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Summary

Detection of whole-field motion (optic flow) is important for animals. A fish drifting in a river, for
example, experiences translational optic flow, to which it reacts with swimming movements. The
basis for the detection of optic flow is the detection of movement, which occurs in the retina. In
larval zebrafish, a model organism used in neurobiology, retinal ganglion cells (RGCs) specific for
motion detection in each direction, send their axons to the pretectum in the diencephalon, amongst
other targets. In the pretectum, neurons responding to different combinations of monocular and
binocular motion are intermingled. To investigate if there is a spatial relationship among neurons
encoding different motion cues needed for optic flow detection, | applied the optogenetic method
FuGIMA (function-guided inducible morphological analysis). FUGIMA makes it possible to analyze
the morphology of a neuron, which was previously functionally characterized. Specifically, we
investigated neurons of the monocular direction-selective (DS, “simple”) and translation-selective
(“complex”) response classes. Indeed, neurons of the two classes were found to vary in their
morphology: neurites of some monocular, DS neurons innervate the pretectal arborization field 5
(AF) of RGCs, no neurites of translation-selective neurons extend there. Furthermore, direction-
selective RGCs terminate in AF5 and to a lesser degree in AF6. Therefore, AF5 is the area, where RGCs
can pass on DS information to pretectal monocular neurons. Both classes of investigated pretectal
neurons, however, innervate the area at the dorsal border of AF6. Therefore, this region positions
itself as the relay site between the monocular direction-selective and translation-selective response
classes. As neurons analyzed with FUGIMA (FuGIMA neurons) were rather short and did not project
to pre-motor brain areas, | searched in a single-neuron atlas for equivalents to FUGIMA neurons.
Most of the 38 pretectal projection neurons (PPNs), whose somata lie in the same region as these of
FuGIMA neurons, project to one of two described premotor centers: the cerebellum or the reticular

formation (ventral hindbrain).

On the basis of these findings, we postulate that motion information underlying the sensation of
optic flow is processed in the following way to drive swimming behavior: relevant motion cues are
detected by DS RGCs, which synapse with dendrites of monocular DS pretectal neurons in AF5.
Pretectal neurons extending into AF5 in turn further process these motion cues in concert with
neighboring translation-selective neurons in the pretectum before this information is transmitted
to pre-motor centers, namely the cerebellum and the reticular formation, which drive behavioral
output. Only the new method FuGIMA in combination with other data sets allowed this

investigation from different perspectives.



Zusammenfassung

Eine groRraumige Bewegung im Blickfeld, den sog. optischen Fluss, wahrzunehmen, stellt fur Tiere
eine wichtige Fahigkeit dar. Beispielsweise erfahrt ein abdriftender Fisch translationalen optischen
Fluss, worauf er mit Schwimmbewegungen reagiert. Grundlage des Erkennens von optischen Fluss
ist die Detektion von Bewegung, welche in der Retina erfolgt. In der Zebrafischlarve, einem
Modelltier der Neurobiologie, senden retinale Ganglionzellen (retinal ganglion cells, RGCs), die
spezifisch auf Bewegung in einer Richtung reagieren, ihre Axone u. a. in das Pratektum im
Zwischenhirn. Im Pratektum liegen Neurone, welche auf unterschiedliche Kombinationen von
monokularer- und binokularer Bewegung reagieren, gemischt nebeneinander. Um herauszufinden,
welche Stellung benachbarte Neurone mit unterschiedlichen Antwortmustern im neuronalen
Schaltkreis zur Erkennung von optischem Fluss haben, wandte ich in der hier beschriebenen Arbeit
die optogenetische Methode FuGIMA (Function-guided Inducible Morphological Analysis — an der
Funktion ausgerichtete morphologische Analyse) an. Mittels FUGIMA kann die Morphologie einer
Zelle, welche zuvor funktionell charakterisiert wurde, untersucht werden. Tatsachlich unterscheiden
sich zwei Klassen von pratektalen bewegungssensitiven Neuronen: Wahrend Neuriten von
manchen monokularen, richtungsselektiven Neuronen das Verastelungsfeld 5 der RGCs
(arborization field, AF) innervieren, erstrecken sich keine Neuriten von translationsselektiven
Neuronen dorthin. In AF5 wiederum, und zu einem geringeren Anteil in AF6, enden
richtungsselektive RGCs. Dort kann also richtungsselektive Information an pratektale monokulare
Neurone weitergegeben werden. Beide Klassen der untersuchten Neuronen innervieren die Region
an der dorsalen Grenze von AF6. Dadurch bietet sich diese Region zum Informationsaustausch
zwischen den untersuchten Klassen an. Da die mit FUGIMA markierten Neuriten eher kurz waren
und nicht zu bekannten pramotorischen Gehirnzentren projizierten, suchte ich in einer Sammlung
von einzelnen Neuronen (single-neuron atlas) nach Aquivalenten zu FuGIMA-Neuronen. Fast alle
38 pratektalen Projektionsneurone, deren Somata in derselben Region liegen wie die der FUGIMA-
Neurone, projizieren zu einem von zwei beschriebenen pramotorischen Zentren: dem Kleinhirn

(Cerebellum) oder der retikularen Formation (ventrales Stammbhirn).

Zusammengefasst  postulieren wir, dass dem optischen Fluss zugrundeliegende
Bewegungsinformationen Uber folgende Zentren in Schwimmbewegung umgesetzt werden:
ausgehend von richtungsselektiven RGCs, dann lGber AF5 zu monokularen richtungsselektiven
pratektalen Neuronen, weiter zu benachbarten translationsselektiven Neuronen und von dort zu
zwei pramotorischen Zentren, dem Cerebellum und der retikularen Formation. Dabei erméglichte
erst die neue Methode FUGIMA sowie die Kombination verschiedener Datensatze diese Betrachtung

aus unterschiedlichen Blickwinkeln.
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Introduction

1 Introduction

Many animals, including humans, rely heavily on visual information to navigate in their
environment, escape from predators, and find food and conspecifics. Understanding how the
central nervous system generates the sense of vision and appropriate behavioral responses is not
only highly interesting in itself, but also serves as a blueprint to investigate neuronal processing in
general. Our understanding of the brain relies heavily on the immense technological leaps made in
the last 50 years, enabling many scientific breakthroughs. Thus, the following introduction will

summarize both the biological and technological foundations of the work presented in this thesis.

1.1 Early processing of visual information

1.1.1 The retina - the first stage of visual processing

The eye is not merely a sensor, but rather the first visual processing center. In larval zebrafish (the
model organism used in this work, see section 1.5.1, page 12), eyes are the most prominent sensory
organs, observable as early as 24 hours post fertilization (hpf), when retinal pigmentation
commences (Kimmel, et al., 1995). Development of the retina and the optic tract rapidly progresses
and beginning from 3 days post fertilization (dpf) visually driven behaviors develop (Easter and
Nicola, 1996). At 7-8 dpf, half of the neurons of a larva’s brain are in its retinae (Zimmermann, et al.,

2018).

The zebrafish retina is typical for vertebrates, comprising of five neuronal classes (photoreceptors —
i.e. rods and cones, bipolar cells, amacrine cells, horizontal cells, and retinal ganglion cells (RGCs)).
The neurons are located in three cell body layers interspersed with two neuropil/synaptic layers
(outer nuclear layer, outer plexiform layer, inner nuclear layer, inner plexiform layer - IPL, ganglion
cell layer). Photoreceptors react to changes in light level by modulating the release of the
neurotransmitter glutamate, to which bipolar cells respond depending on their molecular makeup
(reviewed in Dhande, et al. (2015)). Axons of different bipolar and amacrine cell types terminate in
distinct layers of the IPL and RGCs in turn receive inputs from bipolar and amacrine cells depending
on their dendritic stratifications in the IPL. RGCs, the sole output neuron type of the retina, then relay

distinct tuning to various features of the visual image to the brain.

1.1.2 Retinal targets in the brain

In adult mice, over 30 functional RGC types are described (Baden, et al., 2016). They project to ~ 49

retinofugal targets in the brain in different combinations (Martersteck, et al., 2017, Morin and
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Studholme, 2014), with the dorsal lateral geniculate nucleus (dLGN) and the superior colliculus
being the major targets (the latter is innervated by >90% of RGCs; Figure 1C, page 2). In larval
zebrafish, the core features of retinofugal projections are preserved, however with lower complexity.
Here, RGC axons fully cross the midline and innervate the brain in ten distinct arborization fields
(AFs; Figure 1A)(Burrill and Easter, 1994, Robles, et al., 2014). AFs 1 to 9 are mostly devoid of somata
and surrounded by the preoptic region, the thalamus, the hypothalamus, the accessory optic system
and the pretectum, whereas AF 10 is located in the neuropil of the optic tectum, the homolog of the
mammalian superior colliculus (Wullimann, et al., 1996). Combining dendritic stratifications with
axonal targeting, more than 50 morphological types of RGCs have been described in zebrafish

(Robles, et al., 2014)(see Figure 1B for axonal types).
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Figure 1: Retinal ganglion cell (RGC) axons terminate in several areas of the brain. A: In larval
zebrafish, RGC axons project to the contralateral hemisphere, where they terminate in ten distinct
arborization fields (AFs, numbered from ventral to dorsal), with AF 10 located in the optic tectum. B:
RGC axons innervate AFs in different, specific combinations, giving rise to 20 projection classes. C:
RGC axons of adult mice target ~ 59 brain areas. Lateral view of a mouse brain (3D rendering) shows
RGCs (yellow) and innervated brain regions (red: hypothalamus; blue: amygdala/pallidum; pink:
thalamus; purple: midbrain). Images shown in A and B modified from Robles, et al. (2014)(with
permission); the image shown in Cis modified from Martersteck, et al. (2017)(license: CC BY NC ND).

It has been proposed that functionally distinct RGC types terminate in different AFs, thereby
separating parallel visual channels, i.e. circuits dedicated to the processing of certain image features.
This spatial separation of relay areas optimizes separate processing for distinct visual features
(Dhande and Huberman, 2014). Furthermore, it provides an entry point to investigate feature-
selective circuits. Examples for such spatial separation of functional representations in AFs of larval
zebrafish are sensitivity of AF4 to increasing or decreasing levels of ambient light, responses of
AFs 6,8 and deeper SFGS layers to looming stimuli, and responses of AF7 to prey-like objects
(Semmelhack, et al., 2014, Temizer, et al., 2015, Zhang, et al., 2017).
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1.2 The motion-sensitive “visual channel”

The retina extracts information about motion from the visual scene, thereby establishing the
motion-sensitive visual channel. Direction-selective (DS) neurons respond differently to motion in
opposing directions, i.e. activation by visual stimuli moving in the preferred direction and no
response or suppression during movement in the opposite direction (null direction)(Barlow and Hill,
1963). Photoreceptors, however, are direction unselective and solely respond to changes of light
level, as elicited by objects moving through the photoreceptor’s receptive field. To infer direction
and velocity of motion, retinal processing compares signals across photoreceptors. How DS
responses are established was intensely studied theoretically and experimentally in vertebrates and
invertebrates over the last decades (reviewed in (Borst and Euler, 2011, Dhande, et al,, 2015)).
Different retinal subtypes involved in motion processing are currently best studied in mammals.
Here, ON or OFF bipolar cells, responding to light increments or decrements, respectively, project
their axons into different layers of the IPL. As a result, the IPL is subdivided into ON (bordering the
ganglion cell layer) and OFF layers (bordering the inner nuclear layer). RGCs extend their dendrites
into one or more IPL layers, thereby inheriting the respective tuning. Starburst amacrine cells are
responsible for establishing DS tuning of DS-RGCs by suppressing activity during motion in the null-
direction (Briggman, et al., 2011). Tuning of DS-RGCs varies with their topological distribution over
the retina, giving them a predisposition to detect translational and rotational optic flow (Sabbah, et
al., 2017). DS-RGCs, which comprise ON-OFF DS-RGCs, ON DS-RGCs and OFF DS-RGCs, project to a
variety of brain areas, and provide the foundation with which to subserve different processing
functions (Figure 2, page 4). A subgroup of DS-RGCs, which are tuned to slow motion (about
1-3°/s), projects to the accessory optic system (AQOS)(reviewed in Schiller (2010)). Although
historically these had been classified as ON DS-RGCs, at least in mice this population contains, aside
from three monostratified ON DS-RGCs, one forward- and one downward-sensitive ON-OFF DS-RGC
subtype (reviewed in Dhande, et al. (2015)). In mammals, ON DS-RGCs project to the AOS nuclei,
namely the nucleus of the optic tract (NOT), and the dorsal, lateral and medial terminal nuclei (DTN,

LTN and MTN, respectively).
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Figure 2: Retinofugal projections of three types of DS-RGCs in mammals. Top left: population
tuning of DS-RGC types. Bottom left: Schematic of projection patterns of DS-RGC types from the
retina to retinorecipient/visual brain centers. Line width corresponds to relative contribution of
interconnections, colors as in the brain schematic (right). OT: optic tract, SC: superior colliculus, LGN:
lateral geniculate nucleus, d: dorsal, v: ventral, V1: primary visual cortex, AOS: accessory optic system,
MTN: medial terminal nucleus, NOT: nucleus of the optic tract. Right: Schematic of sagittal brain
section with retinorecipient/visual brain centers highlighted (modified from Borst and Euler
(2011)(with permission)).

1.3 Central motion processing in larval zebrafish

While zebrafish follow the general vertebrate Bauplan, important differences compared to
mammals make highlighting their anatomy and the status of research regarding motion processing

in zebrafish larvae worthwhile.
1.3.1 Motion processing in the optic tectum

The optic tectum, the homologue of the mammalian superior colliculus, is the largest visual center
in lower vertebrates. Moreover, it receives multisensory input, despite its dominance in visual
processing and the intense research thereof. In larval zebrafish, the optic tectum is important for at
least two essential behaviors driven by motion vision, namely prey capture and predator avoidance
(Barker and Baier, 2015, Gahtan, et al., 2005). DS information reaches the tectum via DS-RGCs that
project to the superficial layer of the stratum fibrosum et griseum superficiale (SFGS1) in the neuropil
of the optic tectum/AF10 (Nikolaou, et al., 2012). These DS-RGCs respond to motion in three equally
spaced directions. The two main cell types of the optic tectum, the periventricular neurons (PVNs)
and the superficial interneurons (SINs) both contain a DS subpopulation. Of the SINs, which are
characteristic due to their soma location in the superficial layer and a widely branching arbor, most

visually responsive neurons are DS, with one of three preferred directions (Abbas, et al., 2017).

4
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Furthermore, SINs are mainly tuned to motion of large stimuli (~ 50 degrees)(Barker, et al., 2017, Del
Bene, etal., 2010, Preuss, et al., 2014, Yin, et al.,, 2019). The PVNs, however, respond to smaller stimuli
(~ 20 degrees) and the four preferred directions observed in the PVN population align with the
cardinal axes (Abbas, et al., 2017, Yin, et al., 2019). Inhibitory inputs to PVNs shape their response to
the null direction (Gabriel, et al., 2012, Grama and Engert, 2012). While the optic tectum is essential
for behaviors driven by local motion, e.g. prey capture, its ablation does not abolish behaviors
evoked by whole-field motion (Roeser and Baier, 2003). Therefore, at least two visual channels of

motion processing exist in the larval zebrafish.

1.3.2 Responses to whole-field motion

While local motion, such as a small moving dot, gives an animal information about other agents in
the environment, global or whole-field motion is an indication of self-motion. Images drifting across
large portions of the retina generate the sensation of optic flow (Gibson, 1954)(Figure 3A, page 6).
Binocular integration of optic flow experienced by the two eyes allows for the distinction between
two main patterns: The sensation of translation results from both eyes viewing motion of the same
direction, i.e. forward and backward, while the sense of rotation results from motion in opposite
directions in two eyes, i.e. clock-wise or counter-clock-wise. In larval zebrafish, two hard-wired
behaviors in response to rotating and translating optic flow are the optokinetic response/reflex
(OKR) and the optomotor response/reflex (OMR), respectively. In OKR, fish slowly follow the
perceived motion with their eyes, which prevents retinal slip and sustains visual acuity. These slow
phases are interspersed by rapid and short resets of the eye position, called saccades. In OMR, fish
swim in the same direction of the perceived translational motion, to stabilize themselves e.g. as they
would in a stream, thereby compensating for self-motion (Figure 3B, C). While larvae as young as
4-5 dpf reliably perform OKR, OMR is stably performed in 6-7 dpflarvae (Neuhauss, et al., 1999, Orger,
et al,, 2004, Orger, et al., 2008, Orger, et al., 2000, Portugues and Engert, 2009, Rinner, et al., 2005).
Both OKR and OMR are conserved across other teleost fish and vertebrates (reviewed in Masseck
and Hoffmann (2009a)). Due to the early onset and stable performance of OKR and OMR in zebrafish
larvae, mutagenesis screens used these behaviors to elucidate genetic components of the

underlying visual pathways (Brockerhoff, et al., 1995, Neuhauss, et al., 1999).
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Figure 3. Zebrafish larvae respond to whole-field motion with stereotyped behaviors. A: Flow-
fields of rotational and translational optic flow, with arrows depicting the velocity vectors of motion
at each location of the visual field. B: Rotational optic flow elicits the optokinetic response (OKR),
characterized by eye movements following the perceived motion, interspersed by fast resets, the
saccades. C: Translational optic flow to the front elicits the optomotor response (OMR), where larvae
swim with the perceived motion. Image A modified from Horseman, et al. (2011), images B and C
modified from Roeser and Baier (2003)(both with permission).

1.4 Pretectum and accessory optic system (AOS)

The neural substrates of horizontal OKR in mammals are the pretectal nucleus of the optic tract
(NOT) and the dorsal terminal nucleus (DTN) of the accessory optic system (AOS; reviewed in Giolli,
et al. (2005) and (Huang and Neuhauss, 2008)). The following section is meant to describe the
respective nuclei concerning anatomy and function in mammals and fish. However, in the case of
literature on the fish pretectum, terminology and homology has not yet reached a consensus, thus

warranting further research (reviewed in Anadén (2017)).
1.4.1 Composition

Based on the prosomeric model of forebrain organization, the pretectum is located in the caudal
diencephalon, rostrally delineated by the thalamus and caudally by the midbrain (Lauter, et al., 2013,
Rubenstein, et al., 1994). The term pretectum describes nuclei in a “poorly defined anatomical
region” surrounding the posterior commissure (mostly ventrally), which are collectively termed
pretectum due to their relative position anterior to the optic tectum (Anadén, 2017). The pretectum

is comprised of several retinorecipient and non-retinorecipient nuclei of distinct connectivity. The
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non-mammalian homologue of the NOT is the pretectal nucleus lentiformis mesencephali (Mckenna

and Wallman, 1981).

The term AOS focuses on the retinal origin of subsumed parts. Thus, the AOS comprises retinofugal
tracts targeting a series of terminal nuclei, namely the DTN, MTN, and LTN, which line the posterior
superior fasciculus of the optic tract (reviewed in Giolli, et al. (2005)). While the mammalian NOT and
AOQS nuclei are similar with respect to connectivity, neuropharmacology, and function, they differ in
terms of cytoarchitecture and gene expression (specifically expression of calcitonin gene related
peptide). Resulting from technical limitations to separate them, they are commonly referred to in
junction, as NOT/DTN (Giolli, et al., 2005). The non-mammalian homologue of the AOS is the nucleus
of the basic optic root. In fish, exemplary in goldfish, the identity of the AOS homologue is
controversial: while it was structurally described to comprise the basal optic root and the two
terminal nuclei P1 and P2, a functional investigation identified only one pretectal nucleus, termed
pretectal area (APT, see below)(Finger and Karten, 1978) (Masseck and Hoffmann, 2009b). In larval
zebrafish, the pretectum is located directly ventral to the optic tectum, laterally extending from the

midline to the optic tract.

Subdivisions in nuclear areas of the pretectum of larval zebrafish are difficult to draw due to the lack
of apparent cluster boundaries. In contrast, sub-branches of the optic tract and its associated AFs
are highly structured; therefore, correspondence between AFs and adult pretectal nuclei were
suggested (Burrill and Easter, 1994). For adult zebrafish, a recent study by Yaiez, et al. (2018)
described several pretectal nuclei. Here, the conclusions of this study are discussed in detail as it is
the most recent and comprehensive study concerning the question of pretectal organization in
zebrafish, and thus most applicable to the work presented in this thesis. Using dye tracing, the
authors identified the following regions and nuclei in the pretectum: 1) the superficial pretectum
with the parvocellular (PSp) and magnocellular superficial plus posterior pretectal (PSm/PO) nuclei;
2) the central pretectum with the accessory pretectal nucleus (APN), the intercalated pretectal
nucleus (Pi) and central pretectal nucleus (PCe); 3) the periventricular pretectum with the
periventricular pretectal nucleus (PPn, subdivided in to ventral - PPv - and dorsal - PPd) and the
pretectal paracommissural nucleus (PCo); as well as 4) the dorsal accessory optic nucleus (Yafez, et

al,, 2018)(Figure 4, page 8).
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Figure 4: The adult zebrafish pretectum contains many afferent and efferent connections.
Schematic transverse view depicting afferents (left) and efferents (right) of pretectal nuclei. APN,
accessory pretectal nucleus; ch, horizontal commissure; Dao, dorsal accessory optic nucleus; dpop,
dorsal postoptic commissure; nl, nucleus isthmi; NLV, lateral valvular nucleus; Nmlf, nucleus of the
medial longitudinal fascicle; OT, optic tectum; ot, optic tract; PCe, central pretectal nucleus; PCo,
paracommissural pretectal nucleus; Pi, intercalated pretectal nucleus; PO, posterior pretectal
nucleus; PPd, dorsal periventricular pretectal nucleus; PPv, ventral periventricular pretectal nucleus;
PSm, magnocellular superficial pretectal nucleus; PSp, parvocellular superficial pretectal nucleus; R,
superior raphe; tip, isthmo-pretectal tract; TLo, torus longitudinalis; tpb, pretectobulbar tract; tpc,
pretectocerebellar tract; tpm, pretecto-mammillary tract (Yahez, et al., 2018)(with permission).

1.4.2 Function

Functionally, neurons of AOS nuclei in mammals have very large receptive fields and are tuned to
motion at slow speeds (~ 1 °/s; reviewed in Giolli, et al. (2005)). AOS nuclei show different responses
to optic flow: While the preferred direction of MTN and LTN neurons is approximately up- or
downward, DTN neurons respond best to horizontal motion in the temporo-nasal direction. The
pretectal NOT shows the same preference as DTN. In fish, the pretectum was previously implicated
in responses to optic flow (Easter, et al., 1978, Klar and Hoffmann, 2002). In larval zebrafish, about
40 % of pretectal neurons are DS, comprising of four populations approximately tuned to the
cardinal directions (up, down, naso-temporal, temporo-nasal) and spatially intermingled (Wang, et
al., 2019). In adult rainbow trout, neurons with vertical and horizontal preferred directions of motion

are intermingled in the AOS and pretectal nuclei (Klar and Hoffmann, 2002). Similarly, the APT of
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adult goldfish contains DS neurons tuned to rotation around the different axes of the semicircular
canals (Masseck and Hoffmann, 2009b). Activation of the pretectum in mammals as well as larval
zebrafish is sufficient to elicit OKR, while pretectal inactivation or lesions extinguish this behavior

(Cazin, et al., 1980, Kubo, et al., 2014, Schiff, et al., 1988).

A recent study by Kubo, et al. (2014) characterized responses of pretectal neurons in zebrafish larvae
to optic flow. Specifically, the authors sought to distinguish responses to monocular and binocular
optic flow, evoked by moving gratings in a LED arena (Figure 5 B, C, page 10). With functional
imaging, the study found that pretectal neurons possessed a variety of response patterns (Figure
5 A, D). These response patterns fall into three main classes: 1) neurons responding to monocular
visual stimulation or binocular summing thereof, so-called “simple” response types (example cell 6,
Figure 5 D), and 2) so-called “complex” response types, whose response profile is best explained by
an inhibition from neurons tuned to motion seen by the other eye (example cell 5, Figure 5 D), and
3) other unclassified response types (Kubo, et al., 2014). A few response types stand out, as they
frequently occur in each fish. Within the simple response types, the four most frequent types are
monocular direction-selective neurons, tuned to motion in one eye, moving nasalward or
temporalward (monocular tuned to nasalward left presentation of motion — MoNL; similarly:
temporalward left - MoTL, temporalward right - MoTR, nasalward right - MoNR). Within the complex

response types, the most frequent groups are translation- and rotation-selective (Kubo, et al., 2014).

Based on this detailed description of pretectal response patterns, hypotheses about the underlying
neuronal circuit can be generated. As monocular DS neurons mimic responses of contralateral DS-
RGCs, they might function as interneurons, locally relaying DS tuning. In contrast, complex response
type neurons, which possess a more refined tuning better correlated with OKR/OMR, might project
to pre-motor centers to drive those behaviors. Conflicting circuit hypotheses regarding the
establishment of complex response types driving OKR and OMR exist in the literature. Namely, while
Kubo, et al. (2014) suggested that monocular DS information converges in the pretectum, thereby
giving rise to complex response types sufficient to drive these behaviors, Naumann, et al. (2016)
posited the center of relevant integration lies in the hindbrain. Thus, this discrepancy warrants
experimental clarification of the anatomical basis of pretectal processing and binocular integration

underlying the OKR and OMR.
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Figure 5: Pretectal neurons respond differentially to monocular and binocular optic flow.
A: Functional imaging in the pretectum during whole-field motion stimulation. B: Schematic of
whole-field motion stimulation using a LED arena, with gratings moving nasal- and temporalward
and independently to both hemispheres (green arrow: nasalward left/NL, magenta arrow:
temporalward left/TL, red arrow: temporalward right/TR, blue arrow: nasalward right/NR). C:
Schematic of the optic flow stimulus consisting of eight motion phases, four monocular ones (see B)
and four binocular ones, composed of the monocular stimuli (CCW: counter-clock-wise, CW: clock-
wise, FW: forward, BW: backward). D: Fluorescence traces of two example neurons (cells 5 and 6)
responding to some phases of the eight-phasic motion stimulus. Of note is the similar, but not
identical response pattern of cells no. 5 and 6, and their neighboring anatomical location (see A).
Due to the simple tuning to the NL motion component, cell no. 6 is an example of a “simple”
response type neuron. The response type of cell 5 was classified as “complex” due to the suppression
resulting from the TR motion component during CW stimulation (modified from Kubo, et al.
(2014)(with permission)).

1.4.3 Connectivity

Dye tracing studies in several animals elucidated the connectivity of the AOS/pretectum, thus some
of these connections are the prime candidates for forming the anatomical basis of OKR/OMR
downstream of the AOS/pretectum. In mammals, afferents to the AOS stem mainly from the
contralateral retina, however with a species-dependent variance in the degree of ipsilateral
projections. Interestingly, retinal terminals are located mainly on distal, but not proximal, dendrites
of AOS neurons (Lenn, 1972). In NOT, varying portions of binocular neurons were observed
(e.g9.50 % in the lower mammal opossum (Volchan, et al., 1989) and 80 % in cats (Hoffmann and
Distler, 1989a)). At the same time, these animals show different sources of binocularity: an inhibitory
connection between the NOTs via a commissural route was described in opossums (Pereira, et al.,
2000), but this is absent in cats and rats (Schmidt, et al., 1995). In turn, the neural substrate for
symmetry of OKR (equally strong responses to e.g. temporo-nasal and naso-temporal motion during
monocular stimulation), and binocularity of the NOT in higher mammals (eutherians; including cats
and rodents) are caused by ipsilateral projections from visual cortex to the NOT, which form later in

development (reviewed in (Ibbotson, et al., 2002), Masseck and Hoffmann (2009a)).

10



Introduction

Efferent connections of the AOS mainly target the brainstem and other oculomotor areas. Pre-
oculomotor targets of the AOS were described in birds, but not in mammals. There, multisynaptic
connections to oculomotor neurons may be present to complement connections to vestibular
nuclei in coordinating eye movements. Furthermore, less defined projections to the reticular system
via the ventral tegmental relay zone (VTRZ; a loosely defined area in the ventral midbrain
tegmentum) and vestibular nuclei exist. A pronounced projection targets the inferior olive (I0) via a
direct and an indirect pathway. Direct projections of the NOT/DTN run ipsilaterally in the medial
longitudinal fasciculus, crossing only at the level of the IO and targeting the caudal dorsal cap of the
10. The indirect pathway runs contralaterally via the VTRZ, which in turn projects to the IO. It was
suggested that the bilateral projections could be beneficial for the symmetry of the OKR (Blanks et
al., 1995; Blanks et al., 2000). Lastly, a pre-cerebellar pathway, likely via the VTRZ, is controversial in
mammals, however, a direct connection targeting the cerebellar cortex was described in fish, turtles
and birds (reviewed in Masseck and Hoffmann (2009a)). Furthermore, neurons of the NOT target the

ventral lateral geniculate nucleus (vVLGN) (reviewed in Giolli, et al. (2005)).

In adult zebrafish, pretectal afferents originate from the retina, the telencephalon, the optic tectum,
the cerebellum and the nucleus isthmi (Yafez, et al., 2018). Specifically, PSp, APN, PCe, Pi, PCo and
PPd,v receive retinal inputs (Yafez, et al,, 2018)(Figure 4, page 8). While DS-RGC terminals in the
optic tectum of zebrafish larvae are well described (section 1.3.1, page 4), the identity of motion
representations in the pretectum had not yet been clarified. Although functional evidence is lacking,
morphological analysis of the RGC projectome suggests that DS-RGCs form collaterals in the RGC
arborization field 5, thereby providing motion information to the pretectum (Robles, et al., 2014).
Pretectal efferents of adult zebrafish project to the optic tectum, the torus longitudinalis, the
cerebellar corpus, the lateral hypothalamus, as well as tegmental regions (Yafez, et al., 2018)(Figure
4, page 8). Furthermore, pretectal nuclei are likely highly interconnected, although it is unknown to

what extent.

144 Downstream of the pretectum/AOS: Cerebellum and inferior olive

The cerebellum, a major brain region controlling motor output conserved between mammals and
teleosts, receives input via two pathways. Firstly, climbing fibers originate in the contralateral
inferior olive in the posterior hindbrain, a nucleus implicated in motor timing and motor learning.
Secondly, teleost mossy fibers originate from precerebellar nuclei including the pretectum and
dorsal tegmental nuclei. The principal cerebellar neurons, Purkinje cells, receive excitatory input via

these two streams and integrate visual and motor signals of different spike features (Knogler et al.

11



Introduction

2019). Cerebellar processing is increasingly being investigated in larval zebrafish, where cerebellar

layers are detectable from 5 dpf on (Bae, et al., 2009).

Functionally, responses of the cerebellum to whole-field motion are spatially segregated. Caudal
Purkinje cells are active during optic-flow evoked saccadic eye movements/OKR and their inhibition
impairs saccades, while rostro-medial Purkinje cells are active during optic-flow induced swimming,
and their inhibition impairs swimming movements (Matsui, et al, 2014). A third population,
interspersed between the motion-sensitive regions, responds to luminance changes (Knogler, et al.,
2019). The functional segregation of the cerebellum is attributed to segregated functional pathways
via the 10 (Knogler, et al., 2019). Indeed, neurons of the MTN tuned to vertical motion (not the DTN),
innervate the rostral part of the dorsal cap of the 10, whereas pretectal neurons tuned to horizontal
motion innervate the caudal part of the dorsal cap of the 10. This segregation was also functionally

characterized (reviewed in Giolli, et al. (2005)).
1.5  Tools to study the brain

While biological questions drive research, technology enables experiments leading to larger
advances in our understanding. Therefore, | will introduce the model system, larval zebrafish, and

tools underlying the work presented in this thesis in the following sections.
1.5.1 The larval zebrafish as a model for neuroscience research

To answer challenging biological questions, researchers often use a model system with reduced
complexity. Aside from mammalian model organisms, small non-mammalian animals such as the
fruit fly, Drosophila melanogaster, and the zebrafish, Danio rerio, are increasingly popular to
investigate the visual systems. George Streisinger, Charles Kimmel, and colleagues at the University
of Oregon established the zebrafish as a model organism in the 1980’s (Stahl, 1995). Zebrafish are
teleost fish and belong to the large family of cyprinids, just as e.g. the goldfish (Carassius auratus),
whose neurobiology is also well investigated (Wullimann, et al., 1996). Endemic to small rivers, rice
fields and wetlands in India and the Himalayan region, zebrafish prefer shallow water with low water
flow and overhanging vegetation (Arunachalam, et al., 2013, Engeszer, et al., 2007, Spence, et al.,
2008). This small vertebrate (typically < 40 mm) permits easy husbandry in the laboratory, including
year-around breeding, a large clutch size (several hundred eggs), and a short generation time of
about 3 months (reviewed in Meyers (2018)). Zebrafish are furthermore advantageous for biological
research due to their external fertilization, fast embryonic development, and amenability to genetic
manipulation. When trunk pigmentation is absent (i.e., chemically suppressed or in mutants lacking

melanophores), larvae are transparent (Antinucci and Hindges, 2016, Lister, et al.,, 1999). Pairing this
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“window into the body” with transgenic expression of fluorescent proteins plays to the full strength
of these animals. Furthermore, larval zebrafish exhibit a limited behavioral repertoire, which has
been exploited as an entry point to study underlying genes and brain circuits (reviewed in Friedrich,
etal. (2010)). In terms of neuroscience research, zebrafish are advantageous, as their nervous system
is similar in brain structure to those of other vertebrates, but with typically lower complexity, as the

number of neurons per type is reduced (reviewed in Kalueff, et al. (2014)).
1.5.2 Establishment of transgenic zebrafish lines

To establish a transgenic line (Figure 6, page 14), the Tol2 transposon system is routinely used in
zebrafish (Kawakami, et al., 2000). Initially, a solution containing the plasmid DNA (the gene of
interest flanked by Tol2 recombination sites), Tol2 mRNA and a dye (for visual control of the
injection) is pressure-injected into a fertilized egg at the one cell stage. For transient and sparse
expression, the concentration of DNA and RNA is decreased and the mix is injected later, e.g. at the
four-cell stage. To establish a stable transgenic line, injected larvae are screened for expression of
the transgene and, if applicable, a transgenesis marker (e.g. “bleeding heart”, expression of mCherry
under the heart-specific cmlc2 promoter). We raised fluorescent fish (“expressors”) to adulthood,

then outcrossed them to wild-type fish, and likewise screened their progeny for expression.

Today, large collections of transgenic zebrafish lines are available from different laboratories, or
centrally from the Zebrafish International Resource Center (ZIRC) at the University of Oregon. Lines
allowing exogenous expression of e.g. fluorescent proteins typically rely on either direct promoter
fusions (mimicking the endogenous promoter expression) or binary systems, such as the Gal4/UAS-
system (Figure 6B). The Gal4/UAS system is based on two transgenes, namely 1) the transcription
factor Gal4, which is expressed under the control of e.g. a tissue-specific promoter and 2) the gene
of interest, which is expressed when the Gal4 protein binds to the Upstream Activation Sequence
(UAS). The Gal4/UAS system was adapted from Drosophila and allows straightforward combinations
of driver and expressor lines (Scheer and Campos-Ortega, 1999). Hundreds of Gal4 lines were
established in gene- and enhancer trap screens, such as the line Gal4s1101t used in this work
(Asakawa, et al., 2008, Bergeron, et al,, 2012, Davison, et al., 2007, Scott and Baier, 2009, Scott, et al.,
2007). Due to the random insertion of the trapping cassette into the host genome, the resulting lines
show very diverse expression patterns of frequently unmapped genomic loci. Transgenic lines are
indispensable for zebrafish neuroscience research, as they allow fluorescent labeling of neurons
and/or addition of functionality by expressing e.g. optogenetic tools (see below). As of today, other

means of exogenous expression of transgenes, especially viral delivery, are not yet well established.
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Figure 6: Establishment of transgenic zebrafish lines using the Tol2 transposase system. A,
top: The injection mix contains Tol2 transposase mRNA and plasmid DNA with the genetic construct
flanked by Tol2 recognition sites. A, middle: Upon injection of the mix into the one-cell stage of the
embryo/zygote, Tol2 transposase enables random integration of the genetic construct into genomic
DNA. When the injected fish expresses Gal4, already the FO generation may express the reporter
construct and show e.g. fluorescence. A, bottom: A fish is a so-called founder, when outcrossing it
to a wild type fish yields fluorescent progeny. B: GFP is expressed, when the Gal4 transcription factor
protein, expressed from its respective gene, and the UAS:GFP construct are present in the same cell
(schematic modified from Kawakami, et al. (2016)(with permission)).

1.5.3 Fluorescent proteins

The use of fluorescent proteins (FPs), which are excited by and subsequently emit light, has
revolutionized research in the life sciences. This was underscored by the Nobel Prize in chemistry
awarded to Osamu Shimomura, Martin Chalfie and Roger Y. Tsien “for the discovery and
development of the green fluorescent protein, GFP” in 2008 (NobelPrize.org). FPs are oftentimes
fused to a label, which specifies the destination of the fusion protein. Depending on the destination
of the label, FPs can highlight molecules, but also cell compartments or entire cells. For in vivo
applications in zebrafish, the DNA of FPs is conveniently delivered into cells by standard methods
(see section 1.5.2, page 13), then FPs are transgenically expressed, e.g. fused to a protein-of-interest.
GFP is the quintessential FP and was initially isolated from the jellyfish Aequorea victoria. It is
comprised of 238 amino acids, which overall form a rigid 3-barrel structure, rendering GFP very
compact and stable. Furthermore, GFP fluorescence does not require cofactors or other molecular

partners. These advantages make GFP ideally suited to label cells in vivo and extensively applied in
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neuroscience research. Even more so, numerous variants of GFP and other FPs are now available,

which are superior due to e.g. improved brightness, photostability and spectral features.

154 Optogenetics - perfectly complementing zebrafish advantages

Optogeneticsis a recentand elegant technique to probe interactions between cells, and is especially
widely used in neuroscience. The term optogenetics emerged in the year 2006. It refers to
genetically encoded elements, which are functionally modulated by light beyond the mere
generation of fluorescence. Both directions of information flow are possible: transforming optical
signals into physiological responses with actuators and vice versa, monitoring cellular states with
sensors (Miesenbdck, 2009). The use of light to modulate molecular function is advantageous, due
to the non-invasive nature and superior spatial and temporal resolution of such interactions (single-
cell targeting and millisecond precision). A restricted definition of optogenetics often refers
exclusively to the control of neuronal activity with light, mostly realized via the ectopic expression
of photoreceptors from e.g. photosynthetic organisms. The inverse, deducing neuronal activity with
photogenic sensors, is commonly termed “functional imaging” or “optical recording” and is now a
well-established technique in neuroscience research. Genetically encoded calcium sensors (GEClIs)
are FPs that change their fluorescence state upon binding with calcium ions (Ca?"). As Ca** rushes
into the cytoplasm during neuronal activation, GECls can be used to visualize neuronal activity in
vivo. One can thereby deduce neuronal activity by time-series imaging under a fluorescence
microscope (Figure 7, page 16). GECls have in part replaced electrophysiology, which is traditionally
used to record neuronal activity, due to e.g. the ease of application and parallel sampling from many
neurons. The most frequently used GECl representatives currently stem from the GCaMP family, with
GCaMPés achieving a several-fold increase of fluorescence over the baseline during neuronal

activation (Chen, et al., 2013, Nakai, et al., 2001).
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Figure 7: Functional imaging - ideal for neuroscience in larval zebrafish. A: Upon the binding
of calcium ions (Ca*"), which are released into the cytoplasm during neuronal activation, the
genetically encoded Ca* sensor GCaMP undergoes a conformational change, resulting in
fluorescence (modified from Perez Koldenkova and Nagai (2013)(with permission)). B: The GCaMP6s
signal is a very good readout for neuronal activity as shown by simultaneous optical and
electrophysiological recordings (top trace: GCaMP fluorescence, bottom trace: spikes). Inset: image
of a neuron expressing GCaMP6s with overlaid schematic of the electrode tip used for
electrophysiological recordings (modified from Chen, et al. (2013)(with permission)). C: Composite
image of a zebrafish larva’s head without skin pigmentation, including the pigmented eyes (black)
and the GCaMP expressing brain (shown in green). An image slice acquired using a laser-scanning
microscope is overlaid on an anatomical image (left hemisphere), showing individual cells labeled
with GCaMP. Scale bar: 100 um (modified from Fetcho (2012)(with permission)).

1.5.5 Two-photon microscopy

Typically, FPs are illuminated with light of a wavelength that maximally excites the fluorophore, such
as 488 nm for GFP. To restrict the area of activation and thus improve the image, several strategies
are employed including focused illumination with a laser-scanning microscope. However, light
scattering in tissue leads to a broadening of the focal point and impaired image resolution with
increasing imaging depth. This is especially the case with blue light, as light scattering is

wavelength-dependent.

Two-photon laser scanning microscopy (2p microscopy), as developed about 30 years ago (Denk, et
al., 1990), fills this gap. The principle behind this revolutionary approach is that a fluorophore can be
excited when it absorbs two longer-wavelength photons simultaneously, thereby combining their
energy (e.g. 920 nm for GFP (Blab, et al., 2001)). Technically, the probability of such an event which
is normally very rare, is increased by using a strongly focused beam of infrared light from a laser
pulsed in femtosecond range intervals. As a result, the focal point is highly restricted, making 2p
microscopy advantageous due to 1) superior spatial resolution, especially with higher imaging
depth, and 2) a higher signal-to-background ratio. Furthermore, it is beneficial for in vivo or long-
term imaging, as red light causes less photo-damage and photo-bleaching than UV/blue light
(reviewed in Svoboda and Yasuda (2006)). As infrared light is typically invisible to the experimental

animal, it does not interfere with visual stimulation, an important consideration in visual
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neuroscience. Due to its compelling advantages, 2p microscopy is now state-of-the-art for
functional imaging and single-cell optogenetics, for larval zebrafish (reviewed in Renninger and

Orger (2013)), but also in larger animals such as mice.

1.5.6 Image registration with ANTs

Comparisons between different samples, e.g. individual fish, are sometimes imprecise. Image
registration can bridge this gap by determining an optimal geometric mapping between two or
more images, thereby transforming individual images into a common coordinate space, where they
can be directly compared (Avants and Johnson, 2014). Image registration is common in fields such
as geography, computer vision, and biomedical imaging, including neuroscience. The recent
generation of brain atlases demonstrates the power of image registration. It is the key technique
underlying the larval zebrafish whole-brain atlases Z-Brain (Randlett, et al., 2015), the Zebrafish Brain
Browser (ZBB)(Marquart, et al., 2015), the Virtual Brain Explorer for Zebrafish (ViBE-Z)(Ronneberger,
et al,, 2012), and the single-neuron atlas (Manuscript 2, page 23). The basis of these atlases is a
standard brain/template, an average of multiple image z-stacks. In addition, multiple image z-stacks
containing further information, e.g.expression patterns, functional annotations, or
immunohistochemical patterns, are registered to this standard brain. After registration of a new
image to such an atlas, it can be compared to all annotations available in the standard brain

coordinate system.

The state-of-the-art image registration and segmentation software package is Applied
Normalization Tools (ANTs) (Avants, et al., 2008, Avants, et al., 2011, Avants, et al.,, 2010). This
command-line application became popular in the MRI field and beyond after many successes in
image registration competitions. Typically, image registration with ANTs, which works on 2D, 3D
and 4D data, is performed in three steps: first a rigid transformation (linear), then an affine
transformation (linear), and finally a diffeomorphic transformation (non-linear). In ANTs, the
particularly powerful algorithm symmetric normalization (SyN) is used for non-linear
transformation, which can preserve maps, accommodate small and large deformation problems and
is invertible (Avants, et al., 2008, Klein, et al., 2009). The ANTSs registration result is a composite of
these three steps, and comprises the transformed image as well as deformation information files
(containing information about pixel displacements between the original image and the registered
image). By applying the deformation information to derivatives of the original image, e.g. other
channels, time-series or tracings, in a so-called co-registration, these derivatives are transferred to

the template coordinate space as well.
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Among the various additional functionalities contained in ANTs, the template-building feature is
worth mentioning. It creates averaged templates, well suited as templates for subsequent
registration. While ANTs is even capable of overcoming specimen deformations due to
permeabilization and fixation of sample tissue, its application can be limited due to a very large
demand for memory and computing time (Marquart, et al., 2017). Furthermore, expert inspection of
the registration process is necessary, as “image registration is an art as well as science” (Avants and

Johnson, 2014).
157 Combining functional and morphological analysis in pretectal neurons

While assessing neuronal activity has been essential to investigate processing in the brain, several
additional features, including connectivity and gene expression pattern, determine neuronal
identity. To understand neuronal circuits better, it would therefore be advantageous to combine
analyses of different perspectives, e.g. characterization of single neurons in terms of biochemical
properties, function and connectivity. Technological advances increasingly allow combinations of
techniques that, mostly due to technical reasons, previously seemed incompatible. One example is

functional and morphological characterization of single cells.
1.5.7.1 Electrophysiology

The classic technique to record neuronal activity is electrophysiology, where an electrode is inserted
into the tissue to measure changes in electrical properties, e.g. of single cells. The experimenter can
further inject a dye into the recorded neuron at the end of the recording, thus rendering its
morphology visible. However, the invasive nature and low throughput of this technique can be
limiting. Furthermore, electrophysiology is more readily applicable to superficial tissues, such as the
optic tectum of zebrafish larvae (Gabriel et al., 2012), while application to deeper brain tissues

remains challenging.
1.5.7.2 Photoactivatable GFP

Based on GFP, two remarkable classes of so-called photochromic FPs have emerged: 1)
photoactivatable FPs, which can permanently switch either from a non-fluorescent to a highly
fluorescent state or between different fluorescent states, and 2) photoswitchable FPs where
switching is reversible, typically by illumination with different wavelengths or spontaneously/over
time (reviewed in Shcherbakova, et al. (2014)). Photoactivatable GFP (paGFP), the most prominent
example, is dark in its native conformation and is rapidly activated to a highly fluorescent state

(bright green, excitation with 488 nm light) upon illumination with UV light (~ 400 nm)(Patterson
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and Lippincott-Schwartz, 2002). Specifically, resulting from a single amino acid substitution (T203H),
the amino acid Glu222 located in close proximity to the chromophore undergoes an irreversible
decarboxylation, which then permits fluorescence of the chromophore (Henderson, et al., 2009).
Due to the irreversibility and strong fluorescence change, paGFP is ideally suited to highlight e.g. a
subset of tagged structures during an experiment. PaGFP has been applied to investigate translation
and transcription, axonal transport, and cell fate amongst other cellular processes (Datta and
Patterson, 2012). However, as the site of photoactivation lies inside the protein, no antibody is
currently able to distinguish between the dark and fluorescent states. This prevents the use of paGFP

in combination with immunohistochemistry.

PaGFP was used to highlight groups of neurons in Drosophila (Datta, et al., 2008, Frank, et al., 2015,
Ruta, et al., 2010) and zebrafish (Ahrens, et al., 2012, Bianco, et al., 2012). Similarly, several reports
used the green-to-red photo convertible FPs Dendra and Kaede in zebrafish (Mohr, et al., 2016,
Schuster and Ghysen, 2013, Scott, et al.,, 2007). Furthermore, paGFP was used in combination with
nuclear localized GCaMP, to guide photoactivation (Dunn, 2015). This analysis allowed neurons
located in a functionally determined area to be traced. However, as neurons in larval zebrafish are
tightly packed and often not segregated into discrete nuclei, neurons of undetermined identity
might be included in the highlighted population. We therefore sought to further refine
photoactivation and apply paGFP tracing to individual, functionally characterized neurons, thus

improving specificity.
1.5.7.3 Function-guided inducible morphological analysis (FUGIMA)

To achieve morphological analysis of single, functionally characterized neurons, we combined the
FPs nuclear localized GCaMP6s (nls-GCaMP6s) and paGFP. We termed this new technique “Function-
guided inducible morphological analysis” (FuGIMA)(Figure 8, page 20). Specifically, the nuclear
localization of nls-GCaMP6s allows its distinction from cytosolic photoactivated paGFP, as both FPs

emit green light.
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Figure 8: FuGIMA - anatomical and morphological characterization of single neurons.
A: Schematic of UAS:FuGIMA. Nuclear localized GCaMPé6s (nls-GCaMP6s) and photoactivatable green
fluorescent protein (paGFP) are co-expressed from the bidirectional UAS (Janus-UAS; (Distel, et al.,
2010, Paquet, et al., 2009) under the control of a Gal4 driver (here Gal4°"'°"). B: Schematic of the
FuGIMA principle. In the inactive state, both fluorescent proteins (paGFP and nls-GCaMP6s) are non-
or weakly fluorescent. During sensory stimulation, here with moving gratings, neuronal activity is
recorded. Following the detection of a cell-of-interest (COI) based on its response type, focused two-
photon illumination (750 nm) in the soma of the COI photo-activates paGFP, rendering the cell
brightly labeled. Due to diffusion of bright paGFP, the COI's morphology becomes visible (Image
from manuscript 3).

Two FuGIMA projects were simultaneously initiated: the application of FUGIMA in the optic tectum,
as undertaken by Dominique Forster and Linda Jordan, and in the pretectum, as described in this
thesis. Thus far, we published two papers, the first with a description of the method (together with
the optobow suite in Forster, et al. (2018), manuscript 1, page 22), followed by the second paper

with the application of FUGIMA in the pretectum (manuscript 3, page 30).
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1.6 Aims of this thesis

To fill a gap in the understanding of whole-field motion processing in the pretectum, namely how
different response types of pretectal motion-sensitive neurons are established and where DS
information is processed in the local circuit, | aimed to address the following points with the work

presented in this dissertation:

- Establish the novel method FuGIMA to combine functional and morphological analysis in

single cells (manuscript 1, page 22)

- Apply FUGIMA to optic-flow responsive neurons in the pretectum of larval zebrafish to
investigate potential morphological differences between functionally distinct neurons

(manuscript 3, page 92)

- Complement neuron types found with FUGIMA with single-neuron tracings from a single-
neuron atlas (manuscript 2, page 30) to find potential output neurons of the optic flow
processing circuit and thereby test predictions regarding pretectal connectivity

(manuscript 3, page 92)

Moreover, with the work of my colleagues also contained in the jointly published papers, we
combined various datasets to answer questions not addressable with only one technique. We
successfully outlined a visual pathway that underlies behavior in larval zebrafish, focusing on

processing steps from the retina to pre-motor centers.
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2 Manuscripts

2.1 Manuscript 1

Dominique Forster, Anna Kramer, Herwig Baier, Fumi Kubo. 2018. Optogenetic precision toolkit to
reveal form, function and connectivity of single neurons. Methods, 150: 42-48.

DOI: 10.1016/j.ymeth.2018.08.012

All-optical methods enable the control and monitoring of neuronal activity with minimal
perturbation of the system. Although imaging and optogenetic manipulations can be performed at
cellular resolution, the morphology of single cells in a dense neuronal population has often
remained unresolvable. Here we describe in detail two recently established optogenetic protocols
for systematic description of function and morphology of single neurons in zebrafish. First, the
Optobow toolbox allows unbiased mapping of excitatory functional connectivity. Second, the
FuGIMA technique enables selective labeling and anatomical tracing of neurons that are responsive
to a given sensory stimulus or correlated with a specific behavior. Both strategies can be genetically
targeted to a neuronal population of choice using the Gal4/UAS system. As these in vivo approaches
are non-invasive, we envision useful applications for the study of neuronal structure, function and

connectivity during development and behavior.
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All-optical methods enable the control and monitoring of neuronal activity with minimal perturbation of the
system. Although Imaging and optogenetic manipulations can be performed at cellular resolution, the mor-
phology of single cells In a dense neuronal pepulation has often remained unresolvable. Here we describe in
detall two recently established optogenetic protocols for systematic description offunction and morphology of
single neurons in zebrafish. First, the Optobow toolbox allows unbiased mapping of excitatory functional con-
nectivity. Second, the FUGIMA technique enables selective labeling and anatomical tracing of neurons that are

responsive to a given sensory stimulus or comrelated with a specific behavior. Both strategles can be genetically

targeted to a neuronal population of choice using the Gal4/UAS system. As these

In vivo approaches are non-

Invaslve, we envision useful applications for the study of neuronal structure, function and connectivity during

development and behavior.

1. Introduction

The function of a neural circuit arises from the wiring among its
constituent cells. The wiring, in turn, is the result of processes that
pattern the shape of axons and dendrites and control the formation of
specific synaptic contacts. Due to the dense cell clustering in most brain
regions and the superposition of parallel circuits within these regions,
systematic attempts to determine a functional connectivity map of
morphologically different cell types with high resolution have been
time-consuming and low-throughput [1] . We recently developed two
optogenetic strategies, Optobow and FuGIMA, to map functional and
morphological connectivity patterns of neurons. These non-invasive,
optical techniques exploit the power of zebrafish as an  in vivo model for
whole-brain imaging and optogenetics [2,3] and are routinely com-
bined with the Gal4/UAS system for straightforward genetic targeting
of defined neuronal populations. Excitation of neurons is achieved by
an optogenetic actuator, while neuronal activity is simultaneously re-
corded by a genetically encoded calcium indicator, e. g. GCaMP6f or
GCaMPés. These toolkits are versatile and, in their advanced versions,
implement photoactivatable GFP (paGFP, also known as PA-GFP [4])
for selective labeling ofindividual neurons following their functional
identification. Our photoactivation protocol builds on previous efforts
to highlight cells ofinterest, including applications of paGFP or pho-
toconvertible proteins such as Kaede and Dendra [5-10] . This article

B Corresponding authors.

presents detailed protocols for Optobow and FuGIMA and should serve
as a guide for choice, application and troubleshooting of these all-op-
tical tools.

2. Optobow
2.1. Description of the method

The Optobow toolbox comprises a set of genetic constructs, which
allow mapping offunctional excitatory connections in vivo [7] . The
general principle is that an optogenetic actuator (ChrimsonR) and a
genetically encoded calcium sensor (GCaMPé6) are linked on a single
transgene, but separated by a set ofincompatible pairs oflox sites
(Fig. 1). Upon Cre recombination, this configuration leads to random
and mutually exclusive expression of either the actuator or the sensor in
various cell types of one neuronal population, dependent on the ex-
pression of the Gal4 transcription factor. In response to optogenetic
ChrimsonR stimulation, functionally connected cells are identified by
GCaMP6 activity. Neurons expressing the actuator or indicator are, at
the same time, genetically endowed with spectral variants of fluor-
escent proteins (FPs; Fig. 1B and C). This facilitates the description of
cell morphologies and projection patterns of participating neurons. In
the absence of Cre recombinase, cells express the blue-fluorescent
membrane marker mCerulean, which serves as a background label of
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Fig. 1. Optobow allows all-optical Identification offunctionally connected cells. Different Optobow versions and schematics for expression In tectal periventricular
neurons (PVNs) are lllustrated. (A) With Optobow-c, Cre recombination leads to expression of either ChrimsonR/tdTomato (magenta) or cytoplasmic GCaMP6f
(green). Cells without Cre activity, expressing mCerulean, are Indicated by blue outlines. The CAAX motif targets fluorescent proteins to cell membranes. Computer-
generated holography (orange) allows photostimulation of single 'ChrimsonR' cells. Functionally connected cells are Identified by increased GCaMPé6 fluorescence
(dark green). (B) Optobow-n replaces cytoplasmic GCaMP6f with nuclear localization signal (nls)-tagged GCaMPéf. Membranes of the nls-GCaMPéf cells are
fluorescently labeled by co-expression of mCitrine. (C) In Optobow-nPA, all 'nls-GCaMPés' cells co-express photoactivatable GFP (paGFP). Functionally connected
single cells can be targeted for paGFP photoactivation, to visualize thelr morphology. (D) Tectal expression of Optobow-n In a living 5 dpflarva. Dense clonal cell

clusters expressing mCitrine (yellow) or mCerulean (cyan) are visible (see
referred to the web version of this article.)

the cell population ofinterest.

Different versions of Optobow have been developed, modifying the
cassettes of the reporter construct. In Optobow-c, the use of cytoplasmic
GCaMPéf allows to monitor calcium activity in cell body and neuropil
regions upon ChrimsonR stimulation in the presynapticcell (  Fig. 1 A).In
Optobow-n, GCaMPéflocalization is restricted to the nucleus by means
of a nuclear localization signal (nls), and the bright FP mCitrine is co-

24

2.3). (For Interpretation of the references to colour In this figure legend, the reader Is

expressed, targeted to the cell membrane ( Fig. 1B and D). This con-
figuration on the one hand facilitates segmentation of single-cell
GCaMP6f activity, and on the other hand allows tracing of single-cell
morphologies of responding cells. In situations in which connectivity
and morphology of densely packed neurons are investigated, Optobow-
nPA is the construct of choice ( Fig. 1 C). Here, the permanent membrane
marker mCitrine of Optobow-n is replaced by expression of paGFP.
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After a responsive cell has been identified by nudear GCaMPés activity,
paGFP can be activated exclusively in this single cell to reveal its
morphology (see 3.2 and Appendix A1 for a detailed protocol of paGFP
photoactivation).

2.2. Application

Depending on the desired experiment, three choices need to be
made for the optimal Optobow configuration: (1) the appropriate Gal4
driver (among the many hundreds that are now available)  [5,11-18] ,
(2) the appropriate Cre line (a pan-neuronal, transient/mosaic driver is
often sufficient) and (3) the most suitable Optobow version (see 2.3 for
details).

The following protocol describes the use of Optobow-n to inter-
rogate circuitry in the tectum of 5-7 dpf (days post fertilization) zeb-
rafish larvae. For this experiment, we crossed transgenic fish carrying
Gal4s1013t  and UAS:Optobow-n to wild-type fish. The HuCCre
(elavl3:Cre) plasmid containing Tol2 arms is injected, together with
Tol2 transposase RNA, both at a concentration of 25 ng/pl, into em-
bryos at the one-cell stage. At 24 hpf (hours post fertilization), larvae
are screened for sparse expression of red and green/yellow flucrophores
(tdTomato and nls-GCaMP6f/mCitrine) at a fluorescent sorting scope.
We had discovered in preliminary studies that in our faverite tectum-
specific Gal4 line, Gal4s1013t, notochord expression at 24 hpf nicely
predicts later tectal expression. One may therefore use sparse expres-
sion in the notochord as an easily screenable proxy for successful mo-
saic expression in the tectum. After sorting, carriers were transferred to
1-phenyl-2-thiourea (PTU}-containing Danieau’s solution to prevent
melanin pigment formation. At 5 dpf, larvae were embedded in 2% low-
melting point agarose and transferred to the confocal microscope for
further screening and initial imaging.

Preferred laser lines are 405 nm (for mCerulean and nls-GCaMPé6f
excitation), 515nm (for mCitrine excitation), and 561 nm (for
tdTomato excitation). A sequential scan using this configuration allows
for separation of nls-GCaMPé&f and mCitrine, as only GCaMPef will be
excited by UV light. When working with Optobow-nPA, it is not re-
commended to use the 405 nm line for initial imaging, as this will lead
to unintentional paGFP photoactivation in cells within the field of view.
At the confocal, larvae need to be screened again for sparse and pre-
ferably strong Optobow expression. We found that a ratio of 1-3
ChrimsonR/tdTomato-expressing cells and 1-20 GCaMP6-expressing
cells per tectum is ideal for this type of experiment. A high-resolution
stack should be acquired before transferring selected larvae to the two-
photon (2P) microscope.

For mapping functional connectivity, any 2P microscope setup that
allows independent imaging and photostimulation at different wave-
lengths can be used. Further, any cellular-resolution photostimulation
technique can be applied to excite ChrimsonR either at 760 nm or at
1020nm. In our hands, two-photon computer-generated holography
[6] turned out to be ideal, as it most efficiently integrates light-evoked
currents in single cells and has unmatched cellular or even subcellular
resolution in 3D [19-21] . For photostimulation, different laser in-
tensities (max. T mWpum ) and pulse durations (100-700 ms) need to
be tested, depending on the various conditions (actuator expression
levels, tissue depth, etc.). An issue, which is often neglected during 2P
optogenetic stimulations, is non-specific sample heating, induced by
linear and non-linear light absorption by the tissue. As this strongly
depends on the experimental conditions, we suggest to fine-tune the
parameters according to a model for local temperature rise, which was
recently provided by Picot et al. (2018)  [22] . To monitor nls-GCaMP&f
activity in more than 10 cells simultaneously, simple line scans, rather
than area scans, across the labeled nuclei should be performed to
achieve faster GCaMP6 signal acquisition. Although scanning at
900-920 nm will lead to weak excitation of mCitrine, changes in nu-
clear GCaMP6 fluorescence intensity can clearly be differentiated.

Activity sampling with high-frequency line scans (250-350Hz)
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allowed us to correlate the response onset delays with physical distance
between pre- and postsynaptic neurite arbors [7]. On average, cell
pairs, whose neurite arbors did not overlap, showed longer response
latencies than all other identified neurons, suggesting polysynaptic
transmission.

For the analysis of GCaMP6 signals, standard algorithms for regis-
tration and noise subtraction can be used, e.g. the toolbox for Caleium
Imaging Analysis (CalmAn; Giovannucci et al., unpublished). Upon
identification of a cell, which shows calcium responses that are tightly
locked to the photostimulation pulses, neuronal morphologies can be
traced semi-automatically or manually using different software
packages, including Imaris (Bitplane), neuTube  [23] , or ImageJ (Simple
Neurite Tracer plugin [24] ).

We recommend to validate the results and especially the photo-
stimulation method by different control experiments . First, to ensure
spatial specificity of the photostimulation method, off-target stimula-
tions using the same power density should be performed. Second, to
exclude photodamage evoked by photostimulation, GCaMP6 cells not
expressing ChrimsonR could be targeted by various stimulation proto-
cols (different pulse lengths and intensities). Any change in GCaMP6
baseline fluorescence will report undesirable photobleaching or cell
damage. In addition, the user could still apply the same experimental
parameters to cells that co-express ChrimsonR and GCaMP6, to be able
to judge the effectiveness of optogenetic stimulation in the specific
neural tissue of choice. Co-expression can be achieved by co-injections
of UAS:Optobow and HuC:Cre plasmids, as described in the
Troubleshooting Section 2.3 .

2.3. Troubleshooting and shortcuts

A critical initial step for all Optobow experiments is to prepare
larvae with strong, but sparse expression patterns. Sparse labeling of
both pre- and postsynaptic populations will be required to un-
ambiguously identify and trace cellular morphologies offunctionally
connected cells. Further, dense expression of the ChrimsonR actuator
increases the risk for inadvertent photostimulation of neurons, closely
neighboring the targeted cell. We therefore have generated different
transgenic fish lines with the Optobow constructs stably integrated into
the genome, all varying in the extent of genetic variegation  [7] . Besides,
both UAS:Optobow and Cre plasmids can be co-injected, together with
Tol2 RMA (all at a concentration of 25ng/pl), again modifying the
range of sparse expression. This also facilitates interrogation of circuits
in mutant fish, without the need for prior crossing to transgenic Op-
tobow lines. In that case, larvae additionally need to be screened for the
absence of FP co-expression in the same cell, since the injection of the
Optobow plasmid can lead to multiple copies of plasmids per cell and
the mutually exclusive expression of the actuator and sensor may not be
achieved anymore. In some cases, cells expressing the same genetic
marker appear to form clonal clusters, indicating that the cells divided
after Cre recombination took place ( Fig. 1 D). If the cell clusters are too
dense, temporal control over Cre expression by a heat-shock promoter
is recommended [25] . Heat-shodck conditions will depend on the Gal4
driver at hand and have been tested from 12 hpf up to 3dpf, with
durations from 5 to 30 min. As the promoter itselfis somewhat leaky,
even the absence of heat shocks might lead to the desired sparseness of
expression.

Bleaching of FPs might occur throughout Optobow experiments, due
to the intensive confocal and 2P imaging protocol. This especially
happens to tdTomato in the presynaptic cell during repeated photo-
stimulation events. It is therefore recommended to acquire a high-re-
solution stack at the confocal microscope, prior to 2P imaging, to obtain
the morphology of the presynaptic cell. Another possibility is to vi-
sualize photobleached tdTomato by anti-RFP immunochistochemistry
staining, following in vivo experiments [7] .

Spontaneous muscle contractions are a common source for move-
ment artefacts during in vivo calcium imaging in 6 dpf, or older, larvae.
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Fig. 2. The FUGIMA method reveals single-cell morphologles offunctionally Identified cells. (A) A bidirectional UAS Is used for co-expression of elther nuclear-
localized (nls-)GCaMP6fin FUGIMA-f, or nis-GCaMP6s In FuGIMA-s, and paGFP. (B) lllustration depicts FUGIMA expression In a larva that Is visually stimulated

during microscoplc Imaging. Responding cells are highlighted by increased nls-GCaMPéf fluorescence (dark green). A single cell can be selected for paGFP pho-
toactivation. (C) Diffusion of photoactivated, cytoplasmic paGFP will label the axonal and dendritic morphology of the cell ofinterest (COI). (D) In vivo expression of
FUGIMA-f (green) In tectal cells of a 5 dpflarva. Co-expression of a neuronal membrane marker ( HuC:lyn-tagRFP, magenta) serves as a reference label. A circular
reglon for photoactivation Is indicated. (E) 30 min after photoactivation, a single cell Is highlighted. Unintentional and weak photoactivation In adjacent neurons
(asterisks) does not Interfere with unambiguous morphological tracing of the COL. A less saturated Image of the cell body region Is shown In the lower left. (For
Interpretation of the references to colour in this figure legend, the reader Is referred to the web version of this article.)

Anesthesia while performing Optobow experiments, using tricaine injections or bath applications oflarvae in a-bungarotoxin (see 3.2)or
methanesulfonate (MS-222) is not recommended, as it might interfere embedding in higher concentrations of agarose (>2%) will diminish
with caldum imaging and neuronal excitability  [26-28] . Instead, movement artefacts.
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3. FuGIMA
3.1. Description of the method

FuGIMA (function-guided inducible morphelogical analysis) allows
to observe the morphology of a neuron identified based on its neuronal
activity, e.g. responding to a presented sensory stimulus. To this end,
the nuclear-localized calcium indicator nls-GCaMP6f or nls-GCaMP6s
[7], and the photoactivatable cytoplasmic protein paGFP  [4] are co-
expressed in a neuronal population ofinterest (  Fig. 2). Specifically, in
our UASFuGIMA plasmids, the genes for both proteins are located on
either side of a bidirectional UAS cassette allowing their stoichiometric
expression (Fig. 2 A; Janus-UAS, reviewed in  [29] ). Under a 2P micro-
scope, larvae are presented with various visual stimuli, and calcium
responses are monitored simultaneously ( Fig. 2B and D). Upon identi-
fication of a cell ofinterest (COI), paGFP photoactivation is performed
directly at the 2P microscope, by restricting the focus ofillumination to
the smallest possible volume, ensuring that only the COI will be high-
lighted (Fig. 2 C and E). The use of a nuclear-localized GCaMP6 variant
not only facilitates segmentation ofindividual neurons in time series
analysis, but also allows spatial separation from cytosolic paGFP. Fur-
thermore, using only green FPs in FuGIMA leaves other wavelengths
available for other purposes, e.g. a red FP to label anatomical land-
marks, which may be used as a reference for image registration to a
standard brain. For a detailed description of registration to a standard
fish brain, we refer to Marquart et al. (2017) [30] .

3.2. Application

In preparation of the experiment, transgenic fish expressing
FuGIMA under control of the pan-neuronal driver  Gal4s1101t need to
be crossed to fish expressing the reference marker HuCilyn-tagRFP [6].
All larvae should be selected for the homozygous mitfa™" (nacre)
mutation, in which the lack of melanocytes is beneficial for imaging at
the 2P microscope. About two days prior to the experiment, embryos
are screened for red and strong green fluorescence. This pre-selection is
advisable, since we observed that, depending on the choice of the Gal4
driver, green fluorescence, i.e. nls-GCaMP6f or nls-GCaMP6s signal, and
hence the paGFP expression can be too weak (see 3.3 Troubleshooting).
Optionally, fish can be screened for native, unconverted paGFP, using a
UV filter and restricting the exposure to a minimum to prevent pho-
toactivation [4] . On the day of the experiment (typically at 5-7 dpf),
the brightest B10% of the pre-sorted larvae are selected for embedding
in 2% agarose. As the presentation of visual stimuli can evoke strong
movements, e.g. struggles or startle responses, we paralyze the fish to
prevent movement artefacts during functional imaging. To this end,
mounted fish are anesthetized with tricaine and intraspinally injected
with an a-bungarotoxin mix (2 mg/ml a-bungarotoxin, 0.1% phenol
red, freshly prepared on ice). Sufficient paralysis is achieved by the
injection of a bolus barely visible under the dissecting microscope,
while neuronal responses were decreased in fish injected with a-bun-
garotoxin filled up into the brain ventricle. To remove the tricaine
anesthetic (which would otherwise compromise neural activity), em-
bedded fish need to be washed with Danieau’s solution at least three
times before the experiment.

For visual stimulation, functional imaging and photoactivation, the
fish is placed under the microscope of choice. In sparsely expressing and
superficial tissues, a confocal microscope can be used; however, we
recommend to photoactivate paGFP in two-photon mode. This is par-
ticularly important for densely labeled tissues in order to avoid unin-
tended photoactivation of neighboring cells (see 3.3 Troubleshooting).
The microscope needs to be equipped with a laser tunable to 750, 920
and 1020 nm, to photoactivate paGFP, excite GFP/GCaMP6 and excite
tagRFP/GFP/GCaMPé, respectively.

At the beginning of the imaging session, an overview image of a
large field of view is acquired for later orientation. Subsequently,
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functional imaging is performed in a region ofinterest (ROI) while
presenting the visual stimulus, both according to standard protocols.
Specifically, since the visual stimulation light could interfere with the
detection of GCaMP6, we present the visual stimulus using red spec-
trum light, either by a red LED arena or a projector with a filter that
blocks green spectrum light. To determine which cell should be pho-
toactivated (COl), imaged time series can be analyzed online (micro-
scope software) or exported and analyzed offline using a custom-
written script or Imagel. Depending on the research question, ex-
tracting the AF/F o time series ofindividual nuclei and comparing it to
the stimulus pattern might be sufficient. Once the COl is determined, it
needs to be relocalized using the initial overview image to zoom in on
the COI for photoactivation. Photoactivation of paGFP is performed as
described in detail in the Appendix (see also 3.2).

Finally, after allowing paGFP to diffuse into the neurites of the
photoactivated cell, we acquire an overview z-stack with a large field of
view, ideally spanning the whole brain but minimally including all the
highlighted neurites of the COIl. Furthermore, the image resolution
should be high enough to allow for later neurite tracing.
Simultaneously, the lyn-tagRFP reference channel can be acquired to
allow for image registration into a reference brain.

In general, it is possible to highlight more than one neuron per fish,
if their dendritic and axonal arbors remain physically and visually se-
parated from each other. In order to avoid labeling two overlapping
neurons, we recommend photoactivating only one cell per brain
hemisphere, i.e. max. two cells per fish.

For tracing and registration, the different channels of the acquired
large volume z-stacks should be separated. While there are many au-
tomated tracing algorithms available, in our experience, a low signal-
to-noise ratio of paGFP often necessitates manual reconstruction. We
use either the Simple Neurite Tracer plugin for Imagel or the software
neuTube to obtain .swc tracing files (see also  2.2).

Finally, to compare all traced neurons from different fish in the
context of one brain, the lyn-tagRFP reference channel can be used for
registrations into a standard brain. The resulting registration informa-
tion can be applied to .swc files to transfer the tracing into the co-
ordinate space of the standard brain.

3.3. Troubleshooting

The most delicate step of this protocol is the photoactivation of
paGFP. In a tissue in which FUGIMA is expressed in densely packed cells
(e.g. tectum), cell bodies neighboring the COl and bypassing neurites
are equally susceptible to photoactivation. However, crossing neurites
of different neurons typically cannot be disentangled during tracing.
Therefore, greatest care needs to be taken to center the paROI (region of
interest for photoactivation) onto the COI in three dimensions as well as
to avoid drift or other movements of the specimen during photo-
activation. In case ofincomplete paralysis after a-bungarotoxin injec-
tion, functional imaging might still be performed and complemented
with post-hoc movement correction of the time series (e.g. Template
Matching and Stack Alignment plugin for Image) [31] ). In this case we
recommend adding tricaine after functional imaging, but before pho-
toactivation.

Traceability of a neuron critically depends on the amount of pho-
toactivated paGFP molecules and their diffusion into neurites. Qur
photoactivation protocol consists of 15 cycles ofillumination, allowing
paGFP molecules activated in the first cycle of the protocol to diffuse
already during the remaining photoactivation session. In addition we
suggest waiting 30-60 min before acquiring the final z-stack to extend
the diffusion time. We found that, in the spinal cord, axons over 200 pm
in length can be labeled following photoactivation of paGFP in the
soma, similar to paGFP labeling of groups of neurons in other brain
regions of zebrafish [8-10] . However, this diffusion distance will vary
depending on neurite caliber and initial concentration of photo-
activated molecules. Similarly, the time required for paGFP
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fluorescence to reach maximal intensity after the photoactivation is also
dependent on such parameters. Therefore, we suggest that the diffusion
length as well as the time to maximal paGFP fluorescence should be
empirically determined for each experiment. As expression varies be-
tween neurons, the brightness of nls-GCaMP6f expression can be used
as a proxy for the expression levels of co-expressed paGFP. The pre-
sented protocol was tested in local tectal and pretectal neurons in
5-6 dpf old zebrafish larvae and paGFP and GCaMP6 were expressed
using strong Gal4 driver lines. We suggest to initially determine a
protocol for the neuron type under investigation by co-labeling neurons
with another FP. This can be achieved e.g. by transient and sparse ex-
pression of a membrane targeted red FP and photoactivation until a
complete overlap is achieved. Alternatively, claims based on FuGIMA
tracings should consider the possibility of an incomplete filling, espe-
cially of small diameter axons.

As reported previously for the Gal4/UAS system in general [32,33] ,
we have observed that the UAS:FuGIMA transgene expression is sus-
ceptible to stochastic silencing, i.e. the expression becomes variegated
and potentially weaker over generations. This silencing effect, on the
one hand, brings advantages for sparse expression of FUGIMA, leaving
less possibility of unintentional photoactivation of adjacent cells. On
the other hand, the silencing effect works negatively when the neuron
types ofinterest comprise a minor part of the whole population, since
the expression of FUGIMA might be absent in this group of cells.
Therefore, use of suitable lines should be considered depending on the
purpose of the experiments.

4, Conclusions

Here we described optical methods, Optobow and FuGIMA, for in-
terrogating neural circuit functions by linking physiological responses,

Appendix

A1. Detailed protocol for paGFP photoactivation at the 2P microscope (also see

Methods 150 (2018) 42-48

morphology and functional connectivity of a neuronal population. The
Optobow tool has been used successfully in the tectum, a brain area,
which is known to integrate multiple sensory modalities  [7,34] . In
addition, the nucleus of the medial longitudinal fascicle (nMLF), a vi-
suomotor brain area located ventrally to the tectum, has been suc-
cessfully investigated with all-optical circuit tools [6] . As these cells
show good excitability by ChrimsonR stimulation  [7] , Optobow ana-
lysis should therefore be useful for the identification of nMLF circuitry.
The FuGIMA tool has been successfully applied in both tectal and
pretectal circuits (D. F., A. K, H. B and F. K., unpublished observations).
Future studies are likely to reveal wider applications of the tools in
other brain regions and/or for other sensory modalities. FuGIMA should

be applicable to the fruitfly Drosophila as well, due to previous uses of
paGFP and nls-GCaMP [35,26] . Furthermore, these tools can be used in
genetic mutants or disease models to uncover how circuit properties are
altered under these conditions. Due to the non-invasive, in vivo condi-
tions in which the experiments are performed, these tools are also
compatible with observing development, maturation and plasticity of a
neuronal circuit.
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Fig. A1),

Zooming in on the COI, the focal plane is moved to the center of the nuclear GCaMP6 signal in z-dimension. While placing the paROIl onto the

nucleus, adjust the frame size to a minimum, e.g. 08x08pum %

It is advantageous to briefly double-check the unchanged location of the COIl, by acquiring a small-scale overview scan (OS) before

Excitation Pulsing Scanning Detection
wavelength sequence area channel
@) Overview 1020 nm Whole brain/ green + red
image large field of view
@ FL_JnctpnaI 920 nm Sma_ll region green
imaging of interest
@ Photo- 920 nm overview scan green
activation 750 nm 1 x 200 ms parol -
test 920 ;
rounds” nm overview scan green
750 nm 3 x200ms, 1 Hz paROI -
920 nm overview scan green
Full 750 nm 40 x 200 ms, 1 Hz paROI - D 15 x,
protocol | 920 nm overview scan green 5 min interval
@ Overview 1020 nm Whole bralnf green + red
z-stack large field of view

Fig. Al. Detalled protocol of the photoactivation procedure for FUGIMA at the 2P microscope. (1) An Initlal overview Image of a large field of view Is acquired at
1020 nm, detecting green and red emission. (2) Functional imaging of a smaller region ofinterest Is performed at 920 nm, detecting green GCaMP6 emission. (3}
Phases of photoactivation in the paROI window at 750 nm without detection are alternated with brlef overview scans (OS) at 920 nm, detecting green emission. Two
'test-rounds' with 1 and 3 x200ms, 1Hz scanning perods precede the full protocol consisting of 40 % 200 ms, 1 Hz scanning perlods, repeated 15 times with
5min Intervals. Schematic drawings depict the stepwise photoactivation of cytosolic paGFP. {4) Finally, a large field of view, high-resolution z-stack Is acquired
Including the highlighted neuron at 1020 nm, detecting green and red emisslon.

a7
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photoactivation. To test whether the COIl responds to photoactivation and to assure the centered position of the paROIl, we start with two 'test
rounds'. For this, tune the laser to 750 nm, turn off the detection PMTs (photomultiplier tubes) and scan for 200 ms using the paROI with a laser
intensity of 3-4 mW. To observe the amount of photoactivation, tune the laser to 920 nm, turn on the PMTs and take a snapshot with an 05. One
should be able to observe a slight increase in fluorescence compared to the pre-activation image. If the paROl location remained in focus, we tune the
laser again to 750 nm, turn off the PMTs and scan for 3 x 200 ms, at 1 Hz frequency, using the paROl. Then tune the laser back to 920 nm, turn on
the PMTs and again take a snapshot by an O5. Now, a clear increase in fluorescence in the whole cell compared to the pre-activation image should be
visible.

The full protocol consists of 15 cycles in total with 5 min intervals. For one such cycle, the photoactivation step is repeated, this time with

40 % 200 ms, at 1 Hz. After tuning the laser back to 920 nm etc., the COIl should now be bright green, in clear contrast to all neighboring neurons.
Subsequent cycles do not lead to a visible change of fluorescence in the soma but serve to increase the pool of activated paGFP. To allow bright
paGFP to diffuse, we wait 30-60 min before acquisition of the final z-stack. This diffusion time was empirically determined and depends on the
characteristics of the neuron type under investigation.
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Michael Kunst, Eva Laurell, Nouwar Mokayes, Anna Kramer, Fumi Kubo, Anténio M. Fernandes,
Dominique Forster, Marco Dal Maschio, Herwig Baier. 2019. A cellular-resolution atlas of the larval

zebrafish brain. Neuron, 103: 21-38. DOI (Sneak Peek version): 10.2139/ssrn.3257346.

Understanding brain-wide neuronal dynamics requires a detailed map of the underlying circuit
architecture. We built an interactive cellular-resolution atlas of the zebrafish brain at six days post-
fertilization (6 dpf) based on the reconstructions of over 2,000 individually GFP-labeled neurons. We
clustered our dataset in 'morphotypes’, establishing a unique database of quantitatively described
neuronal morphologies together with their spatial coordinates in vivo. Over one hundred transgene
expression patterns (mainly Gal4 lines) were imaged separately and co-registered with the single-
neuron atlas. By annotating 72 non-overlapping brain regions, we generated from our dataset an
inter-areal wiring diagram of the larval brain, which serves as ground truth for synapse-scale,
electron microscopic reconstructions. Interrogating our atlas by 'virtual tract tracing' has already
revealed previously unknown wiring principles in the tectum and the cerebellum. In conclusion, we
present here an evolving computational resource and visualization tool, which will be essential to

map function to structure in a vertebrate brain.
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Summary

Understanding brain-wide neuronal dynamics requires a detailed map of the underlying circuit
architecture. We built an interactive cellular-resolution atlas of the zebrafish brain at six days post-
fertilization (6 dpf) based on the reconstructions of over 2,000 individually GFP-labeled neurons. We
clustered our dataset in 'morphotypes’, establishing a unique database of quantitatively described
neuronal morphologies together with their spatial coordinates in vivo. Over one hundred transgene
expression patterns were imaged separately and co-registered with the single-neuron atlas. By
annotating 72 non-overlapping brain regions, we generated from our dataset an inter-areal wiring
diagram of the larval brain, which serves as ground truth for synapse-scale, electron microscopic
reconstructions. Interrogating our atlas by 'virtual tract tracing' has already revealed previously
unknown wiring principles in the tectum and the cerebellum. In conclusion, we present here an
evolving computational resource and visualization tool, which will be essential to map function to

structure in a vertebrate brain.

32



M2: A cellular-resolution atlas of the larval zebrafish brain

Introduction

The brain's ability to perceive sensory information and coordinate movement is based on the
dynamic interactions of interconnected nerve cells, which are often distributed over several brain
regions. Due to the complexity of neuronal networks, it is challenging to pinpoint the role of
individual cells, or cell types, in these processes. Progress should come from efforts that successfully
link patterns of neural activity to their anatomical substrate (Alivisatos et al., 2012; Bauer et al., 2018;
Panzeri et al, 2017; Sporns et al, 2005). For functional neuroanatomy to be informative,
connectivities among neurons have to be determined in a systematic, unbiased fashion and
visualized in an atlas format. Resolving the entire wiring diagram of a brain requires dense electron-
microscopic reconstructions of nervous tissue volumes, preferably at the scale of individual
synapses (Denk and Horstmann, 2004; Hildebrand et al,, 2017; Ohyama et al., 2015; Varshney et al.,
2011; Zheng et al., 2018). To understand basic organizational features of the brain, however,
synapse-scale resolution may often not be necessary. Rather, mesoscopic descriptions of brain
connectivity using light-microscopy (LM) provide a sufficient framework for the generation of
testable hypotheses (Bohland et al., 2009; Mitra, 2014). Furthermore, building EM connectomes
relies on the tracing of fibers over hundreds or thousands of sections. A catalog of reproducible cell
shapes and inter-areal projection patterns will serve as "ground truth" to weed out continuation and

merging errors and thus speed up ongoing EM efforts.

A brain-wide wiring diagram based on single-neuron reconstructions has been generated for
Drosophila melanogaster (Chiang et al.,, 2011), revealing the general network structure and
predicting whole-brain information flow (Shih et al., 2015). A similar approach has recently been
performed in mice (Oh et al., 2014). However, due to the large size and complexity of the mouse
brain, it was not feasible to perform this approach at the level of individual cells; instead, a grid-
based approach to map anatomical connections between brain regions was used. This has the
disadvantage that multiple cell types are labeled and information about individual collateral
branching patterns is lost (Mitra, 2014). Also, there are currently no methods available to measure

whole-brain activity with cellular resolution in mice.

Larval zebrafish (Danio rerio) offer several advantages for a comprehensive brain atlas project. Their
translucency and small brain size, combined with an extensive arsenal of genetic tools (Baier and
Scott, 2009; Friedrich et al., 2013) as well as quantitative behavioral assays (Orger and de Polaviegja,
2017), make it possible to monitor and manipulate brain-wide neural activity, while the animal is
responding to sensory stimuli and displaying movements of the eyes and tail (Ahrens et al., 2013;

Portugues et al., 2014; Dal Maschio et al., 2017). Here we have expanded the larval zebrafish toolkit
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by creating a digital neuroanatomy platform, which includes an unbiased catalog of cell

morphologies, together with their spatial coordinates and long-range projections.

Our approach employed the stochastic and unbiased labeling of individual neurons in different, but
age-matched, brains, which are then morphed into a common coordinate system (“standard brain”)
(see Hawrylycz et al., 2011). We show here that this format is expandable, as it can easily incorporate
other reconstructed neurons. Importantly, transgene expression patterns (e.g., from the growing
collection of zebrafish Gal4, Cre and Q lines) can be straightforwardly superimposed, instantly
returning information about circuit composition and sharpening hypotheses about potential
connectivity. To illustrate the power of this evolving resource, we have extracted new topographic
principles in the tectum and cerebellum. Extending this approach to the whole brain, a first version
of the connectome of the larval zebrafish brain has emerged. Computational models of circuit
function are currently based solely on imaging with slow optical indicators and are therefore largely
unconstrained by anatomical realities (Naumann et al., 2016). The open and interactive platform
architecture of our new resource makes it possible to integrate optical recordings with cell-resolved
anatomy of the activated brain regions. This application of our atlas resource has already been

realized in the accompanying article by Kramer et al. (this issue).
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Results

A new digital resource allows co-registration of independent neuron tracings to a standard brain

To digitally catalog the morphologies and positions of neurons and compare them among
individual fish, we developed a workflow to label, scan, and digitize single neurons and
subsequently align them to a common coordinate framework (Figure 1A). To reveal the morphology
of neurons we made use of a fluorescent reporter transgene, BGUG, which encodes a highly
variegated, membrane-targeted GFP driven from the upstream activating sequence (UAS) of the
yeast transcription factor Gal4 (Xiao and Baier, 2007). When crossed to Gal4-VP16 driver lines, this
approach leads to extremely sparse GFP expression in one, or very few, random neurons that are
part of the overall Gal4 pattern. We used pan-neuronally expressing Gal4 lines (elavi3:Gal4 and
Gal4s11017t) to sample neurons from all brain regions in an unbiased manner. We focused our
attention on neurons that can be traced in their entirety, excluding reticulospinal projection
neurons. To generate high signal-to-noise ratio, we adapted the passive CLARITY method (PACT)
(Treweek et al., 2015) to larval zebrafish. As the clearing method quenches the GFP fluorescence, we
visualized labeled neurons via antibody staining directed against GFP epitopes. Each brain was also
stained with an antibody to Synapsin (SYP), which outlines the neuropil areas and yields a highly

stereotyped pattern across individuals.

In order to co-register individual BGUG-labeled neurons, we first generated a standard brain by
averaging the SYP patterns from twelve larval zebrafish at 6 dpf (Figure 1B and C). To account for
deformations introduced by our labeling protocol, we used the iterative symmetric group-wise
normalization (SyGN) approach provided by the ANTs toolkit (Avants et al., 2010). This iterative
process does not favor any one individual, but rather represents an unbiased average of the
population (Figure 1C and S1). Individual fish brains containing BGUG-labeled cells were then
aligned to this template using the SYP reference channel, and the transformation was applied
computationally to the traced neurons (Figure 1D). Using this workflow, we generated an atlas of

1709 stochastically chosen neurons that cover the entire brain.

To demonstrate that our labeling technique samples from the entire brain in an unbiased fashion
we analyzed the distribution of the somas of traced neurons in 36 brain regions (see below) and
compared it to a mask of cell bodies (Figure S2A). When we compared the relative distribution, we
could find that both soma location and cell body mask correlated well, i.e. regions with a relatively
large cell body area also contained a higher number of somas from traced neurons (R=0.48, Figure
S2B and Q). In addition, since our single-cell labeling is based on the Gal4/UAS-expression system,

we are also able to target certain cell-types using more restrictive driver lines. To demonstrate this,
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more than two hundred tracings, obtained using more specific drivers (vglut2a:Gal4, Gal4s1171t,
1hx9:Gal4, Gal4s1013t), were added (Figure 1E, Video S1). When we analyzed this dataset for labeling
bias, we found that the correlation increased with the added neurons (R=0.59, Figure S2D). This
improved correlation was most notable in the case of the tectum (arrow in Figure S2E). Taken
together, our workflow labels neurons throughout the brain in an apparently unbiased fashion,

reflecting the expression pattern of the Gal4 driver used.

Single neuron morphologies can be aligned to transgene expression patterns and other data

modalities

To provide flexibility for efforts using reference channels other than SYP, we generated shape-based
averages for commonly used immunohistochemical labels and transgenic reporters (Figure 2A).
These include ERK1/2 and HuC/D antibodies, as well as the elavi3:lynTagRFP, bAct2B:GFP,
vGlut2a:DsRed, elavI3:GCaMP5G, elavi3:nlsGCaMP6S and elavi3:H2BGCaMP6S transgenic reporter
lines. With the aid of these bridging registrations, we crosslinked our database to existing
anatomical resources, including Z-Brain (Randlett et al., 2015) and the Zebrafish Brain Browser
(Marquart et al., 2015). Importantly, we could also incorporate the expression patterns of Gal4 lines
generated by various laboratories into our platform (Asakawa et al., 2008; Forster et al., 2017; Scott

et al., 2007) (Figure 2B).

Rather than imaging the entire brain, researchers often prefer a more targeted approach, focusing
on a specific brain region (e. g., Kubo et al., 2014). To accommodate such datasets in our resource,
we developed a computational pipeline that enables us to register subvolumes to the standard
brain. As a proof of principle, we aligned a set of 55 mitral cell tracings from a previous publication
(Miyasaka et al., 2014). Mitral cells are projection neurons that carry information from the olfactory
bulbs to several forebrain regions. In this case, only the brain subvolume containing the forebrain
and habenula had been acquired using the presynaptic marker SV2 as the reference channel.
Reasoning that SV2 should have a similar labeling pattern to SYP, we cropped our SYP reference
stain to match the region imaged by Miyasaka et al. and used this as the template to successfully
align their mitral cell tracings to our standard brain (Figure 2C). Finally, we integrated a large-scale
dataset of tectal projection-neuron tracings (n = 133) recently generated by our lab (Helmbrecht et
al., 2018, Fig. 2B¢). Together the success of these efforts shows that our resource is backwards
compatible with previous single-cell tracing efforts, provided a bridging registration to one of the

available reference markers can be established.
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Reqistration accuracy has subcellular resolution across individual brains

To measure the accuracy of the registration, we then identified five landmarks within the SYP
pattern (fiber landmarks) and 20 from compact cell clusters in various co-registered Gal4 patterns
(nuclei landmarks), which were easily recognizable across individual brains (Figure 3A; Figure S3A),
and measured the Euclidean distances to their counterparts in the standard brain (see STAR
Methods). The distance varied between 0.22 um and 14.13 um with most data point between 2 and
7 um and a median of 4.38 um (Figure S3B and C), comparable to what has been described in
Drosophila (Jefferis et al., 2007). It is unknown to what extent this positional variability is biological
in nature or caused by registration errors. In any case, this value corresponds to a fraction of the
typical cell body diameter in larval brains (3-7 um) and confirms the large degree of stereotypy in
brain architecture, which appears to extend to the positioning of individual nuclei and axon tracts.
These values are derived from samples that have been inspected manually for successful alignment.
For each neuron we manually inspected the alignment of the underlying image stack (see STAR

Methods).

As a test case for registration accuracy, we asked if we could detect the well-known laminar
organization of retinal ganglion cell (RGC) axon terminals in the neuropil of the optic tectum (Robles
et al,, 2014). Individual laminae are about 4-10 um in thickness. When the 42 RGC traces from our
database were displayed together, individual retinotectal laminae could be discerned (Figure 3B, C,
D). The vast majority of RGCs in our dataset terminate in the SFGS layers of the tectal neuropil
(36/42), most of them exclusively so (26/42). Fewer RGCs project to other layers of the tectum (4/42),
and a small subset project to visual areas outside of the tectum (2/42). This distribution is similar to
what has been reported in a sample of 450 RGCs traced in a previous study (Robles et al., 2014). We
were also able to detect some of the more infrequent RGC types including those that have collaterals
in both arborization field AF7 and the tectal SO layer (Semmelhack et al., 2014), as well as a multi-
collateral RGC type that projects to the tectal SAC/SPV layer and multiple AFs in the thalamus and
the pretectum (Robles et al., 2014).

To test if our registration procedure retained the well-known retinotopy of RGC terminations in the
tectum, we subdivided our RGC dataset into those that originated in the nasal, temporal, dorsal, and
ventral quadrants of the retina and inspected their projection sites in the tectum. We found,
reassuringly, that their axons primarily terminate in the posterior, anterior, ventral and dorsal
quadrants of the tectal neuropil, respectively (Figure 3E, F), in agreement with earlier studies (Baier

et al,, 1996; Robles et al., 2014; Springer and Mednick, 1985; Stuermer, 1988). In conclusion, digital
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co-registration of 42 separately sampled RGCs in our standard brain faithfully reveals the

architecture of the retinotectal projection along its retinotopic and laminar axes.

An interactive web-interface enables browsing and searching for neurons in predefined

subvolumes

To make the atlas easily accessible to the community we generated a repository

(http://fishatlas.neuro.mpg.de/zebrafishatlas/main page#), and programmed a user interface with

the following major functionalities:

1) Visualization: Neurons are initially visualized in a 3D interactive browser (in this case we choose
RGCs as an example set of neurons) (Figure S4A, Video S2). The user has multiple options to change
the appearance of the neurons (e.g. color, soma size, and neurite thickness) as well as the option to
mirror neurons to either hemisphere of the brain for display purposes (Figure S4B,). For each neuron,
a link to the metadata is provided, e.g. lab of origin, Gal4-driver, cell type (if available), as well as
original publication in which the neuron was described (Figure S4C,). In addition, it is possible to
display the brain regions innervated by a particular neuron, with the option to limit the search to
only specific parts of the neuron (Figure S4C). Once the user has found an interesting neuron,
morphologically similar neurons can be identified using NBLAST (Costa et al., 2016) (Figure S4G;).
The current 3D view can be exported as an image by taking a screen shot (Figure S4D), or

alternatively by downloading the tracings and using external visualization software (Figure S4B,).

2) Location-based search: To search our database for neurons in specific brain regions, we generated
a basic segmentation of the larval zebrafish brain that consists of 79 brain regions covering 81% of
the entire brain volume. In our example case, we selected the retina and the tectal neuropil to search
for RGCs (Figure S4E, Video S3). Once the user selected one or more brain regions it is possible to
perform searches on the individual regions, i.e. looking for projection neurons by searching for
neurons that have their somata in the region but also terminate outside of it (Figure S4F). For more
complex search function involving two or more brain regions, an advanced search function is
available (Figure S4G). The user can perform logical AND/OR searches and can specify which part of
the neurons is in which brain region. In our example we searched for neurons that have their somata

in the retina and fiber terminals in the tectal neuropil to find all RGCs in our dataset.

3) Expression pattern-based search: Currently there is no consensus annotation of all the different
brain regions in the larval zebrafish. One reason for that is the difficulty of defining regional
boundaries due to the lack of clear anatomical demarcations. Brain regions or parts thereof can often

be labeled by gene expression pattern. In order to guide the selection of specific brain regions, we
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aligned the unique expression patterns of 221 Gal4 lines and other markers to our standard brain
(see above). This collection currently encompasses the Gal4 patterns from the Zebrafish brain

browser database (ZBB; https://science.nichd.nih.gov/confluence/display/burgess/Brain+Browser),

as well as 96 new lines. In our specific example, we used a recently created BAC transgenic line that
expresses GFP in cholinergic neurons (Forster et al., 2017). Based on the GFP expression, we
selectively marked the oculomotor nucleus and searched for neurons in this region (Figure S4H,
Video S4). Often, brain regions are not defined by the expression of one marker but by the
combination of multiple. To accommodate this feature, we added the possibility to visualize

multiple channels simultaneously (Figure S4l).

“Virtual tract tracing” reveals the spatial organization of multimodal inputs to the tectum

We next asked if we could employ the brain atlas to discover novel wiring principles in the tectum.
To this end, we focused on the proposed segregation of visual and non-visual innervations (Basso
and May, 2017; Filosa et al., 2016; Li et al., 2018; Meek, 1983; Pérez-Pérez et al., 2003). Prior work in
adult teleosts had demonstrated that the non-retinal inputs tend to target different layers in the
tectal neuropil than RGCs (Meek, 1983), but such laminar separation has not been investigated in
the much smaller brains of zebrafish larvae. We visualized the well-described retinorecipient layers
(Robles et al., 2013; Roeser and Baier, 2003; Xiao and Baier, 2007; Xiao et al., 2005) side by side with
those innervated by other afferents from our dataset (Figure 4A and 4B). We visualized RGCs that
target the tectal neuropil (40/42) and mirrored them to each hemisphere for comparison of ipsi- and
contralateral tectal innervation (green and orange, Figure 4A and 4B). Non-retinal cells (n = 36)
projecting to the tectum with soma in the left hemisphere were mirrored to the right hemisphere
(purple, Figure 4A and 4B). The majority of these afferents (22/36) originated from cells on the same
side of the brain, but we also detected neurons that innervated both (9/36) or the contralateral
(5/35) tectal hemisphere. Overlaying retinal and non-retinal axons revealed that both populations
are highly segregated within the tectal neuropil: While RGC axons are innervating the superficial
layers, mainly SFGS, as reported before, non-retinal inputs primarily target deeper layers, such as

SAC, in which RGC axons are absent (Figure 4C).

We analyzed this dataset at the individual neuron level to determine the origin of non-retinal input.
We manually subdivided the 36 non-retinal afferents in 18 classes, based on soma location and
projection pattern (Figure 5D), and generated a wiring diagram of non-retinal tectal input (Figure
S5). Most classes contain only one neuron, but others have up to 9 (Class 6; Figure 4D). The majority
of cells originate in the thalamus (10/37), and a recent manuscript described these as sensitive to

looming and luminance decrease (Heap et al.,, 2018). In addition to the thalamus, other prominent
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input arises from the nucleus isthmi (NI, 8/37, Class 2, 17, and 18) as well as the medial octavolateralis
nucleus (MON, 4/37, Class 1). The latter area receives inputs from lateral line neuromasts and is
sensitive to water currents (Thompson et al., 2016). In total, we identified 15 distinct regions that
innervate the tectum (Figure S5), including some that process sensory information (e.g., MON and
thalamus) or the internal state (e.g. intermediate hypothalamus and reticular formation). Taken
together, anatomical data extracted from our brain atlas corroborate a function of the tectum in

multimodal integration of sensory information and internal state.

The brain atlas reveals a topographic organization of cerebellar projections

The cerebellum of vertebrates is involved in coordinated smooth movements and motor learning.
One of the organizing principles proposed for the cerebellum is functional regionalization (Manni
and Petrosini, 2004). In zebrafish, two similar visual stimuli that trigger distinct motor outputs
(optokinetic and optomotor responses) have been shown to evoke region-specific activity of
Purkinje cells (Matsui et al., 2014). In addition, a topographical map for processing of different
sensory modalities was found in granule cells (Knogler et al., 2017). To find evidence for a
topographic organization of the output pathways, we investigated the neurons that projected out
of the cerebellum. There are two cell types that provide output for the cerebellum, Purkinje cells
(PCs) and eurydendroid cells (ECs). PCs exclusively send their projection to the MON while ECs

provide a more diverse output of the cerebellum (Bae et al., 2009).

We found 121 cerebellar output cells, whose cell bodies reside along the medio-to-lateral and
rostral-to-caudal extent of the cerebellar corpus. The majority of those are ECs (91/121) and the rest
are PCs (30/121). Their projections extend to a variety of brain regions, including the thalamus, the
hypothalamus, the tegmentum, the nucleus of medial longitudinal fascicle, the oculomotor and
trochlear nucleus as well as the reticular formation and the medulla oblongata (Figure S5A). The
NBLAST algorithm (Costa et al., 2016) was used to hierarchically cluster the individual cells based on
their morphological similarity (Figure 5A). Of the eight major clusters, one (cluster 7) consisted
exclusively of all PCs, with the remaining ECs distributed over the other seven clusters. Color coding
these clusters (Figure 5B and C) revealed that the dendrites of the individual EC clusters tile the
granule cell layer, suggesting segregation of inputs. Interestingly, the different clusters projected to
distinct target regions (Figure S6A). Dendrites of clusters 1, 2 and 3 are arrayed topographically
along the medial-to-lateral axis at the same rostro-caudal level; this order is preserved, albeit flipped,
for their axon projections in the tegmentum (Figure S6B). We observed a different pattern for EC
connections to the thalamus. Here, dendrites of clusters 1, 3, and 5 show almost perfect tiling in the

granule layer, yet their axons intermingle within the thalamus (Figure S6C). Cluster 4 ECs are distinct
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from other clusters in that they provide the sole input to the ipsilateral intermediate hypothalamus
(Hi), as well as the majority of inputs to the ipsilateral tegmentum. Such topographic relationships
provide entry points into studies of the cerebellum's functional specializations, as they may guide

experimental interventions to particular sites in the brain.

Neurons are classifiable based on their locations and morphologies using NBLAST

We classified all 2,141 neurons (including mitral cells and tectal projection neurons) by morphology
and innervation pattern using NBLAST. Similarity scores were calculated to perform hierarchical
clustering (Figure 6A, B; Video S5). Looking at the dendrogram, it becomes apparent that separable
clusters of neurons exist. When we cut the resulting dendrogram at a height of 8 we end up with 22
distinct clusters. At this cutoff, we can already see clusters identical to known cell classes (Figure 6C).
Examples are cluster 13 (oculomotor neurons) and cluster 14 (RGCs). However, at this cutoff, many
clusters are still heterogeneous. For example, cluster 12 consists of multiple neuron types located in
the forebrain. When we lowered the cutoff to 3, cluster 12 contained at least 6 distinguishable
morphological types (‘morphotypes’; Figure 6D). Three of those are part of the olfactory pathway.
Sub-cluster 12-2 consists of olfactory receptor neurons (ORNs) that convey information from the
olfactory epithelium to the olfactory bulb (OB) and sub-cluster 12-4 consists of mitral cells (see
Figure 2C for comparison). Sub-cluster 12-1 is composed of local interneurons of the olfactory bulb
that modulate information transfer between the ORNs and the mitral cells. In addition, we could also
find three clusters of pallial/subpallial neurons (sub-cluster 12-3, 12-5, and 12-6) that show strong

overlap with the projections of the mitral cells and could potentially be downstream targets.

The clustering approach successfully isolates well-known cell types and discovers apparently new
ones. Three examples of known types are neurons that provide input from the ventral
entopeduncular nucleus to the habenula (Turner et al., 2016) (VENT-Hb; Figure S7A,), habenular
output neurons that project to the interpeduncular nucleus (NIn) and the superior raphe (Amo et
al., 2010) (Hb_PN; Figure S7A;), as well as tangential neurons that provide input from the tangential
nucleus to the oculomotor nucleus and the nMLF (Bianco et al., 2012) (Figure S7A;). Among the
novel types are tegmental neurons that project to the hypothalamus and pallium (T-Hi/P, Figure
S7B1), neurons of the nucleus isthmi that innervate the thalamus, torus semicircularis, and the
reticular formation (NI-RF/TS/Th; Figure S7B;), as well thalamic neurons that project to the

hypothalamus and the medial part of the reticular formation (Th-Hr/mRF; Figure S7B,).

Lowering the threshold also leads to a splitting up of distinct cell types into further sub-clusters that
appear not to reflect bona fide cell types. For instance, RGCs can be further subdivided based on

their dendritic morphology and axonal projection pattern (Robles et al., 2014), and, when we
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lowered the height at which the dendrogram was cut, RGCs were split up in separate clusters (Figure
S7Q). However, the difference between individual clusters primarily reflected the position of the cell
bodies and dendrites within the retina and the respective retinotopic mapping of the axons in the
tectal neuropil, rather than collateral patterns or laminar stratification. In summary, our catalog of
cell morphologies can be automatically organized using NBLAST leading to the classification of cell
classes. However, such first-pass results have to be carefully interpreted, as NBLAST tends to weight

cell-body location and neurite orientation more heavily than morphological parameters.

Combing single-cell tracings with annotation of brain regions generates a mesoscale connectome

To generate a brain-wide undirected connectivity matrix, we divided the brain into 36 non-
overlapping regions at approximately similar ontological level (Figure 7). These regions cover ~82%
of the brain volume. Since the regions are bilaterally symmetric we divided them into a left
hemispheric region and a right one, for a total of 72 brain regions. While this annotation is not
exhaustive, we can use it to generate a mesoscale connectome, which will evolve with further
knowledge of anatomical boundaries and the addition of more cells. We chose an undirected
connectivity matrix since the distinction of dendritic and axonal arbors is not always as obvious as

in the previous examples shown in Figs. 4, 5, S5, and Sé6.

Connection strengths between individual brain regions were calculated from the total sum of
neurite lengths in each of the possible combination of two brain regions from all neurons that
connect them (see STAR Methods). To prevent biases in connection strength arising from different
sizes, we normalized connection strength by the total volume of the two brain region pairs. This
approach revealed connection strengths that span a range greater than 10°-fold across the brain.
The observed connection strength follows a lognormal distribution (Figure 8A) and decays
exponentially as a function of distance (Figure 8B; R=0.39) in accordance with previous results from
other animals (Betzel and Bassett, 2018; Ercsey-Ravasz et al., 2013; Oh et al., 2014) and consonant
with an economic network organization, which minimizes wiring lengths (Bullmore and Sporns,

2012).

The resulting connectivity matrix allowed us to perform hierarchical clustering of brain regions by
similarity of input and outputs (Figure 8C). For each brain region, the 3D center of masses was
plotted in our standard brain (Figure 8D; Video S6), with the colors reflecting the clusters of Figure
8C. We also plotted the connectivity matrix as a 3D wiring diagram, with the size of the nodes
representing the node degree (number of neurons which connect to or from that brain region) and
the thickness of the connections representing the normalized connection strength (Figure 8E; Video

S7). Various levels of organization become immediately apparent indicating a non-random
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organization. Closer inspection reveals two main clusters. One (cluster 1, red) consists of nodes that
show a high degree of connectivity that strongly participate in the overall network structure. This
cluster consists mainly of the subdivisions of the reticular formation and the raphe nucleus. The
other clusters (white rectangle) are more heterogeneous. For example, cluster 2 (green) consists
mostly of peripherally located ganglia that convey sensory information to specific central brain
regions or motor information to the muscles but has fewer and weaker connections to the rest of
the network (e.g. olfactory epithelium or vagal motor neurons). In addition, we also find strongly
reciprocally connected brain regions. For example, the two main regions of the telencephalon
(pallium and subpallium) form strong connections with each other and their respective counterpart
on the contralateral hemisphere as well as the preoptic region of the hypothalamus and the

posterior tuberculum (cluster 3, cyan).
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Discussion

The larval zebrafish is increasingly being used to address fundamental questions of nervous-system
organization and circuit function at the whole-brain level (Vanwalleghem et al., 2018), yet its neuro-
anatomy is still relatively uncharted. Here we introduce a novel resource, which will be beneficial to
approaches that attempt to tie neuronal function to the structure of the underlying circuitry. We
generated a dataset of 1,955 single neurons tracings, which we aligned to an average standard
brain. We verified, using a set of stereotyped anatomical landmarks, that registration accuracy is at
subcellular resolution (~4 um) and faithfully recapitulates known wiring principles such as
retinotopic organization and layer-specific innervation of RGC axonal arborizations. To ensure cross-
platform compatibility and to enable submission of external data into our platform, we registered
additional reference stains to the standard brain, including commonly used antibody stains and
calcium indicator transgene expression patterns. Single-cell data from subvolume imaging
experiments can be incorporated with little effort, as demonstrated by the successful addition of 55
olfactory bulb mitral cells previously reconstructed by a different lab (Miyasaka et al., 2014) , as well
as additional 133 single neuron tracing previously published (Helmbrecht et al., 2018). We enriched
our dataset with a collection of Gal4 and GFP transgenic expression patterns (Forster et al., 2017;
Marquart et al., 2015; Randlett et al., 2015; Scott et al., 2007). Earlier work used EM-tracings of
neurons with myelinated axons (Hildebrand et al, 2017). This dataset was largely limited to

peripheral and spinal projection neurons and therefore complements this resource.

Our constantly growing dataset can be viewed online

(http://fishatlas.neuro.mpg.de/zebrafishatlas/main _page#). This web-portal allows to interactively

search for neurons and visualize them in relation to other neurons, commonly used marker stains,
and transgene expression patterns. The complete toolbox of searching, browsing and viewing
features is available to the community and will be expanded to accommodate other data modalities.
For instance, the here presented resource will be useful for researchers who wish to search for
anatomical connections between functionally correlated regions in whole-brain imaging studies
(Ahrens et al., 2013; Portugues et al., 2014). Our database has been used successfully by an
accompanying study (Kramer et al., this issue) to complement GCaMP6 imaging studies
investigating neuronal circuits processing optic flow. The authors could find long-range projection
neurons that connect the pretectal area to the cerebellum and the reticular formation, providing a

sensorimotor pathway suggested to drive behavioral responses to optic flow.

To facilitate data mining and discovery of novel neuronal cell types, we analyzed our dataset using

the NBLAST algorithm, which was developed for a large single-neuron dataset of fruit flies (Costa et
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al.,, 2016). An all-by-all comparison of the entire dataset provided us with a morphological similarity
matrix on which we performed hierarchical clustering. By adjusting the height at which to cut the
resulting dendrogram, we were able to identify multiple already known cell classes, confirming the
robustness of NBLAST. We also discovered several novel types by inspection. However, such first-
pass results have to be carefully interpreted, as NBLAST tends to weight cell-body and neurite
location more strongly than intrinsic morphological parameters. Moving forward, we envision this
database to become an open-access repository similar to NeuroMorpho.org (Akram et al., 2018;
Ascoli et al., 2007). While a comprehensive cell type census is more likely to come from genetic
expression profiling, such single-cell RNA sequencing (McKenna et al., 2016; Pandey et al., 2018; Raj
et al,, 2018), a morphological classification of zebrafish neurons, ideally with their transcriptional
profiles and developmental lineages, will be tremendously useful for experimental and

computational neuroscientists alike.

To gain insight into the general architecture of the larval zebrafish brain, we constructed a cellular-
resolution mesoscale connectome. For this, we divided the brain into 72 non-overlapping brain
regions and determined their pairwise connection strengths to generate an undirected graph that
we subjected to further analysis. Already at the current stage of our database with only about 2% of
the entire neuronal complement covered, several organizational principles become evident. The
interareal connection strengths exhibit a lognormal distribution and are decaying exponentially
with distance. This is consistent with the theory of economic brain network organization, which
states that brains are dominated by short range connections to minimize wiring costs (Bullmore and
Sporns, 2012). We found that the larval zebrafish brain displays a core/periphery organization with
brain regions mainly related to sensory or motor function falling into one module and more central
regions involved in higher-order integration falling into other modules. For example, we found that
the forebrain together with the preoptic region and the posterior tuberculum comprises a distinct
module anatomically separated from the mid- and hindbrain which seem to be much more strongly
interconnected. This agrees with a whole-brain imaging experiment that reported stronger
correlation of spontaneous activity between mid- and hindbrain compared to the forebrain (Ahrens
etal,, 2013). We do caution in overinterpreting our results since a large number of morphotypes still
needs to be described. However, given the simplicity of our workflow and the ease with which data
from other labs can be incorporated into our standard brain (as illustrated by the mitral cells), a
complete census will be accomplished in the next few years. In addition, with a growing dataset it
may become possible to apply machine learning algorithms to differentiate between axons and

dendrites (Lee et al., 2014).
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To demonstrate the immediate utility of our dataset, we performed virtual tract tracing of the
afferent fibers innervating the tectum. First, we investigated the laminar organization of modality-
specific inputs and showed that RGC and non-retinal axons are segregated, with RGCs targeting
medial to superficial layers and non-retinal fibers primarily targeting deeper layers. This is in
accordance with the situation in adult goldfish (Meek, 1983). When we further investigated the
individual cells that provide non-retinal inputs we identified 18 different cell classes. The most
prominent non-retinal input to the tectum arises from the thalamus. Such thalamo-tectal neurons
have recently been reported to respond to dimming of the visual field (Heap et al., 2018). Another
prominent input arises from the contralateral MON, which receives sensory input from the lateral
line and the inner ear (Liao and Haehnel, 2012; McCormick, 1989). Consistent with this anatomical
arrangement, functional imaging detected responses to contralaterally applied water flow and
auditory stimuli in the deeper layers of the tectum (Thompson et al., 2016). We further showed that
the majority of these axons also branched in the torus semicircularis (Fame, 2006), a feature that was
not known from previous work. The tectum is from a network perspective ideally located to connect
sensory areas directly with motor areas. Yet it is also well enough integrated with the rest of the
brain so that information from other brain regions can exert influence over sensorimotor
transformations taking place in the tectum. This principle of extrinsically modulated “labeled lines”
was demonstrated for the decision to approach or avoid a visual object based on its size. Larval
zebrafish chase after small, prey-like dots and escape from large ones (Barker and Baier, 2015). The
tectal output channels that steer the animal’'s movements toward or away from the object are
anatomically segregated (Helmbrecht et al., 2018). The decision between approach and avoidance
is mediated by the tectum, and hunger stimuli from the serotonergic system can shift the animal’s
behavioral tendency to approach larger stimuli that would normally evoke escapes (Filosa et al.,
2016). Our dataset revealed additional inputs from central brain regions (PO, PT, T), which may

modulate this decision-making process.

Our dataset allowed us to describe, for the first time, the topographic organization of the cerebellar
projection neurons. Teleosts lack the deep cerebellar nuclei of mammals; instead, they have a
specialized cell class, the eurydendroid cells (ECs), that receive direct input from Purkinje cells and
project widely to other brain regions (Bae et al., 2009). The collection of 91 ECs from our database
innervate a large proportion of the mid- and hindbrain. Using NBLAST (Costa et al., 2016), we divided
the ECs into seven different classes. Closer inspection of their projection patterns revealed a
topographical organization. Their dendrites tile anatomically compact regions of the granule cell
layer, and their axons project to distinct, yet partially overlapping, brain regions. This topographical

output provides an anatomical substrate for how regionalized Purkinje cell activity gets converted
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into distinct motor patterns as was demonstrated for the optomotor and optokinetic reflexes
(Matsui et al., 2014). Taken together, the high-fidelity co-registration feature of our resource makes
it possible to carry out virtual tract tracing studies to test hypotheses in silico and discover new

wiring principles.

Another area of investigation that will benefit greatly from this new resource are dense electron-
microscopic (EM) reconstructions of circuit structure (Denk and Horstmann, 2004; Hildebrand et al.,
2017; Ohyama et al., 2015; Varshney et al.,, 2011; Zheng et al., 2018). The tracing of fibers over
hundreds or thousands of ultrathin sections requires high spatial resolution and image contrast and
is notoriously prone to continuation and merging errors, especially for long-range projections. Such
errors will be spotted more reliably if EM-derived wiring diagrams can be compared to a catalog of
realistic cell shapes and projection patterns. Our cell-resolved atlas thus provides an anatomical
"ground truth", which will be necessary to assemble the complete synapse-scale connectome of the

larval zebrafish brain and will contribute to our understanding of brain-wide neuronal dynamics.
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Figure 1: Construction of a single-neuron atlas. (A) Workflow for generating single-neurons
tracings. (B) Images of 12 representative brains used to generate a shape-based average template.
Brains were labeled with an antibody against the presynaptic protein synapsin. (C) Shape-based
average template brain after 1 iteration (C;) and 4 iterations (C,). Inset shows higher magnification
of the torus longitudinalis neuropil. (D) Examples of individually traced neurons from different

brains aligned to our template brain (grey surface). (E) Overlay of all neurons (n=1955) generated by
our workflow. Colors of neurons are assigned randomly.
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Figure 2: Integration of external data. (A) 8 examples of additional reference stains that can be
used to align data to our resource. A, anterior; V, ventral. Scale bar represent 100 um. (B) Examples
of Gal4-line expression patterns and single neuron tracings from different projects aligned to our
common coordinate system. (B:) Enhancer-trap (ET) lines expressing UAS-Kaede from (Marquart et
al., 2015). (B,) BAC-trangenic lines expressing UAS-Dendra from (Forster et al., 2017). (Bs) ET-lines
expressing UAS-Dendra from (Scott et al., 2007). (Bs) Enhancer-trap (ET) lines expressing UAS-GFP
from (Asakawa et al., 2008). (Bs) Various expression pattern from (Randlett et al., 2015). (Bs) Tectal
projection neurons from (Helmbrecht et al., 2018). All scale bars represent 100 um. (C) Integration
of mitral cell tracing from (Miyasaka et al., 2014). Our reference brain was cropped to match the
template of the original data. After successful alignment, the cropped volume was reinserted into
the full-site reference brain. The various transformation steps were also applied to the mitral cell
tracings. A, anterior; V, ventral. Scale bars in subvolume represent 50 um all other scale bars
represent 100 um.
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A

Landmarks in template Landmarks after alignment

nuclei landmarks
fiber landmarks

Figure 3: Verification of registration accuracy. (A) Left: Location of fiducial points overlaid in
outline of standard brain (grey). Right: Location of the same fiducial points identified in original
images after alignment to standard brain. Scale bar represents 100 um. (B) RGCs extracted from our
database overlaid in outline of standard brain (grey). Surfaces of the retina (red) and tectal neuropil
(green) are also shown. Scale bar represents 100 um. (C) Lateral view of the tectal neuropil
highlighting the layered innervation of RGC. Scale bar represents 20 um. (D) Examples of RGCs
identified by layer specific innervation of tectal layers and arborization fields (AFs). Scale bar
represents 20 um. (E) Overlay of temporal (magenta) and nasal (cyan) RGCs in the retina (bottom
left) and tectal neuropil (top left to bottom right). All scale bars represents 100 um. (F) Overlay of
ventral (magenta) and dorsal (cyan) RGCs in the retina (bottom left) and tectal neuropil (top left to
bottom right). All scale bars represents 100 um. A, anterior; AF1, arborization field 1; AF2,
arborization field 2; AF4, arborization field 4; AF7, arborization field 7; AF9, arborization field 9; D,
dorsal; P, posterior; SAC/SPV, boundary between the stratum album centrale and the stratum
periventriculare; SFGS 1-3, stratum fibrosum et grisesum superficiale 1-3; SFGS 4-6, stratum fibrosum
et griseum superficiale 4-6; SO, stratum opticum; V, ventral.
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Figure 4: Analysis of non-retinal tectal afferents. (A) Overlay of all RGCs mirrored to the right
(orange) and left (green) hemisphere and all non-retinal afferents (purple) mirrored to the right
hemisphere in outline of standard brain (grey). (B) Lateral view of the tectal neuropil highlighting
the anatomical segregation of retinal and non-retinal input to the ipsi- and contralateral tectum.
Scale bar represents 50 um. (C) Bar plots displaying the percentage of overall fiber length in the
different layers of the ipsi- and contralateral tectum for retinal (green and orange) and non-retinal
afferents (purple). (D) Overlay of all non-retinal afferents mirrored to the right hemisphere in outline
of standard brain (grey). Different colors represent the different classes. All scale bars represent 100
pum. (E) Individual classes of non-retinal afferents displayed side-by-side in outline of standard brain
(grey). Scale bar represents 100 um. A, anterior; AF1, arborization field 1; AF2, arborization field 2;
AF4, arborization field 4; AF7, arborization field 7; AF9, arborization field 9; D, dorsal; P, posterior;
SAC, stratum album centrale; SAC/SPV, boundary between the stratum album centrale and the
stratum periventriculare; SFGS, stratum fibrosum et griseum superficiale; SFGS/SGC, boundary
between the stratum fibrosum et griseum superficiale and the stratum griseum centrale; SM,
stratum marginal; SO, stratum opticum; V, ventral.
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Figure 5: Topographic organization of cerebellar output. (A) Hierarchical clustering (HC) of
cerebellar efferents based on NBLAST similarity scores. Colors indicate the different clusters. (B)
Overlay of all cerebellar efferents mirrored to the right hemisphere in outline of standard brain
(grey). Different colors represent the different clusters from (A). Black rectangles represent regions
zoomed in. Purkinje cells (cluster 7) were omitted for clarity. (C) Individual classes of cerebellar
efferents displayed side-by-side in outline of standard brain (grey). All scale bars represent 100 um.
A, anterior; P, posterior; V, ventral.
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Figure 6: Organization and classification of neurons using NBLAST. (A) HC of all neurons based
on NBLAST similarity scores. Colors indicate the different clusters. Dashed line indicates the height
at which the dendrogram, was cut. (B) Overlay of all neurons mirrored to the right hemisphere in
outline of the standard brain (grey). Different colors represent the different clusters from (A).
(C) Individual clusters of neurons displayed side-by-side in outline of the standard brain (grey).
Asterisks denote cluster of known cell types. (D) HC of neurons from cluster 12 in (C). Colors indicate
the different clusters. Dashed line indicates the height at which the dendrogram was cut. All scale
bar represent 100 um. A, anterior; V, ventral.
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MOSH1 MOS2 MOS3 MOS4

Figure 7: Brain annotation for graph theoretical analysis. 36 brain regions were manually
defined. Different colors for the brain regions are selected randomly. For explanation of brain region
abbreviations see Table S1. All scale bars represent 100 um.
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Figure 8: A brain-wide wiring diagram of the larval zebrafish brain. (A) Distribution of
normalized connection strengths between brain regions. (B) Correlation between internodal
distance and normalized connection strength. (C) Inter-region connectivity matrix of the larval
zebrafish brain, derived from normalized connection strengths between brain regions. Brain regions
in lowercase are located in the left hemisphere and brain regions in uppercase on the right. Brain
regions with similar connection profile are clustered together. For explanation of brain region
abbreviations see Table S1. (D) Brain regions displayed as center of masses in outline of standard
brain (grey). Colors represent cluster from (C). For explanation of brain region abbreviations see
Table S1. (E) Brain-wide wiring diagram of the larval zebrafish brain. Location of brain regions is the
same as in (D). Size of nodes reflects the node degree and thickness of edges the normalized
connection strengths. All scale bar represents 100 um. A, anterior; V, ventral.
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Supplementary Information

A 1 lteration D 4 |terations

Figure S1. Related to Figure 1: Improvement of granularity of the shape-based average brain
after multiple iterations. (A-C) Single optical slices through the tectum (A) and the hindbrain (B
and C) after one iteration. All scale bars represent 50 um. (D-E) Single optical slices through the
tectum (A) and the hindbrain (B and C) after four iterations. In the case of the tectum, individual
tectal layers become more obvious and clearer after 4 iterations compared to one. Arrows in (B)
highlight the Mauthner cells. Arrows and arrowheads in (C) highlight additional identifiable
reticulospinal neurons. In both cases the neurons become either more sharply defined (B), or in the
case of (C), only are recognizable after multiple iterations.
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Figure S2 - related to Figure 1
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Figure S2. Related to Figure 1: Analysis of labeling bias. (A) Workflow to calculate the expected
relative contribution of each brain region to the single-neuron database. Neuronal cell bodies were
labeled using an antibody directed against the post-mitotic marker HuC/D (A:). The staining was
converted into a binary mask (A,) and this mask was intersected with a mask of 36 brain regions (As).
The result of this intersection is a mask that contains only the cellular portions of each brain region
(A4). Based on this, we calculated the volume of each brain region in relation to the total volume (As).
Scale bar represents 100 um. (B and C) Scatterplot (B) and barplot (C) showing correlation between
the cell body region and the soma of traced neurons for individual brain regions for the pan-
neuronal dataset. (D and E) Same as in B and C but for the complemented dataset.
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Figure S3. Related to Figure 3: Location of fiducial points used for measurement of
registration accuracy. (A) Single optical planes throughout the SYP-standard brain as well as
through multiple different average Gal4-pattern indicating the location of the fiducial points (fiber
landmarks are in green and nuclei landmarks are in magenta). (B) Histogram of all distances
measured between fiducial points aligned to the standard brain and their respective counterpart in
the standard brain. (C) Boxplot indicating the alignment accuracy for the individual fiducial points.
Magenta refers to nuclei (Gal4-pattern) based landmarks and green to fiber (SYP-pattern) based
landmarks.
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Figure S4. Related to Figure 3: An interactive web-portal to explore single neuron data. (A)
Interactive 3D viewer showing individual RGCs. White boxes indicate specific submenus to
manipulate neurons and letters refer to figure panels with further explanation. (B-D) Specific
submenus highlighted in (A). White box indicates icon that needs to be clicked to expand the menu
and show option. (B) Manipulation of entire neuron groups. (B1) Visualization options for all selected
neurons in a group. Users can change the color, show only the soma and also change the size of the
displayed soma, flip the entire group to one hemisphere and adjust the thickness level of neurites.
(B2) All selected neurons can be either downloaded as .swc files or their names can be downloaded
into a text file that can be later uploaded to our website to only display those neurons. When
downloading the tracings as a .swc file, the user can choose to download them in their original state
or flipped to one of the two hemispheres. (C) Manipulation of single neuron tracings. (C;) Each
neuron has metadata attached to it including a unique ID, the lab of origin, the Gal4-line that drove
expression in that neuron, the cell-type (if already known), as well as the publication (in the form of
a hyperlink), in which the tracing was originally described. (C;) For each individual neuron it is
possible to display the brain regions innervated by it. Users can limit their search to specific parts of
the neuron. (C;) Once a neuron of interest was found users, can look for neurons with a similar
morphology using NBLAST. (D) Users can export the current 3D view by taking a screenshot and
saving the image to their hard drive. (E-G) Atlas based search functions. (E) Interactive 3D viewer
showing selected brain regions. In this case we chose the retina (red) and tectal neuropil (green).
White boxes indicate specific submenus to manipulate search function and letters refer to figure
panels with further explanation. (F) Options to search for neurons in a single brain region. (G)
Advanced search options for multiple brain regions. Users can perform simple AND/OR search
functions and can specify to only for search for specific parts of the neuron in each brain region. (H)
User-defined ROI search function guided by a specific expression pattern. In this case we used
Chat:Gal4 to visualize cranial nuclei in green. Arrows indicate the position of the ROl in the
oculomotor nuclei with the accompanying oculomotor neurons resulting from a search for neurons
with their soma within that ROL. (1) Overlay of Chat:Gal4 and is/1:GFP.
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Figure S5. Related to Figure 4: Wiring diagram for non-retinal tectal afferents. The coloring
scheme reflects the different classes and is the same as in Fig. 4D and E. Line thickness is proportional
to the number of neurons per class. Empty circles represent origins (soma and dendrites) of the
neuron, filled circles branching points in the wiring diagram. Light grey regions receive only
ipsilateral input. AF4, arborization field 4; AF5, arborization field 5; AF6, arborization field 6; AF7,
arborization field 7; AF8, arborization field 8; AF9, arborization field 9; aMO, anterior medulla
oblongata; Hi, intermediate hypothalamus; IO, inferior olive; M3, migrated area of eminentia
thalami; MON, medial octavolateralis nucleus; mPR, medial pretectum; NI, nucleus isthmi; PO,
preoptic area; PT, posterior tuberculum; RF, reticular formation; SAC, stratum album centrale;
SAC/SPV; layer between stratum album centrale and stratum periventriculare; SFGS 1-3, stratum
fibrosum et griseum superficiale layers 1-3; SFGS 4-6, stratum fibrosum et griseum superficiale layers
4-6; SFGS/SGC, layer between stratum fibrosum et griseum superficiale and stratum griseum
centrale; SGC, stratum griseum centrale; SM, stratum marginale; SO, stratum opticum; T,
tegmentum; TeO, tectum; Th, thalamus; TL, torus longitudinalis; TS, torus semicircularis.
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Figure S6. Related to Figure 5: Wiring diagram for cerebellar efferents. (A) The coloring scheme
reflects the different classes and is the same as in Fig. 5. Line thickness is proportional to the number
of neurons per class. Light grey regions receive only ipsilateral input. AF6, arborization field 6; Ce,
cerebellum; Hi, intermediate hypothalamus; IO, inferior olive; IRF, lateral reticular formation; M3,
migrated area of eminentia thalami; MO, medulla oblongata; MON, medial octavolateralis nucleus;
mPR, medial pretectum; mRF, medial reticular formation; NI, nucleus isthmi; NIll, oculomotor
nucleus; NIV, trochlear nucleus; NIn, interpeduncular nucleus; MLF, nucleus of the medial
longitudinal fascicle; PO, preoptic area; PT, posterior tuberculum; RF, reticular formation; S1, stripe 1
of MO; S2, stripe 2 of MO; S3, stripe 3 of MO; S4, stripe 4 of MO; S5, stripe 5 of MO; T, tegmentum; Th,
thalamus; TL, torus longitudinalis; TS, torus semicircularis; VR, vagal region. (B) Example of
topographical mapping between the cerebellum and the tegmentum. All scale bars represent
100 um. (C) Example of convergence of inputs from multiple clusters in the thalamus. All scale bars
represent 100 pm.
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Figure S7. Related to Figure 6: Application of NBLAST to organize neurons. (A) Examples of
previously described neurons that could be discovered by hierarchical clustering of NBLAST
similarity score. The value in the brackets indicates at which dendrogram height the described
cluster first appears. All scale bars represent 100 um. (B) Examples of previously undescribed types
of neurons. The names indicate the soma location as well as the innervation patterns of the fibers.
The value in the brackets indicates at which dendrogram height the described cluster first appears.
(C) Further subdividing the RGC cluster (Cluster 14 in Fig. 6B) leads to artificial types that are mainly
characterized based on their retinotopic organization and not on their specific innervation of AFs
and tectal layers.
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Table S1. Related to Figure 8: Summary of brain regions.
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Video S1. Related to Figure 1: 3D rotation of all neurons generated by our workflow which are
aligned to our standard brain.*

Video S2. Related to Figure 3: Tutorial video demonstrating how to visualize and manipulate
neurons using our interactive web-browser.*

Video S3. Related to Figure 3: Tutorial video demonstrating how to search for neurons using
our pre-defined brain annotation.*

Video S4. Related to Figure 3: Tutorial video demonstrating how to interactively search for
neurons using custom ROl and expression pattern.*

Video S5. Related to Figure 6: 3D rotation of all neurons color coded according to cluster
identity from Figure 6.*

Video S6. Related to Figure 8: 3D rotation showing the centroids of brain regions used for
generating the brain-wide wiring diagram. Centroids are color coded according to cluster
identity from Figure 8C.*

Video S7. Related to Figure 8: 3D rotation of brain-wide wiring diagram shown in Figure 8E.*

*For videos, please refer to the online version of the manuscript, once published.
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STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the Lead Contact, Herwig Baier (hbaier@neuro.mpg.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

For all experiments in this study we used 5-7 days post fertilization (d.p.f.) larvae. At this stage, the
sex of the larvae is not defined. All animal procedures conformed to the institutional guidelines set
by the Max Planck Society and were carried out in accordance with an animal protocol approved by

the regional government (Regierung von Oberbayern).

Zebrafish procedures and lines

Fish were raised at 28°C on a 14h light/10h dark cycle in Danieau's solution (17 mM NaCl, 2 mM Kdl,
0.12 mM MgSO,, 1.8 mM Ca(NOs),, 1.5 mM HEPES). Pigmented larvae destined to be imaged were
kept in Danieau's solution containing 0.003% 1-phenyl-2-thiourea from the age of 24 hpf (hours
post-fertilization) to inhibit melanogenesis. For single neuron labeling, the transgenic fish line:
Tg(brn3c:GAL4, UAS:gap43-GFP)s318t (BGUG) was crossed to either transgenic fishline
Tg(elavi3:Gal4)zf349 or Tg(Et(e1b:GAL4)s1101t. These larvae were subsequently PACT cleared,
immunostained and imaged as fixed samples (see below). To establish a segmented brain atlas as
well as to align the expression patterns of various transgenic fish lines to our standard brain,
Tg(elavi3:lyn-tagRFP)mpn404 and Tg(actb2:loxP-eGFP-loxP-lynTagRFPT)y272 were crossed to
transgenic Gal4 lines from https://fishatlas.neuro.mpg.de/zebrafishatlas/ and the following

transgenic  fish  lines:  Tg(elavi3:nIsGCaMP6s)mpn400, Tg(elavi3:Hsa.H2B-GCaMP6s) and

Tg(elavI3:GCaMP5G)a4598. These larvae were imaged live (see below).

METHOD DETAILS

PACT tissue clearing

At 6 dpf, larvae were anesthetized in a lethal dose of tricaine for 5 minutes and thereafter transferred
into 10 ml ice-cold PACT hydrogel monomer solution AsPs (4% acrylamide and 4%
paraformaldehyde in PBS) supplemented with 0.25% VA-044, and kept at 4°C over night. For
degassing, samples were placed with an open lid in a desiccation chamber filled with dry ice. Oxygen
was removed via a vacuum pump and the desiccation chamber was thereafter transferred to a 55-

60°C water bath so the dry ice would melt and fill the chamber with CO,. After all oxygen was
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replaced by CO,, the tube lid was closed, avoiding any exposure to oxygen, and the tubes were
removed from the desiccation chamber and placed on a shaker at 37°C for two hours to facilitate
the polymerization of the hydrogel. Samples were transferred from the hydrogel solution and put
into 50 ml canonical tubes containing clearing solution (4% SDS and 200 mM boric acid in dH,0) and
kept at 37°C for 5-6 days under gentle shaking. During the clearing step, the solution was changed
every other day. Once clearing was complete, samples were washed 3 times for 10 minutes in PBT

and thereafter kept in PBT at 4°C over night or longer.

Immunocytochemistry

Samples were incubated in 150 mM Tris-HCl, pH 9, for 5 min at room temperature followed by 15
min at 63 °C for antigen retrieval. Larvae were washed again in PBT prior to a 45 min digest with
Trypsin EDTA (1x Trypsin-EDTA Solution, Sigma, diluted 1:20) on ice. PBT-washed larvae were
blocked in 5% goat serum, 1% BSA, and 1% DMSO in PBT. Primary antibodies were added in blocking
solution for 5 days. Secondary antibodies were Alexa-conjugates (Invitrogen) and added 1:300 in
PBT for 3-4 days at 4 °C. Washed samples were postfixed for 45 min in 4% paraformaldehyde at room

temperature, rinsed, and thereafter transferred to 87% glycerol.

Imaging and tracing

For live imaging, 6-7 dpf larvae were anesthetized in 0.016% tricaine and embedded in 2% low-
melting-point agarose. Imaging was performed on a Zeiss LSM-780, a LSM-700, or a Leica SP8
confocal microscope, using a 20x/1.0 NA water-dipping objective. Forimaging fixed samples, larvae
were embedded in 87% glycerol, and imaging was performed at a Zeiss LSM-780 using a 25x/0.8
NA multi-immersion objective. In both cases, whole-brain images were acquired by tiling the brain
into two individual image stacks along the anterior posterior axis and subsequently stitched, using
either ZEN software (black edition, v8.0; Zeiss) or LAS X on the SP8. Images were corrected for
fluorescence attenuation in the z-dimension using the brightness correction function in the
respective software. Samples used for single neuron tracing were scanned at a resolution of

0.3x0.3x0.3um (xyz), while Gal4 expression pattern were scanned with isotropic voxel size of Tum.

Individual neurons were semi-automatically traced using the freeware NeuTube (Feng et al., 2015)
and saved as individual swc files (Cannon et al., 1998). In total, we scanned 1278 fish for a total of

1955 tracings (1.53 tracings per fish).
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Template generation and image registration

For the original template we generated an unbiased shape-based average template by using
antsMultivariateTemplateConstruction2.sh (Avants et al., 2010), a shell script in the Advanced
Normalization Tools (ANTSs) software. We chose 12 representative brains stained for the presynaptic
marker Synapsin (SYP). This process is iterative and leads to an improvement in template quality
with each iteration. A template after a single iteration (Figure 1C;; Figure ST1A-C) already displays
marked improvements compared to each of the individual fish that were used to generate the
average brain by cancelling out/removing the deformations introduced by our PACT protocol.
However, despite these advantages, the template appears to be blurry and it is hard to discern finer
anatomical details. For example, it is very difficult to recognize the neuropil of the torus
longitudinalis (TLn; Figure 1C,, inset) or the individual layers of the optic tectum (Figure S1A) as well
as individual identifiable cells of the reticulospinal system (e.g. Mauthner cells; Figure S1B, C). After
four iterations (Figure 1C; Figure S1D-F) the general appearance of the template was markedly
improved, as evidenced by the clear emergence of the TLn (Figure 1C;, inset) as well as the individual
tectal layers (Figure S1D) and reticulospinal neurons. (Figure S1E, F). Additional reference stains were
imaged with a second channel containing a marker already present in our common coordinate
framework and this marker was used as a bridge to our template space. Brain with single-neuron
labeling were aligned to our standard brain using either SYP, HuC/D, or ERK1/2 or a combination
thereof using the parameters for fixed samples described in (Marquart et al., 2017) using the
antsRegistration function in ANTs. Single neuron tracings were aligned using the
antsApplyTransformToPoints function. The quality of alignment is strongly dependent on the
original image quality. Furthermore, the image quality can be vastly different between brain regions
in an individual fish. To ensure that alignment quality of neurons is high, aligned brains were
manually scored by expert analysts and only neurons that innervated regions that were deemed as

successfully aligned were used for further analysis.

For alignment of GAL4 pattern imaged live we generated a shape based average templates of the
transgenic lines Tg(elavi3:lyn-tagRFP)mpn404 and Tg(actb2:loxP-eGFP-loxP-lynTagRFPT)y272 using
the procedure described above. Gal4 lines were crossed to one of those references and to either
Tg(UAS:Dendra-kras)s1998t, Tg(5xUAS:EGFP) or, Tg(UAS-E1b:NFsB-mCherry) to visualize Gal4
expression patterns. For each line we imaged 3-6 larvae and generated a shape-based average brain.
We aligned both the types of images of the individual brains as well as the shape-based averages to
our live template brain. We again used the optimal parameters for alignment of live-images as
described previously (Marquart et al., 2017). To compare Gal4-expression obtained through live

imaging with single-neuron data from fixed samples we generated a bridging registration between
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live and fixed. We chose four lines (TgBAC(vglut2a[sic17a6b]:loxP-DsRed-loxP-GFP)nns9, Tg(tph2:nfsB-
mCherry)y226, Tg(elavi3:lyn-tagRFP)mpn404, Tg(isl1:GFP)) that displayed similar expression when
imaged live or after fixation, clearing, and staining. We used a similar approach to integrate our Gal4
database with the Z-Brain and zebrafish brain browser (ZBB). We chose four lines present in the ZBB
database (Tg(elavi3-nlsmCardinal), TgBAC(gad1b:GFP), Tg(isl1:GFP), TgBAC(vglut2a[sic17a6b]:loxP-
DsRed-loxP-GFP)nns9) and aligned them to the respective lines in our database
(Tg(elavi3:nlsGCaMP6s)mpn400, TgBAC(gadlb:GFP), Tg(isl1:GFP), TgBAC(vglut2a[sic17a6b]:loxP-
DsRed-loxP-GFP)nns9). For incorporation of Z-Brain we made use of the fact that their database has
been already incorporated into ZBB and we just applied the transformations to the data present in

ZBB.

Reqistration accuracy

To measure the registration accuracy, we first identified the various fiducial points in the original
unidentified image stacks using the Slicer software and saved their x, y, and z coordinates in a text
file. Next, we registered those stacks using a reference channel to our standard brain and applied

the transformations to coordinates of the fiducial points.

Quantification of tectal innervation

To measure the relative innervation of individual tectal layers by retinal and non-retinal afferents we
measured the total length of all fibers within the tectal neuropil on each side of the brain. Since RGCs
all project to the contralateral tectum, we mirrored all RGCs to both hemispheres. Ipsi- and
contralateral labels in Figure 5B relates to the soma location of non-retinal afferents. Next, we
measured the fibers length in each tectal layer and divided it by the total length per tectum to

calculate the relative contribution of each cell group for the individual layers.

Neuron clustering using NBLAST

To flip all neurons to one hemisphere of the brain we followed the procedure described in (Manton
et al, 2014). Briefly, to create a mirroring registration we chose four representative stacks
(TgBAC(gad1b:GFP), TgBAC(vglut2alsic17a6b]:loxP-DsRed-loxP-GFP)nns9), o-HuC/D, and a-SYP),
flipped those images along the horizontal axis and registered the original versions of the stacks to
the flipped version using ANTSs as described previously. We manually determined the midline of the
brain and categorized neurons as left or right hemispheric based on soma location. Neurons were
flipped to the opposite side of the brain and the mirroring registration was applied using the
antsApplyTransformToPoints function. Pairwise NBLAST scores were computed either for all

cerebellar efferents or for the entire dataset (the nblast_allbyall function in the nat.nblast package
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at https:// github.com/jefferislab/nat.nblast was used). We used unsupervised hierarchical
clustering with Ward’s method based on the NBLAST scores (the nhclust function in the nat package

at https://github.com/jefferis/nat was used). Visualisation was performed using the plot.neuron and

plot.surfaces function of the nat package.

Brain segmentation

To provide a framework for graph theoretical analysis we manually segmented the brain into 36

brain regions using the open source software 3D slicer (https://www.slicer.org/). Neuroanatomical

annotation was based primarily on (Mueller and Wullimann, 2005) with the main exception of the
individual stripes in the medulla oblongata which was based on (Kinkhabwala et al., 2011). Specific
information about the brain regions can be found in Table S1. To aid in determining brain region
boundaries which are notoriously hard to determine in larval zebrafish we made use of the large
collection of Gal4 lines and expression patterns present in our database. If possible, we determined
a brain region based on a single expression pattern (e.g. Is/T to label cranial nuclei) but more often

we used a combination of multiple expression pattern.

Generation of a mesoscale connectome

For generating an interareal connectivity matrix we split the 36 brain regions into left and right
hemisphere, leaving us with 72 brain regions. To determine the connectivity between brain regions
we measured which brain regions a neuron innervated. We only considered a brain region to be
innervated by a neuron if a neuron had either tips or a soma in it. This was done to prevent false
positive assignment of neurons whose fibers only pass through a region. Since our dataset only
comprises about 2% of the total number of brain cells and almost all neurons in the brain are
bilaterally symmetric, we decided to double our dataset and mirror all neurons to the contralateral
hemisphere. Furthermore, we only considered neurons whose fiber length in a brain region exceeds
10 um to excluded false positive results from neurons that are located at the border of brain regions
that gets falsely assigned to a brain region due to alignment inaccuracies. We removed all local
interneurons by excluding neurons that can only be assigned to one brain region. We converted this
dataset into an adjacency matrix by summing the lengths for all neurons that connect a pair of brain

regions the following way:
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Data[R X N]is a matrix that contains the lengths of all the neurons in each brain region where (R)

is the number of brain regions, and (N) is the number of neurons.

[noo No1 Moz - nON'l
|M0 M1 Miz .. Mgy |
Data = |”20 Na1 N2 ... N2n |

where Datali,j] = n;;:neuron’s (j ) length inside region (i).

CM[R X R] is the connectivity matrix.

N
CM = [cmyj], where cm;; = Z(Data[i, k] + Datal[j, k]) * w
=1

Where:

_ {1, i # j nData[i, k] = ml A Datalj, k] = ml
w = .
0, Otherwise

i,j €[0,R]

ml :is the minimum accepted length of a neuron inside a brain region (ml = 10u)

0 cmy, CMgy ... CMgpg

cmyg 0 cmy, ... CMyp

CM = szo Cm21 0 Cm2R
CMpy CMpy CMpy .. 0

Since our annotation contains brain regions of various sizes and to remove any bias in connection
strengths arising from this we normalized connection strengths by dividing it by the volume of the

pair of brain regions connected.

QUANTIFICATION AND STATISTICAL ANALYSIS

To measure the distance between the aligned fiducial points and the same point identified in the
standard brain (Figure 3A) we measured the Euclidean distance using the dist function of the R base
package. For determining the distribution of normalized connection strength (Figure 8A), we used

the fitdistrplus package provided by R (https://cran.r-
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project.org/web/packages/fitdistrplus/index.html). Distances between brain regions (Figure 8B)

were calculated as the Euclidean distance between the center of mass for each pair of brain regions

and the correlation between the connection strength was calculated using the cor functionin R. To

order brain region based on similar connectivity profiles (Figure 8C) we performed unsupervised

hierarchical clustering using Wards’s method.

DATA AND SOFTWARE AVAILABILITY

All custom software will be made available upon request. Neuron tracings, brain region

segmentations, and transformation files are available for download on a special section on our web-

portal (https://fishatlas.neuro.mpg.de/neurons/downloads).

KEY RESOURCES TABLE

REAGENT or RESOURCE | SOURCE | IDENTIFIER

Deposited Data

Single-neuron tracings This paper http://fishatlas.neuro.mpg.
de/neurons/main_page

Gal4-expression pattern This paper http://fishatlas.neuro.mpg.
de/neurons/main page

Antibodies

Chicken anti-GFP Invitrogen A10262, RRID:
AB_2534023

Rabbit anti-ERK1/2 Cell Signaling 9102, RRID: AB_330744

Technology

Mouse anti-HuC/D Invitrogen A21271,
RRID:AB_221448

Rabbit anti-Synapsin 1/2 Synaptic Systems 106002,
RRID:AB 887804

Chemicals, Peptides, and Recombinant Proteins

Photoinitiator

Wako Chemicals

VA-044

Experimental Models: Organisms/Strains

Zebrafish Tg(brn3c:GAL4, UAS:gap43-GFP)s318t

Xiao and Baier,

ZFIN ID: ZDB-ALT-

(BGUG) 2007 070423-6
Zebrafish Tg(Et(elb:GAL4)s1101t) Scott et al., 2007 ZFIN ID: ZDB-ALT-
070716-2
Zebrafish Tg(elavi3:Gal4)zf349 Akerboom et al., ZFIN ID: ZDB-ALT-
2012 121024-4

Zebrafish Tg(14xUAS:mCherry)s1984t,
TgBAC(sIcl7a6b:Gal4FF) zK145P24

Heap et al., 2013;
Satou et al., 2013

ZFIN ID: ZDB-ALT-
130702-1;ZFIN ID: ZDB-
ALT-131127-1

Zebrafish TgBAC(vglut2a[slc17a6b]:loxP-DsRed-

Satou et al., 2013

ZFIN ID: ZDB-ALT-

loxP-GFP)nns14 110413-5
Zebrafish Tg(UAS-E1b:NfsB-mCherry)c264 Otsuna et al., 2015 | ZFIN ID: ZDB-ALT-
070316-1
Zebrafish Tg(elavi3:lyn-tagRFP)mpn404 Dal Maschio et al., | ZFIN ID: ZDB-ALT-
2017 170731-38
Zebrafish Tg(elavi3:nlsGCaMP6s)mpn400 Dal Maschio et al., | ZFIN ID: ZDB-ALT-
2017 170731-37
Zebrafish Tg(actb2:loxP-eGFP-loxP- Horstick et al., 2015 | ZFIN ID: ZDB-ALT-
lynTagRFPT)y272 150721-8
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Zebrafish Tg(elavi3:Hsa.H2B-GCaMP6s)jf5

Freeman et al.,

ZFIN ID: ZDB-ALT-

2014 141023-2
Zebrafish Tg(elavl3:GCaMP5G)a4598 Ahrens et al., 2013 | ZFIN ID: ZDB-ALT-
130924-1
Zebrafish Tg(sst3: Gal4-VP16)mpn219 Forster et al., ZFIN ID: ZDB-ALT-
2017a 170908-20
Zebrafish Tg(galn:Gal4-VP16)mpn213 Forster et al., ZFIN ID: ZDB-ALT-
2017a 170908-13
Zebrafish Tg(gad1b/GAD67:Gal4-VP16)mpnl55 Forster et al., ZFIN ID: ZDB-ALT-
2017a 160726-5
Zebrafish Tg(chata:Gal4-VP16)mpn202 Forster et al., ZFIN ID: ZDB-ALT-
2017a 170908-4
Zebrafish Tg(drd2a:Gal4-VP16)mpn211 Forster et al., ZFIN ID: ZDB-ALT-
2017a 170908-9
Zebrafish Tg(Et(-1.5hsp70l:Gal4-VP16)s1013t) Scott et al., 2007 ZFIN ID: ZDB-ALT-
070420-14
Zebrafish Tg(Et(-0.6hsp70l:Gal4-VP16)s1020t) Scott et al., 2007 ZFIN ID: ZDB-ALT-
070420-21
Zebrafish Tg(Et(fos:Gal4-VP16)s1168t) Scott et al., 2007 ZFIN ID: ZDB-ALT-
080327-136
Zebrafish Tg(Et(-0.6hsp70l:Gal4-VP16)s1171t) Scott et al., 2007 ZFIN ID: ZDB-ALT-
080327-139
Zebrafish Tg(Et(fos:Gal4-VP16)s1113t) Scott et al., 2007 ZFIN ID: ZDB-ALT-
080327-86

Software and Algorithms

Advanced Normalization Tools (ANTS)

Avants et al., 2008

http://stnava.github.io/AN
Ts/

NeuTube Feng et al., 2015 https://www.neutracing.co
m/
Fiji Schindelin et al., https://fiji.sc/
2012
FluoRender Wan et al., 2012 http://www.sci.utah.edu/so
ftware/fluorender.html
3DSlicer Fedorov et al., https://www.slicer.org/
2012
Python 2.7 Python.org https://www.python.org/
R The R project https://cran.r-project.org/

R nat package

Jefferis et al., 2007

https://cran.r-
project.org/web/packages/
nat/index.htmi

R nat.nblast package

Costa et al., 2016

https://cran.r-
project.org/web/packages/
nat.nblast/index.html|

R fitdistrplus package

Delignette-Muller
and Dutang, 2015

https://cran.r-
project.org/web/packages/
fitdistrplus/index.html

R iGraph package

Csardi and Nepusz

http://igraph.org/

R rgl package

https://cran.r-
project.org/web/packages/
rgl/index.html

R qgraph package

Epskamp et al.,
2012

https://cran.r-
project.org/web/packages/

ggraph/

R braingraph package

https://cran.r-
project.org/web/packages/
ggraph/
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Anna Kramer, Yunmin Wu, Herwig Baier, Fumi Kubo. 2019. Neuronal architecture of a visual center

that processes optic flow. Neuron, 103: 118-132. DOI: 10.1016/j.neuron.2019.04.018.

Animals use global image motion cues to actively stabilize their position by compensatory
movements. Neurons in the zebrafish pretectum distinguish different optic flow patterns, e.g.
rotation and translation, to drive appropriate behaviors. Combining functional imaging and
morphological reconstruction of single cells, we revealed critical neuroanatomical features of this
sensorimotor transformation. Terminals of direction-selective retinal ganglion cells (DS-RGCs) are
located within the pretectal retinal arborization field 5 (AF5), where they meet dendrites of pretectal
neurons with simple tuning to monocular optic flow. Translation-selective neurons, which respond
selectively to optic flow in the same direction for both eyes, are intermingled with these simple cells,
but do not receive inputs from DS-RGCs. Mutually exclusive populations of pretectal projection
neurons innervate either the reticular formation or the cerebellum, which in turn control motor
responses. We posit that local computations in a defined pretectal circuit transform optic flow

signals into neural commands driving optomotor behavior.
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Summary

Animals use global image motion cues to actively stabilize their position by compensatory
movements. Neurons in the zebrafish pretectum distinguish different optic flow patterns, e.g.
rotation and translation, to drive appropriate behaviors. Combining functional imaging and
morphological reconstruction of single cells, we revealed critical neuroanatomical features of this
sensorimotor transformation. Terminals of direction-selective retinal ganglion cells (DS-RGCs) are
located within the pretectal retinal arborization field 5 (AF5), where they meet dendrites of pretectal
neurons with simple tuning to monocular optic flow. Translation-selective neurons, which respond
selectively to optic flow in the same direction for both eyes, are intermingled with these simple cells,
but do not receive inputs from DS-RGCs. Mutually exclusive populations of pretectal projection
neurons innervate either the reticular formation or the cerebellum, which in turn control motor
responses. We posit that local computations in a defined pretectal circuit transform optic flow

signals into neural commands driving optomotor behavior.
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Introduction

When animals actively move, or are passively carried through the environment, their visual
systems experience continuous movement of stationary features in the visual scene. Neuronal
circuits use the drifting retinal images to compute global image motion (optic flow) in order to
adjust the animal’s body posture and position and stabilize the direction of gaze. In teleost fish
and other vertebrates, the optokinetic response (OKR) and the optomotor response (OMR)
are typical optic flow-driven behaviors that compensate for self-motion (Masseck and
Hoffmann, 2009a). Eye movements accompanying the OKR consist of slow following phases,
which minimize retinal slip, interspersed by quick reset phases. The OMR is characterized by
locomotion in the direction of the perceived motion. This ensures that the animal does not drift
away from its location, for instance in a flowing water stream. Zebrafish larvae older than 5
days post-fertilization (>5 dpf) exhibit both robust OKR and OMR (Neuhauss et al., 1999;
Orger et al., 2004, Orger et al., 2008; Orger et al., 2000; Portugues and Engert, 2009; Rinner
et al., 2005).

Retinal ganglion cells (RGCs) are the sole output neuron class of the retina. In zebrafish larvae, all
RGC axons cross the midline and terminate in nine arborization fields (AFs, numbered AF1 to AF9)
in the preoptic area/hypothalamus, the thalamus and the pretectum, in addition to the optic tectum,
which is AF10 (Burrill and Easter, 1994; Robles et al., 2014). Each AF and each of the ten layers of the
tectum receive input from of a distinct combination of morphologically and functionally identifiable
RGC types, which form parallel processing channels for specific visual features, such as prey-like
objects, looming stimuli and decreasing or increasing ambient light levels (Robles et al., 2014;
Semmelhack et al., 2014; Temizer et al., 2015; Zhang et al., 2017). A unifying hypothesis posits that
behaviorally relevant information is packaged in spatially segregated information channels (Dhande
and Huberman, 2014), which in turn evoke distinct adaptive behaviors (Baier, 2000; Helmbrecht et
al., 2018). Therefore, knowledge of AF tuning provides a productive entry point to decipher the

“division of labor” among the different visual and visuomotor processing streams.

Broad activation of the pretectum (accessory optic system) is sufficient to evoke OKR in mammals
and zebrafish, while lesions or experimental inactivation suppresses this behavior (Cazin et al., 1980;
Kubo et al., 2014; Schiff et al., 1988). This observation led to the prediction that the subset of RGCs
that encodes the direction of movement, namely the DS-RGCs (Barlow and Hill, 1963; Dhande and
Huberman, 2014), carry information about image motion to the pretectal area. Previous anatomical
work in zebrafish had shown that the RGCs that project to the direction-selective (DS) sublayer of
the optic tectum, the SFGS1 (Gabriel et al., 2012; Gebhardt et al., 2013; Nikolaou et al., 2012), also

form collateral branches in AF5 (Robles et al., 2014). This observation made AF5 a prime candidate
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for the pretectal neuropil region that receives DS-RGC inputs. Until now, however, DS-RGC
responses had not been detected in AF5. Rather, a recent study annotated the neighboring area AF6
as the DS-RGC recipient area (Naumann et al., 2016). One goal of the current study was to precisely

map DS-RGC inputs within the pretectum to resolve this discrepancy.

In lateral-eyed animals such as zebrafish, each eye samples roughly one hemisphere of the visual
world. Therefore, integrating visual inputs from both eyes is an obvious strategy for discriminating
translational vs. rotational optic flow (i.e.,, movement in the same or in the opposite directions for
left and right eye) (Masseck and Hoffmann, 20093, b; Sabbah et al., 2017; Wang et al., 2019; Wylie et
al., 1998). Functional imaging had shown that most pretectal neurons in zebrafish fall into one of
two broad categories: 1) “simple” optic flow-responsive cells, which are driven by DS inputs from
one eye, and 2) “complex” cells that respond to translational optic flow and are suppressed by
rotational optic flow (Kubo et al., 2014). In a parsimonious wiring diagram, “simple”, monocular
pretectal cells might combine their DS tuning across hemispheres to generate the responses
of “complex” translation-selective neurons (Kubo et al., 2014). The latter cells might then convey

the processed information to premotor centers in the hindbrain, which in turn initiate the OMR.

To test the anatomical predictions of this wiring diagram, we set out to determine the cellular
composition of the pretectal optic-flow processing circuit and test predictions of its input and
output pathways. We found that the majority of DS-RGCs terminate in AF5, consistent with earlier
anatomical findings (Robles et al., 2014). Morphological reconstructions of optic-flow responsive
pretectal cells showed that the putative dendrites of simple monocular cells overlap with DS-RGC
presynaptic terminals in AF5. Complex translation-selective cells have different morphologies and
project neurites into a neuropil region abutting, and overlapping with, AF6. Long-range projections
connect the optic-flow sensitive pretectal area to the cerebellum, the reticular formation and other
motor-related centers. Together, our work, integrating diverse functional and anatomical datasets,
traces a universally important visual pathway with cellular resolution from the retina to the
hindbrain.
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Results

FuGIMA approach allows reconstruction and visualization of functionally identified pretectal

neurons

We asked how optic flow information is represented by cell types of the pretectum. The pretectum
is an anatomically complex region comprised of retinorecipient and non-retinorecipient cells (Yanez
et al.,, 2018). Pretectal cells with different functional properties are intermingled (Kubo et al., 2014;
Naumann et al., 2016). To reveal the morphologies of optic-flow responsive pretectal neurons, we
employed the all-optical method FuGIMA (function-guided inducible morphological analysis)
(Forster et al., 2018). FUGIMA is based on the co-expression of nuclear localized GCaMP6s (nls-
GCaMP6s) and cytoplasmic photoactivatable GFP (paGFP) under the control of a bidirectional UAS
(Janus-UAS; Distel et al., 2010; Paquet et al., 2009) (Figure 1A). Although both nls-GCaMP6s and
photoactivated paGFP emit green fluorescence, signals from the two proteins are separated by way

of their nuclear vs. cytoplasmic localization, thus allowing their combination in the same cell.

We used zebrafish larvae expressing the FUGIMA components in all neurons by crossing the pan-
neuronal driver Gal4s1101twith UAS:FUGIMA (see STAR Methods). Neuronal activity in the pretectum
was recorded by imaging of nls-GCaMP6s signals upon stimulation with whole-field motion (Figure
1B). The visual stimulus protocol consisted of monocular and binocular optic flow patterns
(horizontally moving gratings) in a sequence of eight phases: four monocular phases with gratings
shown to the left or right side of the fish, moving either nasally or temporally, and four binocular
phases, namely backward, forward, clockwise and counter-clockwise motions (Figure S2A).
Responses to each of the eight phases were used to assign to each cell a barcode, which represents
the stimulus combination to which the cell is tuned (Kubo et al., 2014) (Figure 1C). A cell of interest
was then chosen for photoactivation, based on its response to optic flow, and labeled by focusing
750 nm laser light in 2p mode onto the soma (Figures 1D-F). Photoactivated paGFP diffuses into the
neurites and, after several hours, reveals the morphology of the cell (Forster et al., 2018) (Figure 1G).
The maximum distance over which neurites can be traced is dependent on the diffusion properties

of paGFP and was empirically determined to be around 200 um (Figures S1A, B; see STAR Methods).

Pretectal neurons with optic flow tuning differ in their morphologies from non-motion-sensitive

neurons

Out of the 256 (2°) theoretically possible barcodes, we focused on the following three response

classes (Kubo et al., 2014): simple monocular DS (comprising four response types), complex
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translation-selective (eight response types), and non-motion-sensitive as controls (activity not
locked to any motion phase; Figure 1C). We used a regressor-based analysis to semi-automatically
identify response types of interest in a near-online fashion (see three exemplary GCaMP6s
fluorescent traces in Figure 1D). Among these cells, we selected one cell of interest for
photoactivation (correlation map of regressor 1; Figures 1E, F). After allowing for diffusion of GFP
fluorescence, cells of interest were manually traced (Figure 1G) and registered to a standard brain
for interindividual comparisons, via a reference marker (HuC:lyn-tagRFP) (Figures 1H, |; Figures S1D,

E; see STAR Methods).

We reconstructed the morphologies of 58 pretectal neurons from 46 fish (30 monocular DS neurons,
19 translation-selective neurons, and 9 non-motion-sensitive neurons; for individual calcium traces,
see Figures S2B, C). The respective frequencies of response types detected in our FUGIMA dataset
was overall similar to Kubo et al. (2014); however, monocular DS neurons responding to nasalward
motion (i.e.,, MONR and MoNL) located in the brain ipsilateral to the visually stimulated eye were not

identified in this limited dataset (Figures S2D, E).

Motion-sensitive neurons in our FUGIMA dataset showed overall similar morphologies; their stem
neurite pointed in a lateral-anterior-ventral direction (Figure 2A). The neurites of non-motion-
sensitive neurons, on the other hand, typically branched and extended in the anterior and posterior
directions, suggesting that the morphologies of optic-flow sensitive cells differ fundamentally from
those of the non-motion-sensitive control neurons (Figure 2A). Cell bodies of monocular DS neurons
were widely distributed in an anterior-lateral domain, whereas the translation-selective neurons

were located in a more confined, posterior-medial domain (Figure S4B).

Neurons with monocular DS vs. binocular translational optic flow tuning differ in their AF

projection patterns

To examine which FUGIMA neurons are potentially retinorecipient, we registered RGC axon
projections (Figure 2B) to the standard brain (Figures S3A, B; see STAR Methods). Guided by known
anatomical features (Burrill and Easter, 1994; Robles et al., 2014), the volumes of AFs 4-10 could be
reliably annotated (see STAR Methods; Movie S2). We found that the majority of optic-flow
responsive cells (35 of 49; 71 %) overlapped with one or more of the AFs. We noticed that monocular
DS cells (6 of 30; 20 %) extended neurites into AF5, regardless of their preferred direction (Figures
2D left, E left, F; individual tracings in Figure S4A), while translation-selective neurons did not receive
inputs from the AF5 region. On the other hand, both monocular DS and translation-selective classes

densely branch in a region that is abutting, and overlapping with, the dorsal part of AF6. In fact, all

98



M3: Neuronal architecture of a visual center that processes optic flow

translation-selective cells project ventrally in the direction of AF6, regardless of whether they are

responsive to forward or backward motion (Figures 2D middle, 2E right).

The analysis of intersections of all FUGIMA tracings with AF boundaries (defined by kernel density
estimate, KDE = 50 %) revealed that many FUGIMA cells (25 of 58, 43 %) intersected with one AF: 19
with AF6, 5 with AF9 and 1 with AF7. About a quarter of FuGIMA-traced cells (14 of 58, 24 %)
intersected with more than one AF in varying combinations (Figure 2F). The total number of
intersections per AF changed with the applied threshold for KDE. However, as we varied KDE from
25 to 75 %, the number of cells overlapping with AFs 5, 7 and 8 remained constant (n =6, 1 and 2,
respectively), suggesting that overall intersection patterns of response classes do not depend on

the stringency with which these AFs are annotated (Figure S3C).

DS-RGCs project to pretectal neuropil area AF5

Monocular DS-responsive pretectal neurons may inherit their tuning from DS-RGCs that project to
AF5. To test this prediction, we measured responses to moving gratings in RGC axon terminals and
aligned the functional responses from multiple fish in a second standard brain, which we
constructed based on the isl2b:Gal4 x UAS:mCherry labeling pattern (Figure S5A). The isl2b promoter
allows targeting of the vast majority of RGCs (Pittman et al., 2008), and Dil injection confirmed that
the isl2b:Gal4 line labels most of the RGCs terminating in the ventrally located AF4, AF5 and AF6
(Figure S5E). For imaging of axon terminals of DS-RGCs in the pretectum, we expressed
synaptophysin-tagged GCaMP6s (syGCaMP6s) in RGCs (isl2b:Gal4; UAS:syGCaMPés). Fusion to
synaptophysin targets the calcium indicator to presynaptic terminals (Dreosti et al., 2009; Dunn et
al., 2016; Nikolaou et al., 2012). Recorded syGCaMP6s signals were then mapped onto the RGC
standard brain (see STAR Methods), and accuracy of the mapping was confirmed by overlay of

multiple brains with the RGC standard brain (Figures S5F-K).

We examined visual motion-induced activity in RGC terminals by presenting monocular moving
gratings to the contralateral eye of the fish. Visual stimuli were presented from the side of the fish,
and recorded brain areas included most of the tectal neuropil (AF10) and more ventral AFs in the
pretectum and thalamus, including AF4, AF5 and AF6 (Figures 2B, 3A). Response profiles of AF4 and
AF6 were largely consistent with previous studies, with AF4 being activated by ON and AF6 by OFF
whole-field luminance changes (Temizer et al., 2015; Zhang et al., 2017) (Figures S6A-C). We then
identified pixels that exhibited DS signals (‘DS pixels’; see STAR Methods). Within the tectum, DS
pixels localized to the posterior half of the SFGS1; Figures 3B, Cand S7D, E), as described previously
(Nikolaou et al., 2012). In a more ventral optical plane, DS pixels were found predominantly in AF5

(64.7 %), with fewer DS pixels in AF6 (23.9 %; n = 6; Figures 3D, J). This difference was further
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augmented, when the relatively larger number of synaptic puncta within AF6 were considered. DS
pixels represented about 30-40 % of the total pixels in AF5, whereas in AF6 the DS pixels comprised
about 10% of the total pixels (Figure 3L). The responses localized to AF6 by our anatomical mask
were observed in terminals close to the boundary to AF5, suggesting that the corresponding
terminals might sit on branches of AF5-projecting RGCs (Figures 3D, I). In addition, a sparse subset
of RGC terminals in AF6 was orientation selective (OS) (Figures S6F-J). In conclusion, the majority of

the DS-RGC inputs are sent to AF5.

AF5 (and SFGS1) receive retinal DS responses regardless of RGC soma position within the retina

In a previous study (Naumann et al., 2016), motion stimuli were presented from below, which
activates predominantly the dorsal part of the retina (Robles et al., 2014; Stuermer, 1988). It is
conceivable that dorsally positioned DS-RGCs project to different AFs than those that were activated
by motion shown from the side. To test this possibility, we repeated above imaging experiments
while displaying moving gratings from below (Figures 3E-H). Similar to the presentation from the
side, the majority of DS-RGC inputs were found in AF5 (70.8 %), while fewer were found in AF6 (18.4
%; n = 7 fish; Figure 3J). DS-RGC inputs from dorsal retina were also observed in SFGS1 (Figures 3F,
G and S6D, E). This indicates that DS-RGCs project to AF5 and SFGS1 regardless of their soma

positions along the dorsoventral axis of the retina.

To localize DS-RGC pixels within the larger neuropil volume surrounding the AFs, we registered an
image stack from the HuC:GCaMP5G line to our reference brain. As expected, RGC axons occupied
only a small subvolume of the pretectal neuropil labeled in HuC:GCaMP5G (Figure 3Ki). Registration

of visual responses to whole-field motion in our standard brain revealed that DS responses in the

To establish a 3D map of DS representations in RGC terminals, we mapped DS pixels identified in
multiple fish onto the standard brain. In the tectum, DS pixels occupied the posterior half of the
neuropil volume when the stimulus was presented from the side (Figure 3M, Movie S3). When the
stimulus was projected from below, DS pixels were preferentially identified in the ventral tectum
(Figure 3N, Movie S4). This location is consistent with the topographic organization of the
retinotectal projection (Robles et al., 2014; Stuermer, 1988). Notably, in the pretectum, a co-
registration of DS pixels obtained from a single fish, which was stimulated both from the side and
from below, shows that the identified DS pixels were co-localized in a similar volume, corresponding
to AF5 (Figure 30).In summary, our results demonstrate that RGC terminals exhibiting DS-responses
in the pretectal neuropil are situated predominantly in AF5 and that this is independent of the

position of the visual stimulus.
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AF5- and SFGS1-projecting DS-RGCs show very similar DS tuning, consistent with collateral

branching from the same axon

We hypothesized that the DS-RGC axon terminals in AF5 are collateral branches of RGCs projecting
to SFGS1. If so, preferred directions of RGC axons in AF5 should be identical to those in SFGS1. When
the visual stimuli were presented from the side (Figures 4A-D, H), the majority of the DS pixels were
tuned to forward stimulus motion (~270°) in both the tectum (Figure 4B) and AF5 (Figure 4C), with
a much smaller population of DS pixels with broadly distributed preferred directions between 30°
and 180°. In the dorsal part of the tectum, we observed three populations of DS-RGCs, tuned to
whole-field motionin a forward (270°), oblique-backward (around 45°) and downward (around 160°)
direction, respectively, as reported previously (Lowe et al., 2013; Nikolaou et al., 2012) (Figures 4D,
H). When the visual stimuli were presented from below, the majority of DS pixels in SFGS1 and AF5
preferred the forward direction (~0°) as well (Figures 4E-G). These results are in agreement with a
direction-of-motion sensitive visual pathway composed of three differently tuned classes of DS-

RGCs, whose axons branch in AF5 on their way to SFGS1.

DS-RGC terminals spatially overlap with dendrites of monocular DS-pretectal cells in AF5

We next tested the prediction that the neurites of monocular DS pretectal neurons coincided in
space with DS-RGC terminals. In FUGIMA experiments, calcium responses in the neuropil are
invisible due to nuclear localized GCaMP. Therefore, we registered two sets of functional imaging
data to the FuGIMA standard brain: DS signals recorded in RGC terminals (is/2b:Gal4,
UAS:syGCaMP6s) and DS signals from all neurons (HuC:GCaMP5G) (Figure 5A). In this overlay, DS-RGC
pixels overlapped with dendrites from monocular DS cells, but not with those of translation-
selective neurons (Figure 5G). Neurites of both monocular DS and translation-selective cells were
also seen outside the RGC neuropil, caudal to AF6 (Figures 5B-D). This region was contained in the
broader pretectal DS neuropil revealed by HuC:GCaMP5G imaging (Figures 5H, 1). Tracings of control
neurons (non-motion-sensitive) did not overlap with DS-RGC pixels (Figure 5E). Taken together,
registration of two 3D maps of functional data to the FUGIMA dataset suggests that monocular DS
neurons receive direct input from DS-RGCs in AF5 and that additional DS responses in the pretectum

emanate from branches of pretectal optic flow responsive neurons.

Distinct classes of pretectal neurons from the optic flow-processing region project to premotor

centers

We hypothesized that translation-selective neurons might project to premotor centers that drive

the OMR. The FUGIMA method relies on relatively slow, distance-dependent diffusion of paGFP and
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is therefore unsuited to label long-range projections. To investigate the connections of the DS
pretectal area, we employed “virtual tract tracing” by interrogating the cellular-resolution brain atlas
of Kunst et al. (2019). At the time of analysis, this dataset contained the morphologies of 1743 single
cell tracings, all co-registered within a standard brain. Specifically, we focused on pretectal
projection neurons (PPNs) whose cell bodies reside in immediate vicinity of FUGIMA neurons (Figure

6A).

38 PPNs were found to reside within the cloud-shaped “FUGIMA volume of interest” (FUGIMA VOI,
offset between cell body center and edge of volume ~10 um; Figure S7A). Cell bodies of these
neurons (Figure S7B) tend to be located laterally compared to those of the FUGIMA neurons (Figure
6B). Axons of PPNs terminate in the hindbrain reticular formation (25 “pretecto-reticular” PPNs, 18 =
72% thereof in the contralateral hemisphere), or the cerebellum (8 “pretecto-cerebellar” PPNs) in a
mutually exclusive pattern. A large fraction of neurons also terminate in the hypothalamus (25 of
38), the thalamus (19 of 38), the raphe (21 of 38), the pretectum (18 of 38) and tegmentum (14 of 38;
including the nucleus of the medial longitudinal fascicle, the oculomotor nucleus and the nucleus
isthmi), in various combinations. AFs encompassing PPN termini are AF9 (9 of 38), AF6 (3 of 38) and
AF6 (1 of 38). The cell bodies of pretecto-reticular PPNs reside in the posterior-lateral part of the
FuGIMA VOI (Figure 6E). Their axons heavily branch in an area directly posterior and about 20 um
ventral to the main branching area of FUGIMA cells, partially crossing the dorsal border of the
hypothalamus (Figures 6D, E). Most of them (18 of 25) project bilaterally (Figures 6D, E). In contrast,
cell bodies of the pretecto-cerebellar PPNs were mainly found in an anterior cluster lateral to AF9
(Figure 6F). Their neurites branch in the vicinity of the cell body, contacting AF6 (n = 4), AF8 (n = 4)
or AF9 (n = 13), again in varied combinations, and terminate in two patches of the medial cerebellum
(Figures 6D, F). The traced set of PPNs did not intersect with AF4, AF5 or AF7. In conclusion, two
mutually exclusive groups of PPNs connect the optic-flow sensitive region to the reticular formation
(often with collaterals in the hypothalamus) and to the cerebellum (often with collaterals in

thalamus and pretectum).
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Discussion

This study has revealed the cellular composition, as well as the afferent and efferent pathways, of
the optic-flow processing center in the zebrafish pretectum. We demonstrate that signals from DS-
RGCs are transmitted primarily to retinal arborization field AF5 in the pretectal neuropil. DS-RGC
axon terminals spatially overlap with putative dendrites of simple, monocular DS pretectal neurons
in AF5, but not with those of complex, translation-selective neurons. Complementation of the
FuGIMA dataset with tracings from a single-neuron atlas has revealed projection targets of pretectal
neurons, i.e., the reticular formation, the tegmentum, the hypothalamus, and the cerebellum. Based
on our findings, we propose a model of processing stages in the optic-flow responsive pathway
(Figure 7). Direction selectivity, transmitted by RGC axons to AF5 is inherited by simple, monocular
DS neurons and is then combined across the two eyes, likely in the densely innervated neuropil
dorso-posterior to AF6, to generate translation-selective tuning in complex cells. The behaviorally
relevant binocular optic flow information, computed in the pretectum, is then further relayed to

premotor areas in the hindbrain to ultimately drive optomotor behavior.

We demonstrate that DS-RGCs project mainly to AF5. A smaller fraction of DS responsive RGC
terminals were also found in AF6. It is noteworthy that, to generate the consensus anatomical mask,
AF boundaries were drawn by outlining the silhouettes of neuropil shapes in multiple fish.
Functional data were not taken into consideration in these AF annotations, and it is conceivable that
axon collaterals do not respect our annotated anatomical boundaries. It is plausible that the DS
responses detectable in AF6 originate from branches of RGC axons that are primarily targeting AF5.
This interpretation is in contrast to a previous study (Naumann et al., 2016), which implicated AF6 in
pretectal DS-RGC processing. Naumann et al. identified a conglomerate of neuropil areas exhibiting
DS responses as “AF6". The fish they imaged carried the HuC:GCaMP5G transgene, in which GCaMP
is expressed in almost all neurons. Because GCaMP expression was therefore not limited to RGCs,
this approach does not differentiate AFs or disambiguate RGC terminals from axons or dendrites
that arise from other neurons. When we registered our two imaging datasets performed in
HuC:GCaMP5G transgenic fish and RGC terminals into the FUGIMA dataset, the DS neuropil area
detected in HuC:GCaMP5G transgenic fish overlaps with both RGC terminals and neurites of motion-
responsive pretectal neurons. This result suggests that Naumann et al.’s "AF6" is likely a mix of AF5,

AF6 and additional neuropil formed by pretectal neurons; it is certainly not exclusively AF6.

A previous comprehensive analysis of projection patterns of RGC axons revealed that AF5-
projecting RGCs do not form collaterals in AF6, and vice versa (Robles et al., 2014). Furthermore, all

AF5- and AF6-projecting RGCs in addition innervate specific layers of the tectum. AF6-projecting
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RGCs innervate the deepest layer of the SFGS (SFGS6) and the stratum griseum centrale (SGC)
(Robles et al., 2014), which do not show DS responses (Gabriel et al., 2012; Nikolaou et al., 2012). AF5-
projecting RGCs, on the other hand, innervate the most superficial layer of the SFGS layer (SFGS1),
which receives DS-RGC input (Gabriel et al., 2012; Nikolaou et al., 2012; this study). Assuming that
multiple axonal branches of single DS-RGCs share the same tuning, our functional imaging result is
therefore consistent with the anatomical organization of RGC projection patterns, further

supporting AF5 as a center for DS motion processing.

We applied the FUGIMA technique (Forster et al., 2018) to tie tuning properties of individual neurons
to their morphologies. This method is based on diffusion of the fluorescent paGFP and is therefore
well suited to label local neurites, particularly dendrites, whose calibers are generally bigger than
those of axons (Vishwanathan et al., 2017), but cannot be used to trace axons over long (>200 um)
distances. We focused on monocular DS neurons, i.e., neurons that respond to movement detected
by the contralateral eye, located in the anterior medial cluster of the pretectum, as reported before
(Kubo et al., 2014). Ipsilateral monocular DS neurons, which were presentin the much larger dataset
of Kubo et al. (2014), are missing in our FUGIMA dataset (Figure S2E). We suspect that this
discrepancy is rooted in the different transgenic lines used (HUC:GCaMP5G by Kubo et al. (2014) and
Gal4 7" x UAS:FuGIMA in this study, respectively).

We hypothesized that at least a subset of the translation-selective pretectal cells might be projection
neurons (PPNs), which convey information to the premotor centers that drive the OMR. Activity in
the reticular formation and the tegmentum has been shown to be correlated with forward
swimming and/or turning behavior (Chen et al., 2018; Naumann et al., 2016; Portugues et al., 2014;
Vladimirov et al., 2018). Another potential recipient of optic-flow related information from the
pretectum is the cerebellum. Previous work described cerebellar tuning to whole-field motion in
cerebellar granule and Purkinje cells (Knogler et al., 2017; Matsui et al., 2014). Purkinje cells in the
medial part of the cerebellum were active during OMR, whereas the lateral part was active during
the OKR (Matsui et al., 2014). We interrogated a single-neuron atlas (Kunst et al., 2019) to search for
PPNs whose cell bodies reside in the optic-flow responsive region. Most PPNs from this dataset send
axons to either of two targets, the reticular formation or the cerebellum. In addition, many PPN
axons form collateral branches in the hypothalamus, thalamus, raphe, pretectum, and tegmentum.
A mutually exclusive innervation of cerebellum and reticular formation by pretectal efferents has
also been reported for adult zebrafish (Yanez et al., 2018). The PPNs that we describe here are not
characterized functionally. However, 10 out of 38 PPNs arborize in AF6, 8, 9, which some of the
FuGIMA-reconstructed neurons also innervate, suggesting that a subset, if not all, of the PPNs

correspond to optic flow responsive cells that we analyzed with FUGIMA. Binocular integration
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depends on interhemispheric transfer of DS information (Kubo et al., 2014; Naumann et al., 2016).
Interestingly, when we scanned the single-cell atlas anterior to the FUGIMA volume, we discovered
a population of commissural neurons in the pretectum that might subserve this function
(unpublished observations). Commissural neurons projecting to the contralateral pretectum have

been described in adult zebrafish (Yanez et al., 2018).

In conclusion, our results identify a cell-resolved retina-pretectum-hindbrain pathway of the optic
flow computation underlying the OMR. A combination of functional and anatomical approaches can
offer a unique opportunity to gain new insights into neural circuits that cannot be obtained by a
single approach alone. Our circuit model provides a blueprint for the identification of synaptic

connectivity and circuit mechanisms underlying optic-flow processing in the vertebrate brain.
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Figure 1: FUGIMA enables morphological reconstructions of functionally characterized
pretectal neurons. (A) The bidirectional genetic construct UAS:FUGIMA enables co-expression of
nls-GCaMPé6s and paGFP using the Gal4/UAS system. (B) FUGIMA workflow: Inactive nls-GCaMPés
and paGFP show little/no fluorescence. During stimulation with horizontally moving gratings,
neuronal activity is recorded to determine a cell-of-interest (COIl). PaGFP is focally photoactivated
with a two-photon (2p) laser (A=750 nm) and subsequently labels the cell of interest’'s morphology
by diffusion. (C) Top: The presented visual stimulus consists of eight motion phases, i.e., four
monocular (nasalward left, temporalward left, temporalward right, nasalward right) and four
binocular (backward - BW, forward - FW, clockwise - CW, counter-clockwise - CCW) phases (see also
Figure S2A). Below: Of 28 possible regressors, the following response types were investigated
(barcode visualization): four monocular direction-selective types (green square), eight translation-
selective response types (magenta square), and the non-motion-sensitive type (blue outline).
Response type names are adapted from Kubo et al. (2014). Filled squares symbolize neuronal activity
during the stimulation phase. The color code applies to other panels of this figure. Mo: monocular,
N: nasalward, T: temporalward, L: to the left eye, R: to the right eye, F: forward translation, B:
backward translation, E: excited by, SP: specific. (D) nls-GCaMPé6s fluorescence time series of
example neurons of distinct response types identified by regressor-based analysis (overlaid on the
respective regressor, grey). Solid colored line: average of three repetitions, shaded area: SEM, grey
bars: stimulation periods. (E) Overlay of field-of-view (mean AF/Fo) and pixel-wise regressor based
analysis (color bar: Pearson’s correlation coefficient), highlighting two neurons best correlated with
the regressor 1 shown in (D, top trace). The white dotted circle indicates example neuron 1 (COI1),
white dashed square indicates field of view used in (F). (F) Photoactivation of neuron 1. Before
photoactivation, most nuclei exhibit dim nls-GCaMP6s fluorescence. After photoactivation of the
soma, neuron 1 exhibits bright paGFP fluorescence (white arrowhead: neuron 1, small white square:
approximate photoactivation region) (G) Tracing of photoactivated neuron 1 (white, maximum.
intensity projection) superimposed on one plane of the registered experimental z-stack (green: nls-
GCaMP6s/paGFP; magenta: HuC:lyn-tagRFP). (H) Overlay of the reference marker (HuC:lyn-tagRFP)
derived from three experimental fish that have been registered to the standard brain. (I) 3D
rendering of the standard brain surface (grey) with three registered tracings (dorsal view). The color
of the three tracings corresponds to that used in (D). Scale bars: 10 um in (E, F), 50 um in (H). See also
Figure S1.
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Figure 2: Monocular DS and translation-selective neurons show different morphologies. (A)
3D rendering of all FUGIMA tracings (n=58 tracings) with the standard brain (HuC:lyn-tagRFP) and
RGC terminals as labeled with is/2b:Gal4, UAS:mCherry. The tracings are color-coded according to the
neurons’ response class (dorsal view). See also Movie S1. (B) Anatomical representation of AFs. (Left)
SypGFP signal driven by atoh7:Gal4 driver reveals distinct AFs at 6 dpf (compound of three fish).
(Right) Annotation of AFs in the same 3D volume. Dotted line corresponds to the optical planes for
imaging AF4, AF5 and AF6. See also Movie S2. (C) Boundaries of AFs (from the RGC standard brain)
after registration to the FUGIMA standard brain. 3D rendering of a thresholded kernel-density
estimation (KDE) of co-registered AF masks from (B) (thresholded to 25, 50, 75, and 90 %, n = 7
bridging z-stacks, from 4 fish). See also Figure S3. (D) 3D rendering of FUGIMA tracings grouped by
response class together with AF masks (oblique views, AFs 4 — 9, KDE=50%). (E) Further classification
of FUGIMA neurons by direction selectivity (left: light green, monocular temporalward; dark green,
monocular nasalward. Right: light magenta, backward; dark magenta: forward) (F) Analysis of
morphological types of all FUGIMA neurons. Intersections of individual tracings with AFs 4-9 reveals
widespread intersections between FuGIMA tracings and the AFs (black squares symbolize the
intersection with the indicated AF). Right: intersection frequency according to response class. Scale
bar: 50 um in (B). See also Figures S2-4.
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Figure 3: Direction-selective RGCs largely terminate in arborization fields AF5 and tectum
(AF10). (A) Schematic of the experimental setup for visual stimulation with moving gratings
presented from the side. Color indicates direction of motion. (B-D) DS pixels in AF10 (B, C) and AF4,
AF5 and AF6 (D). (E) Schematic of the experimental setup for visual stimulation with moving gratings
presented below. (F-H) DS pixels in AF10 (F, G) and AF4, 5 and 6 (H). In (B-D) and (F-H), DS pixels are
plotted on top of the mean image of syGCaMP6s (grey). (I) Representative responses of DS-RGC
terminals in AF5 and AF6. Visual stimuli were presented from the side. ROIls correspond to synaptic
puncta marked in the left image. Polar plot (middle) is derived from the AF/F traces shown on the
right. (J) Distribution of DS pixels identified in ventral AFs. The pie charts show the percentage of DS
pixels residing in AF5, AF6 and a region neither AF5 nor 6 (“not identified”), summed from 6 and 7
fish for side and below stimulus presentation, respectively. (K) Overlay of a registered HuC:GCaMP5G
image (grey) with RGC axons (i, is/2b:Gal4, UAS:mCherry), DS-RGC terminals (ii, identified from below
projection, sum of 6 fish), and DS neuropil of HuC:GCaMP5G fish (iii, identified from below
projection, sum of 5 fish) in an optical plane that contains AF4, AF5 and AF6. DS-RGCs and DS
neuropil represent all DS populations tuned to any direction of motion. (L) Percentage of DS pixels
relative to the entire pixel counts in AF5 and 6. Average pixel counts in each AF were quantified
using anatomical stacks of is/2b:Gal4, UAS:sypGFP fish (see STAR Methods for details). N = 6 fish (side)
and 7 fish (below) for each AF. Error bars represent SEM. (M, N) 3D representations of DS-RGC
terminals. For side-presented 3D map (M), both AF10 and AF4, AF5 and AF6 volumes are pooled
from 6 imaged volumes. For below-presented 3D map (N), both AF10 and AF4, AF5 & AF6 volumes
are pooled from 7 imaged volumes. Color wheels represent the preferred directions of DS pixels.
The intensity of DS pixels corresponds to the probability of a particular pixel to be DS across all
imaged fish (the maximum intensity corresponds to the frequency of 0.67 and 0.57 for M and N,
respectively). See also Movies S3 and S4. (0) Comparison of DS-RGC terminals responsive to side vs.
below presentations. Composite 3D map of a single fish that underwent both side and below
presentations. Note that DS-RGC terminals identified by side (red) and below (green) presentations
co-localize in AF5. A, anterior; P: posterior; L, lateral; M: medial; V: ventral; SFGS, stratum fibrosum et
griseum superficiale; SGC, stratum griseum centrale; SAC, stratum album centrale; SPV, stratum
periventriculare; *, skin auto-fluorescence. Scale bars: 20 um (F), and 10 um (H), 30 um (K) and 50 um
in (M-0). See also Figures S5, 6.
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Figure 4: Distribution of preferred directions of DS-RGCs reveals shared inputs in AF5 and
tectum. (A) Direction space of motion stimulus presented from the side. (B,C) Distributions of
preferred directions of DS-RGC terminals in AF10 (B) (n = 6 fish) and AF5 (C) (n = 6 fish). Motion was
presented from the side. (D) Distribution of preferred direction of DS-RGC terminals in the dorsal
AF10. In contrast to (B) where the entire AF10 was sampled, only 3 planes (separated by 4 um) in
AF10 were selected in this histogram, as was reported previously (Nikolaou et al., 2012). (E) Direction
space of motion stimulus presented from below. (F,G) Distributions of preferred directions of DS-
RGC terminals in AF10 (F) (n = 7 fish) and AF5 (G) (n = 7 fish). Motion was presented from below. (H)
DS response map of a single representative optical plane in the dorsal AF10 analyzed in (D). P,
posterior; M, medial. Scale bar: 30 um in (H).
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Figure 5: Co-registration of FUuGIMA with two functional imaging datasets shows overlap of
DS-RGC input with monocular DS, but not with translation-selective neurons. (A) Schematic
illustrating acquisition and integration of the functional maps and the FUGIMA dataset. (B-I) A slice
of the FUGIMA volume at the level of the AFs 4 — 6 with FUGIMA tracings and co-registered functional
maps of DS-RGC terminals and DS neurons (right hemisphere, maximum intensity projection over z
=10 um, see schematic in (F); of 58 FUGIMA tracings, 42 of the following classes extend into the slice:
19 monocular DS, 17 translation-selective, 6 not motion-sensitive). (B-E) FUGIMA tracings (open
white arrowhead: FUGIMA tracing bundle, filled white arrowhead: small tracing patch at the border
of AFs 5 and 6, open arrow: direction of oblique view): (B) all (white), (C) monocular DS (green), (D)
translation-selective (magenta), (E) Non-motion-sensitive (blue). (F) Schematic of z-stack slicing
(oblique view onto optic tract (light grey) and AFs (dark grey)) (G) registered 3D map of DS-RGC
terminals (is/2b:Gal4, UAS:syGCaMPé6s, see color wheel below for key of moving gratings presented
from side, composite of 6 fish). (H) Registered 3D map of DS-panneuronal (HuC:GCaMP5G, white
arrow: broad band of DS pixels, see color wheel below for key of moving gratings presented from
below, composite of 5 fish), (I) Composite of DS—panneuronal with all FuGIMA tracings and standard
brain reference marker (HuC:lyn-tagRFP in grey). For (G)-(I), imaging artifact DS pixels located of the
eye cup were removed with a mask. Scale bar: 50 um in (I).
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M3: Neuronal architecture of a visual center that processes optic flow

Figure 6: Pretectal projection neurons target the cerebellum and ventral hindbrain. (A)
Schematic illustrating the strategy to combine the single-neuron atlas of Kunst et al. (2019) and the
FuGIMA dataset. (B, C) 3D representation of the standard brain (HuC:lyn-tagRFP) together with all
FuGIMA neurons (magenta, n = 58) as well as pretectal projection neurons (PPNs, green, n = 38),
chosen based on their soma location within the FUGIMA “volume-of-interest” (FUGIMA VOI, Figure
S7). (B) Left: dorsal view, top right: dorsal view of cell bodies with AFs 4-9, bottom right: detail of
tracings. (C) as (B), but lateral view (C: cerebellum, RF: reticular formation, H: hypothalamus, dashed
line: dorsal border of hypothalamus, open arrowhead: dense branching of PPNs). (D) Intersection
analysis of PPNs with annotated brain areas, i.e.,, contralateral hemisphere, reticular formation,
hypothalamus, thalamus, raphe, pretectum, tegmentum, AF9, cerebellum, AF6, and AF8. Each row
represents one neuron, blue filled rectangles symbolize intersection with the annotated brain area.
(E) 3D rendering of intersection of PPNs with the reticular formation (blue: intersecting tracings (n
= 25 of 38 PPNs), grey: not intersecting PPNs, light blue: reticular formation, top: somata and AFs 4 -
9, bottom: tracings and AFs 5 - 6, left: dorsal view, right: lateral view, arrow: dense branching area in
dorsal hypothalamus). (F) As (E), but intersection of PPNs with the cerebellum (blue: intersecting
tracings (n = 8 of 38 PPNs), light blue: cerebellum). See also Figure S7 and Movie S5.
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Figure 7: Model for the optic-flow processing pathway. The majority of pretectal DS-RGCs
terminate in AF5, where they likely synapse onto simple monocular DS neurons. Monocular DS
neurons project to a neuropil region within the pretectum, close to the dorsal edge of AF6, where
they overlap with translation-selective neurons. Binocularity can be established via inhibition by
predicted commissural monocular DS neurons. Information about translational optic flow is
transmitted by mutually exclusive populations of pretectal projection neurons to premotor centers
either in the cerebellum or in the reticular formation, together evoking directed optomotor
responses.
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M3: Neuronal architecture of a visual center that processes optic flow

Supplementary Figure S1 (related to Figure 1): Characterization of paGFP activation in single
cells, registration procedure of tracings and alignment precision of landmarks. (A) Application
of the FUGIMA photoactivation protocol in a single spinal cord neuron co-expressing UAS:FUGIMA
and UAS:tdTomato-CAAX (driver: Gal4°''°™). Photoactivation in a single spinal cord neuron, pre- and
post-photoactivation with a single activation cycle (brightness/contrast adapted separately). (B)
Lateral views of the tail with the photoactivated neuron extending from the spinal cord after full
photoactivation protocol of 15 cycles. (Inset: rectangle on fish schematic indicates the field of view.
Green: nls-GCaMP6s/paGFP, magenta: tdTomato-CAAX, white arrow: soma of photoactivated
neuron, arrowhead: filled neurite). (C) Time course of paGFP brightness in the soma over the course
of 15 cycles of photoactivation (n=5 pretectal neurons in 3 fish, mean +/- STD). (D) Workflow of
image registration enabling visualization of FUGIMA neurons in the standard brain. Experimental z-
stacks are split into two separately processed channels. Neurons are traced in the nls-
GCaMP6s/paGFP channel and tracings of neurons imaged at both the two-photon (2p) and the
confocal microscope are merged. In parallel, the reference marker channel (HuC:lyn-tagRFP) is
registered to the standard brain (averaged HuC:lyn-tagRFP). The resulting registration files are
applied to tracings (co-registration), enabling their visualization within the volume of the standard
brain. (E) Quantification of distances between the location of landmarks in the standard brain and
in the registered experimental fish. Left: combined box plot and swarm plot (middle horizontal line:
median, horizontal box outlines: first and third quartile, whiskers: last points included in 1.5 *
interquartile range from the respective quartile), right: 3D rendering of landmarks in the standard
brain (grey surface: reference marker HuC:lyn-tagRFP, dark grey: landmark position in standard brain,
colors: registered landmarks from experimental fish, n = 8 z-stacks from 6 fish for LM 1 -9and 11, n
= 6 z-stacks from 4 fish for LM 10, middle: dorsal view, black arrow: viewing direction for lateral view,
shown on the right, LM, landmark). Scale bar: 5 umin (A), 50 um in (B).
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M3: Neuronal architecture of a visual center that processes optic flow

Supplementary Figure S2 (related to Figures 1 and 2): Visual stimulus protocol, functional
imaging time series of all FuGIMA neurons and comparison of response type sampling with
Kubo et al. (2014). (A) During functional imaging, fish are presented with the following whole-field
motion stimulus, consisting of eight motion phases with three repetitions (same order): Horizontally
moving gratings (3 s each, black arrows) are presented in four monocular phases (left nasalward, left
temporalward, right temporalward, right nasalward), followed by four binocular phases (backward,
forward, clockwise and counter-clockwise) and interspersed by the presentation of stationary
gratings (grey, 10 s) (RE: right eye, LE: left eye). (B) Normalized fluorescence traces of motion-
sensitive pretectal FUGIMA neurons grouped according to their response type, numbers indicate
occurrence in FUGIMA dataset and hemisphere of origin. (C) Fluorescence traces of non-motion-
sensitive pretectal FUGIMA neurons and hemisphere of origin (blue line: average over three
repetitions, light blue: SEM). (D) Comparison of response type frequency between Kubo et al. (2014)
(number of cells per fish) and this work (total number of cells in the dataset). Proportions of response
type are normalized to the total number of neurons across the investigated motion-sensitive
response types (four monocular DS and eight translation-selective), absolute number of neurons are
indicated on top of each bars. (E) FUGIMA neurons were imaged in both left and right hemispheres.
Mirroring leads to a change in response type name as indicated.
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Supplementary Figure S3 (related to Figure 2): Establishment of arborization field
approximation boundaries and effect of boundary stringency on intersections with FuGIMA
tracings. (A) Schematic illustrating registration of AF masks from the RGC standard volume via
bridging z-stacks (derived from multiple fish) to the FUGIMA reference brain. (B) Generation of
approximation boundaries of AFs based on a kernel-density estimation (KDE) over registered AF
masks (underlying Figure 2C). Left: Overlap of registered AF masks (n = 7 bridging z-stacks, from 4
fish, open arrow: direction of oblique view), right: KDE of registered masks, thresholded to 25, 50,
75, and 90 %. (C) Quantification of intersections of FUGIMA tracings with AF boundaries of various
stringency (KDE=25, 50, 75, and 90%). Right: 3D renderings of AF boundaries of various stringency

KDE =25% KDE=50% ®=KDE=75% mMKDE=980%
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and the full FUGIMA dataset (oblique view). Scale bar: 20 um in (B).
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M3: Neuronal architecture of a visual center that processes optic flow

Supplementary Figure S4 (related to Figure 2): Morphology of all FuGIMA neurons, soma
locations regarding response class and split of dataset according to z-stack quality. (A)
Individual FUGIMA neurons plotted together with AF masks (KDE=50%), tracings color-coded
according to response class (green: monocular DS, magenta: translation-selective, blue: non-
motion-sensitive, color-code as in Figure 1C, oblique view). (B) Soma location of FUGIMA neurons
color-coded according to their response class. (Left) Montage of 3D rendering of FUGIMA somata
with surfaces of AFs 4-9 and KDE for ML and AP distributions. (Right) Plot of soma location with
histogram of ML and AP distribution (separated by response class). ML: medial-lateral, AP: anterior-
posterior, distance measured from the origin as defined in Kubo et al., 2014. (C) Split of FUGIMA
dataset into four categories according to image quality of the z-stack (“best” to “worst”, manual
annotation). For each category, the tracings of each class are color-coded as in (A), and the number
of each class is stated on top. All four categories contain tracing of all response classes, with relatively
more translation and non-motion-sensitive tracings emanating from the best quality z-stacks.
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M3: Neuronal architecture of a visual center that processes optic flow

Supplementary Figure S5 (related to Figure 3): Image registration work flow to generate a 3D
map of direction-selectivity, characterization of is/l2b:Gal4, UAS:syGCaMP expression and
overlay from image registration. (A) Schematic workflow for registering functional responses with
anatomical structures. For clarity, only 3 preferred directions are represented here. See STAR
Methods for details. (B, C) Subcellular localization of syGCaMP6s in the tectum/AF10 (B) and AF4,
AF5 and AF6 (C) in isl2b:Gal4, UAS:syGCaMP6s, UAS:mCherry fish. Note that syGCaMP6s expression
exhibits punctate signals in RGC terminals, in contrast to uniform mCherry signals in en passant RGC
axon bundles. SO, stratum opticum; SFGS, stratum fibrosum et griseum superficiale; SGC, stratum
griseum centrale; SAC, stratum album centrale. (D) Schematic illustration of AFs (modified from
Burrill and Easter (1994)). Blue dotted lines indicate approximate z-planes shown in other panels of
this figure. OT, optic tract. (E) Lipophilic dye Dil injection of the RGC axons in is2/b:Gal4, UAS:Dendra-
kras fish. Note that the is/l2b:Gal4 line labels most of RGCs projecting to AF4, AF5 and AF6. (F-K)
Overlay of 6 different transgenic fish (is/2b:Gal4, UAS:syGCaMP6s, UAS:mCherry) that have been
registered into a reference system (RGC standard brain based on is[2b:Gal4, UAS:mCherry). Z-position
indicates the distance from the dorsal most surface of AF10. Note that both syGCaMP6s (F-H) and
mCherry (I-K) patterns from 6 fish occupy conserved space in the registered volume. A, anterior; P,
posterior; D, dorsal; V, ventral, M, medial. Scale bars represent 30 um.
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M3: Neuronal architecture of a visual center that processes optic flow

Supplementary Figure S6 (related to Figure 3): Mapping of orientation-selectivity, direction-
selectivity, and luminance responses in RGC terminals. (A) Response profile to luminance
changes in AF4, 5 and 6 presented from the side or below. Pixels are color coded according to the
mutually exclusive luminance response types: pixels responsive to increase in luminance (ON),
decrease in luminance, and both increase and decrease in luminance (ON-OFF). (B) Representative
luminance response in AF4 and 6. Visual stimuli were presented from the side. ROls correspond to
synaptic puncta marked in the right panel. Note that AF5 is not contained in this optical plane. In (A)
and (B), functional pixels are plotted on top of the mean image of syGCaMPés (grey). (C) 3D
representation of luminance response in RGC terminals. (Left) 3D model of AFs (as Figure 2B). For
side presented 3D map, both AF10 and AF 4, 5 and 6 volumes are pooled from 6 functionally imaged
volumes. For underneath presented 3D map, both AF10 and AF 4, 5 and 6 volumes are pooled from
7 functionally imaged volumes. The intensity of pixels corresponds to the frequency of a particular
pixel to be luminance responsive across all imaged fish. Note that AF4 and AF9 contain highly
luminance responsive RGC terminals and AF5 is weakly ON responsive (right panel). (D) Localization
of DS pixels in tectal sublaminae. After registration into the RGC reference brain, DS pixels identified
by the side (green) and below (magenta) presentations of visual stimuli were overlaid to the average
image of is[2b:Gal4, UAS:syGCaMPé6s signals of the same registered volume. DS pixels tuned to
forward motion are plotted here for both side and below stimulus presentations. The volume was
sliced obliquely to reveal laminar structure along the superficial-deep axis within the tectal neuropil.
(E) Intensity plot along region indicated by a box shown in (D). Note that DS pixels for both stimulus
positions (side, below) occupy SFGS1. (F, G) Color scheme of orientation space for motion presented
from the side (F) and below (G). (H, 1) Orientation selectivity (OS) in AF4, AF5 and AF6. The motion
was presented from the side (H) and below (). The color code is shown in (F, G). OS pixels are plotted
on top of the mean image of syGCaMPés (grey). (J) Representative responses of OS-RGC terminals
in AF6. Visual stimuli were presented from the side. ROIs correspond to synaptic puncta marked by
the two circular ROIs in the bottom left image. Polar plot (bottom right) is derived from the AF/F
traces shown above. A, anterior; P, posterior; D, dorsal, L, lateral. SO, stratum opticum; SFGS, stratum
fibrosum et griseum superficiale; SGC, stratum griseum centrale; SAC, stratum album centrale. Scale
bars: 10 um (A, 1), 30 um (D) and 50 um (C).
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M3: Neuronal architecture of a visual center that processes optic flow

Supplementary Figure S7 (related to Figure 6): Search strategy to complement FuGIMA
tracings with a single-neuron atlas and results. (A) Definition of the FUGIMA “volume-of-interest”
(FUGIMA VOI), the search area to find neurons complementing FUGIMA neurons (pretectal
projection neuron (PPNs) in a single-neuron atlas. The surface encompasses the somata of all
FuGIMA neurons (n = 58 neurons) and is registered to the volume of a single-neuron atlas (Kunst et
al., under review). (B) 3D rendering of the single-neuron atlas standard brain (HuC:lyn-tagRFP, Kunst
et al,, under review) and all somata from this single-neuron atlas, color-coded according to position
within (green, n = 38, pretectal projection neurons, PPNs) or outside of the FUGIMA VOI (magenta, n
= 1705, out of 1743 tracings in the atlas) (left: dorsal view, right: lateral view). (C) Individual tracings
of PPNs, plotted with AFs 4 — 9; two plots per neuron: dorsal view (left) and lateral view (right),
respectively.

Movie S1: Different morphologies of monocular DS and translation-selective neurons (related
to Figure 2A,D). 3D rendering of the FUGIMA dataset (n=58 tracings) together with the FUGIMA
standard brain (light grey, HuC:lyn-tagRFP), RGC terminals (light magenta, is/2b:Gal4, UAS:mCherry)
and AF annotations (dark grey). Tracings color-coded according to the neuron’s response class
(green: monocular DS, magenta: translation-selective, blue: non-motion-sensitive) and were
smoothed for visualization.*

Movie S2: Clustered RGC terminals and derived AF annotations (related to Figure 2B). 3D
rendering of RGC axons (atoh7:Gal4, UAS:mCherry), RGC terminals (atoh7:Gal4, UAS:sypGFP) and AF
annotations (yellow: AF4, magenta: AF5, cyan: AF6, red: AF7, green: AF8, blue: AF9) at 6 dpf
(compound of three fish).*

Movie S3: 3D map of DS representations in RGC terminals (stimulation from the side) with AF
annotations (related to Figure 3M). 3D rendering of RGC axons (is/l2b:Gal4, UAS:mCherry) and DS-
RGC terminals identified during visual stimulation to the side of the fish (DS pixels color-coded
according to their preferred direction, see color-wheel) and AF annotations (grey: AFs 4 — 9). Both
AF10 and AF4, AF5 and AF6 volumes are pooled from 6 imaged volumes; the intensity of DS pixels
corresponds to the probability of a particular pixel to be DS across all imaged fish (maximum
intensity = frequency of 0.67).*

Movie S4: 3D map of DS representations in RGC terminals (stimulation from below) with AF
annotations (related to Figure 3N). As Movie S4, but DS pixels responsive to the visual stimulus
presented from below the fish (both AF10 and AF4, AF5 & AF6 volumes are pooled from 7 imaged
volumes; maximum intensity = frequency of 0.57).*

Movie S5: Cerebellum and ventral hindbrain targeted by pretectal projection neurons
(related to Figure 6B-F). 3D rendering of all FUGIMA tracings (n=58, magenta) and pretectal
projection neurons (PPNs, n=38, green, chosen based on their somata located close to FUGIMA
somata; see Figure S7), plotted together with the standard brain of the single-neuron atlas (light
grey: HuC:lyn-tagRFP (Kunst et al., 2019)) and AF annotations (dark grey: AFs 4 - 9). Later in the movie,
PPNs are color-coded according to whether they intersect with the cerebellum or the reticular
formation (blue: intersecting tracings, n=8 or n=25 of 38 PPNs, respectively, grey: not intersecting
tracings, light blue: cerebellum or reticular formation, respectively).*

*For movies, please refer to the online version of the manuscript, once published.
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STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the Lead Contact, Fumi Kubo (fumikubo@nig.ac.jp).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal care and transgenic zebrafish

Adult and larval zebrafish (Danio rerio) were housed and handled according to standard procedures
(Westerfield, 2007). Animal experiments were performed according to regulations of the Max Planck
Society and the regional government of Upper Bavaria (Regierung von Oberbayern; approved
protocols: ROB-55.2Vet-2532.Vet_02-16-31 and 55.2-1-54-2532-101-2012). We used the following
previously described transgenic lines: HuC:GCaMP5G (Tg(elavI3:GCaMP5G)a4598); Tg(isl2b:Gal4-
VP16)zc65; Tg(atoh7:Gal4-VP16)s1992t;  Tg(UAS:mCherry)s1984t;  Tg(UAS:Dendra-kras)s1998t;
Tg(UAS:sypGFP); Et(E1b:Gal4-VP16)s1101t (= Gal4°''°"), HuC:lyn-tagRFP (Tg(elavi3:lyn-tagRFP)mpn404);
Tg(elavi3:H2B-GCaMPés). Transgenic fish were kept in either a TL or TLN (nacre) background and
larvae lacking trunk pigmentation (outcrossed to TLN, nacre) were used in the experiment. Zebrafish
larvae were raised in Danieau’s solution until day 5 or 6 post-fertilization (dpf). As sex determination

has not yet taken place in larvae, we used future males and females indiscriminately.

Line establishment

To generate the UAS:syGCaMPé6s plasmid, the synaptophysin coding sequence (Meyer and Smith,
2006) was fused with GCaMP6s and inserted into a pTol2-14xUAS vector.
Tg(UAS:syGCaMP6s)mpn156 transgenic fish were generated using the standard Tol2 transposon

system.

To co-express nls-GCaMP6s and either paGFP (for UAS:FuGIMA) or C3PA-GFP (for UAS:FUGIMA-C3PA),
we fused nls-GCaMP6s and either paGFP (Patterson and Lippincott-Schwartz, 2002) or C3PA-GFP
(Ruta etal., 2010) to the two sides of a bidirectional 14x UAS sequence (Janus-UAS; (Distel etal., 2010;
Paquet et al., 2009) in a Tol2 vector harboring a trangenesis marker (“bleeding heart”,
cmic2:mCherry). The transgenic lines Tg(UAS:paGFP,nlsGCaMP6s)mpni161 and Tg(UAS:C3PA-
GFP,nlsGCaMP6s)mpn162 were generated in the background of Gal4°''°" using the standard Tol2
transposon system. Most FUGIMA experiments were conducted in the F2 and F3 generations of the

UAS:FuGIMA line, which showed considerable variegation and silencing of the transgene expression.
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Of the 58 FUGIMA tracings, three were performed with UAS:FUGIMA-C3PA, Gal4""'" or HuC:Gal4.
These neurons belong to the monocular direction-selective response type class and do not intersect

with AF5.

METHOD DETAILS

RGC axons and pretectal neuropil functional imaging

Calcium imaging of RGC terminals was performed in triple transgenic zebrafish larvae expressing
syGCaMP6s and mCherry in RGCs (Tg(isI2b:Gal4-VP16)zc65, Tg(UAS:syGCaMP6s)mpn156,
Tg(UAS:mCherry)s1984t) between 5 and 6 dpf. Larvae were mounted in 2% low-melting agarose with
the dorsal side up. The fish were positioned in the center of a dish with a diameter of 3 cm. Larvae
were intraspinally injected with a-bungarotoxin (2 mg/mL a-bungarotoxin (Invitrogen, B1601),
FastRed 10% v/v, 1x Danieau’s solution). A moveable objective microscope (MOM, Sutter
Instruments) was used to record GCaMP signals (920 nm, 10-20 mW after the objective) with a 20x
objective (Olympus, NA 1.0). Scanlmage software (Pologruto et al., 2003) was used for image
acquisition. We typically recorded one of two volumes per fish, each covering AF10 or AF 4, AF5 and
AF6 volume. For recording of AF10, ca. 20 z-planes were imaged with the z-step size of 4 um. For
recording of AFs 4, 5 and 6, ca. 25 z-planes were imaged with the z-step size of 3 um. For each z-
plane, images were acquired with a spatial resolution of 256x256 pixels (pixel size of 0.33 um for
AF10 and 0.19 um for AFs 4, 5 and 6) at a frame rate of 2.38 Hz. Since the average diameter of a
presynaptic bouton in zebrafish RGCs is ~0.8 um (Meyer and Smith, 2006), the physical lateral
dimensions of pixels are below that of a typical presynaptic bouton. Sinusoidal grating stimuli were
generated by custom written scripts using PsychoPy and presented onto a screen positioned either
below or on the side of the fish using a digital light processing (DLP) projector (DLP LightCrafter™
4500), using the red channel only, which allowed simultaneous visual stimulation and detection of
green fluorescence. The visual stimuli consisted of whole-field luminance change (lowest luminance
— highest luminance — lowest luminance) followed by gratings moving in 12 equally spaced
angular directions presented in a random order. For each presentation of a different direction, the
gratings initially stay stationary for 10 sec, in motion for 5 sec, and back to stationary for 5 sec, and
this process was repeated for all grating presentations. The total length of the visual stimulus
protocol was about 5 min. For the projection from the side of the fish, spatial and temporal
frequency of the gratings was 0.06 cycle/degree and 1.8 Hz, respectively. The projected image filled
avisual field of approximately 120° in azimuth and +35° in elevation. For the projection from below
the fish, gratings were designed as described in the recent study (Naumann et al., 2016). Briefly, the

gratings of the spatial period of 1 cm moving at 10 mm/sec were presented onto a 12 cm x 12 cm
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screen. In contrast to this recent study, the complete screen area was covered by the grating (no

stimulus omission directly below the fish).

Calcium imaging of pretectal neuropil was performed in HuC:GCaMP5G fish between 5 and 6 dpf. A
volume centered around the pretectal neuropil was imaged with the z-step size of 5 um. For each z-
plane, images were acquired with a spatial resolution of 512x512 pixels (pixel size of 0.19 um) at a

frame rate of 2.38 Hz. The visual stimulus was presented from below the fish, as described above.

Pixelwise calcium imaging analysis (RGC template)

Raw time series of two-photon recordings were first corrected for motion artifacts by a hidden
Markov model (HMM)-based algorithm using the SIMA toolkit (Kaifosh et al., 2014) and then
processed by a uniform filter for noise removal. For each pixel in the filtered motion corrected
recordings, its fluorescence time series was divided into 14 phases based on the visual stimuli. These
14 phases consisted of 1 ON phase (whole-field luminance increase), 1 OFF phase (whole-filed
luminance decrease), and 12 motion phases. The normalized signal intensity changes (AF/Fo) were
calculated for each phase, and they were tested for correlation with the stimulus time series
convolved with a kernel with syGGCaMP6s kinetics (Tdecay = 1.2 sec). Pixels were considered motion
responsive, if 1) their Pearson correlation coefficients were above the threshold of 0.35 in no less
than 2 motion phases and 2) their t-scores (the coefficient from linear regression divided by error)
in at least one motion phase were above noise threshold of 1.3. For each motion responsive pixel,
we generated a response profile which consisted of the integral response over motion presentation

for 12 directions.

To identify DS and OS populations, we plotted the response profiles as vectors in direction and
orientation space, and we calculated the vector sum. The angle of the vector sum represents the
preferred direction or orientation, and the normalized length of the vector sum (Lar and Los as
calculated below) represents the degree of selectivity. This has been shown to be a robust method

to quantify direction and orientation selectivity (Mazurek et al., 2014).

L. = 2k R(6y)exp(i6y)
ar Yk R(6x)

L. = 2k R(0y)exp(2i6y)
o 2 R(6y)

Ok represents a direction of motion, and R(6K) is the integral response during the motion phase in

the direction of 6k. An empirical threshold of 0.4 was set for Loi and 0.5 for Lg:. Pixels that surpassed
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the threshold were considered DS or OS. If a pixel was classified as both DS and OS, that pixel was
regarded as DS, for which we have set a more stringent threshold. This ensured that DS and OS pixels
are mutually exclusive. These thresholded, binary DS and OS pixels were color coded according to
their preferred direction or orientation and plotted on top of the anatomical references, which are
the mean images of the motion-corrected time series. To generate histograms of preferred direction
(Figure 4), we first obtained the distribution of the preferred direction of DS pixels for each individual
fish. The total number of DS pixels was normalized across different fish, and then the average of the
normalized distribution was plotted. To compare with the previously published result of distribution
of preferred directions of DS-RGC terminals (Figure 4D), we selected 3 planes (separated by 4 um) in
the dorsal part of AF10 (approximately 30 - 45 um from the dorsal surface of the tectum). The
luminance response was determined independently of the response to motion stimuli (Figure S6).
Pixels were deemed luminance responsive, if they show activity correlated with changes in light
intensity (Pearson correlation coefficient > empirically derived threshold 0.45). The activity of ON
pixels increases when luminance rises, while that of OFF pixels increases when luminance drops.
ON-OFF pixels show an increase in activity when luminance rises and drops. For a pixel to be
regarded as luminance responsive, mutually exclusive criteria were used: i.e. ON if ON>0.45 and

OFF<0.45, and OFF if ON<0.45 and OFF>0.45, and ON-OFF if ON>0.45 and OFF>0.45.

Image reqistration for RGC and pretectal neuropil

After calcium imaging, we acquired anatomical z-stacks of the same fish (is/2b:Gal4, UAS:syGCaMPé6s,
UAS:mCherry). We first obtained small stacks (256x256 pixels) with the two-photon microscope,
using syGCaMPés and covering the functionally imaged volume (either AF10 or AF4, AF5 and AF®6,
or both in a few cases). Additionally, one overview stack with a higher resolution (1024x1024 pixels)
was taken at the confocal microscope (LSM700, Carl Zeiss, Jena, Germany) with a 20x objective (W
Plan-Apochromat 20x/1.0, Carl Zeiss, NA 1.0) with a z-step size of 1 ym and using both syGCaMP6s

and mCherry channels.

In order to visualize the DS and OS RGC terminals imaged in multiple fish and compare them with
the HuC:GCaMP5G expression pattern, we developed a three-step registration procedure (Figure
S5A): 1) the mean image of the motion corrected time series were manually aligned (custom written
Python script) onto the two-photon anatomical z-stack using the syGCaMP6s signal as reference. As
such, we registered the functional information to the anatomical z-stacks. To circumvent changes of
pixel values and thereby changes of DS/OS information caused by the image registration, we binned
functional data according to preferred direction/orientation. Namely, we created 12 separate

channels, with each channel corresponding to one of the 12 bins of preferred directions. 2) the two-
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photon anatomical z-stacks were registered to the confocal stack of the same fish using syGCaMPé6s
as the reference channel. To facilitate gross alignment between the stacks, we pre-aligned the z-
stacks according to manual landmark selection using the plugin “Name Landmarks and Register”
(by Mark Longair and Greg Jefferis) in Fiji (Schindelin et al., 2012; Schneider et al., 2012). The stacks
were then precisely registered by the image registration library ANTs (Advanced Normalization
Tools) (Avants et al., 2008; Avants et al,, 2011; Avants et al., 2010) using syGCaMP6s signal as a
reference for registration. The parameters for the command antsRegistration recently applied to
zebrafish live images (Marquart et al., 2017) were used, except for variation of the initial transform
parameter and the application of a mask. This mask was drawn in Fiji with the plugin segmentation
editor (by Johannes Schindelin, Francois Kusztos and Benjamin Schmid) and restricted the search
for corresponding pixels to the area containing RGC terminals. 3) The resulting stack was then
registered to the template (RGC standard brain) which was generated from six different stacks
(isl2b:Gal4, UAS:mCherry) using the command antsMultivariateTemplateConstruction2 in ANTs.
Using the mCherry signal as a reference channel, we applied the same settings as for the previous
round of ANTSs registration (but without mask). Therefore, for each step of registration, the previous
template stack served as the pattern to be registered. If a pitch difference between the experimental
fish and the template was greater than +/- 5° (as calculated from the transformation information),
DS and OS bins were recalculated accordingly before applying image registration. After anatomical
stacks underwent registration, functional stacks containing DS/OS information were treated as
additional channels and subjected to the same transformations using the command
antsApplyTransforms (Marquart et al., 2017). As DS/OS depicting pixels were broadened due to
registration, we applied a threshold of a pixel intensity value 50 to eliminate the smearing effect of
the registration (custom Python script). This threshold was determined visually to display the same
spatial extent of DS/OS information in the template volume as in the original two-photon frames.
To visualize the isl2b template in the context of the HUC:GCaMP5G expression pattern, we registered
a single isl2b:Gal4, UAS:mCherry, HuC:GCaMP5G fish to the template via the mCherry channel. For
registering DS neuropil signals imaged in HuC:GCaMP5G fish (n=6 fish), the same image registration
protocol was applied except that 1) pre-alignment of the two-photon anatomical z-stacks using
manual landmark selection was skipped (during step 2 of the registration protocol) and 2) the
confocal anatomical stacks of the functionally imaged fish were registered to our reference brain via

the previously aligned HuC:GCaMP5G pattern.

Segmentation of AFs and 3D rendering

Segmentation of AFs was performed based on presynaptic puncta signals in atoh7:Gal4, UAS:sypGFP
fish after they had been registered to the RGC standard brain using ANTs. AFs were manually
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segmented using published anatomical information about AFs (Burrill and Easter, 1994; Robles et
al., 2014). Note that our segmentation of AFs relied only on anatomical features, without referring
to functional maps of RGC terminals. We noted some variability of SypGFP localization patterns
across different individual fish, especially at the boundary between AF5 and AF6. To account for this
individual fish differences, 3 fish were segmented by 3 annotators each, and average of the 9
annotations was used to generate a consensus mask for AF4, AF5 and AF6. To quantify the number
of DS pixels in different AFs, we used original calcium time series before anatomical registration to
avoid the smearing effect (thereby leading to changes in the absolute number of pixels of each RGC
puncta) caused by the registration. To count DS pixels in the original calcium time series in each AF,
we either drew masks of AFs directly on the original calcium time series (with the aid of anatomical
stacks) or back-transformed our consensus AF masks (drawn on the registered image volume) to the
original calcium time series using inverse transformation. To determine the proportion of DS pixels
relative to the entire number of pixels in AFs, we first quantified the pixel counts in AF5 and AF6
using the synaptic puncta signals of 9 anatomical stacks obtained from isl2b:Gal4, UAS:sypGFP fish.
Subsequently, the number of DS pixels was divided by the average pixel counts in each AF to derive
the percentage of DS pixels per total number of pixels in each AF. 3D rendering of registered image
stacks was performed using Imaris software. Autofluorescence of the skin and the eyes was removed
by applying 3D masks and the volumes corresponding to AFs were highlighted in Imaris. Movies

were prepared using Imaris and Fiji.

Lipophilic Dye labeling

6 day old isI2b:Gal4, UAS:Dendra-kras transgenic larvae were fixed in 4% paraformaldehyde in PBS
for 1hr at 4 °C. 1% solutions of Dil in chloroform were pressure injected between the lens and the
retina to visualize all axonal projections. Fluorescent images were acquired one day after the

injection.

Functional imaging and analysis (FUGIMA dataset)

Larvae were mounted in agarose (LMP-agarose, 1.5 % w/v in Danieau’s solution), and intraspinally
injected with alpha-bungarotoxin (2 mg/mL a-bungarotoxin (Invitrogen, B1601), FastRed 10% v/v,
1x Danieau’s solution) before the experiment to abolish movements. During injection, larvae were
under anesthesia with tricaine (0,02 %, MS-222, Sigma-Aldrich) and the tricaine was washed out after
injection. We used a two-photon microscope (Femtonics 3DRC microscope, Femtonics, Tuzlo,
Hungary) for functional imaging as well as acquisition of z-stacks. The visual stimuli were presented
to the fish using a custom-built red LED arena (four flat panels covering 360° around the fish; no

grating presentation in ~ 30° in front of the fish). In each experiment session, gratings moved
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horizontally in eight phases (3 s each at spatial frequency of 0.033 cycles/degree and temporal
frequency of 2 cycles/sec, interspersed with 10 s stationary gratings, Figure S2A). Four of the eight
phases are monocular, four are binocular: 1) left nasalward, 2) left temporalward, 3) right
temporalward, 4) right nasalward, 5) backward, 6) forward, 7) clockwise, 8) counterclockwise. The
sequence of eight phases was repeated three times. During visual stimulation, GCaMP fluorescence
was imaged at about 3 Hz using the laser tuned to 920 nm (0.5 x 0.5 um/pixel, ca. 15 mW after the
objective, imaging region of about 90 x 98 um). Response types of recorded neurons were identified
using a custom written python script (regressor based analysis, near-online analysis: approx. 2
minutes run time). First, traces of the three repetitions were averaged. Second, the averaged time
series of each pixel were correlated to 256 regressors (visual stimulus time series convolved with nls-
GCaMPé6s kernel, tau = 3 s, tau determined visually to resemble the fluorescence trace), and the best-
correlated regressor was determined for each pixel (threshold of Pearson’s correlation coefficient >
0.3). For each regressor-of-interest (e.g. monocular DS and translation-selective response types), we
generated a map of correlated pixels overlaid on the mean AF/F,image (Figure 1E), based on which
cells of interest were chosen. The selected cells of interest were further manually inspected for
variability in response across repetitions, baseline fluorescence (indicator of transgene expression

level), and accessibility for photoactivation (separation from neighboring neurons).

To improve display of fluorescence traces, functional imaging time series were motion corrected
with CalmAn (Giovannucci et al., 2018; Pnevmatikakis and Giovannucci, 2017). We extracted average
brightness from ROIs centered on the cell of interest (using Fiji), and calculated AF/F, with F, being
the mean of the 10™ percentile. For neurons of the monocular DS and translation selective type, we
plotted the mean trace of three repetitions, grouped by response type. For non-motion-selective
neurons we in addition plotted the variance over three stimulus repetitions of the trial (SEM).

Regressor traces were manually overlaid with corresponding fluorescence traces.

Photoactivation of paGFP and z-stack acquisition

Photoactivation of paGFP in selected cells of interest was performed according to a detailed
published protocol (Forster et al., 2018). Briefly, a ROl of about 0.8 x 0.8 um (0.2 x 0.2 um/pixel, 4 x
4 pixel) was placed in the center of the nucleus in 3D. Initially, paGFP was photoactivated with trial
pulses of 200 ms (one and three pulses, laser wavelength 750 nm, ca. 10 - 17 mW after the objective,
1 Hz). If no neighboring cells were photoactivated, the ROl was re-centered and the first full cycle of
photoactivation was delivered (40 x 200 ms, 1 Hz, Figure 1F). In cases of residual movement of the
fish, tricaine was added before photoactivation. The whole protocol consisted of 15 cycles, with

typically five minutes intervals between two activation cycles. However, in the dataset containing
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58 neurons, 3 were photoactivated with less than 5 cycles and 11 with 5-10 cycles of
photoactivation. Typically, paGFP fluorescence intensity in the photoactivated soma rapidly
increased with the first photoactivation cycle, reaching the maximum after several cycles of
photoactivation, suggesting that maximum level of the photoactivation is achieved after several
cycles of photoactivation (Figure S1C). To control progress of diffusion, z-stacks capturing both
green and red fluorescence (1020 nm, 1 um z-step) were typically acquired every five cycles, as well

as a high resolution stack after the last activation period.

We quantified the degree of photoactivation by calculating the normalized fluorescence change
after each cycle of photoactivation (mean of n=5 neurons in 3 fish). An experiment was terminated,
if 1) a directly neighboring neuron was also photoactivated, 2) fluorescence in the neurite did not
strongly increase after the first cycle of photoactivation, or 3) the sample drifted. Furthermore, as
the pretectum is located directly ventral to the tectum, we photoactivated few neurons resembling
tectal neurons’ morphology (neurite targeting the tectal neuropil, perpendicular branching in the
neuropil layers), which were excluded. Two-photon and confocal microscopy offer different
advantages: while two-photon microscopy achieves superior resolution in deeper tissue, it typically
does not allow to image close to the eye pigment epithelium (due to photomultiplier tube (PMT)
saturation). As confocal microscopy does not show this restriction, we acquired a large z-stack at the
confocal microscope (LSM 700, Carl Zeiss, Jena, Germany 20x/1.0 NA, water-dipping objective) in

addition to the two-photon z-stack.

To exclude the possibility that tracing quality underlies differential neurite trajectories of different
response types, we manually sorted z-stacks into four groups according to their image quality and
compared tracings between groups. We did not find systematic differences in tracing length or
overall morphology among the four groups (Figure S4C). Furthermore, all four groups contained
tracings of all three response classes. Translation-selective neurons were even slightly
overrepresented in the “best” image group. It is thus unlikely that we overlooked particular features,

such as AF5 targeting, of translation-specific neurons.

Tracing of FUGIMA neurons and consolidation

Neurons were semi-manually traced from the confocal and two-photon z-stacks using the Fiji plugin
Simple Neurite Tracer (Longair et al., 2011) or the software neuTube (Feng et al., 2015) (Figure 1G).
Neurons were traced in both confocal and two-photon z-stacks, if available, as the two imaging
modalities complement one another (see above). Finally, we merged the tracings of the same
neuron after co-registration (see section Image registration below) using a custom written python

code. For merging, node locations of two tracings were compared and corresponding nodes were
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identified based on a maximal distance between them (defined by an empirically chosen tolerance
factor). Residual nodes were then added to the merged tracing (OR operation). To assess the labeling
distance of paGFP, we photoactivated a neuron co-expressing a membrane-tagged red fluorescent
protein and FuGIMA. Briefly, we injected the plasmid pTol2-UAS:tdTomato-CAAX into embryos
(Gal4°77°", UAS:FuGIMA) at the two to four cell stage and selected larvae with sparse expression of
tdTomato. We applied the full photoactivation protocol on a spinal cord neuron co-expressing
FuGIMA and tdTomato-CAAX. While tdTomato in the soma was considerably photo-bleached, it
colocalized with paGFP in the neurite. Neurons highlighted with paGFP can be followed over 200

pum, as shown in a spinal cord neuron co-expressing tdTomato-CAAX (Figures STA,B).

Image registration of FUGIMA data

The basis of comparisons across fish is their registration to a standard brain. We established the
FuGIMA standard brain using the ANTs from four z-stacks of four live fish expressing HuC:lyn-tagRFP,
HuC:H2B-GCaMPé6s (imaged at the confocal microscope). The FUGIMA standard brain is centered on
the pretectum of the right hemisphere and extends 311.2 x 311.2 x 161 um (x/y/z direction, 0.69 x
0.69 x 1 um voxel size). To compare tracings from different experimental fish in one volume, z-stacks
were registered to the standard brain (overlay of three registered example z-stacks: Figure 11,
registration workflow: Figure S1D). As preparation, the HuC:lyn-tagRFP channel was corrected for
depth-dependent decrease of brightness (Fiji plugin Attenuation Correction (Biot et al., 2008)). If the
experimental z-stack was centered on the contralateral hemisphere, the z-stack was flipped and
rotated prior to registration using Fiji. Z-stacks were registered to the standard brain using the
software ANTs (Avants et al., 2008; Avants et al.,, 2011; Avants et al., 2010) and based on the common
reference labeling pattern of HuC:lyn-tagRFP. We used the parameters recently determined for live
samples (Marquart et al., 2017). Tracings (.swc files) were co-registered using the command
ANTsApplyTransformsToPoints contained in the package ANTSsR using R. If both confocal and two-
photon-stacks were available, two-photon-stacks were registered to the confocal stack of the same
fish and confocal stacks were registered to the FUGIMA standard brain. In the case of insufficient
registration precision (visually determined), we either altered parameter r to change search
initialization or applied a mask to restrict the search area. Search masks (binary .tiff files) were drawn
manually or derived from previous rounds of registration. To verify the accuracy of our registration,
we annotated eleven anatomical landmarks in the standard brain and individual z-stacks (n = 8 z-
stacks from 6 fish for LM 1 - 9 and 11, n = 6 z-stacks from 4 fish for LM 10). After co-registration into
the standard brain, we calculated the distance between the landmark of the standard brain and the

individual brains using R. The deviations of the landmark positions of the registered fish from those
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of the standard brain were on average 6.7 +/- 2.8 um (STD, 11 landmarks, 4 or 6 z-stacks from 6 fish,

Figure S1E).

To facilitate comparison of tracing results across datasets, we described the x,y-position of FUGIMA
neuron somata relative to a previously defined coordinate system origin (as in Kubo et al., 2014). For
this, we extracted soma coordinates from .swc files, subtracted the origin coordinates (intersection
of planes connecting the anterior tips of the AF9 containing neuropil, the midline, and the plane just
dorsal to the anterior tips of AF9), and transformed the coordinates (45° rotation between the RGC
and FuGIMA standard brain volumes). Soma locations (relative to the origin) were plotted in

histograms (bin size = 16 pm, visually determined).

To combine visualization of neuronal tracings with landmark annotations, the latter were
transformed to surfaces. For this, registered z-stacks were binarized, if necessary manually smoothed
(both Fiji), and surface renderings were produced using the software Amira (Thermo Fisher
Scientific/FEl, smoothing: unconstrained smoothing, extent=5). Neuronal tracings and landmark
surfaces were plotted using R with the packages rgl (Adler, Murdoch, and others) and
NeuroAnatomy Toolbox package (Jefferis and Manton, 2014). For the accompanying videos,
FuGIMA tracings were smoothed. The video was assembled using Fiji, then converted and

compressed with the software FFmpeg.

Integration of RGC and FUGIMA datasets

We had generated consensus AF masks in the RGC standard brain (see section Segmentation of AFs
and 3D rendering above). To transfer these masks into the FUGIMA volume, we applied a two-step
registration process (Figure S3A): 1) we registered the RGC standard brain (based on isl2b:Gal4,
UAS:mCherry) to individual “bridge”-z-stacks of fish expressing isl2b:Gal4, UAS:GFP, HuC:lyn-tagRFP
(n=7 z-stacks from 4 fish), 2) then we registered the “bridge”-z-stacks to the FUGIMA standard brain
(based on HuC:lyn-tagRFP). As we observed slight differences in the localization of co-registered AF
masks, we applied a kernel-density estimation (KDE) to the collection of binarized z-stacks. After
normalizing the maximum pixel intensity to 100, the stack was thresholded (pixel values = 25, 50,
75, and 90) and surfaces were generated. We utilized the KDE=50% mask for further analysis of

tracing intersections with AFs.

To compare FuGIMA tracings with functional information (z-stacks), we first registered the
functional imaging datasets (DS in RGC terminals and all neurons) to the FUGIMA standard brain.
Streaks of DS pixels were found in the region of the eye cup in the panneuronal DS stack, resulting

from PMT saturation. We removed those pixels with a mask. To convert .swc files of tracings to
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rastered data (z-stacks) we applied a custom-written Fiji macro script. Resulting pixelated tracings

were smoothed in Fiji to improve the impression of continuous neurites for display.

Complementation with the single-neuron atlas

To compare FUGIMA neurons with a single-neuron atlas (Kunst et al,, 2019), we registered the
FuGIMA dataset to the standard brain of this single-neuron atlas. The single-neuron atlas standard
brain is based on the synapsin pattern (antibody staining, fixed samples) and contains several
registered expression patterns to enable registration of external datasets based on those patterns
(e.g. fixed HuC:lyn-tagRFP). To register the FUGIMA standard brain (acquired live, a sub-volume of
the fish brain) into the single-neuron atlas volume (fixed, whole-brain), we employed registration in
three steps a follows: 1) FUGIMA volume to a sub-volume of the live HuC:lyn-tagRFP standard brain
(at this time not yet registered to the single-neuron atlas), 2) extension to the full live standard brain
volume, 3) live standard brain to fixed HuC:lyn-tagRFP standard brain. Co-registration of FUGIMA
tracings (.swc files) and landmark annotations (.tiff stacks), followed by surface rendering of
landmarks allowed to visualize both datasets together. We searched among 1743 tracings from the
web-interface of the single neuron atlas for tracings complementing the FUGIMA tracings (Pretectal
projection neurons, PPNs) (https://fishatlas.neuro.mpg.de/zebrafishatlas/, download: 25. Oct. 2018,
combined results of searches in different brain regions). To define the search volume for PPNs
(FUGIMA VOI), we dilated FUGIMA somata and merged patches in the binary .tiff stack (distance
surface to soma approx. 10 um (x/y) and 11 um (2), in the FUGIMA standard volume). After co-
registration of the FUGIMA VOI to the single-neuron atlas volume, we identified PPNs with somata
in the FUGIMA VOI (custom written python script). For the innervation analysis, we retrieved the
number of tips per PPN for all 78 brain region annotations and one additional area “contralateral
hemisphere”. To focus on the most prominently targeted areas, we depicted areas with > 5

Ill

intersecting PPNs, omitting similar annotations i.e. only “cerebellum”, no additional “corpus
cerebelli”, and included all annotated AFs intersecting with PPNs. For visualization, we ordered the

list starting with the contralateral hemisphere, then in the order of most intersections.

QUANTIFICATION AND STATISTICAL ANALYSIS

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

The analyzed 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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DATA AND SOFTWARE AVAILABILITY

Data and software will be made available upon request.

KEY RESOURCES TABLE
REAGENT or RESOURCE \ SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins
Alpha-Bungarotoxin Invitrogen B1601
Dil (1,1'-Dioctadecyl-3,3,3",3'- Invitrogen D3911
Tetramethylindocarbocyanine Perchlorate)
Tricaine Sigma-Aldrich MS-222

Experimental Models: Organisms/Strains

Zebrafish Tg(atoh7:Gal4-VP16)s1992t,
a. k. a. ath5:Gal4

Del Bene et al., 2010

ZFIN ID: ZDB-FISH-
150901-27082

Zebrafish Tg(elavl3:lyn-tagRFP)mpn404, a. k. a.
HuC:lyn-tagRFP

Dal Maschio et al.,
2017

ZFIN ID: ZDB-ALT-
170731-38

Zebrafish Tg(elavl3:GCaMP5G)a4598

Ahrens et al., 2013

ZFIN ID: ZDB-FISH-
150901-22335

Tg(elavl3:Has.H2B-GCaMP6s)jf5 aka HUC:H2B-
GCaMP6s

Freeman et al., 2014

ZFIN ID: ZDB-FISH-
170711-1

Zebrafish Et(E1b:Gal4-VP16)s1101t)

Scott et al., 2007

ZFIN ID: ZDB-FISH-
150901-5255

ZebrafishTg(isl2b:Gal4-VP16, myl7:TagRFP)zc65

Fujimoto et al., 2011

ZFIN ID: ZDB-FISH-
150901-13523

Zebrafish Tg(UAS:mCherry)s1984t

Heap et al., 2013

ZFIN ID: ZDB-FISH-
150901-14417

Zebrafish Tg(UAS:syn-GFP) a. k. a. UAS:sypGFP

Heap et al., 2013

ZFIN ID: ZDB-FISH-
150901-21811

Zebrafish Tg(UAS:Dendra-kras)s1998t

Arrenberg et al., 2009

ZFIN ID: ZDB-ALT-

110808-3
Zebrafish Tg(UAS:syGCaMP6s)mpn156 This paper NA
Zebrafish Tg(UAS-Janus:nlsGCaMP6s,PA- This paper NA
GFP)mpn161, a.k.a. UAS:FUGIMA
Zebrafish Tg(UAS-Janus:nlsGCaMP6s,C3PA- This paper NA

GFP)mpn162, a.k.a UAS:FUGIMA-C3PA

Software and Algorithms

ImageJ/Fiji

Schindelin et al., 2012

https://fiji.sc/

Simple Neurite Tracer (Fiji plugin)

Longair et al., 2011

https://imagej.net/Si
mple_Neurite_Trace
r

Attenuation Correction (Fiji plugin)

Biot et al., 2008

http://imagejdocu.tud
or.lu/doku.php?id=pl
ugin:stacks:attenuati
on_correction:start

Name Landmarks and Register (Fiji plugin)

Mark Longair and
Greg Jefferis, 2006

https://imagej.net/Na
me_Landmarks_and
Register

NeuTube

Feng et al., 2015

https://www.neutraci
ng.com/

Advanced Normalization Tools (ANTSs)

Avants et al., 2008;
Avants et al., 2011;
Avants et al., 2010

http://stnava.github.i
O/ANTSs/

RStudio Version 1.0.143

RStudio

https://www.rstudio.c
om/
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Python 2.7 Python.org https://www.python.o
rg

Python 3 Python.org https://www.python.o
rg

Amira Thermo Fisher https://lwww.fei.com/

Scientific software/amira-for-

life-sciences/

Imaris Bitplane http://www.bitplane.c
om/

FFmpeg https://ffmpeg.org/

CalmAn (Calcium Imaging Analysis toolbox)

Giovannucci et al.,
2018; Pnevmatikakis
and Giovannucci,
2017

https://github.com/fla
tironinstitute/CalmAn

R package nat (NeuroAnatomy Toolbox)

Jefferis and Manton,
2014

http://jefferis.github.i
o/nat/

R package rgl

Daniel Adler, Duncan
Murdoch and others

https://CRAN.R-
project.org/package
=rgl

Other

Confocal microscope LSM 700, with a 20x/1.0 NA water-
dipping objective

Carl Zeiss

https://www.zeiss.co
m/microscopy

Movable object two-photon microscope with a 20x
water-dipping objective (Olympus, NA 1.0)

Sutter Instruments/
Olympus

https://www.sutter.co
m/
https://www.olympus
-lifescience.com/de/

Femtonics 3DRC two-photon microscope, with 16x or
20x water-dipping objective

Femtonics

http://femtonics.eu/

Tracings, brain area annotations, and standard brain

Single-neuron atlas of
Kunst et al., 2019

https://ffishatlas.neur
0.mpg.de/zebrafishat
las/
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3 Discussion

With the work presented in the three manuscripts of this cumulative thesis, my colleagues and |
developed a new optogenetic technique to analyze single neurons in terms of function and
morphology and applied it to neural circuits in the larval zebrafish. We investigated early stages of
processing in the optic-flow responsive circuit in the pretectum. In the following, | first want to
highlight some broader implications of the findings from the manuscripts. Second, | will extend the
discussion from the respective manuscripts, commenting on the neuronal organization of the larval
zebrafish pretectum. Third, | will discuss potential technical improvements for FUGIMA as well as

other features of the experiments.
3.1 Broader implications of the described findings

While specific technical or biological findings were discussed in the respective manuscripts, a few
additional general implications can be pointed out. Although others had described these before, |
want to point out how this work enhances our understanding of motion processing and neuronal

circuits in general.

The notion of cell types oftentimes includes the feature of soma position, e.g. as belonging to a brain
nucleus. However, dendritic morphology is potentially more determining, as it curtails possible
inputs to a neuron. Specifically, somata of both monocular DS and translation-selective pretectal
neurons are located in the AMC of the pretectum, albeit differing in their function (manuscript 3).
By tracing individual neuronal morphologies of these neuron types, we found that monocular DS,
but not translation-selective neurons, can receive direct DS inputs from RGC axons. This result,

therefore, highlights the importance of dendritic morphology for the description of a cell type.

Different neuronal circuits can process information from one visual channel differently. This is shown
by the example of DS information, which is represented in AF5 (manuscript 3) and SFGS1 of the
optic tectum. Specifically, while DS information reaches those two areas via the same RGCs, the
pretectum extracts information about optic flow and the optic tectum extracts information for prey

and predator detection, thereby exemplifying the divergence of visual channels.

While the comprehensive technique “whole-brain imaging” is becoming increasingly popular to
investigate neuronal relationships throughout the larval zebrafish brain, the combination of
methods offers additional benefits. This is exemplified here, as the findings presented in
manuscripts 2 and 3 could only result from a combination of techniques. Specifically, the

investigation of the whole-field motion processing pathway (manuscript 3) utilizes anatomical
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data, both derived from expression patterns and individual neuronal tracings, and functional data,
in the form of a 3D map of DS representations. Moreover, also on the level of individual cells,
analyses of different neuronal properties, e.g. function or morphology, are necessary for more
detailed characterizations. We achieved this using FUGIMA. The finding that monocular DS and
translation-selective pretectal neurons differ in their potential inputs via AF5 would not have been
accessible by investigating a single neuronal property alone, thus supporting the power of methods

combinations.

Taken together, the work presented in this thesis not only investigates the whole-field motion
processing pathway centered on the pretectum of larval zebrafish but also contains broader

implications for the investigation of neuronal circuits and motion processing.
3.2  Pretectal organization

While the pretectal/AOS architecture is well described in mammals and increasingly so in adult
zebrafish, knowledge about corresponding structures in larval zebrafish is scarce. In the following, |
will discuss both published results from other laboratories and data from this thesis in an attempt

to describe more comprehensively the pretectal organization in larval zebrafish.
3.2.1 Specific pretectal areas described in larval zebrafish

While the pretectal projections to the cerebellum and ventral hindbrain, as identified in
manuscript 3, were consistent with the literature, the question remains, to which pretectal nucleus

the recorded FuGIMA neurons and those of the single-neuron atlas correspond.

More than 20 years ago, a seminal study characterized the retinofugal projections in embryonic and
larval zebrafish and tried to correlate the larval AFs to the adult pretectal nuclei (Burrill and Easter,
1994). The authors noted that somata of neurons projecting into the AFs cluster near the respective
neuropil in adult zebrafish, but are more distantly located in larvae (except for AF10). Therefore,
pretectal nuclei cannot be distinguished based on cytoarchitectonic features in larvae. Furthermore,
it is unclear if post-synaptic neurons remain the same between larvae and adults (Burrill and Easter,
1994). For most AFs, the authors noted several possible corresponding adult nuclei, which in turn
influenced annotations of other AFs. As an example, AF5 could correspond to one of three thalamic
nuclei, while AF6 could correspond to either the nAOD (dorsal accessory optic nucleus) or a thalamic
nucleus (Burrill and Easter, 1994). According to Yanez, et al. (2018), the nAOD may in turn correspond

to Pi, based on its projections to the cerebellum.
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In the work presented in manuscript 3, we systematically outlined AFs 4 - 9, however omitted the
more ventrally located AFs 1 — 3. Specifically, several pretectal FuGIMA-labeled neurons project to
AFs 5 and 6. Therefore, it is likely that these nuclei are pretectal instead of thalamic. Furthermore,
few individual neurons of the FUGIMA dataset or the PPNs extend into AFs 4, 7, 8, and 9, thereby also

suggesting those to be pretectal areas.

Based on recent work, however, we know more about two anterior-lateral pretectal areas. Two
recent papers elucidate the pretectal neuronal circuits underlying prey-capture in larval zebrafish
and make an effort to relate the corresponding pretectal nuclei to those described in previously
published studies. Semmelhack, et al. (2014) identified AF7 as the relay center for the prey-capture
specific visual channel. The authors found two morphological types of neurons extending neurites
into AF7, with their somata at the same dorso-ventral level as AF7. Based on its relative location, the
authors identified AF7 as the equivalent to PSp (parvocellular superficial pretectal nucleus, see
section 1.4.1, page 6)(Semmelhack, et al., 2014). However, Yafez, et al. (2018) suggested that, based
on connectivity, the AF7 innervating neurons of Semmelhack, et al. (2014) correspond to APN
instead. Muto, et al. (2017) identified a cluster of prey-responsive neurons in the enhancer trap line
gSAzGFFM119B. This line labels a small population of neurons directly ventral to AF7 and directly
dorsal to AF5, thereafter referred to as 119B-pretectal cells. Based on the connectivity of these
neurons, which project to the inferior lobe of the hypothalamus and the precerebellar area, the
authors speculated this population would correspond to PSm (magnocellular superficial pretectal
nucleus)(Muto, et al., 2017). Consistent with the literature, the authors did not find RGC arborization

around the somata of 119B-pretectal cells.

The two studies mentioned above, skillfully investigated two prey-capture selective nuclei and
related their findings to previous literature. Based on their functional responses and anatomical
locations, these areas seem to be independent from the motion processing pathway that | described
in this thesis. However, as information on other pretectal nuclei is scarce, more information is

necessary to describe the organization of the pretectum in larval zebrafish.
322 Characterization by responses to visual stimuli

Traditionally, anatomical descriptions based on clusters of somata and fiber tracts inform
segmentation of a brain into functional entities. However, nuclear organization of the pretectum is
ambiguous in larval zebrafish (see introduction). Therefore, maps derived from other parameters are
necessary to describe this area further. One approach that can be used to define brain areas is to

map the functional responses to stimuli of these regions.
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For example, Kubo, et al. (2014) found several functional clusters in the pretectum when presenting
optic-flow stimuli to larval zebrafish. This finding is the foundation of research presented in
manuscript 3. Specifically, Kubo, et al. (2014) identified different types of motion-sensitive neurons
in a large region encompassing the pretectal area (APT) and identified three functional clusters,
termed anterior medial cluster (AMC), anterior lateral cluster (ALC), and anterior ventral cluster
(AVQ), in the APT. While the relatively large AMC contains neurons of various monocular and
binocular response types, the smaller clusters ALC and AVC contain almost exclusively monocular
DS neurons (Figure 9A, B, page 155). Specifically, ALC appears to be bordering the funnel-shaped
area of the optic tract (Figure 9C, page 155). Moreover, a small, backward motion-tuned cluster is
located anterior to AF9, presumably in close proximity to the posterior commissure and the
fasciculus retroflexus (Figure 9D, page 155). Similarly, studies using whole-brain imaging find
responses to whole-field motion in a large pretectal area, presumably AMC (Naumann, et al., 2016,

Portugues, et al., 2014, Vladimirov, et al., 2018).

Taken together, the pretectum of larval zebrafish can be segmented on the basis of functional
information. Specifically, Kubo, et al. (2014) showed that the APT contains three clusters of motion-

sensitive neurons.

3.23 Characterization by circuit manipulation

Neuronal function can also be investigated via changes in functional responses induced by targeted
cellular manipulation. A recent study on brain-wide OMR circuits in larval zebrafish initially identified
neuronal clusters correlated with optic flow driven swimming behavior (OMR). Following a guided
ablation of one of these clusters, visual stimulation and neural imaging were repeated to investigate
circuit changes following ablation (Vladimirov, et al., 2018). Pretectal ablations of neurons tuned to
swimming (likely in AMC) lead to a decrease of neuronal activity in several regions in the mid- and
hindbrain. Interestingly, ablation of neurons in the inferior olive (IO) resulted in, aside from a
decrease in activity in several areas, an increase in one potential pretectal cluster (Figure 10,
page 156). While quantifications did not find this effect significant, the existence of two neighboring
nuclei with opposing neuronal activity changes after |10 ablation is intriguing. Furthermore, it
suggests that AMC could be subdivided further. As the image volumes from Vladimirov, et al. (2018)
are not yet registered to the standard brain of manuscript 2, direct comparisons are difficult,
especially regarding the question of whether these clusters belong to the pretectum. If they were
part of the pretectum, our view of the pretectal organization should incorporate these two clusters.

Furthermore, this finding would point at a connection between the 10 and the pretectum with
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opposing signs, potentially establishing a feedback loop in the reported pretectum to IO connection

(see 1.4.4, page 11).
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Figure 9: Localization of motion-sensitive neurons in the pretectum. A: Dorsal and frontal views
of all simple monocular DS neurons in the field of view containing the pretectum, but also nuclei at
the midbrain-hindbrain boundary, color-coded according to response type. Black ovals: pretectal
functional clusters AMC, ALC and AVC (anterior medial cluster, anterior lateral cluster, and anterior
ventral cluster, respectively). B: Dorsal view of forward-selective neurons, located in the AMC.
C: Frontal and lateral views of neurons in the ALC. D: Dorsal view of backward motion-selective
neurons. Grey ovals: nucleus of the medial longitudinal fasciculus, trochlear and oculomotor nuclei;
grey wave: AF9. The origin of the coordinate system is placed at the intersection of the midline plane,
and a line between the dorsal-anterior tips of the diencephalic neuropil (image modified from Kubo,
et al. (2014)(with permission).
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Taken together, circuit manipulation can aid in the segmentation of the brain by revealing
functionally affected areas. Based on responses resulting from circuit manipulation, Vladimirov, et
al. (2018) identified a potential subdivision of the pretectum. However, future image registration will

need to confirm the pretectal location of the functionally identified clusters.

100 pm

Figure 10: Brain-wide activity changes after ablation of functionally defined clusters. A:
Functional map of voxels tuned to forward (cyan) or backward (blue) translational optic flow or
swimming movements (red). Dotted lines highlight five functional clusters. B: Effect of 2p-targeted
ablation in the pretectum (area circled with solid white line) on whole-brain activity (green:
decreased neuronal activity; magenta: increased neuronal activity; white arrows point to clusters
with strong effects after ablation). C: as in B, but here with ablation of the inferior olive. Image
modified from Vladimirov, et al. (2018)(with permission).

3.24 Characterization by transgenic expression patterns

Another cellular level method for describing neurons within functional clusters is analysis of gene
expression. In many cases, information about the specific expression of genes, e.g. transcription
factors, is useful to differentiate a neuronal cluster from its surroundings. Furthermore, expression
of e.g. neurotransmitter processing enzymes or receptors allows for more specific inferences about

a neuron’s role in the circuit.

With z-stacks of many transgenic lines now registered to standard brains of different atlases, such as
the single-neuron atlas (manuscript 2), in-silico comparisons between expression patterns became
very convenient and sufficiently precise. Although | had applied FUGIMA to the pretectum as labeled
in the panneuronal line Gal4s1101t (manuscript 3), the question remained whether a transgenic
line labeling specifically the area where FuGIMA-labelled neurons were located (FUGIMA-VOI) did
exist. Furthermore, comparison of expression patterns in the pretectum could further uncover
components of pretectal organization. To these ends, | compared the FUGIMA-VOI with the ~ 300
expression patterns available through the website described in manuscript 2 (accessed: 14" of

March 2019). Registered transgenic lines included those of several laboratories, as well as of different
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transgenes (based on Gal4, Cre, or direct promoter fusions). While several lines showed non-specific
or sparse expression in the area, | searched for more restricted expression patterns and labeled
neurons clustered within or in the surroundings of the FUGIMA-VOI. Overall, | found ten interesting
lines and three landmark structures as references (Figure 11, page 158). Dorsally, roughly at the
level of AF7 and AF9, the lines Gal4s1181t, Gal4s1026t, and mpn321 overlap with the FUGIMA-VOI.
The Cre lines y483Et and y523Et label AF7 and the surrounding neuropil. The line Gal4s1053t labels
a medial cluster dorsal to the nMLF. Further ventrally, roughly at the level of AF5 and AF6, the line
nkSAGFF(LF)234ATg (234A) labels an anterior-medial cluster ventral to the posterior commissure
and the fasciculus retroflexus, chat:Gal4 labels a medial cluster, and the lines gSAzGFFM119B and

SAIzGFFD1112B (1112) label a lateral cluster close to the optic tract.

Taken together, a comprehensive analysis of expression patterns identified neuronal clusters in
close proximity of the FUGIMA-VOI. Unfortunately, the described in-silico co-localization analysis did
not reveal transgenic lines specifically expressing in the FUGIMA-VOI. As the expression pattern
database of the single-neuron atlas does not contain all transgenic lines currently available within
the global zebrafish neuroscience community, many lines remain to be screened. Alternatively, one
might want to establish new transgenic lines with pretectal expression, as based on literature (see
3.4.2, page 163). In general, inclusion of transgenic lines generated by different laboratories proved
very helpful as a resource when planning experiments and for segmentation of brain areas

(see 3.2.4, page 156; (Gupta, et al., 2018)).

3.25 Correspondences between larval and adult zebrafish pretectum

Based on current literature and comparing the described functional, anatomical and gene
expression annotations, | speculate on the correspondence between pretectal nuclei in adult

zebrafish and pretectal areas in larval zebrafish in the following.

As stated in Muto, et al. (2017), pretectal 119B cells, which are also labeled in the line 1112, could
correspond to PSm. AF7 and the surrounding neurons, as suggested by Semmelhack, et al. (2014)
could correspond to PSp, as it receives retinal afferents and projects to the ventral hindbrain. As the
Cre lines y483 and y523 express in that area, labeled neurons could mediate orienting behaviors
towards prey. The PPn is located below the posterior commissure, lateral to the ventricle and
wrapping around the fasciculus retroflexus (Yafez, et al., 2018). Therefore the neurons labeled in the
line 234A or the pretectal chat:Gal4 cluster might correspond to PPn. Pretectal neurons of the single-
neuron atlas that are located within the FUGIMA-VOI (pretectal projection neurons, PPNs) extended
mainly either to the cerebellum or the ventral hindbrain and were spatially separated

(manuscript 3). In adult zebrafish, three nuclei project to the cerebellum: Pi, PCe, and PCo.
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Therefore, the anterior, cerebellum-projecting PPN group might correspond to either of these three
nuclei. The APN, a large pretectal nucleus does not receive retinal afferents, but projects to the
ventral hindbrain. Therefore, the APN might correspond to the second group of PPNs, included in
the posterior part of the Gal4s1026t expression pattern (manuscript 3). Nevertheless, as some
FuGIMA-VOI neurons extend their neurites into AFs 5 and 6, these areas could also be included inan

enlarged PSp.

These described clusters in larval zebrafish could correspond to pretectal nuclei of adult zebrafish.
To test these hypotheses, it would be informative to study the identity of neurons labeled in an

expression pattern longitudinally, from larva to adult.
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Figure 11: Neuronal clusters overlapping with/in close proximity to the FuGIMA-VOI. Outlines
of neuronal clusters identified in transgenic lines (chosen for clustered expression in the
investigated region), as downloaded from the single-neuron atlas. While clusters are depicted as
maximum intensity projections, green outlines symbolize a dorsal localization (roughly AF7/AF9)
and magenta outlines a more ventral position (roughly AF5/AF6). 234A, 119B/1112: enhancer/gene
trap lines nkSAGFF(LF)234A, nkgSAIzGFFM119BGt and SAIzGFFD1112B of the Kawakami lab (Muto,
et al,, 2017); y483Et/y523Et: Enhancer trap Cre lines of the Burgess lab (Tabor, et al., 2019); s1053t,
s1181t, s1026t: enhancer trap lines of the Baier lab (Scott and Baier, 2009); chat:Gal4: BAC-transgenic
line of the Baier lab (Forster, et al., 2017); 321: mpn321Gt, gene trap line of the Baier lab; nMLF:
nucleus of the medial longitudinal fasciculus, as labeled with backfills.
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3.3  Potential improvements of FUGIMA

With FUGIMA, my co-authors and | were able to investigate relationships between function and
morphology of neurons in an unprecedented way and we envision that FUGIMA will continue to
prove helpful in further studies. Nevertheless, as with any technique, advantages, disadvantages
and potential improvements become evident, therefore | will highlight a few of the potential
improvements in the following sections in addition to technical considerations addressed in

manuscript 1.

3.3.1 Increasing the signal-to-noise ratio of paGFP

Fluorescently labeling small cellular structures with FPs is limited by the brightness and
concentration of FP molecules contained in the investigated volume, e.g. the volume scanned by
the microscope. In the case of paGFP, not all molecules are typically photoactivated; therefore, the
effective concentration of bright paGFP molecules is even lower. One solution to the bottleneck of

a low signal-to-noise ratio in FUGIMA is therefore the improvement of paGFP labeling.

Several techniques exist to improve the detection of weak FP expression in fixed specimens, most
notably immunohistochemistry. While no antibodies for activated paGFP currently exist (see section
1.5.7.2, page 18), other methods such as tissue-clearing might be an option to increase detectability.
To date, chemical treatments conferring the superior optical features of tissue-clearing methods
often decrease detection of FPs, e.g. by quenching of fluorescence due to removal of the aqueous
environment surrounding the protein (Richardson and Lichtman, 2015). One approach to
decreasing vulnerability of GFP for tissue clearing and related methods could come via improved
GFP variants. Recently, a monomeric ultra-stable GFP (muGFP) with improved
hydrophobic/hydrophilic interactions was developed and successfully subjected to the tissue-
clearing method CLARITY (Chung, et al.,, 2013, Scott, et al., 2018). The two underlying amino acid
changes could be incorporated into the paGFP sequence, thus potentially rendering paGFP more
stable. Thereby, one could trace FUGIMA neurons more accurately over longer distances due to a

reduced background signal in cleared samples.

Another option to improve the signal-to-noise ratio is to increase the number of expressed paGFP
molecules per cell. In the current version, the genes encoding nls-GCaMP6s and paGFP are fused to
either side of a bidirectional UAS (Janus-UAS; (Distel, et al., 2010, Paquet, et al., 2009)), intended to
lead to comparable and linked expression levels (Figure 8, page 20). As the expression levels of nls-
GCaMPé6s proved more than sufficient for functional imaging in our hands, the ratio could be shifted

to favor paGFP expression. In that case, the FUGIMA plasmid should be reengineered to contain e.g.
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two bicistronic open reading frames on either side of the Janus-UAS, in total with one nls-GCaMP6s
and three paGFP genes. Furthermore, the expression level of paGFP molecules could be increased
by improvements in codon usage, addition of introns, 3’ untranslated regions, and releasing factor
recognition sequences, which are not yet routinely used in the zebrafish community (Horstick, et al.,
2015). Nevertheless, it remains to be seen whether such a construct can indeed increase the
expression level of paGFP. However, cellular processes, e.g. protein degradation and gene silencing,
can interfere with very high expression levels of transgenes, therefore the plasmid sequence should

be empirically optimized.

These suggested molecular improvements directly address current limitations of the paGFP signal-
to-noise ratio. However, their implementation requires the generation of a novel transgenic line,
which in itself introduces great variability in transgene expression. To address this gap, methods to
insert a transgene at a genetic locus known to support strong and little variegated expression, e.g.
with CRISPR/Cas9, are currently being developed. Thus, the generation of a better FUGIMA line will

be possible with improved transgene targeting and molecular improvements of paGFP.

332 Automated targeting of cells

Photoactivation of paGFP in the soma of functionally characterized neurons required constant
interaction of the experimenter for the duration of the photoactivation protocol (manuscript 1).
Specifically, | re-identified and manually outlined the region-of-interest for photoactivation (paROl)
(manuscript 1 and manuscript 3). Moreover, the paROI needed refocusing to accommodate for
sample drift during the photoactivation protocol. As the protocol lasted over an hour, its repetitive
nature can increase the likelihood of errors. With FUGIMA, accidentally hitting a neighboring neuron
typically required abortion of the trial, as unambiguous labeling of neighboring neurons hampered
correct tracing. Therefore, | suggest decreasing photoactivation errors by automatizing the

targeting/refocusing steps.

A recent study developed automated targeting of single neurons with a 2p microscope. There, the
authors used a custom-written Fiji plugin to select individual cells for automatic laser ablation
(Vladimirov, et al., 2018). If the sample is sufficiently stable (drift approx. < 2 um for the duration of
the protocol), such automated targeting could decrease the error rate and allow more rapid
switching between neurons, therefore enabling a higher throughput (currently up to 2 neurons per

fish; manuscript 3).

Automatic re-focusing to compensate for sample drift would be technically more challenging. Here,

the experimenter would define a sample plane, then the microscope would automatically acquire a
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z-stack, calculate the best fitting plane compared to the defined sample plane and re-focus to that
position. While technologically possible and probably in use in other applications, such an

automatic re-focusing system does not yet exist in typical microscopes in the field.

Taken together, automatic targeting of neurons for photoactivation and re-focusing of the sample
could decrease the error rate and increase the throughput per sample, thereby facilitating the

application of FUGIMA.

333 Automated tracing

One step in the FUGIMA protocol with immense impact on the results is the tracing of neurons from
image z-stacks. Specifically, the signal-to-noise ratio in our dataset (manuscript 3) was too low to
employ automatic modes of tracing in the applications Imaris (Bitplane, Zurich, Switzerland) or
Single Neurite Tracer (Longair, et al., 2011). Instead, we opted to trace neurons manually/semi-
manually, which took about one to two hours per neuron. Furthermore, we tested merging tracings
(traced by multiple annotators). However, this did not improve confidence in the tracings
(unpublished results). From these experiences, | suggest the consideration of automatic tracing for
future uses of FUGIMA. This could become feasible in the near future, as several improved filament
tracing algorithms were developed recently: even though most are developed for analysis of
electron microscopy volumes (EM; which faces the same problem to a more existential extent; see
section 4.1, page 164), some are applicable to light microscopy data (reviewed in Acciai, et al. (2016)).
Specifically, algorithms including supervised learning could prove useful, as z-stacks for a given
biological question might look alike, thus alleviating transferability issues. In contrast, cross-species
application might not feasible, e.g. algorithms tailored to mouse neuronal morphologies, as the
complexity of larval zebrafish neurons is often lower. Therefore, with upcoming improvements in
the field of automatic filament tracing, | expect that neurons will become traceable in an automated

fashion with an acceptable error rate even from high noise images, thus highly facilitating FUGIMA.

34 Further technical considerations

34.1 Perspective on identified pretectal projection neurons

While some pretectal projections exist in other adult animals and adult zebrafish, our
complementation analysis identified only two pretectal projection pathways that emanated from
the region where FUGIMA neurons localized (manuscript 3). This discrepancy might be rooted in

the 1) incomplete neuronal connectivity of developing larvae, 2) incomplete representation of
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neuron types in the single-neuron atlas, or 3) incomplete description of the pretectum with the

FuGIMA-VOI.

The first argument, that the discrepancy between reported and observed pretectal connectivity is
explained by the developmentally immature state of the experimental animals, seems less
compelling to me. Zebrafish undergo rapid development mostly in the embryonic (up to 72 hpf)
and larval stages. As zebrafish larvae of 5-6 dpf perform already OKR and increasingly stable OMR,
the underlying neural circuits are sufficiently mature to drive these behaviors. Furthermore,
developing neurons, which are not yet integrated into these circuits, should not be picked up with
FuGIMA, since they should not exhibit stimulus-locked activity. BGUG, the method underlying
neuronal tracings of the single-neuron atlas, can, in principle, label mature and immature neurons.
However, empirically, the majority of PPNs contained long projections with arborizations, thus
supporting their mature state. Therefore, both the FUGIMA dataset and PPNs do likely not contain
immature neurons, whereby the discrepancy in pretectal connectivity is less likely caused by the

different developmental stages of the animals.

The second argument, that this discrepancy is explained by an incomplete representation of neuron
types in the single-neuron atlas due to technical reasons, appears more plausible. While the brain of
a larval zebrafish at 7 dpf contains about 78000 neurons (Hill, et al., 2003), the single neuron atlas
currently contains about 2 % thereof (2.23%, 1743 tracings of 6 dpf larvae at the time of retrieval
from the atlas). Thus, it is likely, that less numerous cell types are not yet contained in the single-
neuron atlas. We envision that further datasets will be added to the atlas, both with datasets
acquired in-house, as well as from the zebrafish neuroscience community. Therefore, a future
repetition of the analysis will likely show an enriched connectivity pattern, more closely resembling

pretectal connectivity in adult zebrafish.

The third argument, that the observed discrepancy is explained by the spatially incomplete
description of the pretectum by the FUGIMA-VOI seems most compelling. The FUGIMA-VOI was not
meant to describe the entire pretectum, but rather search for PPNs in the single-neuron atlas.
Specifically, the FUGIMA-VOI comprises of monocular DS, translation-selective and non-motion-
sensitive neurons in the AMC. The AMC might display a different connectivity compared to the other
pretectal regions. Indeed, when searching for somata in an enlarged volume dorso-anteriorly to the
FuGIMA-VOI, | find more neurons projecting to the cerebellum and ventral hindbrain, but in addition
also to the contralateral pretectum via the postoptic commissure and to the ipsilateral optic tectum
(data not presented). This strengthens the hypothesis, that different pretectal areas have differing

connectivity, as shown in adult zebrafish.
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Overall, we found prominent pretectal projection patterns with our approach, thus displaying the
utility of cross-dataset comparisons and the power of the single-neuron atlas as an unprecedented
resource for circuit level analysis. The discrepancy of reported pretectal projections between adult
and larval zebrafish as described above is thus likely due to sampling of the single-neuron atlas and
an underrepresentation of the pretectum by the FUGIMA-VOI. A future extension of the single-
neuron database will address the issue of neuronal coverage and will complete our understanding

of projections from pretectal subpopulations.
34.2 New transgenic lines to investigate pretectal processing

While we were able to analyze pretectal neurons functionally and morphologically with FUGIMA,
manipulation of pretectal subpopulations would be informative to further elucidate local
processing. However, no transgenic zebrafish lines specifically labeling DS-RGCs or the pretectum,
neither in its entirety, nor in a subpopulation-specific way, are currently available (see 3.2.4,
page 156). Therefore, a step towards refined investigation is the generation of novel transgenic lines
with specific expression patterns, based on e.g. candidate genes described in the literature on
RGCs/pretectum/AOS in rodents. Future RNA-seq datasets of the zebrafish pretectum, such as
recently acquired for mouse pretectum (Guo and Li, 2019), will identify differentially expressed
genes, thereby contributing to the candidate gene list. As gene expression signatures underlying
many transgenic lines are often present in multiple tissues, it is advantageous to confine expression
to neurons e.g. with the application of a neuron-restrictive silencing element (NRSE) derived motif
(Bergeron, et al., 2012). Furthermore, intersectional gene expression strategies such as the
combination of the Gal4/UAS and QF2/QUAS-systems can additionally sharpen expression patterns
(Subedi, et al., 2014). However, a recent effort of the Baier laboratory to establish more transgenic
lines based on regulatory elements of candidate genes using BAC transgenesis was only successful
for a subset of queried markers (Forster, et al., 2017). Emerging genome editing techniques, such as
those based on CRISPR/Cas9, will likely allow the generation of better transgenic lines and therefore

facilitate zebrafish neuroscience research.
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4 Outlook

4.1 Functional imaging combined with electron microscopy (EM)

The gold standard to infer anatomy and connectivity of neurons is electron microscopy (EM). Recent
advances in the field, i.e. rapid acquisition of 3D volumes with serial block-face scanning EM and
large-scale circuit reconstruction, allow one to investigate increasingly large samples, enabling the
analysis of connectivity of a particular neuronal network (Denk and Horstmann, 2004, Saalfeld, et al.,
2009). Two bottlenecks, namely storage of and access to very large datasets (in the tens of terabyte
range and more) and tracing of neurons (manual vs. automatic), are being cleared with progress in
information technology (reviewed in Kornfeld and Denk (2018)). While EM enthusiasts might claim
that elucidating the connectome will be synonymous with understanding a computer chip, this is
certainly not yet the case. This is because EM data offers “snapshots” of anatomical connectivity but
does not directly reveal functional properties of the underlying neuronal network. Instead, by
integrating information about function and morphology by combining techniques, we increase our
understanding of neuronal processing, as showcased for the DS circuit in the retina (Briggman, et
al., 2011). Recently developed computational methods to merge datasets acquired at the light and
electron microscopes facilitate the accomplishment of this aim (Drawitsch, et al., 2018). While light
microscopy is ubiquitous, only decreasing costs will make volumetric EM accessible beyond
laboratories currently spearheading its technological development. However, at least two
limitations inherent to the technique prevent its widespread application: Firstly, sample
preparation, image acquisition, and neuronal reconstruction are currently very time consuming
(each on the order of weeks to months, depending on sample size), typically limiting the number of
analyzable samples to one or two. Secondly, volumetric EM is not compatible with live imaging due
to toxic heavy-metal based staining solutions necessary as contrast agents. Therefore, questions

regarding e.g. functional response types cannot be addressed with EM-based reconstructions alone.

In vivo and medium-to-high throughput methods based on fluorescence microscopy, such as
FuGIMA, are superior in that respect. Moreover, FUGIMA could be applied in comparisons between
wild-type animals and mutants, which typically require several experimental animals. Due to the
opposing strength-weakness profiles, combined EM/functional imaging and FUGIMA might also

complement each other.

Along the same line, the results obtained with FUGIMA (manuscript 3) will need to benchmark
themselves against an EM-based reconstruction with a similar neuronal population. This project

currently conducted by colleagues at the MPIN aims at reconstructing functionally characterized
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motion-sensitive neurons in the pretectum of one larval zebrafish. The direct comparison between
the two projects will thus highlight the advantages and disadvantages of either technique. Ideally,

combined EM/functional imaging and FUGIMA should complement each other.

42  Whatis next? Function-guided inducible gene expression (FUGIGEX)

As described in this thesis, FUGIMA is a powerful, all-optical method to combine functional and
morphological analysis of single neurons. Following the discussion regarding limitations of FUGIMA,

| want to conclude with thoughts about a dream technique that could become its successor.

While labeling of thin neurites with paGFP is not trivial, constitutively fluorescent FPs are routinely
used to singly label neurons e.g. with BGUG (Scott, et al., 2007)(manuscript 2). Therefore, a system
that combines strong labeling with the possibility to switch it on, e.g. light-induced gene expression
of FPs, would be advantageous. Such a system should be inducible with short illuminations (in the
range of a few minutes or less), independent of cofactors which are not endogenously available in
the organism, have a “switch”-like behavior (two states rather than a graded response) and, very
importantly, a “tight” off state (activation only in the presence of illumination). Over the last years,
several research groups engineered proteins-of-interest (POI) with light-inducible activity. The main
principle of action depends on light-dependent dimerization of protein domains derived from plant
photoreceptors, fused to two parts of the split POI. Upon illumination, the dimerizer domains pull
the POI parts together, thereby reconstituting POI activity. Light-dependent gene expression was
achieved directly with split transcription factors including Gal4 (light-inducible transcription) or
indirectly with split Cre (light-inducible recombination)(Beyer, et al., 2015, Kawano, et al., 2016,
Kennedy, et al., 2010, Mdiller, et al., 2013, Pathak, et al., 2017, Reade, et al., 2017). Depending on the
used photosensitive domains, activation parameters, e.g. induction times and illumination
wavelength, differ. As most of these techniques were developed for mammalian cell culture, | expect
that they will not be transferable to larval zebrafish without some modifications improving
induction tightness to account for light scattering. After adaption and improvements, such a
technique could be used in conjunction with functional imaging, thereby establishing Function-
guided Inducible Gene Expression (FuGIGEx), the successor of FUGIMA, as outlined in Figure 12
(page 166). In FUGIGEX, functional characterization is followed by light-inducible gene expression.
Researchers could use this technique not only to analyze the morphology of neurons via expression
of structural markers, but also to exchange the effector to e.g. pharmaco-genetically ablate
functionally-characterized neurons (Curado, et al., 2007, Mathias, et al., 2014) or manipulate their
activity with optogenetics. | am looking forward to seeing this dream technique extend the zebrafish

toolbox in the future.
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genetic components

nls-jRCaMP1a a a

450 nm

tRFP-CAAX
expression

nls-jRCAMP1a

Figure 12: A better FuGIMA? Function-guided inducible gene expression (FuGIGEx). To
overcome potential limitations of FUGIMA caused by suboptimal labeling with paGFP, inducible
gene expression in a functionally characterized neuron would be advantageous. A: FUGIGEx is based
on three components, a nuclear localized Ca?" indicator (e.g. the red GECI nls-jRCaMP1a (Dana, et al.,
2016)), the light-inducible gene expression system, and finally the effector (e.g. a membrane
localized red FP such as tRFP-CAAX for morphological analysis). Please note that wavelengths for
functional/anatomical imaging and induction of the gene expression system must be compatible.
B: As with FUGIMA, neurons are functionally characterized with functional imaging based on
nuclear-localized genetically encoded activity indicators. C: Furthermore, illumination with focused
light (2p mode) induces gene expression and over time labels the neuron.
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