that other (oblique) global optic flow axes
result in even stronger responses, as suggested by previous reports
on other species (see “Discussion”). b A proposed common
computational motif shared across different planes of motion is
antagonistic inputs from monocular pretectal neurons to binocular-
selective neurons coding for motion in the same plane (here in the
horizontal plane): A left eye monocular neuron in the right pretectal
half excites the Forward-selective neuron (T) during forward
translation, while a right eye monocular neuron in the left pretectal
half inhibits the selective neuron during nasal-to-temporal motion in
the right eye, thus establishing forward selectivity

temporal). Many neurons are binocular selective and re-
spond maximally to either rotational or translational mo-
tion along or about one of three orthogonally arranged
axes.
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Materials and methods

Contact for reagents and resource sharing

Further information and requests for resources and re-
agents should be directed to the Contact Aristides
Arrenberg (aristides.arrenberg@uni-tuebingen.de).

Animal care and the transgenic line

All animal procedures conformed to the institutional
guidelines of the University of Tubingen. The previously
described transgenic zebrafish line Tg(HuC:GCaMP5-
G)a4598Tg was used in this study [20]. The transgenic
line was kept in either a TL or TLN (nacre) background.
Zebrafish larvae were raised in E3 medium until day 5
or 6 post-fertilization (dpf).

Animal preparation

At the day of experiments (5 or 6 dpf), larvae were
transferred into a petri dish and embedded in 1.6% low
melting agarose (E3 medium). The agarose surrounding
the eyes was not removed as to minimize the range of
possible eye movements. Ten animals received an injec-
tion of a-bungarotoxin into the caudal vein to paralyze
them and prevent eye movements and motion artifacts.
Seven animals were recorded without paralysis (regard-
ing the neuronal responses, we did not observe any dif-
ferences between paralyzed and non-paralyzed animals
and therefore we pooled the data from all fish). The ani-
mals were then transferred and mounted in agarose on a
glass triangle and the fish head protruded the point of
the glass triangle, so that the eyes could see through the
(agarose and) water clearly. The volume of agarose sur-
rounding the fish head was trimmed on the sides and in
front of the animal in order to reduce the amount of
agarose surrounding the eyes. However, the eyes were
still covered by agarose to minimize the range of pos-
sible eye movements. The glass triangle was held from
the back by a 5-mm-thin shaft which was fixed to an
8-cm-diameter glass bulb (made by a glass blower) filled
with E3 medium. The glass bulb resembled a consumer
market light bulb (threading of the light bulb/glass bulb
shaft in the back of the fish), and a 5-cm-diameter hole
was cut on the top of the spherical part to allow lower-
ing the microscope objective towards the fish. From
stimulus arena to the fish eye, the light traveled through
air, glass (light hit glass roughly orthogonally in the
spherical part as to minimize refraction of light rays),
water, and finally agarose. The glass bulb was fixed with
its shaft (15.5 mm diameter) to the metal holder, which
allowed making adjustments in pitch and yaw (the glass
shaft allowed for adjustments in roll). In the monocular
direction selectivity experiments, the first batch of data
(n =5 larvae, included in the reported results) were ac-
quired using a cylindrical plastic stage and container in-
stead of the glass bulb container with glass triangle
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stage. In the first batches of pretectal monocular direc-
tion selectivity experiments (n =5 larvae), we noticed a
problem with reflections on the transparent stage wall
on the opposite side of stimulation (plastic cylinder),
resulting in responsive neurons on the ipsilateral side of
(intended) stimulation in the tectum. In the second set of
recordings (monocular DS: n =4 larvae), we exclusively
used the glass bulb stage and wrapped a piece of black,
half-cylindrical aluminum foil around the objective. The
black aluminum foil was then lowered beyond the eye
contralateral to the stimulus in order to prevent this eye
from seeing the reflections. In these recordings, only very
few ipsilateral tectal neurons were detected. The ipsilateral
neurons from the first batch (with reflection issue) are
depicted in a more transparent color in Fig. 1g, while the
ipsilateral neurons from the second batch have normal
colors in Fig. 1g. Both sets of recordings were included in
data analysis, because only few additional neurons were
detected due to the reflections in the ipsilateral tectum,
suggesting that the vast majority of the detected neurons
of the contralateral side were detected due to the stimulus
presented to the intended eye.

Microscopy of somatic responses

Calcium imaging was performed with a two-photon mi-
croscopy setup based on the MOM microscope (Sutter
Instruments, Novato, CA, USA) [41], using a Coherent
Vision-S Ti-Sa laser and a x20/1.0 Zeiss objective to
image calcium signals in the transgenic fish line HuC:G-
CaMP5G (Tg(elavl3:GCaMP5G)a4598) [20]. Calcium
time series were recorded at two frames per second, with
an image size of 512 x 512 pixels and x 2 magnification,
at 920 nm, pre-pulse compensation set to 9756 fs>. The
midbrain and diencephalon were sampled from + 60 pum
below the landmark (posterior commissure) to — 80 um
above the landmark. Optical slices were taken every
10 um (monocular direction selectivity) or 20 um
(binocular stimulation) in the dorsoventral direction in
individual fish. Across individual fish, all dorsoventral
positions were recorded in 10-pum increments relative to
the landmark (i.e., no recording at e.g. 5 or 15 um below
the landmark). We recorded eight animals using the bin-
ocular stimulus protocol, which corresponded to four re-
corded composite brains (one optical slice per 10 um).
Since we only recorded every 10 um in dorsoventral ex-
tent for the monocular direction selectivity dataset, more
than twice as many DS neurons should have been de-
tectable in the respective brain areas (Fig. 1d), if we had
sampled the brain areas at optimal spacing given the
neuron soma diameter of ca. 5pum. Where specified,
error bars correspond to measures per completely im-
aged brain volume. Care was taken to record the same
number of slices in each anatomical region. Oftentimes,
more than one animal was used to image one brain

Page 10 of 18

volume completely. Due to the long recording times and
positioning instability (likely resulting from the fish drift-
ing within its agarose embedding), we corrected position
drifts along the optical axis manually during the record-
ing (mostly less than 4 pum per 30 min). Using the x 20
objective and a magnification of x 2, our spatial reso-
lution was 0.43 pm/pixel on the x-axis (medial-lateral)
and the y-axis (anterior-posterior).

LED arena for visual stimulation (Figs. 1 and 2)

Visual stimulation of zebrafish was conducted with a cy-
lindrical LED arena consisting of 14,336 LEDs
(Kingbright TA08-81CGKWA): 2 (arena halves) x8
(rows) x 14 (columns) x64 (8 x8 multiplexed LED
matrix) LEDs. The caudal-most column of each arena
half was left without LEDs (i.e.,, 14, not 15 columns),
since the space was needed for the glass bulb stage metal
holder. The arena covered - 168° to + 168° in azimuth
and -40° to 40° in elevation. A few degrees in angle of
the dorsal field of view were likely blocked by the object-
ive due to its access angle of 38.39° (< 40°); however, the
eyes were located ~200 um below the objective focus
which should have resulted in a maximal viewing angle
exceeding 38.39° (i.e., 39.2°). In the binocular stimulation
experiments, the nasal view was intentionally blocked
from - 18° to + 18° azimuth to prevent the stimulus being
visible to the non-intended eye. The LEDs emitted at 570
nm and an additional high-pass filter foil (LEE no. 779,
article 595-1700-7790, castinfo.de, Hagen, Germany) and
diffusion filter foil (LEE no. 252, article 595-1780-2520)
were placed in front of the arena to optimize GCaMP sig-
nal detection and make the stimulus appear more homo-
geneous. This resulted in a yellow appearance of the
stimulus. The LED arena was controlled as described pre-
viously [42, 43]. LEDs were only lit during fly-back time of
the scanning mirrors. Due to the high repetition rate of
the line scans (~ 1000 Hz), the stimulus was perceived as
continuous (not flickering) by the fish.

Identification of regions of interest

For analysis of activity, a custom Matlab script (MOM._-
Load) identified regions based on their correlation to the
stimulus (using a regressor that was active during mo-
tion stimuli and inactive otherwise) and ROIs were
manually drawn as described previously [10, 44]. The 3D
mapping of cell location was performed using custom
written Matlab scripts (Midbrain Localizer and Cell
Viewer), which allowed to register the two-dimensional
recordings to a 3D z-stack which was acquired after re-
cording sessions [10].

Since manual selection always comes with an inherent
bias and potential confounds, we estimated the impact
of the manual selection, on the monocular direction se-
lectivity analysis and the binocular selectivity analysis, by
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first manually assigning three categories to each RO], ei-
ther (1) single-cell ROI, (2) multiple-cell ROI or (3) un-
clear ROI (Additional file 4: Figure S4A). The vast
majority of ROIs corresponded to the “single-cell” class,
likely a result of our careful drawing of ROIs using infor-
mation from the median image time series to visualize
the outline of the cells. With this classification, we re-
peated the binocular direction selectivity analysis
(Additional file 4: Figure S4B-D). We only found very
few ROIs for which the (complex) response types could
have been explained by potential overlap of signals from
two neurons. Furthermore, no evidence for signal mixing
was apparent when we plotted the linear model R* and
MB index values for the ROIs that corresponded to
multiple cells (Additional file 7: Figure S7B, method see
“Binocular directional tuning”). The distribution looked
similar to the one for the single-cell ROIs
(Additional file 7: Figure S7A), again supporting the val-
idity of our manual ROI selection. Therefore, our
post-hoc analysis suggests our manual ROI drawing only
had minor impact on our conclusions.

To further test the potential impact and bias of the
manual selection on binocular selectivity of the neurons,
Pearson’s linear correlation coefficient between each
pixel within a manually selected ROI and the average ac-
tivity of the ROI for the binocular direction selectivity
analysis data was calculated with Matlab. The histogram
analyses of the average Pearson’s linear correlation coef-
ficients from the identified monocular and binocular
neurons or single-cell and multiple-cell ROIs were com-
pared, respectively. The average correlation coefficient in
binocular neurons was lower than that in monocular
neurons (Additional file 7: Figure S7D). There are three
possible explanations. First, monocular neurons are
much more active with our stimulus protocol, while bin-
ocular neurons typically only show activities to one or a
few stimulus phases, leading to a lower signal-to-noise
level and pixel-wise correlation in these binocular
neurons. Second, binocular-selective neurons (which
correspond to a large fraction of the binocular neurons
plotted in Additional file 7: Figure S7D) are defined by
their selective responses: they do not fire in a pattern
that resembles a superposition of two monocular-
responsive neurons, but rather fire only when stimuli
were presented to both eyes (for one particular stimulus
phase). Therefore, it is quite unlikely that binocular-
selective ROIs would erroneously result from monocular
neuronal responses (but of course, the non-linearity of the
calcium indicator needs to be considered). A third pos-
sible reason for the higher pixel-wise correlation values of
monocular neurons could be that the monocular neurons
are more frequent in the optic tectum, which is located
superficially in the animal, resulting in a higher
signal-to-noise ratio for tectal recordings. As expected, the
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average correlation coefficient of isolated ROIs (single-cell
ROI) was about the same as that of the potentially con-
taminated ROIs (multiple-cell ROI, Additional file 7: Fig-
ure S7E).

In addition, another analysis based on principal
component analysis and clustering was performed
(Additional file 8: Figure S8). To show the potential of
the technique, we first used four ROIs identified as
separate cells in the manual selection. Principal compo-
nent analysis (PCA) and subsequent expectation
maximization clustering were performed for all pixels of
the four ROIs. To identify the optimal number of clus-
ters, we used the Bayesian information criterion (BIC).
We then used the clusters and can show that the
method is well suited to separate non-correlated
sources, even when they are in close proximity
(Additional file 8: Figure S8A), because pixels from the
same ROIs clustered together. The same technique was
applied to find the optimal number of clusters (i.e., dif-
ferent neurons) in the ROI masks that were previously
classified as most likely being composed of multiple
sources (Additional file 8: Figure S8B). As the analyses
described above already suggested, the resulting fluor-
escence pixel time series showed high correlation with
each other for individual ROI masks (Additional file 8:
Figure S8C), suggesting that the variability stems
mostly from noise and not from separated sources that
were erroneously assumed to be one cell.

3D anatomical mapping

To distinguish pretectal from tectal neurons, we pro-
ceeded as follows. For each fish, the whole z-stack—
which was imaged from the top of tectum to deep
ventral pretectum—was resliced to generate a trans-
verse view in each image plane. On selected, regularly
spaced transverse planes (more than ~ 50 planes), the
ventral border of the tectum was drawn: on each of
these transverse plane (512 pixels from left to right, x
dimension), a curve was drawn through the area de-
void of neuronal somata and fluorescence, which was
ventrally adjacent to periventricular tectal area with
densely packed, fluorescent somata. From each curve,
51 homogeneously distributed points were selected as
key points with which a new boundary curve was gen-
erated by linear interpolation or three-term Gaussian
fitting. Using this method, we obtained a boundary
curve with 512 data points corresponding to the pixels
in x/y dimensions (left-right and dorsal-ventral) for
each transverse plane (Additional file 1: Figure S1A,
curves in red color). In-between the annotated transverse
planes, the 2D curves were interpolated to receive a sur-
face that separated the tectum from the pretectum in all
three dimensions.
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Monocular directional tuning

We presented moving gratings in eight directions (48°/s)
to the right eye of the fish with one LED half-cylindrical
arena. In order to control for possible adaptation of
neural activities, we showed the visual stimuli in two dif-
ferent orders for different individual animals as depicted
in Additional file 1: Figure S1B. All eight visual stimulus
phases were repeated three times. A stationary grating
(pause) was presented between motion phases, as illus-
trated in Additional file 1: Figure S1E. The spatial fre-
quency of the visual stimuli was 0.033 cycles/°. Each
stimulus period started with a stationary grating (4s),
and then the motion stimulus phase (using the same,
but moving grating) ensued for 4.8 s. After each motion
phase, the stationary pattern was presented for 2s
(pause) and then the pattern was changed to the station-
ary grating of the next stimulus period (4s). Tectal and
pretectal identity was assigned to neurons based on the
semi-automatically drawn anatomical border visible in
the z-stack (see 3D anatomical mapping). Neurons below
the tectum and more rostral than 140 um caudal of the
landmark (anterior edge of the posterior commissure, see
Kubo et al. [10]) were considered as pretectal neurons and
plotted in the histogram of preferred directions. Neurons
located more caudally (> 140 pm caudal to the landmark)
potentially corresponded to premotor neurons (nMLF)
and were therefore excluded from further analysis.

Motion phase-locked activity for individual neurons
was calculated by a series of analysis steps. First, we cal-
culated a DFF (AF/F) trace from the raw fluorescence
trace [DFF = (F(¢) - F,)/F,, with F, corresponding to the
baseline fluorescence]. Then, we filtered the DFF fluor-
escence traces with a low pass wavelet decomposition
[type Daubechies, Matlab: wavedec (DFF1,db4’) and a
sliding median filter (the median of three data points).
Then, deconvolution was performed on the filtered data
with the decay time constant (tau) of GCaMP5G, 1.5s.
We calculated the mean of phase-averaged signal
(MPAS; averaged over stimulus phase time) from the
deconvolved traces. The baseline was defined as the
MPAS of all the non-stimulus phases (i.e., without moving
stimulus). The standard deviation (STD) of all
phase-averaged signals was calculated for the non-motion
phases. And the z-score was calculated using the equation
[z-score = (MPAS — mean (baseline))/STD (baseline)]. We
then calculated the median MPAS z-score (i.e., the median
across the three repetitions of a stimulus phase of the
average of all data points within one stimulus phase).

The tuning curve of the calcium signal z-score from
eight directions was fitted with one or two von-Mises
distributions (Matlab function 1: A/(2m x besseli (0, k))
x exp.(k x cos(X — PD)) + baseline, function 2: A1/(2m x
besseli (0, K)) x exp.(k x cos(X — PO)) + A2/(2m x bes-
seli (0, K)) x exp.(k x cos(X — PO - m)) + baseline). In
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the well fitted data (R®>0.8), the preferred direction
(PD), the response (Rp) in the PD, and the opposite
direction (R,p,) were calculated from the fitting with
one von-Mises distribution. Similarly, we calculated the
preferred orientation (PO) of the motion (not the grat-
ing), the response in the PO (R,,;) and the orthogonal
orientation (R,.y,) from the fitting with the sum of two
von-Mises distributions which had peaks separated by
180°. The DSI and OSI were calculated as: DSI = (Rpef —
Ropp)/(Rpref + Ropp) and OSI = (Rori - Rorth)/(Rori + Rorth)~
The neurons with DSI larger than the threshold; 0.7
were considered as direction selective. The following cri-
teria were used to define orientation-selective neurons:
OSI > 0.5 and DSI <0.7. In the histogram analysis of the
PDs for tectal and pretectal neurons, 6° was used as the
bin width. We identified the peaks of the PDs via fitting
the histogram data with the sum of four von-Mises
distributions (plus a baseline summand). For each of
the four peaks i, the summand took the following
form: a; x exp.(k x cos(X — Peak;))/(2m x besseli (0, k;)).

The agarose embedding resulted in a slightly variable
pitch orientation of the body across animals. The magni-
tude of the pitch rotation was between 1° and 10° for
each animal. Pitch correction of the PD values did not
result in sharper tuning curves. We present the PD data
with pitch correction for body positions here. Note that
we did not measure torsional eye positions and it is
therefore possible that eyes had different pitch positions
relative to the body.

To calculate the laterality index, we took the number
of cells contralateral to the stimulated eye and sub-
tracted the number of ipsilaterally located neurons and
divided the result by the sum of neurons in both hemi-
spheres. This resulted in an index running from 1 (all
contralateral) to — 1 (all ipsilateral).

Binocular directional tuning

In the binocular DS experiments, moving bars or rotat-
ing radial patterns, at the velocity of 15°/s, were used as
visual stimuli. The spatial frequency was 0.067 cycles/°.
We showed 3 repetitions of the 64 combinatory stimulus
phases using two half-cylindrical stimulus arenas. The
combinations were shown in a pseudo-randomized
order, as illustrated in the Additional file 1: Figure S1E
(in the diagonal direction shown by the numbers and
the first few phases are indicated by red arrows). Pat-
terns from both arenas were changed during the pause
phase to temporally separate the possibly occurring cal-
cium responses to a changed static stimulus from the
motion-sensitive calcium responses we were interested
in. In each trial, every stimulus phase lasted 4.8s,
followed by a 6 s pause. During the first 2 s of the pause,
the stimulus combination remained on the arenas and
for the remaining 4 s the next stimulus combination was
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presented motionlessly. The repetitions were separated
by 9-s long pauses. In a pilot experiment, we recorded
neural activity in two animals with a stimulus protocol
consisting of 12 x 8 instead of 8 x 8 stimulus phases. In
the additional phases, one of the eyes was stimulated
with 45°/135°/225°/315° oblique motion directions. We
only found very few neurons that preferred binocular
stimulus combinations including oblique motion or had
specifically suppressed activity during oblique motion.
This result indicated that oblique directions apparently
do not play a major role in binocular optic flow repre-
sentations, which was in agreement with our results
from monocular stimulations. We therefore decided to
omit the oblique stimulus phases in the stimulus proto-
col used to acquire the data presented here.

Tectal or pretectal identity was assigned to neurons based
on the semi-automatically drawn anatomical border visible
in the z-stack (see section on “3D anatomical mapping”).
Neurons below the tectum that were not located in the
brain volumes corresponding to nMLF, vEMN, and
dVEMN (see gray brain volumes in Fig. 1g) were con-
sidered as pretectal neurons and included in further
analysis, while the neurons from (pre-) motor brain vol-
umes were excluded.

To analyze the directional tuning of neurons, we re-
duced the complexity by using a binary response type
(RT) classification [9, 10]. To do this, we compared the
average inter-stimulus interval before every stimulus
phase with the median averaged activity in the stimulus
phase. If the mean AF/F during the stimulation exceeded
3xSTD over its local baseline, it was assigned a 1,
otherwise a 0. This method was applied to all stimulus
phases (7 x7+1), excluding stimulus phases that in-
cluded a blank screen on one of the half cylinders. We
excluded these 14 (7 + 7) phases after noticing that the
reflections of about 4% of the light on the inside of the
opposite glass bulb wall (theoretically to be expected, see
Fresnel equations) were visible to the fish eye which
should have received a black stimulus during this stimu-
lation phase. In the calcium imaging data, we could
clearly see that many (but not all) neurons responded to
the motion of the reflected stimulus as well. Since the
activity during these 14 stimulus phases was therefore
contaminated, we decided to remove those phases from
further analysis. In all other phases (except the
black-black phase), a bright stimulus was presented on
both halves of the arena so that the reflection was likely
hard to see for the animal and did not confound the
analysis of the rest of the data. A potential caveat of the
binary classification of motion phases in active and in-
active is that the selectivity of cells depends on the
chosen threshold. A low threshold will introduce noise
to the binary classification, while a high threshold will
lead to increased “selectivity” of cells that might still
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respond to other stimulation phases, but whose re-
sponses do not reach the threshold to be classified as ac-
tive. In order to confirm the validity of the chosen
threshold, we performed an additional analysis, in which
a lower (2.5x STD + mean) and a higher (3.5 xSTD +
mean) threshold were used. This analysis returned simi-
lar results as that of using the 3 x STD threshold and
therefore suggests that our chosen threshold value is an
acceptable threshold, which did not strongly bias re-
sponse types to getting classified as binocular selective
or monocular responsive (Additional file 6: Figure S6).
Additionally, we calculated the “MB index,” a metric
that depends on the fit of measured activity to a linear
model consisting of purely monocular responses (Fig. 2d
and Additional file 1: Figure S1F). To examine how well
the neuronal responses can be explained by monocular
direction-selective excitatory input, we fitted a linear
model to the data recorded with the binocular stimulus
protocol and calculated the goodness of fit R* value. The
coefficients of the model were used to calculate the
monocular-binocular index (MB index) for each neuron.
The function consists of 14 summands, each a product of
a weight (a for columns, B for rows) and a 7 x 7 matrix
consisting of one column or row with ones (C and R in
the depicted linear model equation). The neural activity
(z-scores) of a given neuron during the 7 x7 stimulus
phases (i.e., 49 z-score values) is then fitted to the equa-
tion to identify how well the neuronal responses can be
explained by monocular direction-selective excitatory in-
put, which should always activate a whole row or column.
To calculate the MB index, we took the difference be-
tween the sum of all row coefficients and the sum of all
column coefficients and divided it by the sum of all coeffi-
cients for normalization. A value close to 1 or - 1 corre-
sponds to mainly monocularly driven neurons, while a
value of 0 corresponds to binocularly driven neurons. The
expectation would be that cells whose activity can be ex-
plained by input from excitatory DS-RGCs in the absence
of inhibition (e.g., monocularly driven simple cells) would
have a high R* value and additionally a high (absolute) MB
index value, since they should be active only in one row or
column of the 7 x 7 matrix (i.e., their activity depends on
the stimuli presented to a single eye, while the other eye’s
stimulus does not affect activity). The activity of many
neurons could not be explained by this simple linear re-
gression model, while the model worked well for monocu-
lar neurons. This difference indicates that the activity of
the former neurons strongly depended on the combin-
ation of binocular phases, ie., these neurons performed
binocular computations. Note, that the “MB index” ana-
lysis of response profiles did not depend on thresholds or
classifications and still assessed whether the activity of a
neuron in question can be explained by input from
DS-RGCs alone or shows evidence of binocular inhibitory
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computations. The MB index helps to visualize the grade
of binocular response selectivity and binocular drive. Low
values of the goodness of fit to a linear model (R?) on the
x-axis in the scatter plot (Additional file 1: Figure S1G)
correspond to neurons with binocular selectivity. High
values can be interpreted as neural responses without sup-
pressed activity during particular binocular phases. In the
case of TN, up, NT, and down (but not pitch) responses,
neurons with high R* can be fully explained by simple ex-
citatory input from DS-RGCs (monocular and binocular
simple responses). The MB index is plotted on the y-axis
in Additional file 1: Figure S1G. Red points correspond to
cells shown in Fig. 2d.

We subdivided all further analysis to reduce the theor-
etical complexity of response types (RTs), which is given
by 2* possible RT combinations and the receptive field
(RF) locations of neurons. Our Pitch stimuli were differ-
ent from the remaining motion phases in that the mo-
tion directions differed wildly across the surface of the
stimulus arena. Since we did not know the RF locations
in these experiments, it was difficult to interpret the
neuronal activity observed during Pitch stimulation. For
example, a neuron that is responding to Up in the right
eye and also to Pitch-Up could be non-specific for Pitch
and simply have a relatively small RF in the nasal visual
field at the level of the equator. However, it is also pos-
sible that this neuron could have a large receptive field
and a complex selectivity for RE Up and RE Pitch-Up.
Without proper knowledge about the RF locations, in an
RT classification based on all 2* possible RTs, the mere
locations of (small) RFs will already result in several dif-
ferent found response types (combinations of Pitch re-
sponses with other motion responses). Furthermore, the
limited recording time prohibited a combination of RF
mapping and binocular directional selectivity analysis of
a sufficiently high number of animals and recordings to
identify all such response types at a sufficient frequency.
We therefore analyzed Pitch responses separately from
the other stimulation phases. We selected the five phases
of each eye corresponding to stationary (ST), temporal-
to-nasal (TN), Up, nasal-to-temporal (NT), and Down,
leading to a total of 25 stimulation phases. Based on
these 25 phases we then classified neurons, which had
the same binary response type. The same analysis was
applied to stationary and pitch stimulation phases alone.
Pitch and stationary phase RTs were further sub-selected
to exclude overlap with the 5 x 5 analysis (i.e., not active
during the 5 x 5 phases for the pitch analysis and not ac-
tive during the 6 x 6 motion phases for the stationary
analysis). The resulting RTs were then classified as either
frequent (> 3 cells) or infrequent RTs (< 2 cells).

While 39% of the neurons contributed to the group of
the frequent response types, for the large number of in-
frequent response types, only one or two neurons were
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identified. It was unclear whether these neurons just had
noisy response profiles and thereby largely resembled
the more frequent response types, or whether these neu-
rons showed a very special responsiveness. To estimate
the potential variability and the possibility of missing im-
portant RTs, we calculated the distance of infrequent to
frequent RTs by first identifying the most similar fre-
quent RT to an infrequent response based on the differ-
ence in the binary RT profile from the 5 x5 analysis
(Additional file 1: Figure S1H) for each neuron. For this
purpose, we calculated the correlation of its response
profile (5 x5 z-score heat map as in Fig. 2d) with the
median response profile of the best matching response
type from the frequent group (red line). We used Pear-
son correlation of the median AF/F response of all neu-
rons within the best-fitting frequent RT with the AF/F
response of the infrequent response type in question.
We further calculated the correlation of the individual
responses of neurons in a frequent RT group with its
own RT median response (blue line in Additional file 1:
Figure S1H). As a control, we calculated the correlation
of each neuronal response to a randomly selected exist-
ing RT (random choice of an existing RT response,
drawn from a distribution accounting for the frequency
of each RT). We then plotted the cumulative sum of
neurons for each of the three analyses (individual fre-
quent RT vs. RT median, infrequent individual RT vs.
most similar RT median, any neuron vs. random RT
median) versus the achieved Pearson correlation
(Additional file 1: Figure S1H). This analysis was per-
formed to show the validity of the approach and the as-
signment of binary RTs. Note that the responses of the
neurons from the infrequent group were mostly very
similar to one of the more frequent response types, sug-
gesting that the computational repertoire (in the context
of the employed stimulus phases) is well described by
the first 49 most frequent response types.

The binocular-selective response types presented in
Fig. 2 are only active during one particular stimulus phase
(a combination of two motion directions in the left and
right eye, respectively) and silent during all other stimulus
phases. These neurons clearly show the needed selectivity
to detect a particular type of optic flow, e.g., to distinguish
rotational from translational optic flow. However, other
neurons that are active during two or more stimulus
phases can still be somewhat binocular selective for cer-
tain directions (and maybe not selective for certain other
directions). In order to characterize the existence of
selectivity in single neurons that is suited to distinguish
rotation from translation in the same plane of motion
(e.g., forward versus clockwise for stimuli moving in the
horizontal plane), we devised a “phase pair analysis”
(Additional file 2: Figure S2). We compared responses to
18 different stimulus phase pairs (BW-CC, FW-CC,
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FW-BW, CW-CC, CW-BW, CW-FW, RCC-TD,
RCW-TD, RCW-RCC, TU-TD, TU-RCC, TU-RCW,
PU-AP2, PD-AP2, PD-PU, AP1-AP2, AP1-PU, AP1-PD;
forward, FW; backward, BW; clockwise, CW; counter-
clockwise, CC; roll clockwise, RCW; roll counterclock-
wise, RCC; translation up, TU; translation down, TD;
pitch up, PU; pitch down, PD; antagonistic pitch direc-
tions 1 (PiUp-PiDo), AP1; antagonistic pitch directions
2 (PiDo-PiUp), AP2.) and classified neuronal responses
to phase pairs in four different categories (1-1, 1-0,
0-1, 0-0). If cells are generally able to distinguish be-
tween these different types of motion (rotation vs.
translation), the expectation would be that we have an
over-proportionally large number of 0-1 or 1-0 classi-
fications. For instance, with our visual stimuli, motion
could occur in the horizontal plane, transversal plane
or sagittal plane (stimulus phase fields without filled
text in Additional file 2: Figure S2A correspond to optic
flow combinations that should not occur frequently in
nature and have therefore not been analyzed here). For
each kind of motion in the three planes, there are four
stimulus phases. The six possibilities of combining two
of these four phases for the horizontal plane of motion
are depicted in Additional file 2: Figure S2A. For each
of the 3 x 6 = 18 possible stimulus phase pairs, there are
four possible response types for each neuron, which are
illustrated for the possible stimulus phase pair CW-FW:
active during both stimulus phases (1:1), selective for
phase 1 or selective for phase 2 (1:0, and 0:1), or the
neuron can remain silent during these two stimulus
phases (0:0). We analyzed the responses of all 591
motion-sensitive neurons for the presence of
super-threshold activity in the 3 x 4 stimulus phases of
interest and calculated how frequent the four different
phase pair responses were for each of the 3x6=18
stimulus phase pairs in question. Every neuron contrib-
utes a count of 1 to just one out of the possible four
binary combinations (1:1, 1:0, 0:1, 0:0), according to its
active/silent status for the stimulus phase pair in ques-
tion. The y-axis in Additional file 2: Figure S2A is la-
beled “number of observations” and not “number of
neurons,” because we analyzed the responses of all 591
neurons for each of the 18 phase pair combinations.
Since virtually all neurons were only active for a small
fraction of the 64 stimulus phases from the original
stimulus protocol, the (0:0) phase pair responses are
very frequent. The monocular, simple neurons should be
responsible for many of the observed (1:1) phase pair re-
sponses. The (1:0) and (0:1) phase pair responses can be
inspected in this plot to judge how selective the neurons
were for particular types of optic flow directions. For ex-
ample, selective responses to rotation (CW, CCW)
appeared to be less frequent than responses to transla-
tion (FW, BW) in the horizontal plane (Additional file 2:
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Figure S2B). We performed a bootstrap analysis to ver-
ify which of the selectivities were significantly over- or
underrepresented than the chance level. For each mo-
tion plane, we calculated the percentage of neurons that
responded during 0, 1, 2, 3, or 4 stimulus phases out of
the available four binocular stimulus phases. We then
simulated response types of 591 neurons by drawing
the number of active stimulus phases (0 to 4) for each
simulated neuron and randomly specifying which of the
four phases are active. This was done for each plane of
motion separately and 25000 simulated datasets of 591
neurons were generated. The simulated data was then
processed in the phase pair analysis as described above.
The percentage of datasets, in which a higher or lower
number of neurons was found for each of the bars, was
determined in order to achieve a one-tailed p value
(bootstrapping, alpha = 0.05) and the results are plotted
(Additional file 2: Figure S2C). To account for multiple
comparisons, we also performed Bonferroni correction,
which led to a threshold of <0.00069 equalling 17 or
fewer than 17 events (Additional file 2: Figure S2D).

Inclusion criteria for somatic calcium responses

We calculated the Pearson linear correlation coefficients
between the stimulus phase z-scores (see above) of the
three stimulus protocol repetitions (for all three pairwise
combinations) to characterize the reproducibility of
stimulus-evoked calcium responses. In our further data
analysis, we only kept the neurons for which all three
correlation coefficients were higher than a certain
threshold. The threshold was set between 0.7 and 0.8 to
exclude around 20% neurons with low reproducibility of
stimulus-evoked activity in the monocular direction se-
lectivity experiment (2556 out of 3271, 78% neurons
were kept). The thresholds for the binocular direction
selectivity experiments were relatively lower, ranging
from 0.65 to 0.75, due to the long experimental proto-
cols and the low fraction of stimulus phases that a
neuron was responsive to. Only 64% (853 out of 1325)
neurons were kept for further analysis in the binocular
direction selectivity experiments. We then performed
signal-to-noise ratio (SNR) analysis to exclude neurons
with unstable baseline. In the SNR analysis, a threshold
of four was used on the z-score to detect positive neural
responses. Signal-to-noise ratio (SNR) was defined as the
ratio of the average response of all the responsive phases
to the standard deviation of the baseline. All the neurons
with SNR lower than a certain threshold were excluded.
The threshold was set between 8 and 10 to exclude
about 10% remaining neurons with SNR in the monocu-
lar direction selectivity experiment (2290 out of 2556,
90% neurons were kept). We kept about 90% (763 out of
853) neurons in the binocular direction selectivity exper-
iments for further analysis.
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Analysis of the data from Naumann et al.

The data used for the pretectal forward/backward and
sideward selectivity analysis were kindly provided by
Florian Engert and Eva Naumann. The file contained
(alongside with other information) repetition-averaged
calcium responses for each neuron. Each stimulus phase
response consisted of 64 data points each (including 19
data points before onset of motion, 3 data points per
second). In addition, the file included the assigned bin-
ary classification (response type). We analyzed the neu-
rons which had been stimulated with all 10 relevant
stimuli (1672 pretectal neurons out of the 3070 neurons
from Fig. 5B in their study). The DFF fluorescence traces
were filtered with a low pass wavelet decomposition
using a custom script [type Daubechies, Matlab: wavedec
(DFE1,db4’)]. The resulting traces were filtered again
using a sliding median filter (the median of three data
points). Then, the filtered data were deconvolved with
the decay time constant (tau) of GCaMP5G, 1.5s. The
mean of stimulus phase-averaged signal calculated from
the deconvolved traces was compared with an arbitrary
threshold, the 1.0x STD above the baseline of the
deconvolved traces. To ensure that the chosen threshold
reflects the underlying selectivity of neurons, we per-
formed the same analysis with three different thresholds
(1.0 x STD, 1.8 x STD, and 3 x STD + mean) and found
that all major conclusions were still supported, irrespect-
ive of the chosen threshold (Additional file 6: Figure S6).
The baseline was determined by taking the time periods
without motion stimulus for each cell and calculating
the mean of the response during each pause. The stand-
ard deviation was then calculated by taking the standard
deviation of these mean values across stimulus pauses
for each neuron. The value “1” was assigned to a stimu-
lus phase when the mean value was larger than the
threshold. Otherwise, the stimulus phase was assigned as
the value “0.” In our analysis, all ten different stimulus
phases, including the forward and backward motions
were considered and theoretically 1024 (2'°) different re-
sponse combination classes could have been detected.

Quantification and statistical analysis
The statistical information is provided in each of the
sections above.

After obtaining the raw data (pixel calcium signal time
series), the data was quantified, anatomically registered,
and statistically analyzed according to the descriptions
given in the above sections entitled “Identification of
regions of interest”, “Monocular directional tuning,”
“Binocular directional tuning,” and “Analysis of the data
from Naumann et al.”.

The analyzed number of zebrafish and brains is indi-
cated in the main text and figure legends. Error bars cor-
respond to SEM unless stated otherwise.
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Additional files

Additional file 1: Figure S1. (related to Figs. 1 and 2). Experimental
parameters and auxiliary analyses. (A) Defining the tectal-pretectal boundary.
Each image is a transverse view and the number indicates the pixel position
(1 pixel =043 pm in the anterior-posterior direction). D, dorsal; V, ventral; R,
right; L, left. (B) Monocular stimulus protocols to map preferred directions.
Left: motion directions; Right: Temporal sequence (rightwards) of the two
stimulus protocols used in different recordings. A, anterior; P, posterior. (C)
Histogram of direction selectivity from all recorded motion-sensitive cells.
(D) Histogram of the normalized vector sum of DS neurons (n =9 brains,
pretectum and tectum combined in (C) and (D)). (E) Stimulus protocol for
the binocular direction selectivity experiment. Top: 8 X 8 unique stimulation
phases were presented in the indicated order and repeated three times in
the protocol. Bottom: Schematic of two individual stimulus periods. (F)
Linear model equation used to assess functional properties of binocular
optic flow processing (see “Materials and methods”). (G) Linear model
analysis. Monocular neurons (with high absolute MB index) tended to
be fit very well by the linear sum model, while more binocularly driven
neurons (MB index close to 0) were not fit well. This suggests that
binocularly driven neurons are often suppressed during particular stimulus
phases, but not for other stimulus phases in the same row or column, thus
establishing binocular response selectivity. (H) Analysis of the similarity of
infrequent responses to the more frequent response types found in Fig. 2e.
The red and blue lines show the cumulative distributions of the correlations
of neurons from the infrequent group with the best matching frequent
response type and correlations of neurons from the frequent group with
their response type, respectively. The yellow line shows the correlation of
the neuronal responses with a randomly selected, existing response type
(shuffled). (JPG 10220 kb)

Additional file 2: Figure S2. (related to Fig. 2). Analysis of stimulus
phase pairs for horizontal, transversal and sagittal planes of motion. (A)
Left: possible binocular combinations of motion in the horizontal plane
(gray text), transversal plane (orange), or sagittal plane (blue). Middle: For
each kind of motion in the 3 planes, there are 4 stimulus phases. The 6
pair combinations of these phases are depicted for the motion in the
horizontal plane. Right: For each of the 3 x 6 =18 possible stimulus phase
pairs, there are 4 possible response types for each neuron, which are
illustrated for the possible stimulus phase pair CW-FW: active during both
stimulus phases (1:1), selective for phase 1 or selective for phase 2 (1:0,
and 0:1), or silent (0:0). (B) Phase pair responses across all 591 motion-
sensitive neurons. The monocular, simple neurons should be responsible
for many of the observed (1:1) phase pair responses. The (1:0) and (0:1)
phase pair responses can be inspected in this plot to judge how selective
the neurons were for particular types of optic flow directions, e.g, selective
responses to rotation (CW, CCW) appeared to be less frequent than
responses to translation (FW, BW) in the horizontal plane (compare the cyan
and green bar heights). (C) Bootstrap analysis. “Higher” in red color denotes
response types which were found significantly more frequently in the
zebrafish brain than expected by chance in the shuffled dataset. (D)
Same analysis as in (C), but using a two-tailed p value and Bonferroni
correction for multiple tests (n=72). The FW-selective responses were
significantly more frequent than CC-selective responses for the FW-CC
phase pair in column 2. For many phase pairs consisting of antagonistic
directions, a significantly lower number of neurons with non-direction-
selective 1:1 responses was identified (RCW-RCC, TU-TD, PD-PU), when
compared to the shuffled data. JPG 5187 kb)

Additional file 3: Figure S3. (related to Fig. 3). Analysis of pretectal
response types (forward/backward and sideward). (A) Average response
profiles of the eight most frequent response types (Top) and their
(rightward-responding) mirror-symmetrical response types (Bottom).
Except for FW and BW response types, for which no mirror-symmetrical
response types exist, neuron numbers on the left correspond to the sums
of the response type pairs active during leftward motion and their
mirror-symmetrical counterpart. Numbers on the right correspond to the
individual (non-merged) response types. (JPG 2301 kb)

Additional file 4: Figure S4. (related to Fig. 2). The manually drawn
ROIs correspond to single neurons in most cases in the binocular

stimulation dataset. (A) Examples of the manually drawn ROIs from the
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binocular direction selectivity analysis experiment. Single-cell ROls (90%
of all ROIs), multiple-cell ROIs (7%) and unclear ROIs (3%) are shown in
three rows. For each example RO, the left plot shows the manually
selected ROI (in red) on the median fluorescence of the calcium signal
time series. The z-score heat map is shown on the right plot. The warm
color and blue color (from red to yellow, the correlation coefficient
decreases) indicate the region where the fluorescence is correlated or
reverse-correlated with the motion-stationary regressor (see Methods).
The numbers in black indicated the neuron ID when we analyzed the
data. (B) Binary response type analysis of the single-cell ROIs. The number
of ROIs (in pretectum and tectum, n =8 animals, 4 composite brains, see
"Materials and methods") corresponding to single-cell ROIs is plotted
versus the ~ 34 million (2*°) theoretically possible binary response types.
The color code corresponds to monocular (green) and binocular selective
neurons (magenta: selective for a single binocular motion stimulus, gray:
selective for a single binocular stimulus containing motion on one side and
a stationary grating on the other side; light blue: indistinct binocular
response types). The first 34 frequent response types are illustrated below.
Yellow, responsive phases; Blue, non-responsive phases. (C) Binary response
type analysis of the multiple-cell ROIs, similar to (A). (D) Binary response type
analysis of the unclear ROIs, similar to (A). (JPG 7743 kb)

Additional file 5: Figure S5. (related to Fig. 2). Binary response type
analysis with different thresholds. (A) Response type analysis using 10
different thresholds. While the median number of identified neurons per
response type is affected by the choice of threshold, the number of
identified binocular-selective and monocular response types is only mildly
affected by threshold choice. (B) A lower threshold of 2.5 x STD + mean
was used. (C) Analysis for the original threshold of 3 x STD + mean. (D)
Analysis using a higher threshold of 3.5 x STD 4+ mean. STD and mean
correspond to the standard deviation and mean of the calcium signal
AF/F during the stationary phases (related to Fig. 2e). JPG 7371 kb)

Additional file 6: Figure S6. (related to Fig. 3). Effect of changing the
activity threshold on identified response profiles of the neurons from the
data of Naumann et al. Response profiles of the eight most frequent
response types are illustrated in (A, B) using different thresholds. The visual
stimulus-evoked calcium signals were detected with thresholds, 1 x STD +
mean (A), 1.8 x STD + mean (B) and 3 x STD + mean (Q). In this study we
used a threshold of 1 x STD, while the previous study used 1.8 x STD. Ex-
cept for FW and BW response types, in each panel, the indicated neuron
numbers on the left side of the plot correspond to the sums of the re-
sponse type pairs active during leftward and rightward motion. On the right
side of the plot, the numbers indicated the neuron numbers of each indi-
vidual response type (i.e., without mirror-symmetrical response type). The
mirror-symmetrical response type pairs were plotted separately on the
upper and lower panel. The proportions of the forward-, backward-, and
sideward-selective neurons are indicated on the right of each panel. STD,
standard deviation of the calcium signal AF/F during the stationary phases;
mean, mean of the calcium signal AF/F during the stationary phases. The
icons and colors are identical to those in Fig. 3. JPG 6249 kb)

Additional file 7: Figure S7. (Related to Fig. 2). Pixel-wise correlation
analysis suggests that manually drawn ROIs correspond to single neurons
in most cases in the binocular stimulation dataset. (A-C) Linear model
analysis of the binocular experiment data for the single-cell ROIs (A),
multiple-cell ROIs (B) and unclear ROIs (C) (related to Additional file 1: Fig-
ure S1G). (D) Histogram of average ROI correlation coefficients for the
correlation between a given ROI's pixel time series and the average
fluorescence time series of this RO, for single-cell ROIs from the 49
frequent response types (left, original plot; right, normalized plot). Blue,
binocular neurons (binocular selective or indistinct neurons); pale red,
monocular neurons. (E) histogram analysis of the correlation coefficients
of the pixel time series to the average fluorescence of single-cell ROIs
and multiple-cell ROIs from the 49 frequent response types (left, original
plot; right, normalized plot). (JPG 5536 kb)

Additional file 8: Figure S8. (Related to Fig. 2). Clustering of local pixel
correlations reveals highly correlated activity patterns for cells that were
classified as multiple ROIs. (A) Examples demonstrating the effectiveness
of the method. Four ROIs that were manually identified to be single cells
(their activity traces are shown on the right) were combined and each
pixel of these ROIs was correlated with each other. Subsequently, we

performed principal component analysis (PCA) and expectation maximization
clustering, which automatically segmented even spatially close neurons as
independent units. Pixels were plotted according to the first two principal
components (PCs) at the bottom, illustrating that that the developed
algorithm (PCA and clustering) successfully identified the correspondence of
the pixels to their original ROIs (lower left: color code based on manual ROI
selection, lower right: color code based on assigned cluster identity). (B)
Example cluster analysis showing a potential “multiple-cell” ROl (see manual
analysis in Additional file 7: Figure S7) that was split into three separate
clusters by the algorithm (left); and the accompanying activity traces for each
cluster (shown on the right). (C) Example cluster analysis showing an ROI that
wasn't split, and its corresponding activity trace. (D) Quantification of the
average correlation of the mean RO traces resulting from the clustering

(eg. average correlation of the three traces shown in (B)). Correlation is
overall high, suggesting that there is no major signal contamination even for
neurons that were manually assigned to potentially contain multiple-cell
activity. (JPG 2823 kb)
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SUMMARY

Non-cortical visual areas in vertebrate brains extract
relevant stimulus features, such as motion, object
size, and location, to support diverse behavioral
tasks. The optic tectum and pretectum, two primary
visual areas in zebrafish, are involved in motion
processing, and yet their differential neural represen-
tation of behaviorally relevant visual features is un-
clear. Here, we characterize receptive fields (RFs)
of motion-sensitive neurons in the diencephalon
and midbrain. We show that RFs of many pretectal
neurons are large and sample the lower visual field,
whereas RFs of tectal neurons are mostly small-
size selective and sample the upper nasal visual field
more densely. Furthermore, optomotor swimming
can reliably be evoked by presenting forward motion
in the lower temporal visual field alone, matching the
lower visual field bias of the pretectum. Thus, tectum
and pretectum extract different visual features from
distinct regions of visual space, which is likely a
result of their adaptations to hunting and optomotor
behavior, respectively.

INTRODUCTION

Visual receptive fields (RFs) are specific regions in space where
visual stimuli will alter the firing status of neurons (Spillmann,
2014). The ability of the visual system to extract useful informa-
tion from the visual environment is directly related to the form,
organization, and diversity of neuronal RFs within the vertebrate
visual system. Task-relevant visual features are processed in
parallel channels in the brain (Nassi and Callaway, 2009), starting
in the retina (Baden et al., 2016).

The optic tectum and pretectum, two brain regions in the mes-
and diencephalon, receive direct input from direction-selective
retinal ganglion cells (Giolli et al., 2006; Hunter et al., 2013; Ro-
bles et al., 2014) and encode visual stimuli moving in different
directions (Wang et al., 2019). These evolutionarily ancient struc-
tures share developmental origins with the superior colliculus
(tectum) and part of the accessory optic system (AOS) (pretec-

442 Cell Reports 30, 442-453, January 14, 2020 © 2019 The Author(s).
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tum) in mammals. They support navigation and orienting
behavior in zebrafish—which lack a visual cortex—already
soon after hatching in 5-day-old larvae (Beck et al., 2004; Niell
and Smith, 2005). Zebrafish are an important model organism
for non-cortical vision research, but the division of feature
extraction tasks between tectum and pretectum is still largely
unknown. In particular, their roles in feature extraction in relation
to behavioral tasks are crucial for a mechanistic understanding
of sensorimotor transformations in zebrafish.

In the pretectal area and in the AOS of many vertebrates, neu-
rons having large RFs with broad direction tuning curves are
abundant (Britto et al., 1981; Grasse and Cynader, 1984; Mas-
seck and Hoffmann, 2008; Simpson, 1984; Walley, 1967). Such
large RFs should help the animal to distinguish wide-field optic
flow from local motion and to estimate ego-motion. This compu-
tation is particularly important because many vertebrates use the
outcome to stabilize gaze and body position (Portugues and En-
gert, 2009; Rinner et al., 2005). In larval zebrafish, both the opto-
kinetic response (OKR) (Kubo et al., 2014) and the optomotor
response (OMR) (Naumann et al., 2016) have been shown to
rely on visual processing within the pretectum. In invertebrates,
similar computations mediating OMR behavior were identified
in the lobula plate, where horizontal system cells have large
RFs with preferred directions matching the rotational optic flow
around the yaw axis (Krapp et al., 2001). Additionally, it was
shown that optogenetic manipulation of these neurons is suffi-
cient to evoke yaw optomotor behaviors in fixed and tethered
flies (Haikala et al., 2013; Busch et al., 2018). In zebrafish, the
pretectum contains further anatomical sub-divisions (Yanez
et al., 2018), including structures involved in processing small vi-
sual stimuli during prey capture (Semmelhack et al., 2014; Muto
et al., 2017), regions responsive to large-field motion stimuli
(Kubo et al., 2014; Naumann et al., 2016), and a pretectal dopa-
minergic cluster providing input to the optic tectum (Tay et al.,
2011). However, the RF properties of the pretectum at both the
population and single neuron level are not known. It is also un-
clear how RF tuning within the pretectum may contribute to the
production of visually mediated behaviors.

In contrast to the pretectum, RF sizes and locations for neu-
rons within the zebrafish tectum have been described before
(Niell and Smith, 2005; Sajovic and Levinthal, 1982; Bergmann
et al., 2018; Preuss et al., 2014; Zhang et al., 2011). Tectal neu-
rons have relatively small RFs, conforming to the idea that tectal
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Figure 1. Different Receptive Field (RF) Types Were Identified Using Horizontally Moving Gratings

(A) Stimuli of naso-temporally moving gratings covering view fields of variable sizes were presented to the animal’s right eye (n = 8 fish for naso-temporal and n =2
fish for temporal-nasal motion). Motion stimuli consisted of whole-field (1 x 1, 180° x 80°, azimuth x elevation), half-field (2 x 1/2 and 1/2 x 2), quarter-field (2 x
2 x 1/4), bar (6 x 1/6 and 1/6 x 6), and small-field (6 x 6 x 1/36, each 30° x 13°) stimuli. The non-stimulated regions are shown in white for illustration purposes
but contained a stationary grating. A snapshot during the small-field motion phase (depicted in the lower right) is shown on the display in the setup illustration
(top).

0

0.9 >
k7
075
°
052
S
038
£
0.1

supra-threshold activity

Excitatory density
Excitatory density

(legend continued on next page)

Cell Reports 30, 442-453, January 14, 2020 443



OPEN

ACCESS
CellPress

neurons detect small-size moving objects in the view field and
are needed for hunting behavior (Gahtan et al., 2005).

It is expected that each of the brain areas receiving input
from the retina is adapted to the specific tasks and behaviors
the animal executes in its environment. The behavioral rele-
vance of a visual stimulus is influenced by the visual field loca-
tion of the stimulus and will depend on the particular visually
mediated behavior and the probability of observing such stim-
ulus locations under natural conditions. For example, in the
brain of macaque monkeys, it has been shown that RF proper-
ties in the superior colliculus, the homolog of the optic tectum,
widely differ in the upper and lower visual view field, which
likely represents adaptations to near space in the lower and
far space in the upper visual field (Hafed and Chen, 2016). Dur-
ing hunting behavior, vertebrates typically keep the prey items,
which are oftentimes small stimuli, in their nasal or frontal visual
field, indicating that high visual acuity in this region of space is
advantageous. Accordingly, both the primary visual cortex and
superior colliculus show a magnification of foveal visual field re-
gions (Grujic et al., 2018; Schwartz, 1980), i.e., more neurons
are dedicated to representing these foveal locations than
more peripheral locations. In the zebrafish retina, a region of
heightened photoreceptor density (area centralis) has also
been described (Schmitt and Dowling, 1999), corresponding
to upper nasal visual field positions (Zimmermann et al.,
2018). During prey capture, prey items need to be detected
against the visual background, whereas for visual stabilization
behaviors, animals need to detect their ego-motion by
analyzing the global optic flow patterns resulting from the
displacement of their bodies relative to the visual surround.
To use brain resources efficiently, the reliable detection of optic
flow directions is likely biased toward making use of the most
informative visual field locations that occur in natural habitats
and during behavior. The OMR is driven effectively by whole-
field motion but—to our knowledge—there are no previous re-
ports on particular visual field regions being preferably sampled
by the animal to initiate OMR. Given the different roles of the
optic tectum and the pretectum in hunting and stabilization
behavior, respectively, it seems likely that these brain areas
represent the visual field differently. It is unclear, however,
whether the observed retinal anisotropies are relayed to pri-
mary visual areas in the zebrafish brain and whether magnifica-
tions of certain visual field locations exist in the tectum or
pretectum of zebrafish. The characterization of such brain
area-specific magnifications within the small vertebrate brain
of larval zebrafish would advance our understanding of the effi-
cient encoding of relevant information in the vertebrate brain

and help to reveal the specific computations that brains have
evolved to perform.

Here, we characterize the RF properties of tectal and pretectal
motion-sensitive neurons using in vivo 2-photon calcium imaging
of GCaMP5G transgenic animals and investigate their organiza-
tion in visual and anatomical space. In addition, we investigate
how the identified RFs match to the visual locations, which drive
the OMR behavior. Our results reveal complementary roles of
the optic tectum and pretectum to support behaviorally relevant
motion feature extraction.

RESULTS

To estimate RF properties of pretectal and tectal neurons, we
stimulated the right eye of immobilized larval zebrafish with a se-
ries of horizontally moving grating patterns of different sizes and
locations (Figures 1A and S1; STAR Methods) and measured
GCaMP5G calcium responses of neurons in the diencephalon
and midbrain (Figure 1B). 1,926 motion-sensitive neurons that
responded reliably during the three repetitions of the stimulus
protocol were recorded in 10 animals. Neurons were divided
into four functionally defined groups (Figures 1C, 1D, and S2;
see STAR Methods for classification), based on the size and
shape of their RFs: (1) small-size RFs, (2) medium-size RFs, (3)
large-size RFs, and (4) bar-shaped RFs. RF sizes ranged from
very small RFs (30° x 13°) to whole field (168° azimuth x 80°
elevation). In neurons with smaller RFs, we oftentimes observed
suppressive effects for larger motion stimuli (Figure 1Di),
showing that these neurons were small-size selective. Small-
size RF neurons without signs of inhibition were frequently
encountered as well; even though the excitatory RF density
(STAR Methods) was localized to a small patch in the visual field,
the neurons were also responsive to whole-field stimuli (Fig-
ure 1Dv). Furthermore, some of the small-size and medium-
size RF neurons each responded to small moving stimuli in a
range of different visual field positions but did not respond to
larger moving stimuli covering the same visual field locations,
i.e., their responses were small-size selective and position
invariant (Figure 1Dvi).

Pretectal RFs Are Larger Than Tectal RFs and They Are
Less Often Size Selective

For each motion-sensitive neuron, we measured the location of
the RF center in the visual field and the anatomical position of
the somain the brain (see STAR Methods). Based on morpholog-
ical tectal borders visible in our brain volumes and previous
anatomical annotations of the pretectum and tegmentum

(B) The average fluorescence of an example calcium-imaging time series recorded from tectum and pretectum (PT) is shown in gray. Motion-sensitive image
pixels are shown in false color, with warm and cold colors corresponding to positive and negative motion phase correlation, respectively. Manually selected
regions of interest (ROIs) are labeled with magenta circles. Scale bar, 50 um; A, anterior; P, posterior; L, left; R, right.

(C) Example AF/F calcium responses of neurons with different RF sizes or shapes are shown. For each neuron, the colored trace corresponds to the median
response across three repetitions (gray traces). The gray rectangular shades correspond to the 57 presented motion phases.

(D) RF maps for six example neurons corresponding to (C). Top: the eight squares correspond to the eight stimulus segments shown in (A), and each square
corresponds to the stimulus arena surface (180° x 80°, azimuth x elevation). The calcium response is plotted as a Z score for each stimulus phase (for each ROI,
the AF/F, subtracted by the average of the AF/F, divided by the standard deviation of the baseline AF/F). Bottom: by comparison of the activities evoked by
spatially overlapping stimuli of different sizes, excitatory RF densities were calculated to measure the size of the RFs as the number of patches with supra-
threshold activity (red dots). For cells with small-size excitatory RFs with maximal responses during the small-size stimulus phases (see STAR Methods), an
inhibitory RF density was calculated to judge the extent of small-size selectivity (cell i). The anatomical location of each neuron is indicated (tectum or PT).
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(Kubo et al., 2014; Randlett et al., 2015), we identified tectal and
tegmental neurons, as well as those located within the general
pretectal area (Figure 2A). Neurons located in the tegmentum
were excluded from further analysis. Within the general pretectal
area, the caudal region corresponded to the pretectal anterior
medial cluster (AMC) region described before (Kubo et al.,
2014). In the recorded rostral diencephalic region, the dorsal
part corresponded to the rostral pretectum (dorsal periventricu-
lar pretectal nucleus marked with dopaminergic neurons) and
the ventral part to the dorsal thalamus annotated in the Z-Brain
Atlas (Figures S6A-S6D) (Randlett et al., 2015; also see Discus-
sion). However, the adult zebrafish brain contains several pretec-
tal nuclei (Yanez et al., 2018), and their exact identities and
locations in the larval zebrafish brain still need to be resolved.
We, therefore, included all diencephalic neurons in the analysis
of the general pretectal area in this study. We investigated the
topography of pretectal and tectal neurons as well as their sam-
pling of the visual field. On average, we identified 205 + 6 motion-
sensitive neurons per tectum and 59 + 13 neurons per pretectal
region (n = 10 fish, corresponding to 5 complete composite
brains sampled in 10-um steps).

Pretectal neurons have larger excitatory RFs than those of
tectal neurons (Figures 2B and 2C). Within the general pretectal
area, 30% (88/295) of the motion-sensitive neurons had a large-
size RF, compared to less than 2% (19/1,251) of the neurons
within the tectum (Figure 2C). Most motion-sensitive tectal neu-
rons (86%; Figure 2C) had excitatory RFs smaller than 1,200
deg? in area (3 of our small stimulus patches, each covering
30° x 13° in azimuth and elevation), which is consistent with pre-
vious reports from other groups (Sajovic and Levinthal, 1982;
Bergmann et al., 2018). Furthermore, similar to the findings in a
previous report (Preuss et al., 2014), we found that 68% (853/
1,251) of motion-sensitive neurons in the tectum were size selec-
tive, i.e., motion stimuli that were larger than the neuron’s excit-
atory RF evoked lower calcium responses (Figures 1Di and 2C).
In contrast, only 26% (77/295) of the motion-sensitive neurons in
the general pretectal area were size selective (Figure 2C).

Large-Size RFs in the Caudal Pretectum Are Biased to
the Lower Visual Field

The RF centers of 69% of the large-size RF pretectal neurons
were located in the lower visual field, which represents a signif-
icant bias (Figures 2D and S1B; p = 0.0002, z test for one propor-

tion). These pretectal large-size RF neurons were located almost
symmetrically in both hemispheres of the caudal pretectum, with
some neurons in the rostral pretectum on the contralateral side
(laterality index = —0.30; Figure 2A). The high number of ipsilat-
eral neurons can—in part—be explained by reflections of the
stimulus, which was revealed in an additional experiment in
which the left eyes of the fish were blocked by a back foil (later-
ality index = —0.86; n = 6 fish, 6 pretecta; Figure S1C). In addition
to the large-size RF neurons observed in the caudal pretectum,
many neurons responsive to small moving stimuli were also iden-
tified (Figures 1Cvi, 2A, S6E, and S6F). These small-size RF neu-
rons were most frequent in the rostral diencephalic region, which
corresponds to the rostral pretectum and the dorsal thalamus
(see Discussion; Figures S6A-S6D).

Because functionally identified neurons in the rostral dien-
cephalon segregated from those in the caudal pretectum
through an anatomical gap containing only few motion-sensitive
neurons (Figure 2A, side view), we defined a boundary based on
this gap to separate these two anatomical clusters (dashed line
in Figures 2A, S4A, and S4B, and STAR Methods). The rostral
diencephalic region contained a higher proportion of small-size
RFs (57%), 85/148) than the caudal pretectum (29%, 43/147;
p < 0.001, z-test for two proportions), whereas the caudal pre-
tectum contained a higher proportion of large-size RFs (43%,
63/147) than the rostral diencephalic region (14%, 21/148;
p < 0.001, z-test for two proportions) (Figures 2A and S1C).
Furthermore, the rostral region contained a higher proportion
of small-size selective neurons (Figures 2E and S4B-S4D),
whose activity was suppressed for larger stimuli (rostral region:
34% [51/148], caudal pretectum: 18% [26/147], n = 148 and
147, p < 0.001, z-test for two proportions, see STAR Methods).
Rostral diencephalic neurons responsive to our smallest grating
stimuli were also frequently (63% of the neurons, n = 6 fish)
responsive to small horizontally moving dots of variable diame-
ters (3 to 18 degrees in diameter), as we tested in a separate
experiment (data not shown).

It is well established that soma positions of zebrafish tectal
neurons are topographically arranged within the tectum and
that the RF centers cover almost the whole visual field at the pop-
ulation level (Attardi and Sperry, 1963; Niell and Smith, 2005;
Romano et al., 2015; Bergmann et al., 2018). However, in the
pretectum, we did not observe a clear topographic distribution
of large-size RF neurons (Figures 2F, 2G, S1D, and S1E).

(B) Analysis of RF size differences across PT/diencephalon and optic tectum (OT). The cumulative distribution of RF sizes is shown for the general pretectal region
within the diencephalon (PT, red), the OT (blue), and neurons of undefined provenance (black). Note that the PT has a larger fraction of large-size RF cells than the
tectum.

(C) For each brain region (PT and OT), the fractions of small-size, medium-size, large-size, and bar-shaped RFs are shown. For small- and medium-size RFs, the
inhibitory surround was investigated, and neurons with such inhibition are plotted in yellow.

(D) Locations and density contour plot of RF centers of large-size RF pretectal neurons in the contralateral and ipsilateral hemispheres (n = 10 fish, 5 composite
brains).

(E) Anatomical map of three types of neurons in the pretectal region: neurons with (yellow) and without (cyan) signs of inhibition and pretectal dopaminergic
neurons (gray). The dopaminergic neurons served as a landmark for the dorsal periventricular pretectal nucleus in the rostral PT and were recorded in a separate
experiment.

(F and G) Topographic maps of large-size RF neurons in the pretectal region. Each colored dot represents a single neuron with its RF center in the indicated
azimuth (F) and elevation (G) range (n = 10 fish, 5 composite pretectal regions).

Abbreviations are as follows: dEMN, dorsal extraocular motor neuron; vVEMN, ventral extraocular motor neuron; dEMN and VEMN, the trochlear and oculomotor
nuclei; nMLF, nucleus of the medial longitudinal fasciculus; A, anterior; P, posterior; D, dorsal; V, ventral, L, left; R, right; AF, arborization field. The abbreviations
are applicable to all anatomical maps in this study.
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Tectal RFs Dominate the Upper Nasal View Field

As expected from the topographic retino-tectal projection of
retinal ganglion cells, strong rostro-caudal, dorso-ventral, and
medio-lateral topographical gradients of RF centers were found
for small-size RF neurons in the optic tectum (Figures 3B, 3D, 3E,
and S3A). Responding tectal neurons were mainly located in the
contralateral hemisphere relative to the stimulated eye (laterality
index = —0.88; Figures 3D and 3E; see STAR Methods). More
tectal neurons with small-size RFs corresponding to the upper
nasal visual field were found than corresponding to the lower
temporal visual field (420 versus 55 neurons, upper nasal versus
lower temporal view field, Z score test for proportions: p < 0.001;
Figures 3A and 3C). When comparing the upper nasal view field
(26° elevation, 30° azimuth) to the lateral view field (0° elevation,
90° azimuth), the sampling difference corresponded to a 1.6-fold
magnification factor (Figure S3B). In our experiments, we identi-
fied about 4 tectal small-size RF neurons per 10° x 10° in the up-
per nasal field in each completely sampled fish (hypothetical
sampling every 5 um in the dorso-ventral direction, calculated
based on our actually recorded 33.4 tectal motion-sensitive neu-
rons per 60° X 27° in each of 5 composite brains sampled every
10 um; see Figures S3B-S3D).

Zebrafish OMR Behavior Is Driven Best by Motion in the
Lower Temporal Visual Field
Although it is known that during hunting behavior, prey stimuli
are mostly located in nasal visual field locations in zebrafish
(Bianco et al., 2011), the visual field regions that drive OMR
and OKR behavior have not been identified. OMR behavior can
be stably induced with whole-field forward motion projected
from below or from the side in larval zebrafish (Severi et al.,
2014; Thiele et al., 2014), and it had been assumed that
large—or even whole-field —stimuli are necessary to drive stabi-
lization behaviors. Given the uneven distribution of large-size
RFs in the upper and lower visual fields in the pretectum (Fig-
ure 2D), we wanted to test whether OMR is mainly driven by
the forward motion located in the lower visual field, which would
implicate the large-size RF neurons in mediating the OMR
behavior. We, therefore, recorded the tail motion of larvae while
forward-moving gratings of different sizes were presented in
different visual field locations. Care was taken to always stimu-
late animals in a binocularly symmetric fashion to drive forward
OMR instead of OMR turning behavior (Figures 4A, 4B, S5A,
and S5B). The angle between the anterior-posterior body axis
and the tail tip was traced to detect single tail beats and swim
bouts (Figures 4A, 4D, and 4E). Bouts, consisting of a series of
tail undulations beating symmetrically to both sides (forward
OMR), were induced in response to whole-field forward-moving
gratings (Video S1, S2, S3, and S4). In contrast, unsymmetrical
unilateral turning swim beats to one side (turning OMR) were
oftentimes evoked by whole-field rotating visual stimuli, although
symmetrical beats (forward OMR) were also observed (Fig-
ure S5Fi). Whole-field and half-field visual stimuli covering the
temporal or lower view field could evoke forward OMR robustly
(Figure 4C).

To our surprise, forward OMR swim beats could be induced by
stimuli as small as 45° x 20° (azimuth X elevation, the smallest
size in our protocol) in the lower temporal view field of both

eyes (Figure 4C). The OMR-evoking visual field locations were
almost identical across all recorded animals (n = 6; Figure 4F).
To test whether the OMRs evoked by small stimuli are stronger
than what would be expected under the assumption that OMR
drive was established by the sum of equal-sized motion inputs
across the visual field, we normalized the evoked OMR tail-
beat rate to the respective stimulus field size (analogous to the
excitatory RF density estimation; see STAR Methods). The
resulting visual field map of OMR drive (Figure 4G) shows the dis-
proportionally large influence of moving stimuli in the lower tem-
poral view field. We then compared OMR drive across different
stimulus sizes (1 x 1,2 x 1, ... 4 x 4), always considering the
visual field positions/stimulus phases that drove OMR best.
This analysis revealed that the smallest stimulus area evoked
responses, which were on average ~11 times stronger than
expected by an equal integration of optic flow inputs across
the visual field (Figure 4H).

DISCUSSION

Our study reveals the functional segregation of visual motion
processing in parallel channels, each extracting different sets
of motion features across the visual field. The optic tectum,
which processes the motion of small visual stimuli, has a bias
for upper nasal visual field locations. Within the diencephalon,
wide-field optic flow is mainly processed in the caudal pretectum
using large RFs that mainly sample the lower visual field,
whereas small motion stimuli are mainly processed in rostral re-
gions of the diencephalon. Furthermore, we show that animals
observe mainly the lower temporal visual field for optomotor for-
ward swimming.

These findings agree with the need to process small visual
stimuli, e.g., during prey capture (Preuss et al., 2014; Bianco
et al., 2011), and the need to assess wide-field motion to inform
stabilization behaviors (Kubo et al., 2014). The data support a cir-
cuit model in which these two distinct tasks are processed inde-
pendently by multiple channels in different brain areas.

Caudal and Rostral Diencephalic Regions Are Biased
toward the Encoding of Large-Field Optic Flow and
Small Stimuli, Respectively
Within the diencephalon, large-size RF neurons are mainly found
in the caudal pretectal region, whereas small-size RF neurons
are biased toward more rostral anatomical locations. The
large-size RFs of pretectal neurons preferably sample the lower
half of the visual field (Figures 2D and S1B), which fits with pre-
vious reports from pretectal neurons in dogfish (Masseck and
Hoffmann, 2008). Due to our use of a half-cylindrical stimulus
arena to present exclusively horizontally moving stimuli to the
right eye, neurons with more complex, e.g., rotational, binocular,
or vertical optic flow fields could not be described in this study
(Kubo et al., 2014; Wang et al., 2019). These types of RF struc-
tures exist in visual neurons of other species (Krapp et al.,
2001; Karmeier et al., 2003), and future studies are needed to
identify them in zebrafish.

The adult zebrafish pretectum contains several nuclei distrib-
uted from the superficial to the periventricular regions, receives
numerous retinal and tectal afferents, and projects to the optic
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Figure 3. Tectal RFs Are Small and Biased toward the Upper Nasal Visual Field

(A) Visual field locations and density contour plot of RF centers of small-size RF tectal neurons (n = 10 fish, 5 composite tecta).

(B) Anatomical map of the tectal RF center topography. The average anatomical position of neurons with their RF centers in each of the 6 x 6 visual field bins was
calculated and all 36 locations were connected by a grid to illustrate the mapping of visual space (color legend in the upper right) corresponding to anatomical
space in the tectum (Figure S3A). The yaw angle (10° right) and the pitch angle (20° down) were adjusted to allow optimal view of the anatomical topography.
(C) Median RF size across the visual space. For each patch, we calculated the median RF sizes of all neurons (in tectum and PT) whose excitatory RFs covered the
patch in question. The animals sample the lower temporal visual field mainly with large-size RF neurons, whereas small-size neurons dominate in the upper nasal
visual field.

(D and E) Topographic maps of tectal small-size RF neurons for azimuth (D) and elevation (E). Each colored dot represents a single neuron with its RF center in the
corresponding azimuth range in (D). For example, all RF centers of the neurons in red are located between 0° azimuth (in front of the fish) and 30° azimuth on the
nasal right side of the fish. In (E), each colored dot represents a single neuron with its RF center in the corresponding elevation range. For example, RF centers of
the neurons in green are located slightly above the equator of the view filed (0° to 13° in elevation). n = 10 fish, 5 composite brains.
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Figure 4. Zebrafish Optomotor Responses Are Driven by Motion from Below and in the Rear of the Animal

(A) Left: stimuli were presented binocularly to the animal with two half-cylindrical arenas while the behavior of the fish was recorded. A snapshot of the visual
stimulus during the whole-field motion phase is shown in the setup illustration. Right: a schematic of a larval zebrafish performing OMR behavior. The indicated
angle between the anterior-posterior body axis and the tail tip was measured to judge OMR performance.

(B) Motion stimuli of the OMR experiment consisted of whole-field (1x1, 180° azimuth x 80° elevation), half-field (2 x 1/2, 1/2 x 2), quarter-field (2 x 2 x 1/4), bar
(4 x 1/4,1/4 x 4), medium-field (4 x 2 x 1/8 and 2 x 4 x 1/8), and small-field (4 x 4 x 1/16, each 45° x 20°) stimuli (for each size group, only one motion patch is
illustrated). Each stimulus was mirror-symmetric about the mid-sagittal plane and shown with two half cylindrical arenas from both sides. The control stimulus
phases (not shown in B) consisted of two stationary whole-field phases, counterclockwise and clockwise rotational moving gratings or looming visual stimuli on
either side (Figure S5B). The regions in which no stimulus movement was present are shown as white areas for illustration purposes but contained a stationary
grating.

(C) Average number of tail undulations per second for one larva, induced by forward-moving gratings of 9 different sizes (rectangles represent the stimulus hemi-
fields from B).

(D) The full behavioral session for one animal, showing induced OMR behavior by stimuli of different sizes and locations as indicated in (B). The three stimulus
repetitions are shown in different colors (cyan, blue, and green). Individual stimulus phases are separated by the dashed gray lines, and each row corresponds to
55 concatenated time periods in which motion stimuli were presented. The stimulus pauses in-between motion phases were cropped out and lasted 69 s each.
Measured tail-beat counts (bottom) during each trial were consistent across the three repetitions.

(E) Tail movements induced by whole-field forward-moving gratings (from trial No. 2 indicated by a red rectangle in D). The peaks and troughs of each swim bout
within the 6-s recording are labeled with cyan and magenta asterisks, respectively. OMR swim beats are indicated by gray background shade.

(F) Visual field heatmaps of the forward-OMR tail-beat rate for six individual larval zebrafish (n = 6). The visual field density of OMR behavior was quantified
analogous to the excitatory RF densities in Figure 1. The density was normalized according to the size of the stimulation area in each fish individually (see STAR
Methods).

(G) Average heatmap of the OMR beat density for stimulation across different visual field coordinates (n = 6 fish).

(H) Maximum OMR beats for each of the 9 stimulus fields shown in (B) and (C) after normalization according to stimulus size (see STAR Methods).

tectum as well (Fernald and Shelton, 1985; Presson et al., 1985;
Kastenhuber et al., 2010; Yanez et al., 2018). The correspon-
dence of these nuclei to functionally defined larval brain regions

is not fully resolved (Kubo et al., 2014; Muto et al., 2017; Sem-
melhack et al., 2014; Arrenberg and Driever, 2013). In our study,
the pretectal dopaminergic neurons, which are evolutionarily
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conserved across most amniotes (Yamamoto and Vernier,
2011), were used as a landmark to indicate the location of the
periventricular pretectal nucleus (Filippi et al., 2014). The location
of caudal pretectal neurons in this study corresponds to the
AMC, previously described by Kubo et al. (2014), as well as to
the annotated pretectal brain volume in the Z-Brain Atlas (Fig-
ures SB6A-S6C; Randlett et al., 2015). Recorded extra-tectal
neurons located more than 140 um caudal to the posterior
commissure most likely belonged to the tegmentum and were,
therefore, excluded from the pretectal analysis (see STAR
Methods). The rostral diencephalic neurons described in this
study cover rostral pretectal and dorsal thalamic brain regions
(Videos S5, S6, and S7) (Rupp et al., 1996; Yanez et al., 2018).
Functional properties of two larval pretectal nuclei have previ-
ously been described in relation to prey capture (parvocellular
and magnocellular superficial nuclei [PSp and PSm]); however,
they are located more laterally than the bulk of our recorded mo-
tion-sensitive neurons in the rostral pretectum (Semmelhack
et al., 2014; Muto et al., 2017). Morphologically, the identity,
extent, and overlap of larval pretectal neuron populations, which
give rise to each of the known adult pretectal nuclei, is not easily
discernible (Arrenberg and Driever, 2013). Further anatomical
studies are needed to link our functionally identified neurons to
specific pretectal and thalamic brain nuclei and connectivity in
the larval brain.

The anatomical and visual field locations, as well as neuron
numbers, were consistent for large-size RF neurons in the pre-
tectum across fish and experiments (Figures 2A, 2D, S1B, and
S1C), whereas the responses of position-invariant RF neurons
(Figure 1Dvi) appeared to be more variable. Notably, the
preferred visual field locations, exact anatomical locations, and
the number of identified position-invariant neurons within the
diencephalon differed in the first and second experiment we per-
formed (Figures S4E and S4F). Further work is needed to eluci-
date the specific anatomical distribution and response proper-
ties of position-invariant RF neurons.

The Tectum—Poised for Prey Capture

Our analysis of a large number of tectal neurons extends previ-
ous reports on tectal physiology (Niell and Smith, 2005; Sajovic
and Levinthal, 1982; Zhang et al., 2011; Preuss et al., 2014).
Our finding that the tectum mostly comprises relatively small
excitatory RFs, which oftentimes are small-size selective, is in
agreement with a role of the tectum in prey capture (Bianco
etal., 2011; Gahtan et al., 2005). It is noteworthy that our stimulus
protocol only allowed the measurement of RF sizes down to 30°
horizontally and 13° vertically (corresponding to our smallest vi-
sual stimulus), which is much larger than the minimal RF size in a
previous report (Preuss et al., 2014). Also, due to the limitation of
2-photon calcium imaging, we are not able to directly assess in-
hibition but assess it only indirectly by comparing the reduction
in responses evoked by larger stimuli.

The topographic arrangement of the zebrafish tectal neurons is
well established both for the anatomical retino-tectal projection
(Baier et al., 1996; Trowe et al., 1996) and the functional RF map-
ping (Bergmann et al., 2018; Niell and Smith, 2005). However,
precise measurements of dedicated tectal anatomical volumes
had not been performed previously and are needed to build faith-
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ful models of zebrafish vision. We find that the upper nasal visual
field (134 um®/deg?) is magnified in the tectum by a factor of 1.6
relative to lateral (82 um>/deg?) visual field locations (Figure S3),
which is a relatively mild magnification in comparison to foveal
magnification in the primate superior colliculus and visual cortex
(Schwartz, 1980; Cowey and Rolls, 1974; Grujic et al., 2018).
Given that the larval prey capture behavior depends on the optic
tectum and larvae respond to the paramecia located in front and
extending 60° temporalward of the fish (Bianco et al., 2011;
Romano et al., 2015), a role of these tectal small-size RF neurons
in prey capture seems likely. Because the density of small-size RF
neurons is elevated in the upper nasal view field (Figures 3A and
S3B), this would suggest that larval prey capture performance is
best when the paramecia are located in front and slightly above
the eyes and possibly the mouth. In this study, we have only
investigated the RF distributions at a single developmental stage.
It is possible that the reported tectal magnification of the upper
nasal visual field is (in part) a result of the tectal developmental
stage because new, initially non-functional neurons are added
in the dorso-medial and caudo-lateral tectum (Boulanger-Weill
et al., 2017; Recher et al., 2013).

The OMR Is Driven Most Strongly by the Lower Temporal
Visual Field
Although it had been known from previous reports that motion
stimuli presented from the bottom or from the side are effective
in triggering OMR behavior (Thiele et al., 2014; Severi et al., 2014;
Orger et al., 2008), it was unclear which parts of the visual field
the animal preferentially responds to. We tested motion stimuli
of variable size and position against a stationary background
and show that for forward swimming OMR, the relevant region
lies in the lower temporal view field of the fish (Figures 4F and
4G). We found that even motion stimuli as small as 45° x 20° (az-
imuth x elevation) can be effective OMR stimuli. This finding is in
contrast to the concept that the OMR is a whole-field-induced
behavior. Rather, it suggests that distinct parts of the visual field
are sampled for body stabilization behaviors. This most likely
reflects the ecological adaptions of zebrafish living in shallow
waters (Engeszer et al., 2007) and the need to sample the most
relevant parts of the visual field for different tasks (Zimmermann
et al., 2018), such as putative high contrast textures within a river
bed. Notably, zebrafish also sample different parts of their
visual field for a related stabilization behavior, the OKR. The
OKR of zebrafish is best driven by stimuli located laterally and
slightly elevated (Dehmelt et al., 2019). Thus, each visually medi-
ated behavior that has been investigated for visual field anisot-
ropies (OMR, OKR, and prey capture behavior) preferentially
samples information from different parts of visual space.

Because RGCs project directly to the optic tectum and pretec-
tum (Robles et al., 2014), it seems likely that the small-size RFs
without inhibition as well as the large-size RFs in the caudal pre-
tectum are established by direct inputs from RGCs (Figure 5).
Small-size-selective responses require inhibitory inputs, which
could be calculated already within the retina or within the ret-
ino-recipient brain areas (Grama and Engert, 2012; Ramdya
and Engert, 2008).

Previous work suggests that visual stabilization behaviors are
driven by the caudal pretectum (Naumann et al., 2016; Wang
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etal., 2019; Kubo et al., 2014), which we show contains neurons
of different RF sizes. Both whole-field and small-size optic flow
stimuli evoke robust OMR tail beats, suggesting that both pre-
tectal large-size and small-size RF neurons might form the basis
for optic flow processing underlying the OMR. In agreement with
this possibility, the RF centers of both pretectal large-size and
small-size RFs match the bias of OMR drive to lower visual field
locations (Figures S5E, S6E, and S6F). Further work is needed to
identify the relative contributions of large-size RF and small-size
RF pretectal neurons to OMR behavior.

In summary, we mapped the RFs of zebrafish tectal and
pretectal neurons and demonstrated that both brain areas
fulfill complementary roles for visual motion feature extraction.
RFs of tectal neurons are predominantly small and size selec-
tive and have a strong bias in representing the upper nasal
visual field (Figure 5). In contrast, caudal pretectal neurons
have predominantly larger RFs with RF centers preferentially
located in the lower visual field of the animal, which corre-
sponds to the location of strongest OMR drive in the lower
temporal visual field. Thus, each tectal and pretectal brain re-
gion extracts different motion stimulus features and samples
distinct visual field regions. We speculate that this anisotropic
visual field sampling in the tectum and pretectum could repre-
sent adaptations of zebrafish to feeding and stabilization
behaviors, resulting in efficient usage of visual brain area vol-
umes for the representation of behaviorally relevant stimulus
features. Our study reveals the sensory layout of motion
processing and, thus, constitutes an important advance for
deriving a biologically faithful model of visuomotor transfor-
mations in zebrafish.
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RFs, whereas a distribution of different RFs is
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and dorsal thalamus) to large-size RFs (mainly in the
caudal PT). Previous findings suggest that tectum
and caudal PT receive direct retinal inputs (solid
lines). To the right, the visual field distributions of RF
centers are shown for each functional cell type. An
additional visual field map is shown for OMR
behavior, in which the regions driving OMR best are
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locations and the vertical axis to the upper and lower
visual field locations.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins

o-bungarotoxin Sigma-Aldrich T0195-.5MG
Poly-L-lysine solution Sigma-Aldrich P4832-50ML
Experimental Models: Organisms/Strains

Zebrafish Tg(HuC:GCaMP5G)a4598Tg Ahrens et al., 2013b N/A
Zebrafish Tg(th-E2A-QF2)m1512 x Tg(QUAS: EGFP) Driever lab (Freiburg N/A

University)

Software and Algorithms

ImageJ/Fiji NIH https://fiji.sc

MATLAB R2010b, R2014b, R2015b MathWorks https://www.mathworks.com/products/matlab.html
LabVIEW 2015 National Instruments http://www.ni.com/en-us/shop/labview.html
Mscan Sutter Instrument https://www.sutter.com/MICROSCOPES/mcs.html
Other

Z-Brain Atlas Randlett et al., 2015 https://engertlab.fas.harvard.edu/Z-Brain/

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Aristides
Arrenberg (aristides.arrenberg@uni-tuebingen.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal care and transgenic lines

All animal procedures conformed to the institutional guidelines of the Universities of Tibingen and Freiburg and the local government
(Regierungsprasidium Tubingen and Regierungsprasidium Freiburg, respectively). The transgenic zebrafish lines Tg(HuC:
GCaMP5G)a4598Tg and the unpublished double transgenic line Tg(th-E2A-QF2)m1512 x Tg(QUAS: EGFP) (Fernandes et al.,
2012; Reinig et al., 2017) were used in this study. Transgenic lines were kept in either a TL or TLN (nacre) background. Zebrafish
larvae were raised in E3 medium until day 5 or 6 post-fertilization (dpf).

METHOD DETAILS

Animal preparation (tectal and pretectal imaging of neuronal somata)

At the day of experiments (5 or 6 dpf), larvae were transferred into a Petri dish and embedded in low melting agarose (E3 medium). The
agarose surrounding the eyes was not removed as to minimize the range of possible eye movements. 6 animals received an injection
of a-bungarotoxin into the caudal vein to paralyze them and prevent eye movements and motion artifacts. 4 animals were recorded
without paralysis. In addition, 6 animals were recorded without paralysis in another independent experiment and exclusively used for
the analyses presented in the Figures S1B, S1C, S4B, and S4F. The animals were then transferred and mounted in agarose on a glass
triangle and the fish head protruded the point of the glass triangle, so that the eyes could see through the (agarose and) water clearly.
The agarose surrounding the fish head was trimmed on the sides and in front of the animal to reduce the amount of surrounding
agarose (Figure S1F). However, the eyes were still covered by agarose to minimize the range of possible eye movements. The glass
triangle was held from the back by a 5 mm thin shaft which was fixed to an 8 cm diameter glass bulb (made by a glass blower) filled
with E3 medium. The glass bulb resembled a consumer market light bulb (threading of the light bulb/glass bulb shaft at the back of the
fish) and a 5 cm diameter hole was cut on the top of the spherical part to allow for approach of the microscope objective onto the fish
(Figure S1F). From stimulus arena to the fish eye, the light traveled through air, glass (light hit glass roughly orthogonally in the spher-
ical part as to minimize refraction of light rays), water, and finally agarose. The glass bulb was fixed with its shaft (15.5 mm diameter) to
the metal holder which allowed for pitch and yaw adjustments (the glass shaft allowed for adjustments in roll). In the first batches of
receptive field mapping (n = 6 larvae) experiments, we noticed a problem regarding reflections on the glass bulb on the opposite side
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of stimulation, resulting in detected neurons on the ipsilateral side of (intended) stimulation in the tectum (which were not plotted in
Figure 3). In the second set of recordings (4 larvae), we wrapped a piece of black, half-cylindrical aluminum foil around the objective.
The black aluminum foil was then lowered beyond the eye contralateral to the stimulus to prevent this eye from seeing the reflections.
In these recordings, only very few ipsilateral tectal neurons were detected (and were not excluded in the anatomical registration fig-
ures). Both sets of recordings were included in data analysis, because only few additional neurons were detected due to the reflec-
tions in the ipsilateral tectum, suggesting that the vast majority of the detected neurons of the contralateral side were detected due to
the stimulus presented to the intended eye.

2-photon microscopy of somatic calcium responses

Calcium imaging was performed with a two-photon microscopy setup based on the MOM microscope (Sutter Instruments; Euler et
al., 2009), using a Coherent Vision-S Ti-Sa laser and a 20x/1.0 Zeiss objective to image calcium signals in the transgenic fish line
HuC:GCaMP5G (Tg(elavi3:GCaMP5G)a4598) (Ahrens et al., 2013b). Calcium time series were recorded at 2 frames per second,
with an image size of 512 x 512 pixels and 2 x magnifications, at 920 nm, pre-pulse compensation set to 9756 fs2. The midbrain
and diencephalon were sampled from +60 pm below the landmark (posterior commissure) to —80 um above the landmark. Optical
slices were taken every 20 um in the dorso-ventral direction in individual fish and across individual fish, and all dorso-ventral positions
were recorded in 10 um increments relative to the landmark (i.e., no recording at e.g., 5 or 15 um below the landmark). Since we only
recorded every 10 um in dorso-ventral extent, more than twice as many neurons should have been detectable in the respective brain
areas, had we sampled the brain areas at optimal spacing given the neuron soma diameter of ca. 5 um. Where specified, error bars
correspond to measures per completely imaged brain volume. Care was taken to record the same number of slices in each anatom-
ical region. Two animals were used to image one complete brain volume (at 10 um spacing). Due to the long recording times and
positioning instability (likely resulting from the fish drifting within its agarose embedding), we corrected position drifts along the optical
axis manually during the recording (mostly less than 4 um per 30 minutes). Using the 20x objective and a magnification of 2x, our
spatial resolution was 0.43 um/pixel on the x axis (medial-lateral) and the y axis (anterior-posterior).

LED arena for visual stimulation (Figures 1, 2, 3, and 4)

Visual stimulation of zebrafish was conducted with a cylindrical LED arena consisting of 14336 LEDs (Kingbright TA08-81CGKWA): 2
(arena halves) x 8 (rows) x 14 (columns) x 64 (8x8 multiplexed LED matrix) LEDs. The caudal-most column of each arena half was
removed without LEDs (i.e., 14, not 15 columns), since the space was needed for the glass bulb stage metal holder. Therefore,
the caudal-most stimulus patches were slightly cropped (18° azimuth instead of 30° azimuth for the last patch). The arena
covered —168° to + 168° in azimuth and —40° to 40° in elevation. A few degrees in angle of the dorsal field of view were likely blocked
by the objective due to its access angle of 38.39° (< 40°), however the eyes were located ~200 um below the objective focus
which should have resulted in a maximal viewing angle exceeding 38.39° (i.e., 39.2°). The LEDs emitted at 570 nm and an additional
high-pass filter foil (LEE no. 779, article 595-1700-7790, castinfo.de, Hagen, Germany) and diffusion filter foil (LEE no. 252, article
595-1780-2520) were placed in front of the arena to optimize GCaMP signal detection and make the stimulus appear more homo-
geneous. This resulted in a yellow appearance of the stimulus. The LED arena was controlled as described previously (Joesch et al.,
2008; Reiser and Dickinson, 2008). LEDs lit during fly-back time of the scanning mirrors.

Identification of regions of interest (imaging of neuronal somata)

For analysis of neuronal activity, a custom MATLAB script (MOM Load) identified regions based on their correlation to the stimulus
and ROIs were manually drawn as described previously (Kubo et al., 2014; Miri et al., 2011). The 3-dimensional mapping of cell loca-
tion was performed using custom written MATLAB scripts (Midbrain_Localizer and Cell_Viewer), which allowed to register the 2
dimensional recordings to a 3D z stack which was acquired after recording sessions (Kubo et al., 2014). See Figure S4 from Kubo
et al. (2014) for an illustration of the 3-dimensional mapping procedure.

Defining the borders of the tectum in our 3D datasets

To distinguish pretectal from tectal neurons, we proceeded as follows: For each fish, the whole z stack — which was imaged from the
top of tectum to deep ventral pretectum and dorsal thalamus — was resliced to generate a transverse view. On selected, regularly
spaced transverse planes (more than ~50 planes), the ventral border of the tectum was drawn: on each of these transverse plane
(512 pixels from left to right, x dimension), a curve was drawn through the area devoid of neuronal somata or fluorescence that
was ventrally adjacent to periventricular tectal area with densely packed, fluorescent somata. From each curve, 51 homogeneously
distributed points were selected as key points with which a new boundary curve was generated by linear interpolation or three-term
Gaussian fitting. Using this method, we obtained a boundary curve with 512 data points corresponding to the pixels in x/y dimensions
(left-right and dorsal-ventral) for each transverse plane. In-between the annotated transverse planes, the 2D curves were interpolated
to receive a surface that separated the tectum from the pretectum in all three dimensions (Wang et al., 2019). However, the bound-
aries between the caudal pretectum and adjacent brain areas in the posterior side (tegmentum) were not clearly visible in the
GCaMP5G fish line. Referring to the AMC structure reported before (Kubo et al., 2014), and to the anatomical annotations of the
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caudally adjacent tegmentum (Ronneberger et al., 2012; Randlett et al., 2015), the neurons below the tectal-pretectal boundary
drawn above, which were located more than 140 um caudally to the posterior commission, were excluded from the pretectum in
the current study.

Registration of 3D pretectal volume from Z Brain atlas (related to Figure S6)
The pretectal region mask, obtained from datasets MaskDatabase.mat and Ref20131120pt14pl2.nrrd (Z Brain atlas, https://
engertlab.fas.harvard.edu/Z-Brain/download) was used as the standard brain corresponding to the pretectal region mask.

(1) The brain regions corresponding to our recordings (mainly tectum and dorsal diencephalon) were cropped out from the stan-
dard brain (size 282 x 282, pixel x pixel; 1 pixel = 0.798 um). The cropped image was resized to 512 x 512 (1 pixel = 0.43 um) to
match our image size and scale.

(2) The standard coordinate system which we use in our zebrafish brain was drawn in the standard brain of the Z Brain atlas (Fig-
ure S4 from Kubo et al., 2014). The relative locations of the pretectal region boundary to the point of origin (0, 0, 0) were calcu-
lated.

(3) The angle of the pretectal neuropil from the standard brain of the Z Brain atlas was measured with ImagedJ. Compared to the
standard pretectal neuropil angle of our own recordings (17.4°), the corresponding angle of the standard brain from the Z Brain
atlas is pitched up, with a pretectal neuropil angle of 36.5°. Therefore, the pretectal region mask was rotated to register with our
standard fish brain.

(4) The pretectal volume was plotted with MATLAB with the rotated data.

Movies of 3D brain volumes with neurons shown inside

The cell locations (e.g., the colored balls in Figure 2A) were registered to the 3D matrix which corresponds to a z stack of one larval
brain, with the intersection point of the first two landmark lines as coordinate origin (0, 0, 0). In the 3D matrix, 3D spheres representing
the neurons were plotted and the new 3D matrix was saved as an image series. Then the new image series and the standard zebrafish
brain image series were merged with Imaged. 3D brain volumes with neurons highlighted in different colors were generated with ‘3D
Viewer’ in Imaged.

Monocular receptive field mapping

In the monocular receptive field mapping experiments, we used horizontally moving gratings, 0.033 cycles/°, moving at 30°/s,
as visual stimuli to induce the neural activities. 8 fish were recorded using haso-temporal motion, and 2 fish were recorded using
temporal-nasal motion. The data was pooled because we didn’t observe obvious difference in RF characteristics (RF size, RF
centers). The additional recordings for Figures S1B, S4B, and S4F were performed using both naso-temporal and temporal-
nasal motion for 6 fish (3 temporal-nasal and 3 naso-temporal, respectively). Three repetitions of the 57 stimulus phases
were shown to the right eye of the fish using one half-cylindrical arena (Figure 1A). All the stimulus patterns were presented
in the order depicted in Figure S1A. In each trial, every 4.8 s stimulus phase was preceded by a 4 s pause and followed by
a 2 s pause with the same stationary visual stimulus pattern. At the beginning and the end of each repetition, we inserted
9 s pauses.

RF maps for individual neurons were calculated by a series of analysis steps. First, we filter the DFF fluorescence traces with a low
pass wavelet decomposition [type Daubechies, MATLAB: wavedec(DFF,1,’db4’)] and a sliding median filter (the median of three data
points). Then deconvolution was performed to the filtered data with the decay time constant (tau) of GCaMP5G, 1.5 s. We calculated
the mean of phase-averaged signal (MPAS, averaged over stimulus phase time) from the deconvolved traces. The baseline was
defined as the MPAS of all the non-stimulus phases (i.e., without moving stimulus). The standard deviation (STD) of all phase-aver-
aged signals was calculated for the non-motion phases. And the z-score was calculated using the equation:

z — score = (MPAS — mean(baseline)) /STD(baseline)

We then calculated the median MPAS z-score (i.e., the median across the three repetitions of a stimulus phase of the average of all
data points within one stimulus phase).

To determine the size of receptive fields (RFs) of individual cells, we defined 5 subclasses of responses: small-size receptive
fields, medium-size receptive fields, large-size receptive fields, bar-shaped receptive fields and double-field receptive fields
(containing two discrete excitatory patches in the visual field). Since our stimulation protocol didn’t allow for precise mapping
of receptive fields (also Gaussian fits for larger receptive fields were problematic), we turned to a broad classification of RF
sizes. To this end we used the smallest stimulation field (30° in azimuth, 13° in elevation) as a calculation unit (i.e., 1 “patch”).
After manual inspection of the receptive field locations, we arbitrarily set the thresholds for the 3 size categories as 3 or less
active phases (small, SM), 7 or less active phases (medium, ME) and 8 or more active phases (large, L). Bar cells were classified
as having active phases only in the full vertical or full horizontal axis, while “double fields” were classified if they had two peaks
of activation that were at least 60° away from each other. Most double-field receptive fields likely resulted from experimental
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artifacts, in which stimulus reflections can cause such double field RFs. Neurons with double-field RFs were therefore excluded
from further analysis.

To classify cells according to their respective size criteria, we ran a 2-step process:

Step |

1. Calculate mean patch density (MPD)

a. If the cell responded maximally during the small 6x6 stimulus phases, the MPD corresponded to the average normalized
activity of the cell in the phases of the 6x6 stimuli.

b. If the cell responded maximally for one of the larger stimulus phases, the MPD was calculated as the average normalized
activity of the cell in the phases of the 6x6 stimuli that were covered by the field of maximum activation (e.g., the cell in Fig-
ure 1Div had its maximal activity during in the upper horizontal bar stimulus phase, so the mean patch density would corre-
spond to the average activity of the 6 upper patches of the 6x6 stimulation phase).

2. Next, we set the threshold for classifying a part of the visual field as “active” as follows: IF
a. MPD is smaller than 30%:
i. MPD *3
b. MPD is larger than 30% and smaller than 40%:
i. MPD * 2
c. MPD is larger than 40%:
i. 90%
By relating the activity during the small stimuli to the activity observed during the larger stimuli, these MPD thresholds helped to
obtain a more accurate quantification of active patches of cells preferentially active during the small stimulation phases.

3. In Step I, cells were classified if following criteria were met:
a. The maximum activity in the 6x6 stimulation phase exceeded Mean patch density * factor (see step 1.2) or
b. Maximum excitation in the 6x6 stimulation phase larger than 90%

4. To classify the number of active patches, we applied the threshold defined in point 1.2

Cells were then either classified as ME or SM based on the number of active patches.

All cells that didn’t meet the criteria from point 1.3 were classified according to Step Il. First, we calculated a second metric, the
mean excitatory density (MED). We calculated the MED by multiplying the calcium response magnitude for each motion phase
(excluding the 36 smallest motion phases) with an area factor (full size x 1, half size x 2 ...), resulting in a motion phase’s calcium
activity weighted by the visual field area in which the stimulus was moving. We call this parameter the “excitatory density” of the
stimulated part of the visual field. A biologically plausible underlying cause for differences in excitatory density is the number of
DS RGC inputs the cell receives from the portion of the visual field in which the stimulus moves. We then summed the excitatory den-
sities from all larger stimulation fields together (1x1, 2x1, 1x2, 2x2, 1x6, 6x1) taking into account their spatial location in the visual field.
This resulted in an excitatory density map of the complete visual field covered by the stimulus arena. In order to report a single number
for the RF size, we then defined active phases as those having 75% or more of the normalized summed maximum activation. The
difference between this threshold and the 90% threshold for SM cells is derived from comparing manual and automated classification
methods.

This method favors smaller receptive fields, because the calcium indicator only shows disproportionally small fluorescence levels
for low levels of calcium activity - i.e., it is non-linear - but it enables easy classification of cells size preferences with the given lim-
itations of the calcium indicator (Chen et al., 2013; Pologruto et al., 2004).

The results from our analysis, which is based on thresholding and classification, fits well with both the results obtained from an
automated approach using PCA and clustering (Figure S2), and results from manual classification of receptive field sizes.

To determine if cells were small-size selective, we compared the responses to small-size and larger-size stimuli from our stimulus
protocol. If (i) a cell was assigned to the small size (SM) or median size (ME) category and was identified during one of the 36 (6x6)
small-size stimulation phases (see above), and (ii) the cell showed its maximum activity during the 6x6 stimulation then this cell was
classified as being size selective (‘Inhibition’).

To determine the relative reduction in activity (relative to the response if only the small excitatory receptive field is stimulated) and to
visualize the spatial structure of the inhibitory receptive field (“inhibitory density”), we summed the relative reduction of activity (anal-
ogous to the above described excitatory density) for every patch belonging to the RF and removed the patches that were part of the
RF from the inhibitory field.

Please note that some cells were assigned SM or ME status based on the excitatory density map (and not based on the 36 small-
size stimulation phases). We assigned the “no inhibition” status to all of these cells, because the maximal activity was not found in any
of the small-size stimulation phases. However, the RFs of these cells could still show some form of inhibition (e.g., during presentation
of larger half-field stimulus phases), which was not characterized here. The second cell in Figure 1Dii (an ME cell) is an example for
such cells without assigned “inhibition” status.
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We estimated the RF centers in XY space as the center of mass of the normalized activity in the active phases (those with red dots in
Figure 1D), i.e., both location and level of activity in active phases determined the position.

The median receptive field size across the visual field was derived by calculating (for every visual field position) the median RF size
of receptive fields that covered the respective visual field location to visualize the distribution of RF sizes in the visual space.

LED arena light rays that traveled roughly through the center of the glass bulb (where the fish head was located as well) hit the glass
bulb wall on the opposite side with an angle of incidence of 90°. This resulted in about 4% of reflected light (according to the Fresnel
equations) and this light was visible to fish eye that was not intended to be stimulated. In the first 6 animals, we noticed an unexpect-
edly high number of detected ROls in the optic tectum ipsilateral to the stimulation. The vast majority of these tectal ipsilateral ROls
had a reversed retino-tectal topography indicating that these ROIs were detected because of the reflected light. We decided to
exclude these ROls in the anatomical reconstruction. For the other 4 animals, we blocked the non-stimulated eye by placing a
half-cylindrical piece of black aluminum foil around the objective and lowering it below the level of the eye. In these animals, a
much smaller number of neurons were detected in the ipsilateral tectum, and their anatomical location corresponded to the expected
retino-tectal topography. In the data analysis, the small-size RF neurons in the ipsilateral hemisphere recorded from the first 6 animals
were excluded. The laterality index for tectal neurons was —0.88 for the 4 animals with one blocked eye, and —0.46 for the 6 animals in
which the eyes were not blocked.

In Figure 3A (locations of RF centers in the visual field for tectal small-size RF cells), only very few cells (55 out of 1074), which have
RFs centers in the lower temporal of the visual field, were present. While we are convinced that this finding represents an actual un-
der-representation of such cells in the optic tectum, we would like to discuss two experimental caveats, which can explain the effect
partially (but not fully). First, the fish were mounted on a glass triangle and care was taken to allow free view of the stimuli from the
position of the eye lenses by pushing the larva toward the tip of the glass triangle (thereby reducing the positional stability of the
recording). However, for some animals, a small portion of the lower temporal visual field might have been blocked by the sides of
the glass triangle. However, this caveat should only have affected extreme lower-temporal receptive field positions (e.g., > 120°
in azimuth and < —30° in elevation). Second, the anatomical positions of those tectal neurons having lower temporal receptive field
centers lie close to the border with the pretectum. The pretectum-classified small-size RF cells in proximity of the tectum (shade red
dots in Figure 2A) can fill the gap in the ventral-caudal visual field in Figure 3A only partially (just 12 additional cells for the region > 90°
azimuth and < 0° elevation) when such pretectal neurons are plotted together with the tectal neurons.

To characterize the distributions of RF centers across visual space, the density of the RF centers in the visual space was calculated
with ‘ksdensity’ function in MATLAB. Contour lines were plotted based on the density.

One gap between the rostral diencephalic and caudal pretectal neurons is quite obvious (Figure 2A). Moreover, in the rostral dien-
cephalon, many neurons are small-size selective (RFs with signs of inhibition). Therefore, a boundary was manually defined between
the rostral diencephalon and caudal pretectum along this gap containing only few motion-sensitive neurons (Figure 2A). In the
data analysis of the rostral diencephalic neurons, the rostral diencephalon was defined as follows: dorso-ventral axis < 10 um
and anterior-posterior axis < 60 pm, or dorso-ventral axis < —30 um and anterior-posterior axis < 110 um. 140 um caudal to the pos-
terior commissure along the anterior-posterior axis was conceded as the caudal boundary of the pretectum with other brain areas.
The bilaterally symmetric anatomical distribution of the neurons relative to the midline was measured using a laterality index, which
was calculated as,

(neurons;gn: — Neuronsie) /( NEUroNSex + NEUroNSgnt).

Inclusion criteria for somatic calcium responses

We calculated the Pearson’s linear correlation coefficients between the stimulus phase z-scores (see above) of the three stimulus
protocol repetitions (for all 3 pairwise combinations) to characterize the reproducibility of stimulus-evoked calcium responses. In
our further data analysis, we only kept the neurons for which all three correlation coefficients were higher than a certain threshold.
The threshold was set between 0.65 and 0.75 to exclude around 30% neurons with low reproducibility of stimulus-evoked activity
in the monocular receptive field mapping experiment (2004 out of 2995, 67 % neurons were kept). We then performed signal-to-noise
ratio (SNR) analysis to exclude neurons with unstable baseline. In the SNR analysis, a threshold of four was used on the z-score to
detect positive neural responses. SNR was defined as the ratio of the average response of all the responsive phases to the standard
deviation of the baseline. All neurons with SNR lower than a certain threshold were excluded. The threshold was set between 8 and 10
to exclude about 5% remaining neurons with low SNR. We kept about 96% (1926 out of 2004 neurons) in the monocular receptive
field mapping experiment for further analysis.

Setup for measuring the receptive field of OMR behavior

The visual stimuli were presented binocularly with a 336° (from —168° to 168° in azimuth) surround LED arena (two half-cylindrical
arenas, Figure 4A) from both sides of the fish, i.e., all stimulus phases (except the rotational and looming control stimuli) were
mirror-symmetric across the midline. The image of the fish was reflected to a lens by a mirror positioned around 5 cm above the
fish (1 cm above the glass bulb). An infrared-sensitive high speed camera (Model IDT iNdustrial Speed |, Integrated Design Tools
Inc.) with an IR bandpass filter (ET 850/40, CHROMA) recorded (250 Hz) the behaviors of the fish through the lens (diameter,
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25.4 mm; focal length, 100mm; THORLABS, LB1676) mentioned above. Since the mirror above the fish is tilted 45 degrees vertically,
the light path from the mirror to the camera was horizontal. The fish was illuminated from below with a high power infrared LED light
(850 nm, Conrad, Item No. 491248-62) positioned 1 cm below the glass bulb. The infrared light was mounted below a piece of milk
glass and provided homogeneous background illumination around the fish (Figure S5A). The infrared LED light and the camera were
triggered by the motion signal of the visual stimulus recorded by a LabVIEW DAQ box. In our experiment, the camera started
recording about 300 ms after the motion phase onset of the visual stimuli. The infrared LED light was only on during the motion visual
stimulus phases to reduce potential harm to the fish.

Receptive field mapping of OMR behavior

For each recording, a larval zebrafish (6 dpf) was transferred into a Petri dish and embedded in low melting agarose (E3 medium) on a
glass triangle such that the fish body completely protruded the tip of the glass triangle. The agarose surrounding the larval tail was
removed to free the tail. To reduce the amount of agarose surrounding the animal, agarose surrounding the fish was trimmed on the
sides and in front. Only the agarose caudal to the animal attached to the triangular stage. Therefore, a large view field was accessible
for the fish, and - more importantly - the contours of the beating tail could be imaged without optical obstruction from the glass tri-
angle. The fish and the glass triangle were fixed to an 8 cm diameter glass bulb filled with E3 medium in the same way as described
above (see Animal Preparation in the Method Details section). The animal was illuminated from below with a high power infrared LED
light, which was triggered on 150 ms after the start of the grating motion and lasted for 10 s. During the first 6 s of each grating motion
phase (300 ms delay), the animal was imaged with a high speed infrared camera at 250 frames per second. The video data were
saved during the pauses and analyzed with custom written MATLAB code offline.

In the OMR behavioral test, forward moving gratings, 0.033 cycles/°, moving at 30°/s, were used as visual stimuli to induce the
optomotor response. Three repetitions of the 55 stimulus phases were shown to both eyes of the fish using two half-cylindrical
arenas. All stimulus patterns were presented in each of the three randomized orders depicted in Figure S5C for the repetitions.
The animals were adapted to the stationary gratings for about half an hour before motion stimulation started. In each trial, every
9.75 s stimulus phase was preceded by an 18 s pause and followed by a 51 s pause with the same stationary visual stimulus pattern.
Before presenting the 2" and 3™ repetition of the 55 stimulus phases, the animals rested for about 1 hour.

The motion of the larval tail was traced using a custom MATLAB algorithm for image processing and the ‘alpha angle’ (the angle
between the fish anterior-posterior body axis and the tail tip, see Figure 4A) was calculated. The single tail beats were detected by
labeling the peaks and troughs of the alpha angle traces. In our analysis, only swim beats meeting the following two criteria were
considered as forward OMR beats: (1) the tail-beat frequency (during individual swimming bouts) was higher than 25 Hz; (2) for
each beat, the difference of the amplitudes of adjacent peaks and troughs divided by the sum of them was smaller than 0.3 and larger
than —0.3 (symmetrical tail beats/forward swimming).

Two types of OMR tail beats were distinguished: symmetrical and unsymmetrical tail beats (Figures 4E and S5F). Unsymmetrical
tail beats oftentimes occurred at the beginning and the end of OMR tail beat bouts (Figures 4E and S5F), similar to the case of freely
swimming larval zebrafish (Marques et al., 2018). As expected, the larval zebrafish tried to turn in response to the rotating visual stim-
ulus used as control in our protocol, with tails beating mainly unilaterally to the reverse direction of the rotation (Ahrens et al., 2013a).
However, symmetrical tail beats were observed in the turning swimming bouts as well (Figure S5Fi).

In Figure 4 (and Figure S5), the shown tail-beat frequency does not correspond to the frequency reached during individual swim
bouts, but instead corresponds to the average frequency during the stimulus phase, such that time periods without swim bouts lead
to a reduction of tail-beat frequency.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical information calculated with MATLAB R2014b built-in functions is provided in each of the sections above. For state-
ments of significance an alpha level of 0.05 was used unless stated otherwise.

The analyzed number of zebrafish and brains is indicated in the main text and figure legends. Error bars correspond to SEM unless
stated otherwise.

DATA AND CODE AVAILABILITY
The scripts for data pre-processing and the pre-processed data are freely available from our G-Node repository (https://gin.g-node.

org/Arrenberg_Lab/monocular_receptive_field_mapping). The original raw datasets have not been deposited at G-Node due to the
large data size. All raw and processed data and software used to generate the figures will be made available upon request.
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