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Kurzfassung

Um einem herannahenden Angreifer auszuweichen oder zu entfliehen, ist eine schnelle

visuelle Wahrnehmung von Vorteil, da dadurch ein schnelles präzises Fluchtmanöver ein-

geleitet werden kann. Bei verschiedenen Tierarten wurden bereits Nervenzellen entdeckt,

welche auf die Wahrnehmung solcher visuellen Reize spezialisiert sind, es ist jedoch nicht

bekannt welche spezifischen visuellen Informationen die schnellen Fluchtmanöver aus-

lösen. Darüber hinaus ist größtenteils auch nicht bekannt, welche neuronalen Mechanis-

men der Erkennung herannahender Objekte zugrunde liegen.

Um die neuronale Grundlage des visuell hervorgerufenen Fluchtverhaltens von Zebra-

fischlarven zu untersuchen, habe ich eine Reihe psychophysischer Experimente und

Zwei-Photonen-Mikroskop Aufnahmen durchgeführt, die mit gezielten Laserablationen

von Nervenzellen kombiniert wurden. Dafür habe ich zuerst einen neuen Verhaltensauf-

bau etabliert, mit dem ich das Antwortverhalten von teilweise immobilisierten Zebra-

fischlarven auf herannahende Objekte untersucht habe. Durch die Fixierung des Lar-

venkopfes werden die Kontrolle des verabreichten visuellen Stimulus und die Verfolgung

der Schwanzflossenbewegung vereinfacht. Ich fand heraus, welche spezifischen Parame-

ter des visuellen Stimulus für das Auslösen eines schnellen Fluchtmanövers notwendig

sind. Zum Beispiel leiten Fischlarven ein Fluchtmanöver ein, sobald der herannahende

Stimulus im Sichtfeld eine Größe von ca. 20◦ überschreitet.

Um die für dieses Verhalten relevanten rezeptiven Felder im Gehirn zu identifizieren, habe

ich Ca2+-Signale in den Axon-Endungen von retinalen Ganglienzellen (RGZ) während der

visuellen Stimulation aufgenommen. Damit konnte ich drei Gehirnregionen bestimmen,

in denen RGZ-Axonen auf den gezeigten visuellen Stimulus antworten. Mit Hilfe einer

detaillierten Auswertung der aufgenommenen neuronalen Aktivität fand ich heraus, dass

ein Teil der Antworten, die selektiv für verhaltensrelevante Stimuli sind, im Tektum zu

erkennen sind. Mittels gezielter Laserablationen von Nervenzellen im Tektum konnte ich

weiterhin zeigen, dass ein intaktes Tektum eine wichtige Rolle bei der Flucht vor heranna-

henden Objekten spielt.
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Der wissenschaftliche Beitrag dieser Arbeit liegt in der Etablierung und Charakterisierung

eines bei Zebrafischlarven bisher nicht untersuchten, visuell erzeugten Fluchtverhaltens

vor herannahenden Objekten. Meine Arbeit ermöglicht einen grundlegenden Einblick in

die komplexe Verarbeitung von visuellen Signalen im Gehirn, welche unmittelbar eine

Flucht vor herannahenden Bedrohungen auslösen. Zusammengenommen mit bereits

veröffentlichten Ergebnissen anderer Autoren deuten die von mir gewonnenen Erkennt-

nisse des Weiteren darauf hin, dass ähnliche neuronale Mechanismen in verschiedenen

Tierstämmen für die Erkennung herannahender Bedrohungen verantwortlich sind.
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Abstract

Avoiding the strike of an approaching predator requires rapid visual detection of its loom-

ing image, followed by a directed escape maneuver. While looming-sensitive neurons

have been discovered in various animal species, the relative importance of different stim-

ulus features that are extracted by the visual system is still unclear. Furthermore, the neu-

ral mechanisms that compute object approach are largely unknown.

To investigate the neural basis for visually-evoked escape in zebrafish larvae, I devised a

series of psychophysical and imaging experiments, combined with targeted laser abla-

tions of specific brain regions. I first established a new behavioral paradigm to examine

the behavioral response to looming stimuli in head-restrained zebrafish larvae. A head-

restrained preparation facilitates stimulus control and tracking of tail kinematics. I found

specific features of the looming stimulus that are critical to elicit rapid escape maneu-

vers. Furthermore, I demonstrated that larvae initiate escapes when the angular size of

the looming stimulus surpasses about 20◦. To identify the retinorecipient areas respond-

ing to behaviorally relevant stimuli, I imaged Ca2+ signals in retinal ganglion cell (RGC)

axon terminals during stimulus presentation. I identified three visual brain areas in which

RGC axons responded to looming stimuli. Pixelwise analysis of the neuronal activity al-

lowed me to detect a subset of these inputs within the tectum that selectively responded

to behaviorally relevant stimuli. Through targeted laser ablations in the tectal neuropil, I

showed that an intact tectum plays an important role in looming-triggered escapes.

Taken together, this work demonstrates and characterizes a previously unknown visually

mediated escape behavior in zebrafish larvae exposed to objects approaching on a colli-

sion course. Furthermore, my findings reveal a threshold angular size for looming detec-

tion which is comparable to the ones seen in phylogenetically distant organisms, such as

locusts. This result suggests that zebrafish larvae may use similar neuronal mechanisms

to compute approach of a threatening stimulus and initiate escape as across animal phyla.

Finally, this study also provides fundamental insights into how the brain makes complex

evaluations of visual inputs to direct escape behavior in the face of impending threats.
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1 Introduction

1.1 The zebrafish as a model organism for systems neuroscience

One of the main goals of systems neuroscience is to understand how higher brain func-

tions arise from individual neurons and their connections. From a simple perspective,

genes underlie development and organization of specific neuronal cell types. Then, the

neuronal activity in these specific cell types and networks orchestrates a particular be-

havior. To dissect the neuronal circuits in their relation to behavior, we need to gain quan-

titative insights into their structure and function. Importantly, we should establish causal

relationships between the arising neuronal activity patterns and behavioral actions.

In the context of vision, our brain constantly transforms visual signals into meaningful

inner representations of the outside scene. Light triggers a cascade of electro- and bio-

chemical reactions after entering our eyes and falling onto our retina. The retina, with its

specific cell types and circuits, is the first computational unit of visual processing (Azeredo

da Silveira and Roska, 2011). Retinal ganglion cells (RGCs), output neurons of the retina,

convey the initially processed information to higher visual areas in the brain for further,

detailed processing. Ultimately, functionally specialized neurons respond to different fea-

tures of the visual scene such as direction, orientation or speed of motion; size, texture and

shape of an object in the visual field. By doing so, these selective neurons can signal the

presence of a potential prey or predator in the visual field and trigger downstream neu-

rons to direct an appropriate behavior. What are the cellular mechanisms underlying cir-

cuit level computations of the visual system? How do neuronal networks extract essential

visual features? How can we tie these neuronal phenomena to perception and behavior?
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1 Introduction

Recent advances in genetic tools, high-resolution imaging methods for visualizing neu-

rons within a circuit and manipulating neuronal activity during behavior enable us to dis-

sect the circuits and their function. When we consider a model animal for circuit neuro-

science in the light of these advances, we should take into account the size of the brain

and the number of neurons it contains. The brain of a well-suited model organism should

be small in number of neurons, yet sufficiently complex to generate various behaviors.

Known as an Indian freshwater teleost and originally introduced to laboratory research

by Georg Streisinger (Streisinger et al., 1981), the zebrafish (Danio rerio) emerged as a

promising vertebrate model organism initially for developmental biology and later on for

neurophysiology and ethology. With a wealth of genetic and molecular techniques, imag-

ing know-how and cellular manipulation methods available, the zebrafish quickly became

an established, popular vertebrate model.

The zebrafish offers many advantages in laboratory research:

• Compared to the human brain with its 1011 neurons, the larval zebrafish contains

approximately 100,000 neurons (Naumann et al., 2010) with the whole brain size

about 300 µm thick, 400 µm wide and 800 µm long, eliminating high-level complexity

while conforming to the basic vertebrate brain organization.

• During the early developmental stages the zebrafish larvae are transparent, allowing

for sophisticated imaging and light-induced manipulation in an intact, behaving an-

imal (Ahrens et al., 2013; Kubo et al., 2014).

• Numerous available transgenic lines and mutants ensure information from geneti-

cally defined population of neurons (Scott and Baier, 2009; Gahtan and Baier, 2004).

• Zebrafish has a rich behavioral repertoire, which provides insights into neural path-

ways and circuits (Kalueff et al., 2013).

All these facts make the small zebrafish larvae an ideal model animal to investigate neu-

ral substrates of visually mediated behaviors and distill knowledge by manipulating these

relevant neural circuits.

2



1.2 The visual system of zebrafish

1.2 The visual system of zebrafish

The zebrafish central nervous system consists of two major parts: the spinal cord and the

brain; including forebrain, midbrain and hindbrain (Figure 1.1). While the spinal cord

functions primarily in motor control, the brain is involved in sensory integration, pro-

cessing and decision making. Specifically, the forebrain has the most complex structure

in terms of connectivity and is involved in memory, basic emotions and olfactory process-

ing. The hindbrain, with its reticulospinal neurons, is located between the midbrain and

the spinal cord and controls locomotion. The optic tectum, constituting the dorsal part

of the midbrain, is innervated by RGC axons presynaptically. Crucially, the optic tectum

forms topographically ordered connectivity with retinal afferents to create a two dimen-

tional map of the visual field. Thus, the midbrain processes visual information and directs

the output to the hindbrain in order to control visually-mediated behaviors.

The zebrafish visual system is ideal for studying vertebrate vision since it possesses a

canonical vertebrate retina. Moreover, it develops rapidly (Fleisch and Neuhauss, 2006),

providing a broad repertoire of visually-guided behaviors at the age of only 5 days-post-

fertilization (dpf). Thus, the visual system of translucent zebrafish larvae offers a valuable

tool to dissect the circuits of visual feature processing at the cellular level.

1.2.1 Retina

The retina forms the neural layer of the eye and its specific, intricate structural organiza-

tion is well conserved across all vertebrates. In zebrafish, a fully layered retina develops

by 60 hours-post-fertilization (hpf) (Schmitt and Dowling, 1999) and consists of five neu-

ronal cell types (photoreceptors, bipolar cells, horizontal cells, amacrine cells and retinal

ganglion cells) and one type of glial cell (Mueller glial cells). In addition, the retina’s lam-

inar organization has an inverted structure, meaning that light has to pass through the

entire neural retina to finally reach the photoreceptors, just before the pigment epithe-

lium (see Figures 1.2 and 1.5) which absorbs the scattered light. Mueller glia cells span the

3



1 Introduction
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P

Figure 1.1: Larval zebrafish brain. (A) Dorsal view of the 4 dpf zebrafish brain show-

ing axons (green) and neuropil (red). (B) Green fluorescent protein labels dis-

tinct population of neurons in Tg(brn3a-hsp70:GFP) transgenic line. OB: Olfac-

tory bulb, TEL: Telencephalon, OT: Optic tectum and CB: Cerebellum. (C) Brain

section of a 3 dpf larva expressing calretinin (green) and acetylated tubulin (red)

in Tg(1.4dlx5a-dlx6a:GFP) transgenic line at the forebrain-midbrain boundary. PT:

Pretectum and ON: Optic nerve. (A adapted from Zebrafish Brain Atlas, Jay Patel

(http://zebrafishbrain.org/), B and C adapted from Steve Wilson Group webpage, UCL

(http://www.ucl.ac.uk/zebrafish-group/research/neuroanatomy.php). A = anterior, P

= posterior.

whole retina and are responsible for regeneration in case of any damage (Dyer and Cepko,

2000; Robel et al., 2011).

The retinal neurons are ordered by three nuclear and two synaptic (plexiform) layers,

which makes the study of connectivity between neurons easy (Figure 1.2). The outermost

layer, called outer nuclear layer (ONL), is populated by photoreceptors. Then comes the

4



1.2 The visual system of zebrafish

outer plexiform layer (OPL), which builds the synaptic layer between the photoreceptors

and inner nuclear layer (INL), where the horizontal, amacrine and bipolar cells (retinal

interneurons) reside. Finally, the inner plexiform layer (IPL) forms the synaptic layer be-

tween the INL and the ganglion cell layer (GCL). The retina matures enough by 68 hpf to

support the earliest visually mediated behavior, the startle response, in zebrafish (Kimmel

et al., 1974; Easter and Nicola, 1996).

Photoreceptor cells are the primary light detecting elements in the retina that convert light

into a chain of electrical signals. The zebrafish retina contains one type of rod photore-

ceptors and four types of cone photoreceptors with distinct spectral sensitivities as well

as morphologies. Rod photoreceptors function at low light conditions whereas cone pho-

toreceptors are adapted to bright light conditions. The peak spectral sensitivity for rods is

approx. 500 nm whereas for cones they are approx. 410 nm for short-, approx. 480 nm for

middle-, approx. 560 nm for long- and approx. 360 nm for ultraviolet-wavelength cones

(Cameron, 2002). Therefore, including sensitivity to ultraviolet light, zebrafish have tetra-

chromatic vision as opposed to the trichromatic vision of humans. By 55 hpf, rod and cone

photoreceptor outer segments become visible (Schmitt and Dowling, 1999) and by 70 hpf,

photoreceptor synaptic terminals start to form on bipolar cells (Fleisch and Neuhauss,

2006). Visual information flows from photoreceptors to the retinal interneurons and by 5

dpf signal transmission becomes fully functional (Biehlmaier et al., 2003). Since rods de-

velop later than cones in the zebrafish retina, larval vision is largely dominated by cones

(Bilotta et al., 2001). Although Orger and Baier (Orger and Baier, 2005) showed that red

and green cones contribute to the optomotor response (see section 1.3.2), while short-

wavelength cones provide strong input to the phototaxis in larvae, behaviorally specific

roles of different types of photoreceptors largely remain to be explored.

The retinal interneurons, namely horizontal, bipolar and amacrine cells, can be subdi-

vided into several subtypes, based on their morphology, physiology and molecular speci-

ficity in the mammalian retina (Masland, 2001; Wässle, 2004; Sanes and Zipursky, 2010).

In zebrafish, description and especially functional classification of these interneuron sub-

types is not complete. Advances in transgenic methods has enabled labeling of specific
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ONL

INL

OPL

GCL

Fibers to Optic Nerve

IPL

Figure 1.2: Top-to-down, apical-basal scheme of the vertebrate retina. Light travels from basal

(lens down) to apical side. Main cell types are organized in three nuclear layers: the

outer nuclear layer (ONL), the inner nuclear layer (INL) and the ganglion cell layer

(GCL). Two synaptic layers, namely the outer plexiform layer (OPL) and the inner plex-

iform layer (IPL), interconnect the cells in nuclear layers. (Figure adapted from Rat-

napriya and Swaroop (2013).)

cell types using, for example, cell type specific promoters (Cederlund et al., 2011); how-

ever, molecular markers only rarely label a single cell type. Thus, cellular morphology

including the stratification pattern in the IPL is commonly used as a classification criteria.

Jusuf and Harris (Jusuf and Harris, 2009) showed that there are at least 28 amacrine cell

morphologies present in the larval zebrafish retina. Horizontal cells have been found to

be of 4 types in zebrafish; large field rod-specific, large field UV responsive and two types

of small field cone-specific horizontal cells, based on their connectivity and light sensitiv-

ity (Li et al., 2009; Connaughton and Nelson, 2010). Finally, 17 morphologically distinct

bipolar cells have been recognized in zebrafish, which can be divided further into three

subclasses based on their stratification pattern; ON, OFF and multistratified ON- and OFF

type (Connaughton and Nelson, 2010; Connaughton et al., 2004; Ott et al., 2007). The ex-

act number of retinal neuron subtypes are not known but speculated to be approx. 120 in

the tetrachromatic teleost fish retina (Baier, 2013).
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1.2 The visual system of zebrafish

In the IPL, synapses between amacrine, bipolar and retinal ganglion cells form around 12

anatomically distinguishable sublaminae in zebrafish (Marc and Cameron, 2001; Yazulla

and Studholme, 2001). While horizontal cells adjust the system’s response to overall il-

lumination by providing lateral inhibition to photoreceptors (Masland, 2001), amacrine

cells together with bipolar cells innervate specific sublaminae and convey specific visual

information, such as color, form, direction of motion or contrast, to the connected RGCs

(Roska and Werblin, 2001; Azeredo da Silveira and Roska, 2011). Amacrine cells are the

most diverse of the retinal cells (Masland, 2001). They shape and control RGC responses,

although, for most of them, it is not known how specifically they function (Masland, 2001;

Azeredo da Silveira and Roska, 2011). We do not know whether the larval retina contains

most of the functionally characterized mammalian amacrine cells, but there is evidence

that motion sensitive starburst amacrine cells exist in zebrafish (Kay et al., 2004; Maurer

et al., 2010).

Bipolar cells form the pathway for direct information flow from photoreceptors to RGCs,

which deliver the retina’s output to the brain (see section 1.2.1.1). Bipolar and ganglion

cells make excitatory synapses which are modulated by amacrine cells. Traditionally, the

IPL is separated into the OFF sublayer, which is close to the INL and responsive to the off-

set of light, and the ON sublayer, which is close to the GCL and responsive to the onset of

light. However, Odermatt et al. (Odermatt et al., 2012) recently showed that in zebrafish,

this is not necessarily the case, since the OFF sublayer can also have ON-responsive bipo-

lar cell terminals and vice versa. Perhaps, it is more meaningful to think about these par-

allel processing units not only as the ON and OFF sublayers but also consider their par-

ticular cell types and connectivity patterns that are dedicated to a specific visual feature

(Wässle, 2004; Gollisch and Meister, 2010; Azeredo da Silveira and Roska, 2011).

1.2.1.1 Retinal ganglion cells

In 1953, Kuffler first proposed that RGCs are feature detectors rather than mere light de-

tectors (Kuffler, 1953). In his work, he showed that RGCs did respond poorly to overall

illumination but robustly to bright and dark edges. For example, some RGCs responded
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well to a bright spot surrounded by a dark circle (ON-center RGCs) while others responded

to a dark spot surrounded by a bright circle (OFF-center RGCs). These RGCs also extend

their dendrites in different layers of the IPL, where they receive lamina-specified synapses

from bipolar cells.

Neuroanatomical studies to classify retinal neurons began more than 100 years ago with

Cajal (Cajal, 1972), who also suggested that neuronal structure and function are closely

interrelated. Since then, identification of neuronal types has a great importance to under-

stand the brain and its specialized circuits. In the context of vision, by identifying RGC

types, we can learn about the type of signals that the retina sends to visual areas in the

brain.

Everything the brain knows about the outside world visually is conveyed by the RGCs neu-

ronal activity pattern. Each particular RGC type has an afferent circuit formed by a few

other retinal neuron types (Azeredo da Silveira and Roska, 2011). So far, morphology (Ca-

jal, 1972; Sümbül et al., 2014; Robles et al., 2014), gene expression (Huberman et al., 2009;

Kay et al., 2011), regular spacing between neurons (Reese, 2010; Kay et al., 2012) and phys-

iological properties (Levick, 1967; Roska and Werblin, 2003; Kim et al., 2008; Münch et al.,

2009) have been used to classify RGC types. In mice, there are at least 25 RGC types per-

forming specialized computations to encode particular features of the visual scene within

their specialized circuit (Zhang et al., 2012; Roska and Meister, 2014) (Figure 1.3). A sub-

stantial amount of RGCs are dedicated to analyze motion direction: four ON-OFF RGC

types, three ON types and one OFF type report direction of lateral object motion or global

image drift (for reviews, see (Berson, 2008; Azeredo da Silveira and Roska, 2011)). More

recently, Münch et al. (Münch et al., 2009) showed that, in mouse retina, approach mo-

tion elicited by looming stimuli is also detected by at least one RGC type. In addition,

although the superior colliculus is one of the primary RGC projection areas in mice, dif-

ferent types of RGCs project to different brain areas, producing parallel channels of vision

and influencing behavior (Morin and Studholme, 2014; Dhande and Huberman, 2014).

For example, intrinsically photosensitive RGCs project their axons to two brain nuclei that

control the hypothalamic circadian clock and pupillary light reflexes (Hattar et al., 2006;
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1.2 The visual system of zebrafish

Güler et al., 2008) while direction selective RGCs axons target superficial layers of superior

colliculus, the brain structure involved in orienting behaviors (Kim et al., 2008).

Figure 1.3: A selection of mouse retinal ganglion cell types. In mouse retina there are over 20

types of RGCs, some of which involve specific behaviors. While melonopsin RGCs reg-

ulate circadian entrainment, ON DSGCs support optokinetic reflex by projecting to nu-

clei of the accessory optic system. DSGC: directionally selective ganglion cell, J-RGC:

junctional adhesion molecule B-positive RGC, LED: local edge detector. (Figure taken

from Sanes and Masland (2015) with permission.)

In zebrafish, RGCs are born first in the retina (around 32 hpf), followed by the IPL in-

terneurons (Schmitt and Dowling, 1999; Kay et al., 2001). Recently, Robles et al. (Robles

et al., 2014) provided the complete connectivity map between the retina and the target

visual areas in zebrafish. They showed that when both dendritic morphologies in the IPL

and the axonal projection patterns in the brain are taken into account, at least 50 types of

morphologically distinct RGCs exist in the larval zebrafish retina. They found that RGCs

with similar dendritic morphologies can have different axonal projections and that many

RGCs send axon collaterals to multiple visual areas. The cataloging of features that are en-

coded by these RGC types and their physiological characterization is an ongoing process.

Based on their response properties to full field stimulation, Emran et al. (Emran et al.,

2007) identified six classes of RGCs, including sustained, transient and ON-OFF charac-
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teristics. More recently, it has been shown that direction and orientation selectivity are

also implemented in RGCs (Nikolaou et al., 2012; Lowe et al., 2013).

1.2.2 Central projections of RGCs

At the larval stages, the main projection site of RGCs axons is the optic tectum (see section

1.2.2.1), homologous to the mammalian superior colliculus, which constitutes the dor-

sal aspect of the zebrafish midbrain (Burrill and Easter, 1994). In addition, by intraocular

injection of lipophilic fluorescent dye and tracing the RGC axons, Burrill and Easter iden-

tified nine more retinorecipient nuclei, called arborization fields (AFs) (Burrill and Easter,

1994) referred to as AF1 to AF10 (Figure 1.4). Specific RGC types project their axons to one

of these AFs or multiple AFs, make connections with target cells to establish a representa-

tion of the visual field in the brain.

A B

Figure 1.4: Retinal projections in the zebrafish. (A) Schematic lateral view of the ten retinorecipi-

ent areas (arborization fields) in 6-7 dpf larva, revealed by intraocular injections of DiI.

(B) Camera drawing of DiI labeled ganglion cell axons and their innervation sites. Dor-

sal, up; Rostral, left, scale bar represents 50 µm. (Figure adapted from Burrill and Easter

(1994).)

So far, little is known about the behavioral functions of extratectal AFs, although it is clear

that for the execution of a particular visual behavior, one or few of these nuclei should act

together (Ullén et al., 1997; Kubo et al., 2014; Semmelhack et al., 2014). It has been shown

that AF7 is predominantly innervated by particular bistratified RGCs that are highly selec-

tive in their responses to prey-like visual stimuli (Semmelhack et al., 2014; Robles et al.,
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1.2 The visual system of zebrafish

2014). Indeed, ablation of the RGC axons innervating in AF7 impairs the prey-capture be-

havior in the larval zebrafish. Similarly, neurons surrounding AF9 have been shown to be

involved in global optic flow processing (Roeser and Baier, 2003; Kubo et al., 2014).

1.2.2.1 Optic Tectum

The optic tectum, also called AF10, is the biggest retinorecipient area in zebrafish lar-

vae and has been intensively studied. 97% of the RGCs send their axons to the tectum

and innervate discrete layers (Robles et al., 2013). Similar lamination of retinotectal ax-

ons has been observed in many species from birds to mammals (see review (Huberman

et al., 2010)). RGCs project their axons into ten distinct laminae that are stacked on top

of each other: the stratum opticum (SO), forming the most superficial layer with its two

sublaminae, the stratum fibrosum et griseum superficiale (SFGS), which in turn splits into

six sublaminae, the stratum griseum centrale (SGC) and finally the deepest layer stratum

album centrale (SAC) and the stratum periventriculare (SPV) (Robles et al., 2013) (Figure

1.5). RGCs usually innervate only one layer, although they may form collaterals in other

extratectal visual areas (Xiao and Baier, 2007). Recently, application of the Brainbow (Livet

et al., 2007) technique in the zebrafish retina revealed the complexity of precise laminar

organization of the RGC axons in the tectum (Robles et al., 2013). Moreover, RGCs project

their axons in a retinotopic manner, meaning that RGCs from dorsal retina terminate in

the ventral tectum and vice versa, and RGCs from temporal retina terminate in the ante-

rior tectum and vice versa (Robles et al., 2014). In addition, the tectum receives afferent

inputs from other sensory modalities (auditory, somatosensory, lateral line, etc.) which

form other sensory maps deeper in the tectum (Nevin et al., 2010).

In zebrafish, each tectal lamina is innervated by several RGC types with different dendritic

morphologies (Robles et al., 2013). To investigate how this laminar organization of RGC

axons relates to the functional specialization in the tectum, several studies employed two-

photon in vivo calcium imaging in the tectum, using genetically encoded calcium indica-

tors of the GCaMP family (see section 1.4.2). First, Nikolaou et al. (Nikolaou et al., 2012)

imaged the axon terminals of RGCs, expressing SyGCaMP3, in the retinotectal neuropil
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Figure 1.5: Retinal ganglion cell projections to the optic tectum. Schematic depiction of ganglion

cell axons receiving input from different layers in IPL and via the optic nerve, project

to the optic tectum. RGC axons innervate in the tectal neuropil by forming approxi-

mately ten distinct layers. Cell bodies of tectal cells extend their axons and dendrites

into the neuropil. BM: basement membrane, GCL: ganglion cell layer, PhRL: photore-

ceptor layer, SAC: stratum album centrale, SAC/SPV: boundary between SAC and SPV,

SFGS: stratum fibrosum et griseum superficiale, SGC: stratum griseum centrale, SM:

stratum marginale, SO: stratum opticum, SPV: stratum periventriculare.(Figure taken

from Baier (2013) with permission.)

while presenting drifting bars in different directions and orientations in the visual space.

By doing so, they discovered that there are three subtypes of direction-selective and two

subtypes of orientation-selective retinal inputs to the tectum. Moreover, these two se-

lective responses are organized in a reasonably segregated manner within tectal laminae

(Figure 1.6). In a follow-up study, Lowe et al. (Lowe et al., 2013) explored these parallel

direction and orientation maps further and found that visual experience is not necessary

for the establishment of direction maps, yet it is required for the formation of orienta-

tion maps. Furthermore, they identified two additional orientation-selective subtypes of

RGC inputs to the tectum. Second, Gabriel et al. (Gabriel et al., 2012) combined Ca2+

imaging of RGC axons terminating in the tectum with targeted patch clamp recordings of

genetically labeled tectal neurons. When they compared the tuning of direction-selective

retinal inputs with the tuning of postsynaptic tectal neurons, they discovered two types

of direction-selective tectal interneurons: one group received direct input from direction-
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1.2 The visual system of zebrafish

selective (DS) RGCs and the other group did not receive direct DS-RGC input, although

responding direction-selectively.

A B

C D

Figure 1.6: Functionally distinct, parallel retinal maps in the tectum. (A) 7 dpf transgenic ze-

brafish larva Tg(Isl2b:Gal4;UAS:SyGCaMP3), expressing SyGCaMP3 in RGC axons and

(B) magnified view of the boxed region. (Dorsal view) (C) Color coded spatial, com-

posite map of direction-selective and (D) orientation-selective RGC axons in the tectal

neuropil. A = anterior, L = lateral. Scale bars represent 50 µm in (A) and 20 µm in (B). (A

and B adapted from Nikolaou et al. (2012), C and D adapted from Dhande et al. (2013).)

Previously, Niell and Smith (Niell and Smith, 2005) described receptive field sizes, topog-

raphy, size and direction-selectivity of tectal cell populations and showed that most of

these properties are established without a requirement of visual experience. Layer spe-

cific tuning of different object sizes was attributed to an inhibitory interneuron type, su-

perficial interneurons (SINs) (Del Bene et al., 2010). Depending on their dendritic target

layer in the tectal laminae, SINs process small- and large-size-selective signals, filtered

by functionally organized RGC inputs (Preuss et al., 2014). Collectively, RGC axon termi-

nals positioned in distinct tectal laminae can have tuning properties similar to their target

postsynaptic partners. Yet, Hunter et al. (Hunter et al., 2013) showed that direction tun-

ing properties of retinal input can be transformed by the tectal cells to generate response
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properties de novo. Combined, all the abovementioned studies suggest that different RGC

types convey information about distinct visual features and converge on a specific lamina,

generating parallel maps of feature selectivity.

1.3 Zebrafish innate visual behaviors

Remarkably, the visual system of zebrafish matures rapidly and becomes fully functional

at 5 dpf (Fleisch and Neuhauss, 2006). At this stage, the larvae are already heavily depen-

dent on vision and perform a plethora of complex visual behaviors (Portugues and Engert,

2009; Fero et al., 2011). For example, they use eye movements to track objects moving in

their visual field and stabilize visual flow on the retina.

To elucidate the mechanisms underlying these complex behaviors, zebrafish have been

broadly used as a model organism. Little is known about the environmental impact of

the laboratory on the zebrafish behavioral repertoire that we can observe, interpret and

generalize. However, many of these visual behaviors can be triggered by specific artifi-

cial visual stimuli in the laboratory. Among these visually mediated behaviors, the op-

tomotor response (OMR) (Muto et al., 2005), the optokinetic response (OKR) (Easter and

Nicola, 1997) and prey-capture (Gahtan et al., 2005) have been widely studied. However,

although previous experiments have addressed adult visual escape responses (Dill, 1974a;

Li and Dowling, 1997) and acoustic or tactile stimuli mediated escape dynamics (Kohashi

and Oda, 2008), the mechanisms of visual escape response in larval zebrafish remain less

studied and poorly understood. In the following sections, I will summarize what is known

about these behaviors in larval zebrafish and the relevant circuit mechanisms.

1.3.1 Optokinetic response

The optokinetic response (OKR) develops between 73 and 80 (hpf) (Easter and Nicola,

1997) and is one of the most robust behaviors in the larval zebrafish. When a larva is pre-

sented with moving objects across the visual field, its eyes follow the object smoothly and

reset their position with a quick saccadic movement in the opposite direction after the

14
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object has left the visual field (see Figure 1.7A). Humans also have similar eye movements;

for example, when we sit in the car and watch the objects passing by through the window

(Schweigart et al., 1997). Zebrafish larvae do not show habituation of this behavior and

perform these eye movements as long as the stimulus is presented even when the larva

is immobilized. These characteristics make OKR response attractive for quantitative psy-

chophysics and imaging.

OKR has been extensively studied in response to a drifting sine-wave grating of black and

white vertical bars (Figure 1.7A). Behavioral genetic screens revealed genes that are essen-

tial for visual development and function, and mutations that caused striking OKR deficits

(Brockerhoff et al., 1995; Neuhauss et al., 1999). For example, no optokinetic response (nrc)

mutants have synaptic defects in ON retinal ganglion cells and show no OKR, suggesting

the necessity of the ON pathway for this behavior (Emran et al., 2007).

Recent studies dissected the brain areas and neural networks that further process this in-

nate reflex (Kubo et al., 2014; Portugues et al., 2014; Schoonheim et al., 2010). Previously,

it was shown that unilateral ablation of the optic tectum does not affect the OKR perfor-

mance in general, except the saccade rate which is lower in the ablated side (Roeser and

Baier, 2003). This result shows that the optic tectum is not necessary for the execution

of OKR, suggesting an existence of an extratectal visual area essential for the OKR. Opto-

genetic perturbations in transgenic larvae demonstrated that the area pretectalis (APT) is

necessary and sufficient for the OKR (Kubo et al., 2014). Calcium imaging in the APT dur-

ing the OKR revealed functionally segregated neurons and direction-selective responses

that are correlated with the behavior. In addition, whole-brain imaging during the OKR

found a bilaterally symmetrical distributed neuronal network (Portugues et al., 2014). The

combination of these activity maps from many larvae demonstrates a stereotypical func-

tional architecture localizing sensory and motor signals into defined brain areas. Down-

stream neurons that generate saccades during OKR have been discovered in the hind-

brain, in rhombomere 5 (Schoonheim et al., 2010).
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Figure 1.7: Larval zebrafish behaviors. (A) Optokinetic response of larval zebrafish to a rotating

radial grating, presented below the larva. Eyes follow the direction of motion, quickly

resetting their positions with saccades. (B) Setup for optomotor response triggered by

gratings drifting in different directions in freely swimming larva. The fish reorients its

body axis and swims in the direction of visual motion. (C) Prey capture behavior di-

vided into multiple phases of actions. Orange arrowhead indicates a paramecium. In

the first frame the larva identifies the prey. In the second and third frame, the larva ori-

ents itself towards the paramecium with subtle J-turns and accompanying eye conver-

gence movements which are followed by a capture swim in the last frame. (D) Escape

behavior evoked by head-tactile and auditory/vestibular stimuli in freely swimming

larva. Arrowheads and asterisks denote stimulus and behavioral onsets, respectively.

For the definition of "C-bend", see section 1.3.4. (A adapted from Portugues et al. (2014)

and Roeser and Baier (2003), B adapted from Orger et al. (2008), C adapted from Bianco

et al. (2011) and D adapted from Kohashi et al. (2012).)
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1.3.2 Optomotor response

While OKR is only concerned with the visually induced eye movements, the optomotor

response (OMR) is a visually induced locomotion used by the fish to stay stationary in

moving water (Figure 1.7B). OMR develops in the larval stages of zebrafish, from 5 dpf on,

and can be reliably evoked at 7dpf (Neuhauss et al., 1999). Importantly, the OMR can be

triggered in immobilized larvae (Thiele et al., 2014). When the larva is presented with a

wide-field motion stimulus from below (similar to OKR stimuli; yet, translational motion

instead of rotational), the larva reorients its body axis and starts to swim in the perceived

direction of motion. Defective OMR was observed in mutants with specific anatomic phe-

notypes (Rick et al., 2000; Neuhauss, 2003); however, the underlying neural circuitry pro-

cessing translational motion stimuli remains largely unknown.

Bilateral ablation of the optic tectum does not affect the OMR performance of the larvae

(Roeser and Baier, 2003), suggesting a presence of an extratectal pathway for processing

of OMR stimuli. Besides, the chromatic inputs from both red and green cones strongly

contribute to the OMR of larval zebrafish (Orger and Baier, 2005). More recent studies

focused on the downstream circuitry that generate and control the locomotion behavior

during OMR (Orger et al., 2008; Huang et al., 2013; Thiele et al., 2014; Severi et al., 2014). In

fish, neurons located in the hindbrain and projecting all through the spinal cord are called

reticulospinal neurons. These neurons are primarily responsible for the tail motion during

swimming. By backfilling the reticulospinal neurons (approx. 300 neurons) with a calcium

indicator dye and in vivo two-photon imaging, it was shown that only a small portion

of these neurons are responsible for left or right turns during OMR (Orger et al., 2008).

In addition, the neurons in the midbrain nucleus of the medial longitudinal fasciculus

(nMLF) are involved in eliciting forward locomotion.

1.3.3 Prey capture

One of the most complex behaviors that larval zebrafish perform is prey tracking and cap-

ture. It develops as early as 4 dpf as the yolk is slowly degrading and the mouth is pro-
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truding for the animal to hunt food, such as paramecia (Kimmel et al., 1995; Budick and

O’Malley, 2000; Borla et al., 2002; Gahtan et al., 2005). Prey capture is actually a chain of

complex sub-behaviors consisting of identifying prey visually, with possibly an involve-

ment of chemosensation. This behavior consists of movements orienting the body axis

towards prey and tracking it with a series of routine turns called J-turns, which are subtle,

low-angle turns, and forward slow swims, finally followed by capture (Figure 1.7C). In ad-

dition to this series of fine axial locomotion activities, the larva converges its eyes at the

beginning of each hunting episode, almost together with J-turns, which are exclusively

used to track the prey (Bianco et al., 2011; Patterson et al., 2013).

Prey capture assays developed for freely swimming larvae were initially simple, involving

high-speed camera recording of few larvae in a petri dish to quantify the behavior kine-

matics and counting the paramecia over time as the larvae hunt. Essential function of

vision was shown by Gahtan et al. (Gahtan et al., 2005). The wild-type larvae in dark-

ness and the lakritz (lak) mutants, which are known to be blind due to lacking all RGCs

(Kay et al., 2001), can not perform prey capture successfully (Gahtan et al., 2005). Unilat-

eral and bilateral ablations of the tectum showed that prey capture primarily depends on

an intact optic tectum. This result is not surprising since the tectum has a fine-grained

retinotopic organization that is crucial in localizing objects in visual space and thus in

orienting movements (Ewert et al., 2001; Doubell et al., 2003) (see section 1.2). Finally,

the downstream neurons that coordinate prey capture behavior were found by ablation of

two pairs of identified reticulospinal neurons (MeLc and MeLr) in the nMLF. Ablation of

MeLc and MeLr impairs the fine orienting turns while leaving spontaneous swims, OKR

and OMR unaffected (Gahtan et al., 2005).

Bianco et al. (Bianco et al., 2011) developed a virtual reality assay to monitor and quantify

the behavior in real time with machine learning algorithms. They found that the zebrafish

larvae responds to approx. 1◦ moving dots on the screen with prey capture while larger

size (approx. 10◦) moving dots trigger aversive turns. They adapted their assay for head-

restrained larvae, in which they left the eyes and tail of the larvae free to move, to record

the eye movements during hunting routines. They proposed that convergence of the eyes
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enhances the binocular visual space, increasing the chances of a successful hunt. This

was the first time that artificial visual stimuli with specific size, speed and contrast prop-

erties were shown to trigger the naturalistic prey capture both in freely swimming and

head-restrained zebrafish larvae. Later, in a closed-loop virtual reality setup, it was found

that prey capture movements can be elicited with a narrow range of size and speed of the

stimuli in head-restrained larvae (Trivedi and Bollmann, 2013).

Behavioral experiments demonstrate that size is an important parameter for an object to

be perceived as a prey or predator (Colwill and Creton, 2011; Trivedi and Bollmann, 2013).

How does the larvae detect prey-like stimuli? What are the building blocks of this size se-

lectivity in the visual system? In their seminal work "What the Frog’s Eye Tells the Frog’s

Brain", Lettvin and his colleagues (Lettvin et al., 1959) described how complex visual fea-

tures are extracted by the output neurons of the eye, the RGCs. They introduced the con-

cept of ’feature-detection’ in the visual system, meaning that the behaviorally most rele-

vant features are filtered and extracted by specialized visual channels. For example, they

found a subset of RGCs that respond best to small moving stimuli on a stationary back-

ground, the so-called ’bug-detectors’. These RGCs would then trigger downstream cir-

cuits to generate prey capture movements. Although we know that small moving objects

(such as paramecium) trigger prey capture behavior whereas large moving (predator-like)

objects trigger aversive turns in zebrafish larvae, the neural substrates of size perception

remain elusive.

Recently a study combined a virtual reality setup with in vivo electrophysiology and two-

photon calcium imaging, and showed that a subset of RGCs provides size-selective re-

sponses into the tectum (Preuss et al., 2014). Intriguingly, the responses to prey-like stim-

uli targeted superficial layers of the tectum, while the responses to predator-like, large size

stimuli were mostly restricted to the deeper layers. In addition, size-selective responses in

tectal neurons are shaped by intratectal circuitry (Del Bene et al., 2010). A subset of postsy-

naptic tectal cells, the superficial interneurons (SINs), processes size-selective responses

depending on their dendritic position in the tectum (Preuss et al., 2014). This study is the

first to show that the retina can filter size information in the visual system of larval ze-
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brafish. However, a set of behavior experiments which proves that the visual stimuli used

in the study can efficiently evoke approach or aversive turns is missing.

Two recent studies focused on the neural circuit underlying prey recognition in zebrafish

larvae (Semmelhack et al., 2014; Bianco and Engert, 2015). Two-photon calcium imag-

ing of RGC axons in head-restrained larvae revealed that a small extratectal visual area,

AF7 (see section 1.2), is specifically activated by the optimal prey stimulus or real prey,

paramecia (Semmelhack et al., 2014). The RGCs projecting to AF7 belong to two types

and have collaterals in the tectum (Robles et al., 2014). Moreover, laser targeted loss of

function experiments in AF7 result in impaired prey capture, suggesting that AF7 acts as

a hub for prey recognition. In addition, it was shown that a subset of postsynaptic neu-

rons with arbors in AF7 projects to the nMLF and to the hindbrain as well as to the optic

tectum. Another study proposed the optic tectum to be the area that underlies visual prey

recognition (Bianco and Engert, 2015). Combining a virtual prey capture assay with two-

photon functional imaging in the optic tectum during naturalistic behavior, Bianco and

Engert showed that highly selective tectal neurons appear to link the prey perception to

hunting responses.

1.3.4 Startle and escape responses

Visual startle and escape responses are evolutionary conserved, adaptive behaviors in ze-

brafish but remain less studied and poorly understood especially in larval stages. Visual

startle response is defined as immediate, rapid locomotor responses of the larvae to aver-

sive stimuli, such as sudden luminance changes in the environment (Kimmel et al., 1974;

Easter and Nicola, 1996; Burgess and Granato, 2007; Liu and Hale, 2014). This response

can be observed in the larvae as early as 3 dpf (Easter and Nicola, 1996). For most aquatic

vertebrates, startle response patterns can be classified into three distinct body-bending

axial movements: the C-bend, withdrawal, and S-bend (Liu and Hale, 2014). Withdrawal

is often seen in elongate species with more vertebrae such as larval lamprey (Currie and

Carlsen, 1988) and has not been reported in zebrafish. While the S-bend often involves

small head rotation angles with S-shaped body bend and triggered by caudal aversive
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stimulation, the C-bend turn is described as the rapid body bend into a C-shape with

head rotating away from the stimulus, followed by a fast-burst swim and often triggered

by rostral stimulation (Liu and Hale, 2014). Both C-bend and S-bend escape responses are

reported in zebrafish (Burgess and Granato, 2007; Liu et al., 2012).

Kinematic analysis of visually evoked turns in the larvae in response to abrupt light incre-

ment and decrement revealed that turns that are evoked by increased luminance resem-

bled the large amplitude C-bend turns (Burgess and Granato, 2007) (Figure 1.7D) that can

also be seen in acoustic or tactile stimuli triggered startle responses in zebrafish larvae

(Kohashi and Oda, 2008). The direction of C-bend turns is always away from the stimu-

lus (here, a sudden light flash), probably to propel the fish away from the disturbance. In

contrast, dark flashes induce O-bend turns, producing near circular body bend, which are

directed towards the dark flash stimulus (Burgess and Granato, 2007). Moreover, ablation

of both Mauthner cells, i.e. two pairs of reticulospinal neurons in the hindbrain of teleost

fish that are known to be excited by visual stimuli in adult goldfish fish (Zottoli et al., 1987),

does not affect the O-bend turns.

Zebrafish not only hunt prey but they can be on the menu themselves too. Escaping (or

avoiding) approaching predators is another innate visual behavior of zebrafish. In na-

ture, predators of zebrafish include adult fish and avian predators (Engeszer et al., 2007).

It was shown that a behavior setup where a freely swimming adult zebrafish is placed in

the middle of a cylindrical arena and a dark paper swept around a cylinder as a threat-

ening object, is sufficient to evoke robust avoidance responses (Li and Dowling, 1997).

Moreover, a display of large spots that oscillate back and forth below the swim chamber

of freely swimming larvae also induces avoidance responses (Colwill and Creton, 2011).

Approaching objects induce an expanding dark spot growing on the retina. A looming

stimulus, which is an expanding dark object on a bright background, thus mimics the ap-

proach of a predator or an impending collision. We do not know how larvae respond to

looming stimuli. A previous study by Emran et al. showed "dimming detectors"-like OFF

RGCs in the zebrafish retina by 5 dpf (Emran et al., 2007). However, their involvement in

visually evoked escape behavior, e.g. by looming stimuli, is not known. The importance of
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avoiding collision and predation suggests the evolution of a hard-wired dedicated neural

pathway for the detection of looming.

In a classic study with adult zebrafish, Dill (Dill, 1974a) showed that artificial model preda-

tors approaching with a constant speed towards the fish can trigger the same defensive

escape responses as the real predators. The rate of change of the visual angle that is sub-

tended by the predator at the prey’s eye is found to be the threshold parameter (approx.

25◦/s) for the zebrafish to flee (Dill, 1974a). In addition, Dill (Dill, 1974b) showed that

repetitive presentation of looming stimuli to the adult zebrafish evokes quicker escape

responses, suggesting the existence of a sensitization mechanism in looming-triggered

escape responses. It would be interesting to know whether this is also true for the larval

zebrafish and whether the same looming stimuli parameters can evoke escape responses

in zebrafish larvae too. Finally, in other species, neurons that detect looming stimuli were

found in retina (Münch et al., 2009), optic tectum (Nakagawa and Hongjian, 2010; Liu

et al., 2011) and thalamus (Sun and Frost, 1998). However, the behavioral responses to

looming stimuli and the mechanisms underlying looming mediated escape in larval ze-

brafish remain to be explored.

At the downstream level, electrophysiological recordings showed that the Mauthner cells

and its homologues are strongly correlated with the C-bend escapes in adult goldfish in

response to looming stimuli (Preuss et al., 2006). It was also shown that the Mauthner cells

play a crucial role in short-latency, fast escapes in response to tactile or acoustic stimuli

in larval zebrafish (Kohashi and Oda, 2008). While the Mauthner cells receive tectal in-

puts (Zottoli et al., 1987), it is still unknown whether the looming response in zebrafish is

mediated by the Mauthner cells. Specifically, light flashes have been shown to prime the

Mauthner cells (Mu et al., 2012), although they do not evoke startle responses themselves.

1.3.5 Phototaxis

The other known visual behavior relevant to luminance changes in the environment is

phototaxis (Brockerhoff et al., 1995; Burgess et al., 2010; Chen and Engert, 2014). Photo-

taxis (or Photokinesis) is defined as orientation movements in response to light. It can
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be either towards the light (positive, a.k.a. Scotophobia) or away from the light (negative,

a.k.a. Scototaxis) (Ahmad et al., 2012; Maximino et al., 2011). Both positive and nega-

tive phototaxis can be observed in zebrafish larvae after 3 dpf (Orger and Baier, 2005) and

persist through adulthood.

Recently, Chen and Engert (Chen and Engert, 2014) addressed whether temporal changes

in the luminance without direct spatial information contribute to phototaxis. They de-

veloped a virtual circle assay in which an invisible circular boundary is defined within

a uniformly illuminated arena. Whenever the larvae crossed this invisible border, they

turned off the lights in the arena. They found that despite the absence of direct spatial

cues, trajectories of the larvae were very well confined in the virtual circle, suggesting a

mechanism relying on temporal integrations. A previous study in frogs showed that pho-

totaxis is mediated by the thalamus (Kicliter, 1973), suggesting the existence of an extrate-

ctal pathway for this behavior. Indeed, Fernandes et al. (Fernandes et al., 2012) described

a light-seeking behavior in the blind zebrafish larvae through deep brain photoreceptors;

however, differences in locomotor kinematics suggest that these two phototactic behav-

iors are different. The neuronal substrates of phototaxis still remain to be explored.

1.4 Tools to dissect neuronal circuits and function

Over the past several years of zebrafish research, many tools have been developed for dis-

secting neural circuits and are continuously improved. These tools include:

• Transgenic approaches that have enabled us to target and visualize particular cell

types (Kawakami et al., 2004; Asakawa and Kawakami, 2008; Scott and Baier, 2009;

Clark et al., 2011).

• Genetically-engineered, fluorescence-based Ca2+ indicators to probe different cel-

lular functions (Higashijima et al., 2003; Ahrens et al., 2012; Chen et al., 2013; Berlin

et al., 2015; Fosque et al., 2015).
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• High resolution neural activity imaging (Denk et al., 1990; Kerr and Denk, 2008;

Vladimirov et al., 2014) and reconstruction techniques (Helmstaedter et al., 2008).

• Light-activated molecular tools to switch ion-channels and pumps on and off in be-

having animal (Fenno et al., 2011; Packer et al., 2013).

• Other chemical or photo-inducible probes to permanently silence neurons (Bulina

et al., 2006; Curado et al., 2008; Koide et al., 2009).

All these methods are increasingly exploited in translucent zebrafish larvae to establish a

causality between patterns of neural activity of specific cell populations, the function of

the neural circuits and the behavior. Below, I will focus on the tools that I used for my

project and provide a brief introduction.

1.4.1 Transgenesis tools

Perhaps, one of the most important steps in circuit neuroscience is the development of

targeted gene expression systems that enable us to express transgenes in specific subsets

of neurons (Luo et al., 2008). Stable transgenic lines labeling selected cell types are usually

generated by injection of DNA constructs including promoter sequences into the embryo

at one-cell stage (Nüsslein-Volhard and Dahm, 2002; Detrich et al., 2004). Thanks to the

Tol2 transposon system introduced by Kawakami et al. (Kawakami et al., 2004), gener-

ation of transgenic zebrafish lines has become efficient. Transposon-mediated transge-

nesis methods are followed by enhancer trap (ET) and gene trap (GT) screens, in which

a promotor sensitive to enhancer/gene regulatory elements, is linked to a marker gene

and randomly inserted into the genome (Trinh and Fraser, 2013). Combining ET and

GT approaches with the two-component Gal4/UAS system allowed more flexible target-

ing of transgenes and produced several zebrafish transgenic lines expressing Gal4 in re-

stricted neuronal populations (see below, section 1.4.1.1). Other methods for generating

gene expression pattern libraries in zebrafish include TeT (Zhu et al., 2009), LexPR/LexA

(Emelyanov and Parinov, 2008), Cre/LoxP (Boniface et al., 2009) systems, bacterial artifi-
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cial chromosome (BAC) transgenesis (Suster et al., 2011) and more recently CRISPR/Cas

systems (reviewed in (Sander and Joung, 2014) and (Hisano et al., 2015)).

1.4.1.1 The Gal4/UAS system

Targeted gene expression by the Gal4/UAS system was first introduced in Drosophila

(Brand and Perrimon, 1993) and quickly became one of the most powerful techniques for

analyzing the function of cells in vivo in zebrafish (reviewed in (Asakawa and Kawakami,

2008)). This two component system utilizes independent activator/driver (Gal4) and re-

sponder (UAS) lines. By crossing Gal4 zebrafish lines harboring various driver genes to

zebrafish with a responder gene downstream of UAS, the transgene is expressed specif-

ically in a defined set of cells (Figure 1.8). Combining this approach with hundreds of

gene/enhancer trap lines that have been generated by the zebrafish community allows a

flexible targeting of defined circuits (reviewed by (Baier and Scott, 2009; Kawakami et al.,

2010)).

Previous studies have successfully exploited this combinatorial system along with the

large-scale enhancer trap screens to express any genetically encodable probe linked to

UAS in any defined pattern, expressing Gal4. For example, in one of the early studies,

Scott et al. (Scott et al., 2007; Scott and Baier, 2009) made use of a photoconvertible fluo-

rophore Kaede linked to UAS in order to characterize the expression pattern of the Gal4-

driven trapped enhancers. In the same manner, genetically encoded calcium indicators

(Naumann et al., 2010; Muto et al., 2013), chemical probes (Davison et al., 2007; Koide

et al., 2009), and ion channels (Thiele et al., 2014) or receptors (Wyart et al., 2009) can be

easily inserted into defined neural populations to perturb and explore the function of a

desired circuit in an intact zebrafish.

The use of the Gal4/UAS system in enhancer trapping has also its drawbacks. First of all,

finding tissue or cell type specific promoters can still be challenging. Secondly, Scott et al.

(Scott et al., 2007) reported that Gal4 toxicity may cause lethality, although it was observed

only in a small proportion of the generated patterns. Importantly, the expression of var-

ious marker proteins often varies, resulting in mosaic expression. It has been previously
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shown that UAS-driven transgenes are susceptible to variegation due to their tendency to

methylation (Goll et al., 2009). Finally, background expression, for example in muscles,

may interfere with the expression of trapped enhancers. This can be improved by identi-

fying a basal trapping promoter with minimal background expression (Scott et al., 2007).

A B

Figure 1.8: Generation of transgenic zebrafish using the Gal4/UAS system. (A) Gal4 trap DNA

constructs containing specific promoter elements are injected into fertilized zebrafish

eggs at single cell stage. This construct is integrated in the genome and a growing

embryo will express the gene of interest. When this transgenic fish carrying the Gal4,

which is expressed only in a specific subset of neurons, crossed with the UAS-reporter

fish carrying the effector gene X, here EGFP, their offspring will express gene X in Gal4

defined subset of neurons. (B) Examples of Gal4-VP16 driver lines with UAS:Kaede ex-

pression from an enhancer trap screen (5-6 dpf larvae, dorsal view). (A adapted from

Asakawa and Kawakami (2008), B adapted from Scott and Baier (2009).)

1.4.2 Two-photon microscopy functional imaging

Understanding how dynamic activity in neuronal populations give rise to perceptual

states and appropriate actions is crucial for understanding the brain (Yuste, 2015). Elec-

trophysiological methods provide a direct measure of neural activity with high temporal
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resolution. However, these methods are limited to recording from small subsets of neu-

rons at best; in addition, they are invasive and often blind to the genetic identity of the

recorded neurons. Furthermore, recording in freely behaving animals is still a challenge.

Two-photon microscopy was introduced in 1990s (Denk et al., 1990) and together with ge-

netically encoded calcium indicators (1.4.2.1) opened a new era for imaging neural activity

in vivo from genetically defined groups of neurons during behavior (reviewed in (Kerr and

Denk, 2008)).

In principle, optical sectioning in a two-photon microscopy is achieved by a femtosecond-

pulsed infrared (IR) laser light, leading to the simultaneous absorption of two photons on

the specimen containing fluorescent proteins, such as GCaMP (see below, section 1.4.2.1).

Therefore, only the neural tissue on the focal plane is excited, minimizing out of focal

plane photo damage and bleaching. Furthermore, using an IR light is advantageous: it

scatters less in the tissue enabling deep tissue imaging, it is less energetic hence causing

less photodamage and, most importantly, it is invisible to the zebrafish, allowing visual

stimulation with visible light while imaging simultaneously (Renninger and Orger, 2013).

Many studies have routinely exploited and refined the two-photon functional imaging

method to understand various aspects of sensory and motor processing in behaving ze-

brafish (Ramdya and Engert, 2008; Dreosti et al., 2011; Odermatt et al., 2012; Thiele et al.,

2014; Kubo et al., 2014; Lacoste et al., 2015).

New technologies have been derived from two-photon microscopy, which opened new

possibilities for imaging and manipulating the circuit activity with improved spatial and

temporal resolution. For example, spatial light modulators (Nikolenko et al., 2013) have

been implemented in two-photon microscopy, enabling simultaneous scanless imaging

and photostimulation with structured light patterns, such as holograms (Lutz et al., 2008;

Dal Maschio et al., 2010). A method based on temporal beam focusing has been devel-

oped to shape two-photon excitation and, combined with optogenetics, to stimulate sin-

gle neurons (Papagiakoumou et al., 2010). More recently, by using SLM based methods,

Quirin et al. (Quirin et al., 2014) managed to image the brain-wide calcium transients
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in three dimensions simultaneously in vivo, in larval zebrafish expressing GCaMP5G (see

section 1.4.2.1).

Altogether, these functional imaging and photostimulation tools allow a visualization of

population activity and non-invasive neuronal manipulation in intact behaving animals,

enabling the functional dissection of neural circuits.

1.4.2.1 Genetically encoded calcium indicators

The arrival of action potentials at the synapse opens voltage-gated calcium channels, in-

creasing the intracellular [Ca2+] level. This increase can be used to predict the timing

of spiking activity (Grienberger and Konnerth, 2012). Over thirty years ago, Roger Tsien

and his colleagues (Tsien, 1980) synthesized one of the most powerful tools to visualize

intracellular Ca2+ by using highly calcium-selective chelators, such as BAPTA, with a flu-

orescent chromophore. These indicators change their fluorescence depending on the in-

tracellular [Ca2+] level allowing neuronal activity to be assessed with imaging. Since then,

various calcium indicators, from dextran-conjugated indicators to acetoxymethyl (AM)

ester dyes have been developed and used to measure neuronal activity in vivo in zebrafish

(O’Malley et al., 1996; Ramdya et al., 2006; Yaksi and Friedrich, 2006; Orger et al., 2008;

Sumbre et al., 2008). However, these synthetic indicators are often loaded with invasive

methods and they indiscriminately fill different cell types. Furthermore, it is difficult to

control the amount of dye loaded, which in return, affects the sensitivity especially in

high-affinity indicators (Renninger and Orger, 2013).

The next breakthrough was the engineering of genetically encoded [Ca2+] indicators

(GECIs) (Miyawaki et al., 1997). These indicators are based on fluorescent proteins fused

to Ca2+ buffer proteins, such as calmodulin, which undergo conformational changes in

response to Ca2+ binding. GECIs’ most important advantage over synthetic calcium in-

dicators is that they can be coupled to cell-specific promoters to target various neuronal

subtypes and be stably expressed in neurons by using, for example, the Gal4/UAS sys-

tem (1.4.1.1). Moreover, they allow non-invasive Ca2+ measurements over long periods

of time. Previously, a bioluminescent version of GECIs, green fluorescent protein (GFP)
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coupled aequorin (GFP-aequorin), was used to study neuronal activity during natural be-

haviors in larval zebrafish (Naumann et al., 2010). However, the majority of the GECIs are

GFP derived with a prime representative of them being the GCaMP family (Nakai et al.,

2001), especially for in vivo Ca2+ imaging of the nervous system (review by (Looger and

Griesbeck, 2012)). These indicators are constantly improved for better signal-to-noise ra-

tio, faster temporal dynamics and higher sensitivity (Akerboom et al., 2012; Chen et al.,

2013).

In zebrafish, Dreosti et al. (Dreosti et al., 2009) generated syGCaMP2 by fusing GCaMP2

with synaptophysin to target the synapses of spiking neurons in the retina and the tec-

tum, which enabled imaging of hundreds of terminals simultaneously in vivo. Del Bene

et al. (Del Bene et al., 2010) expressed GCaMP1.6 and GCaMP3 in the larval zebrafish

tectum to monitor neuronal activity during the presentation of visual stimuli. GCaMP-

HS (GCaMP-hyper sensitive) was used to record activity from the spinal motor neurons

in larval zebrafish (Muto et al., 2011). GCaMP5G was expressed under the control of the

pan-neuronal HuC promoter (Park et al., 2000) to record the activity from the entire vol-

ume of the larval zebrafish brain in vivo (Ahrens et al., 2013). The engineering of red and

blue fluorescent GECIs opened the doors to optogenetic manipulations of neural function

in combination with calcium imaging (Akerboom et al., 2013; Walker et al., 2013). Very re-

cently, Fosque et al. (Fosque et al., 2015) engineered a novel fluorescent protein CaMPARI

that converts from green to red when the neuron fires, permanently marking the active

neurons in a large tissue volume. They showed that this technology enables neural activity

to be visualized in freely moving zebrafish larvae, eliminating the necessity of a restrained

preparation for imaging.

1.4.3 Light as a tool to establish causality

For the causal analysis of neural circuits underlying behaviors, it is necessary to perform

loss and/or gain of function experiments. This can be done, for example, by permanently

removing genetically labeled, neuronal types, neuropil regions or brain areas with fem-

tosecond laser pulses while testing the behavioral phenotype afterward. A more sophisti-
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cated way is to manipulate the neural activity while observing behavior. By doing so, the

necessity and sufficiency of distinct neural populations for the behavior can be assessed.

Particularly in the translucent zebrafish, light can be transferred deep into the brain very

efficiently, offering a promising future for genetically encoded optical tools to induce re-

versible and controlled perturbations.

1.4.3.1 Targeted laser ablation

Nonlinear absorption of ultra-short laser pulses in UV or IR regime can induce highly lo-

calized damage in transparent living organisms when focused through a high numerical

aperture objective (Galbraith and Terasaki, 2003; Vogel et al., 2005). The small focal vol-

ume on which the laser pulses are applied conforms high photon density which, in re-

turn, enhances the probability of simultaneous multiphoton absorption. Furthermore,

this process generates a plasma (an ionized gas) in the focal volume, resulting in plasma-

mediated ablation (reviewed in (Vogel and Venugopalan, 2003)). So far, several applica-

tions of this laser-induced ablation method have been used in zebrafish to study the neu-

ral basis of behaviors. For example, laser ablation of particular hindbrain neurons indi-

cated their necessity for escape behavior (Liu and Fetcho, 1999) or for execution of visu-

ally evoked swimming patterns (Orger et al., 2008), while laser ablation of the retinotectal

neuropil resulted in selective impairment of prey-capture behavior in the larval zebrafish

(Roeser and Baier, 2003; Gahtan et al., 2005). More recently, by utilizing two-photon ab-

lations of specific cerebellar neurons, Aizenberg and Schuman (Aizenberg and Schuman,

2011) showed the selective involvement of cerebellum in memory acquisition in zebrafish

larvae. Thus, the laser ablation method in combination with the labeling of targeted neu-

rons can be effectively used to assess the necessity of the ablated component for the be-

havior.

An important drawback of this method is its variability. First of all it is a manual procedure,

having the risk of damaging neighboring areas. Second, depending on the expression level

of genetically encoded fluorescent markers, the total deposited energy into the larva may

vary, affecting the efficiency of ablations. Additionally, the physical effects underlying the
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ablation change considerably depending on the laser pulse frequency (Vogel and Venu-

gopalan, 2003). Lastly, it is an irreversible process. Nevertheless, laser targeted ablation is

still a powerful technique that can be applied to the larval zebrafish in order to elucidate

whether the targeted neurons are necessary for a particular behavior.

1.5 Thesis objectives

A key function of an animal’s visual system is to extract ecologically relevant information

from the environment in order to initiate appropriate behavior. A looming stimulus is

a two dimensional representation of an object approaching on a collision course, which

may represent a predator or an obstacle (Schiff et al., 1962). The behavioral response to

looming stimuli is remarkably conserved across animal species (Holmqvist, 1994; Sun and

Frost, 1998; King et al., 1999; Preuss et al., 2006; Fotowat and Gabbiani, 2007) including

humans (Ball and Tronick, 1971), and usually involves stereotyped defensive responses,

such as freezing or escape. Given the importance of avoiding predation, we would expect

that evolution has selected a fast, hardwired neural pathway for the detection of looming.

Indeed, specialized looming-sensitive neurons have been found in visual areas in locusts

(Hatsopoulos et al., 1995; Gabbiani et al., 1999), Drosophila (de Vries and Clandinin, 2012),

amphibians (Nakagawa and Hongjian, 2010) and pigeons (Sun and Frost, 1998). The visual

parameters that are commonly used to detect looming threats include estimated time to

collision (Sun and Frost, 1998) and a specific angular size of a looming object on the retina

(Gabbiani et al., 1999; Yamamoto et al., 2003; Fotowat et al., 2009).

This study aims to investigate the neural basis for visually-evoked escape in zebrafish lar-

vae. Based on the rapidly expanding size of looming stimuli, a looming detector would

require a large receptive field, in which inputs from an array of smaller units are pooled.

The smaller units might be detectors of luminance change (e.g. dimming) or of sweeping

edges. Their activation in a center-to-periphery sequence would mirror an expanding disk

and thus signal looming. It is unclear where along the visual pathway the smaller units

and the looming detectors reside. Retinal ganglion cells (RGCs) that respond specifically
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to moving edges or to dimming have been described. Their inputs might be integrated at

the level of the tectum, the largest retinorecipient area of the vertebrate brain. Alterna-

tively, RGCs themselves might function as looming detectors by sampling from an array of

OFF bipolar cells, which would serve as dimming units. Indeed, consistent with the latter

scenario, in mice, at least one type of RGC that is specialized for detecting approach mo-

tion has been described (Münch et al., 2009), although it is not known how specific this

cell type is for looming stimuli, and whether it is involved in defensive behavior (Yilmaz

and Meister, 2013).

My first step was to develop a visual paradigm to explore the behavioral responses to

looming stimuli in head-restrained larvae. Thereby, I made use of an already existing be-

havioral setup and modified it to record the induced behavioral responses with a high-

speed camera. In response to an approaching object (or to a looming stimulus as its

two-dimensional simulation on the screen), the larval zebrafish would start a C-bend es-

cape swim (see section 1.3.4) to put the greatest possible distance between itself and the

perceived threat. After I could evoke robust escape behavior in head-embedded larvae, I

aimed at categorizing the essential features of escape tail movements in head-restrained

larvae. Then, I intended to determine the characteristics of the looming stimulus (e.g.

angular size, speed of expansion, contrast, luminance, direction of motion, etc.) that are

optimal for eliciting escape responses. I anticipated that this would provide information

on the tuning properties of the looming detection pathway and on the receptive fields of

the underlying neurons.

My next goal was to identify the visual areas in the zebrafish brain that receive the retinal

input generated by the looming stimuli. Previous studies have shown that the genetically

encoded calcium indicator GCaMP can be used in combination with two-photon imaging

to monitor calcium dynamics in retinal ganglion cells in response to a visual stimulus

(Del Bene et al., 2010; Nikolaou et al., 2012). To determine which visual areas respond to

looming stimuli, I designed and performed imaging experiments in RGC axon terminals. I

used the Gal4/UAS reporter system fused to GCaMP in the retinal axons of transgenic fish

to localize the responses to the known visual areas.
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Finally, to identify the circuit components that are necessary for looming-triggered es-

cape, I performed targeted laser ablations in the tectal neuropil, where I observed selec-

tive retinal responses for looming stimuli. Then, to confirm the importance of an intact

tectum in looming-triggered escape, I performed a series of psychophysics experiments.

Altogether, this work has defined the visual stimulus parameters that evoke escape re-

sponses in the larval zebrafish and established the retinotectal neuropil as the likely site

of looming computation in the zebrafish brain.
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2 Materials & Methods

2.1 Fish care and transgenic lines

Adult zebrafish were maintained and bred at 28◦ C on a 14/10, light/dark cycle. Em-

bryos were raised in Danieau’s solution (17 mM NaCl, 2 mM KCl, 0.12 mM MgSO2, 1.8

mM Ca(NO3)2, 1.5 mM HEPES). All animal procedures were in accordance with the insti-

tutional guidelines of the Max Planck Society and the local government (Regierung von

Oberbayern).

Wild type TL (Tupfel long-fin) larvae were used for behavioral experiments (in Results,

sections 3.1, 3.2, 3.3, 3.4, 3.5, 3.6). 6-8 day-old blind lakritz/atoh7 mutant larvae, in which

retinal ganglion cells do not form (Kay et al., 2001), were used in the control behavioral ex-

periments (see section 3.1). TLN (Tupfel long-fin nacre) larvae (mitfa-/-), which lack pig-

ment in the skin but retain wild type eye pigmentation, were used for two-photon imaging

experiments for the convenience (in Results, sections 3.7, 3.8, 3.9, 3.10).

The following transgenic lines were used: Tg(Atoh7:Gal4-VP16)s1992t (a.k.a. Ath5:Gal4),

Tg(Isl2b.2:Gal4-VP16), Tg(UAS:Dendra-Kras)s1998t and Tg(UAS: GCaMP6s). Transgenic

lines were kept in either TL or TLN background.

2.2 Behavioral assays and data analysis

2.2.1 Escape behavior assay

6-8 day-old TL larvae were used for behavioral experiments. Larvae were fed with baby

powder (Sera Microns) at 5 dpf and embedded in 2.6% low melting point agarose (Invitro-

35



2 Materials & Methods

gen) 24h prior to the experiments. For embedding, the lid of a 35 mm Petri dish (Corning,

Sigma-Aldrich) was used and larvae were positioned 2 - 3 mm away from the edge of the

dish. After the agarose solidified, the dish was filled with Danieau’s solution and agarose

around the tail below the swim bladder was cut away using a scalpel, leaving the tail free

to move. Embedded larvae were kept at 28◦ C in a chamber where behavioral experiments

were conducted.

Visual stimuli were generated in Python using the VisionEgg psychophysics library (Straw,

2008), as custom-written comma-separated values (csv) files. Stimuli were displayed at 60

Hz on a 12 x 9 mm monochrome organic-light-emitting-diode (OLED) screen (eMagin)

spanning over approximately 62◦ (horizontally) and 50◦ (vertically) of the larva’s visual

field and controlled by a NVIDIA Quadro FX 3500 graphics card. The screen was cov-

ered with three magenta Wratten filters (Edmund Optics) and positioned 10 mm from the

larva. The stimuli were presented in the center of the screen except for Figure 3.2B, in

which different stimuli positions on the screen were used to investigate directionality in

initial escape bends. A custom-built infrared light source, formed by an array of six in-

frared (850 nm) light-emitting diodes (Osram GmbH), equipped with a diffusive screen

(Thorlabs) illuminated the larvae from below. The lid of the petri dish with an embed-

ded larva was placed on a clear glass platform. Tail movements were recorded from above

with a high speed CMOS camera (Photonfocus), attached to a Sigma 50 mm F2.8 EX DG

Macro-objective, at 648 fps, with a spatial resolution of 380 x 400 pixels. Behavioral exper-

iments were performed with the room lights on, and screen brightness at maximum. The

luminance of the dark screen was 0.07 cd/m2 and the one of the white screen was 122.5

cd/m2.

Looming stimuli expanded from 2◦ to 48◦ unless stated otherwise. The visual angle of

the approaching disk was updated approximately every 17 ms. For the constant approach

speed looming stimuli, visual angle is determined by the equation:

tan

(
θ(t )

2

)
= l

x(t )
= l

v t
(2.1)
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2.2 Behavioral assays and data analysis

where t = 0 corresponds to the collision time and t < 0 before collision, l is the half-width

(radius) of a three-dimensional object, v is the approach velocity towards the larva which

is v < 0 when the object is approaching and x(t ) is the distance between the larva and the

approaching object, given as a function of time with x = 0 at collision. l and v are constant

values during approach. The angular size can be obtained by rearranging Eq. 2.1,

θ(t ) = 2tan−1
(

l

v t

)
(2.2)

The first derivative of θ(t ), θ̇(t ), gives the angular edge speed of the looming stimulus (see

Figure 2.1).

The stimulus shall simulate a predator approaching with constant speed towards the

larva. However, in the experimental setup, the distance between the larva and the disk

on the screen is constant. Hence, the disk radius is set to increase over time according to

Eq. 2.3 to mimic the constant speed approach:

r (t )

d
= tan

(
θ(t )

2

)
= l

v t
(2.3)

where r (t ) is the radius of the disk projected on the screen, increasing over time to sim-

ulate the approach of an object with a constant l/v value and d is the constant distance

between the larva and the screen, which is 10 mm in my setup.

By varying the approach velocity, for a disk expanding from 2◦ to 48◦ on the screen, I tested

five l/v conditions 30, 60, 90, 120 and 150 ms, with expansion durations (or stimulus du-

rations) of ≈ 1.65, 3.3, 4.9, 6.5 and 8 s, respectively. These l/v values correspond to 0.03

mm initial virtual disk radius r (t ), and five approach velocities 1, 0.5, 0.33, 0.25 and 0.2

mm/s (see Figure 2.1). For the experiments testing behavioral responses to a range of

stimuli (Figures 3.1 to 3.9), stimuli were presented in a random order. In addition, to avoid

habituation, intervals of at least 3 minutes separated successive trials.

To analyze behavior videos, I digitized the tail by assigning approximately 50 points along

the tail and extracted swim bouts as described previously (Thiele et al., 2014). In brief,
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Figure 2.1: Kinematics of visual looming stimuli. (A) Schematics of the stimulus approach speeds

over time. (B) Stimulus angular size expands nonlinearly over time for five different

size-to-speed ratios. (C) Stimuli angular edge speeds and (D) acceleration for five size-

to-speed ratios. Time t = 0 corresponds to collision time where stimuli angular size

reaches 180◦. For convenience, time flows toward t = 0. Colors mark the correspon-

dence to different (l/v) values.

Python based custom-written software employs the OpenCV computer vision library to

load videos and implements a tail tracking algorithm to quantify tail position in each

frame, as a series of points along the midline of the tail. For this, first the user selects

the start point, which was taken right below the swimbladder in all experiments. Then the

software iterates through the tail by taking a cross-section of the luminance profile of the

tail and convolves it with a tail-like kernel, where the maximum corresponds to the points

on the tail midline. (For this tail tracking algorithm based on a luminance change thresh-

old, the best tracking results were obtained when the contrast between the tail and the

background was high.) This procedure is then repeated for each video frame. The swim

bouts were detected with another custom Python script. A swim bout was detected when
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2.2 Behavioral assays and data analysis

an absolute value of the first derivative of the tail angle over time is bigger than a threshold

value.

In Figure 3.3, the spontaneous swim video was flipped vertically before any analysis, so

that the example escape and spontaneous swims would start in the same direction. De-

tailed analysis of the tail kinematics were performed offline using Python, based on the

digitized tail data. In Figure 3.4, the tail bend angle was calculated by measuring the angle

between two vectors: 1. a baseline vector measured in the still larva, 2. a vector describing

the instantaneous tail position in the moving larva. In both cases, the vector is defined as

a straight line from the first point near the beginning of the tail to the mean position of

three points at the end of the tail (to reduce noise).

Tail beat frequencies were calculated as a ratio of number of tail flips per bout to overall

bout duration. To distinguish spontaneous and escape swims, I first checked that the

initial turn direction was away from the looming stimulus. Then I used two criteria to

define escapes: maximum tail bend angle ≥ 70◦ or average tail beat frequency ≤ 35 Hz

(see Figure 3.4). Positives and false negatives were identified as the red dots within the red

dashed lines surrounding the blue dots area being false negatives. I chose the maximum

tail angle and frequency thresholds so that there were no false positives within the test

dataset. Data were further compiled and visualized using Python.

For the experiments in Figure 3.5, the size-to-speed ratio was l/v = 60 ms. Looming stim-

uli sometimes triggered more than one escape per trial, and in these cases only the first

escape was analyzed. Temporal dynamics of the dimming stimulus was matched with the

dark looming stimulus. For the linear dimming stimulus, I kept the initial and final lumi-

nance level and overall stimulus duration same with the dark looming stimulus. Decrease

of luminance per unit time was linear. In Figure 3.7, for the calculation of escape onset

timing, I detected the frame of first tail movement and subtracted a delay of 35 ms as a

sum of the delays in central processing in visual information (≈ 25 ms) (Zottoli et al., 1987;

Canfield, 2003) and motor output (≈ 10 ms) (Zottoli, 1977) from the escape onset as an

approximation of total delay. For the computation of the angular size threshold, I used

the equation (Gabbiani et al., 1999):
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θthresh = 2tan−1
(

1

α

)
(2.4)

where α is the slope of the linear regression line in Figure 3.7A. In the absence of neural

delay adjustment (meaning the total delay of 35 ms) for the escape onset timing, the linear

regression fit (y = -5.033x + 15.98) gives an angular size threshold of 22.5◦. In Figure 3.7A,

when the two outlier data points from l/v = 120 ms and l/v = 150 ms (corresponding to

the values when t < -1200) are excluded, the linear regression line (y = 4.823x - 28.04 with

p-value = 2.1x10−12, R2 = 0.59) gives an angular size threshold of 23.2◦. Behavior data were

averaged within larvae first and then averaged as a population to calculate the escape

probabilities.

2.2.2 Optomotor assay

To test OMR, I embedded 6 dpf larvae in the same manner as for escape behavioral exper-

iments and waited 24 hours to test the pre-ablation OMR. Post-ablation larvae were re-

embedded at 7 dpf and were allowed to recover for 24 hours. The experimental setup and

the software to control the visual stimuli were previously described (Schoonheim et al.,

2010). In brief, embedded larvae were placed in the middle of an arena with a LCD screen

(Miller Technologies), covering an area of 5.5 x 7.5 cm on the right side of the larvae. Grat-

ings moving from caudal to rostral at speeds ranging from 16 - 29◦/s were displayed to

evoke a forward optomotor response. The same grating speeds were used before and after

ablations. Stimulus presentation was controlled with a custom LabVIEW script, and tail

movements were recorded at 250 fps using a high-speed camera (Pike F032B, Allied Vision

Technologies) and StreamPix software (Norpix). Each stimulus was presented for 10 sec-

onds. The number of OMR forward swim bouts was averaged for each larva from at least

three trials (Figure 3.20C).
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2.3 Two-photon calcium imaging and data analysis

Calcium imaging was performed using a movable objective two-photon microscope (Sut-

ter Instruments) with a 40x water-immersion objective (Olympus). Excitation light was

tuned to 920 nm (Chameleon Ultra, Coherent). Scanning and image acquisition were con-

trolled using ScanImage software (Pologruto et al., 2003). Time series were recorded with

spatial resolution of 128 x 128 pixels (for extratectal AF imaging, see Figure 3.10 and 3.11)

or 256 x 256 pixels (for tectal neuropil imaging, see Figure 3.12 and 3.13) at a frame rate of

3.62 Hz.

To prevent motion artifacts arising from movement in response to looming stimuli during

imaging, most 6-8 dpf Tg(Isl2b.2:Gal4-VP16) and Tg(UAS: GCaMP6s) larvae were anaes-

thetized with 0.02% tricane (MS-222, tricaine methane-sulfonate; Sigma Aldrich) and then

paralyzed by injection of alpha-bungarotoxin (4 µl of 10 mg/ml; Invitrogen), 1 µl Phenol

Red and 1 µl 5X Danieau’s solution to the spinal cord. The tricaine was washed out prior

to experiments. Larvae were embedded as for behavioral experiments, except that the

agarose around the tail was not removed to prevent any movement artifacts. The imaging

chamber was heated to 28◦ C. Stimuli were displayed on the same type of OLED screen as

for behavior, also covered with three magenta filters.

The looming stimuli used for imaging consisted of five types, as for the behavior exper-

iments (Figure 3.5A: dark looming, dimming, bright receding, dark receding and bright

looming, l/v = 60 ms). To prevent saturation of the photomultiplier tubes from green

screen light that was able to pass through all three filters, I used a grey instead of white

background for the dark looming stimulus, and changed all other stimuli to match. The

luminance of the grey screen was 19.75 cd/m2. I note that a grey/black looming stimulus

was highly effective in triggering escapes in the behavior setup (data not shown). Visual

stimuli were presented three times each, in pseudorandom order, with intervals of 3-5

minutes between trials.

Calcium imaging analysis was done by custom-written Python-based codes. SIMA was

used for motion correction (Kaifosh et al., 2014). For extratectal AF calcium imaging anal-

41



2 Materials & Methods

ysis, AFs were identified anatomically as in Figure 3.10A. For the tectal neuropil analysis,

ROI covered all 4 retinorecipient zones (SO, SFGS, SGC, SAC/SPV). A Fast Fourier Trans-

form (FFT) based automated alignment was performed to align across all trials for each

fish (http://www.lfd.uci.edu/ gohlke/code/imreg.py.html). Minor filtering (median with

a kernel size of 3, Gaussian with sigma = 0.2) was performed to reduce noise. Background

subtraction linearized the luminosity over the slow axis of the microscope, which was then

heavily filtered to extract the low frequency luminance changes affecting the whole im-

age. △F/F was calculated per pixel from the background subtracted image. Pixels corre-

sponding to image background were filtered out by a threshold set by observation of the

histogram of △F values. The threshold was set just to the right of the first peak of this

distribution. Values above half of the threshold were linearly derated to provide a smooth

threshold since some pixels can be shared by both the background and the signal, and

values below half of the threshold were discarded.

The peak △F/F values were extracted using a 95th percentile filter. In Figures 3.10B, 3.11A

and 3.14A peak responses were taken over a time window from just after stimulus start to

after the stop of the stimulus but before its removal (≈ 5 seconds). The responses were

averaged over trials (for individual trials see Figure 3.14B) for a single fish and pseudocol-

ored. In the scatter plots for pixel responses (Figures 3.13 and 3.17B), data from all larvae

with good pixel alignment across all trials (n = 4 for each region) was plotted, using the

maximum of each pixel’s response during the mentioned time window. The pixel analy-

sis for all planes was performed at a resolution of 128 x 128 pixels. Individual pixel areas

were 0.34, 0.57 and 1.44 µm2 for AF6, AFs 7, 8 and 9, and the tectum, respectively. For the

tectum, functional time-series were acquired at three depths. Stimuli were presented in

a pseudorandom order unique to each plane in each larva. Data from each plane were

pooled across larvae to generate scatter plots for pixel activation for each stimulus.

42



2.4 Two-photon laser ablations

2.4 Two-photon laser ablations

Larvae were treated with 0.1 mM PTU (Sigma Aldrich) from 1 dpf on to prevent excessive

tissue damage during ablations. A few hours prior to ablations, larvae were embedded

completely in the center of a 35 mm Petri dish with an oblique angle to visualize the RGC

axon bundles entering the tectal neuropil (see Figure 3.14A). Ablations were performed

using a two-photon microscope (Femtonics, Hungary) with a laser system (Chameleon

Ultra II, Coherent) in Tg(Atoh7:Gal4-VP16)s1992t and Tg(UAS:Dendra-Kras)s1998t, 7 dpf

TLN larvae. A 20x water-immersion objective with a large back-aperture (Olympus, 1.0

NA) was used for ablations. Laser power after the objective was approximately 150 mW

at 850 nm. Axons were ablated by scanning a focused pulsed laser beam for 1 s over a

62 µm x 28 µm rectangular area at three planes (ventral, middle and dorsal) within the

tectal neuropil. Ablations were performed unilaterally (only in the left tectal neuropil)

and for each plane, after scanning the entering axon bundles, 3-4 additional scans were

performed randomly across the neuropil surface to lesion the neuropil (see Figure 3.19A).

24 hours after the ablations, an image stack of an ablated neuropil was acquired to ensure

that fluorescence did not recover and eliminate photobleaching factor. After ablations,

larvae were freed from the agarose and allowed to recover for 3-6 hours before being re-

embedded for post-ablation behavioral experiments.

I waited 24 hours after embedding to test the escape behavior. To test the ablated fish

escape responses, I presented a constant approach speed looming stimulus at l/v = 60

ms and a linearly looming stimulus 20◦/s (Figure 3.20A-B) at least three times. For post-

ablation behavior experiments, I used transgenic siblings of ablated larvae and subjected

them to the same treatment (’sham operation’) as experimental larvae except laser abla-

tions. In Figure 3.20A, ablated larvae’s escape probability on the ablated side is compared

with the transgenic siblings escape probability after ’sham operation’ and with the ablated

larvae’s escape probability on the intact side. In Figure 3.20B, after ablations, n = 2 larvae

did not perform any escape on the ablated side while they performed escapes in each trial

on the intact side and, before the ablations, on the to-be-ablated side (Pre-ablation).
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If the ablated larvae did not perform any escape on the intact side, they were excluded

from the analysis (8 larvae out of 22). I discarded the ablated larvae that failed to respond

on the intact side because I could not conclude that it was the ablation that reduced the

escape probability in these larvae, as opposed to other factors. Control siblings that did

not perform any escapes in response to the looming stimuli for three to four consecutive

trials were also excluded from the analysis (3 larvae out of 17). In few cases (Figure 3.20B),

I could perform pre- and post-ablation behavioral experiments within the same larvae (n

= 2). However, using this protocol did not allow larvae for enough recovery from several

embedding treatment (embedding procedure differs between for the behavioral experi-

ment and for the ablation experiment), thus decreased the survival rates of the operated

animals.

2.5 Lipophilic labeling of retinofugal projections

I used lipophilic dye labeling to assess the extent of the ablations through the entire

retinofugal projection as previously described (Ben Fredj et al., 2010). Briefly, ablated lar-

vae at 8 dpf after post-ablation behavior experiments were fixed overnight at 4◦ C in 4%

paraformaldehyde in PBS, pH7.4. The carbocyanine dye DiI (Invitrogen) was diluted to

1% solution in chloroform (wt/vol) and pressure-injected (Eppendorf FemtoJet) into the

left and right eyes, between the lens and the retina, of fixed larvae embedded in 2% low

melting point agarose. After an overnight diffusion period, DiI labeling was visualized

with two-photon microscope (Femtonics, Hungary) with excitation light tuned to 1020

nm (Chameleon Ultra II, Coherent), using a 20x objective (Olympus, 1.0 NA).

2.6 Statistics

Statistical analysis was performed in R and Python. For analysis involving the measure of

escape responses (where for each condition a fish is subjected to multiple trials and for

each trial the response is binary, and thus can be thought of as Bernoulli trials) Gener-
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alized Estimating Equations (GEE) with a binomial link function were implemented and

used, as in (Preuss et al., 2006). Standard errors (S.E.) were extracted from the GEE mod-

eled population coefficient estimates. For other group comparisons, trials within each

fish and condition were averaged and then pooled to eliminate any bias from larvae that

contributed more data points than others. Then they were analyzed with ANOVAs to as-

sess the statistical similarity between groups. Bootstrap 95% confidence interval error

bars were calculated using SciPy module of Python. Multiple comparisons were corrected

with Tukey HSD (ANOVA) or Bonferroni-Holm (all others) method when necessary. For all

figures n.s. > 0.05; * = p-value ≤ 0.05; ** = p-value ≤ 0.005; *** = p-value ≤ 0.0005.
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This chapter is taken from my publication (Temizer et al., 2015) with permission.

3.1 An expanding disk triggers escape in zebrafish larvae

To investigate the escape behavior evoked by looming stimuli, I made use of a head-

restrained behavioral assay in which larvae were embedded in agarose and their tails were

freed so that swimming behavior could be recorded with a high-speed camera (Figure

3.1A) (see section 2.2 for details). Initial experiments showed that binocular presentation

of a looming dark disk, which starts as a small dot and expands until it fills the whole

screen, is an effective escape stimulus. In this stimulus configuration, I found that lar-

vae performed the typical C-bend fast starts that were previously described in response to

acoustic or head-tactile stimuli (Kohashi and Oda, 2008; Liu et al., 2012) (Figure 3.1B). The

C-bend turns the larva away from the aversive looming stimulus, and is followed by an

immediate fast forward swim, another kinematic feature of escape (Budick and O’Malley,

2000), which propels the larva away from the looming object. The time from the onset of

tail bending to the moment of maximum tail curvature varied between 9 ms and 18 ms

(Figure 3.1B), similar to the timing that has been reported in freely swimming larvae es-

caping from tactile stimuli (Budick and O’Malley, 2000). This C-bend and forward swim

sequence was also observed in freely swimming larvae when presented with the looming

stimulus (data not shown, experiment conducted by J. Semmelhack, described in Temizer

et al. (2015)).

To verify that the visually evoked escape I observed involves the retina, rather than al-

ternate pathways such as deep brain photoreceptors or the pineal organ (Roberts, 1978;

Fernandes et al., 2012), I tested the escape response of lakritz mutants, which lack RGCs
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(Kay et al., 2001). I observed that lakritz mutants did not perform any escapes in response

to looming stimuli (Figure 3.2A), confirming that looming-triggered escapes require the

retina. Notably, lakritz mutants are still capable of escapes in response to tactile cues (data

not shown, experiment conducted by J. Semmelhack, described in Temizer et al. (2015)).
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Figure 3.1: Visual assay for looming-mediated escape. (A) Schematic of the behavioral setup

showing a larva embedded in agarose with its tail freed, with the screen positioned

head-on (binocular orientation) or to the side (monocular orientation). (B) Exam-

ples of binocularly and monocularly evoked escape swims a in 8-dpf (days post-

fertilization) Tupfel long-fin wild type larva. On the right, the frame showing the tail

position at the point of maximum bending is displayed.(Figure adapted from (Temizer

et al., 2015) with permission.)

3.2 Monocular stimulation evokes escapes away from the looming disk

Next, I asked whether larvae are able to direct their escape swim away from an approach-

ing object, by investigating the relationship between escape direction and stimulus posi-

tion within the visual field (Figure 3.2B). Looming stimuli were presented binocularly, in

the center 0◦, 16◦ to the left, and 16◦ to the right of the larva’s visual field. Moving looming

stimuli, which started on center-left and moved to the center-right while looming (or vice

versa), were also presented (Figure 3.2B). Quantification of initial escape bend directions

demonstrated a strong preference of the larvae to swim away from the looming stimulus.
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For example, both the stationary looming stimulus on the right and a left to right mov-

ing looming stimulus reliably evoked leftward escapes (Figure 3.2B). I observed an overall

preference for leftward escape bends in these larvae. Behavioral laterality in zebrafish was

documented previously (Miklósi et al., 2001; Miklósi and Andrew, 2006) and could be an

explanation for this bias. However, studies in behavioral lateralization in the larval ze-

brafish provided inconsistent results (Barth et al., 2005; Facchin et al., 2009).

The responses to lateral stimuli suggested that purely monocular stimuli might be able to

induce escape behavior. Predators approaching from the side are likely to be observed by

only one eye, so monocular detection should be a useful property of the visually-induced

escape circuitry. To address this question, looming stimuli were presented with the screen

to the side of embedded larvae, and analyzed in the same manner as above (Figure 3.1B).

Monocular looming stimuli evoked escape responses that were kinematically similar to

those evoked by binocular looming stimuli (see Figure 3.1B). When the right eye was pre-

sented with the looming stimulus, the larva typically performed an escape with the initial

bend to the left. The time between escape behavior onset and maximum bend curva-

ture of the tail was similar to that of binocularly triggered escapes (Figure 3.1B). However,

monocularly triggered escapes tended to have a lower maximum bend angle than binocu-

lar escapes. This result is not surprising since a monocular looming object is approaching

from the side (as opposed to the front for a binocular looming object), meaning that the

larva does not need to make as sharp a turn to swim away from the object. This exper-

iment also showed that an increase in angular size detected by one eye gives sufficient

information to the brain to trigger an escape. The use of monocular stimuli allows the

contralateral side to be used as a within fish control for imaging or unilateral ablation ex-

periments. Thus, for the remainder of this work, I focus on monocularly induced escapes.
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Figure 3.2: The looming-evoked escape response is mediated by the retina and depends on the

stimulus position in the visual field. (A) Escape probability in lakritz mutants lack-

ing RGCs (n = 7 larvae) and in heterozygotes control siblings (n = 12 larvae). Lakritz

mutants could not perform any escapes in response to looming stimulus. (B) The di-

rection of the initial bend of the escape response varies depending on the position of

the binocularly presented looming stimulus. Data pooled from n = 14 larvae. Error bars

indicate 95% bootstraps. (Figure adapted from (Temizer et al., 2015) with permission.)

3.3 Escape swims are kinematically distinct from spontaneous swims

In the absence of visual stimuli, larvae occasionally perform spontaneous swims. Com-

parison of the two types of behaviors showed that escape swims are characterized by

movement of more rostral tail segments and a higher tail beat frequency than sponta-

neous swims, as revealed by dynamic bend angle plots (Figure 3.3). I used a quantitative

thresholding approach to objectively distinguish spontaneous and escape swims. First,

the tail was digitized as previously described (Semmelhack et al., 2014). To calibrate the

thresholding parameters, I extracted tail shape and kinematics from 350 swimming bouts

performed in the presence (escape swims) or absence (spontaneous swims) of looming

stimuli. The two parameters of maximum tail bend and average tail beat frequency re-

vealed a clear separation between spontaneous and escape swims (Figure 3.4). Escape

swims had larger tail bend angles (escape: 61.0◦, spontaneous: 38.3◦, Mann-Whitney U
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3.3 Escape swims are kinematically distinct from spontaneous swims

test, p-value < 1.0x10−5 and higher tail beat frequencies (escape: 45.5 Hz, spontaneous:

24.6 Hz, Mann-Whitney U test, p-value < 1.0x10−5) (spontaneous swims data provided by

J. Semmelhack).
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Figure 3.3: Escape and spontaneous swims bend angle plots. Bend angle plots showing the evo-

lution of the tail shape during spontaneous and escape swims for a 7-dpf larva. Tail

deflection angles, indicating the overall bend angle from the baseline for each digitized

tail point, are color coded in each column. (Figure adapted from (Temizer et al., 2015)

with permission.)

I classified as escape any swim bout that met the following three criteria: 1) initial es-

cape bend direction away from the stimulus; 2) average tail beat frequency ≥ 35 Hz or

maximum bend angle ≥ 70◦; 3) occurring before the anticipated collision time with the

approaching object (when angular size reaches 180◦ visual angle). This conservative set

of thresholding criteria allowed classification of escape swims with high accuracy (false
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positive rate 0%, false negative rate 7.2%). Looming-evoked escapes are probabilistic and

habituate over repeated display of the stimulus in many species (Holmqvist, 1994; Fotowat

et al., 2009; Yamamoto et al., 2003). In line with this, I also observed that zebrafish larvae,

when exposed to the repeated looming stimuli, would habituate and cease responding.

To compensate for the habituation effect, I excluded the trials including and following the

fourth consecutive unsuccessful trial.
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Figure 3.4: Escape swims are kinematically distinct from spontaneous swims. Two tail metrics

(maximum tail bend angle and average tail beat frequency) were extracted and used

to identify escape swims. Data were pooled from 114 spontaneous swim bouts (n =

15 larvae) and 236 escape swim bouts (n = 21 larvae). The intensity of the shading

depicts the mean value of each group. (Figure adapted from (Temizer et al., 2015) with

permission.)
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3.4 Escape responses are most effectively elicited by a dark looming disk on a bright background

3.4 Escape responses are most effectively elicited by a dark looming

disk on a bright background

Which parameters of the looming stimulus elicit escape behavior? I systematically tested

five different stimulus conditions; a looming dark disk on a bright background, a looming

bright disk on a dark background, a receding bright disk on a dark background, a receding

dark disk on a bright background and a uniformly dimming stimulus (Figure 3.5A).

A dark disk that expands from 2◦ to 48◦ of the visual field (hereafter referred to as dark

looming) is the most effective stimulus, evoking escapes in more than 80% of the tri-

als. I asked whether the luminance change alone of such a stimulus was sufficient to

evoke an escape. A constant size (48◦) disk, that dimmed with the identical overall lu-

minance change of the dark looming disk (dimming), did not elicit escapes. The same

was true for a disk that dimmed more slowly, with constant luminance decrements over

time (linear dimming). Similarly, a bright receding disk (receding bright) was largely in-

effective to evoke escapes. This suggests that dimming alone, or a combination of dim-

ming and moving edges, are insufficient to induce escape behavior (Figure 3.5B). I next

tested whether a looming bright disk on a dark background (bright looming) would trig-

ger escapes. This stimulus contains an inverted luminance profile compared to both the

dimming and dark looming stimuli used before. Such a stimulus evoked escapes in about

25% of the trials, suggesting that there are mechanisms that extract global expansion from

a visual scene, regardless of the sign of stimulus contrast (Figure 3.5B). However, a bright-

on-dark expanding disk is substantially less potent in eliciting escape behavior than its

dark-on-bright equivalent. Finally, I tested a receding dark disk on a bright background

(dark receding) to determine whether a decrease in the size of a dark spot would trigger

the behavior. I did not observe any escapes in response to a receding dark disk (Figure

3.5B), suggesting that expansion is an important parameter of the looming stimulus.
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Figure 3.5: Escape probability with respect to stimulus parameters. (A) Schematics of the stimuli

over time. (B) Escape probability of larvae in response to the six stimuli above. Dark

looming was the most effective in triggering escapes (n = 20 larvae, GEE, p-value <

1x10−7 for dark looming vs. all the others, p-value ≤ 0.04 for bright looming vs. each of

all the others, multiple comparison corrected by Bonferroni-Holm). The dark receding

stimulus did not trigger any escapes. Stimuli generated from l/v = 60 ms stimulus (see

section 2.2.1). Error bars indicate ±S.E. (Figure adapted from (Temizer et al., 2015) with

permission.)

3.5 Probability of escape is invariant over slow-to-moderate approach

velocities

The looming stimulus models an object of constant size approaching at a constant veloc-

ity, which is fully described mathematically by the object’s size-to-speed ratio (l/v) (ex-

plained in section 2.2.1). To further explore the behavioral correlates of the looming stim-

ulus, I systematically changed l/v (Figure 3.6A). Such constant velocity stimuli have been

widely used to investigate escape responses in birds, fish and insects (Sun and Frost, 1998;

Preuss et al., 2006; Gabbiani et al., 1999; von Reyn et al., 2014). Based on my initial be-

havioral experiments, I tested a range of l/v values: 30 ms, 60 ms, 90 ms, 120 ms and 150

ms, which correspond to approach speeds of 1, 0.5, 0.33, 0.25, 0.2 cm/s for a virtual object

with a radius of l = 0.03 cm. I found that the probability of escapes was consistently high

for l/v values above 30 ms. For the rapidly looming stimulus of l/v = 30 ms, however, there
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3.6 Escape is evoked once the disk exceeds a threshold size of approximately 20◦

was a decrease in escape probability (Figure 3.6B), suggesting that the expansion speed of

this stimulus might exceed the detection limit of the escape circuitry.

30 60 90 120 150
0

20

40

60

80

100

−2.5 −2.0 −1.5 −1.0 −0.5 0.0

Time to collision (seconds)

0

8

16

24

32

40

48

A
n

g
u

la
r 

si
ze

 (
d

e
g

re
e

s)

l/v = 150ms

l/v = 120ms

l/v = 90ms

l/v = 60ms

l/v = 30ms

***

A B

Size-to-speed ratio (ms)

E
sc

a
p

e
 p

ro
b

a
b

il
it

y
 (

%
)

Figure 3.6: Escape probability as a function of size-to-speed ratios. (A) Expansion of angular size

for constant approach speed looming stimuli in time from 2◦ to 48◦. Time = 0 repre-

sents collision time, when the angular size reaches 180◦. l: object’s radius, v: approach

speed. (B) Escape probability is consistently high for l/v values above 30 ms (n = 15

larvae, GEE, p-value = 9.32x10−6 for l/v = 30 ms vs. each of all the others, multiple com-

parison corrected by Bonferroni-Holm). Error bars indicate ±S.E. (Figure adapted from

(Temizer et al., 2015) with permission.)

3.6 Escape is evoked once the disk exceeds a threshold size of approxi-

mately 20◦

To dissect the looming stimulus parameters that are correlated with escape onset, I looked

at the timing of responses for the range of l/v values. Strikingly, examining the remaining

time-to-collision at the escape behavior onsets across l/v values (Figure 3.7A) revealed a

strong linear relationship. This result has similarities with escape timing correlates from

other animals (Sun and Frost, 1998; Gabbiani et al., 1999) and indicates that angular size is

a critical parameter extracted by the neural circuit. This linear relationship also suggests

that escape is initiated when the stimulus reaches a threshold angular size on the retina,

55



3 Results

rather than at a fixed time before collision with the approaching object (Gabbiani et al.,

1999). I computed this threshold angular size as 21.7± 2.5◦ (mean ± S.E.) based on the

slope of the linear regression in Figure 3.7A (see section 2.2.1, equation 2.4). Similarly, a

linear regression on the angular size at escape onset across l/v values (excluding the fastest

stimulus, l/v = 30 ms, which does not reliably trigger escape) supports the concept of an

angular size threshold of approximately 20◦ (Figure 3.7B).
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Figure 3.7: The time of escape onsets relative to collision as a function of size-to-speed ratios

indicate a threshold angular image size. (A) Remaining time to collision at escape on-

sets as a function of l/v. Same larvae as for Figure 3.6B (least-squares linear regression

y =−5.298x −3.51, p-value = 1.4x10−11, R2 = 0.55, from 60 responses across all l/v val-

ues). (B) Value of the average stimulus angular size at a fixed neural delay preceding

escape onset (35 ms, see Materials and Methods, section 2.2.1) over l/v values from 60

ms to 150 ms is 23.13◦. Gray bars indicate the mean values. (n = 15 larvae, least-squares

linear regression y = 0.039x +19.11, p-value = 0.286, R2 = 0.02). (Figure adapted from

(Temizer et al., 2015) with permission.)

To directly test this angular size threshold, I devised another set of experiments with trun-

cated looming stimuli, which expand until a certain size is reached and then stop. Loom-

ing stimuli truncated to 9◦, 13◦ or 15◦ were relatively ineffective at triggering the behavior,

but did occasionally elicit an escape (Figure 3.8). However, stimuli with final angular sizes

above ≈ 20◦ induced escape with a higher probability. I fitted the data with a sigmoid,

and confidence intervals placed the center of the sigmoid, (or point of maximum slope),
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3.6 Escape is evoked once the disk exceeds a threshold size of approximately 20◦

between 17.5◦ and 20.7◦ (Figure 3.8, dashed red lines). These data support the idea that

the angular size of the stimulus is a critical parameter for computing approach, and that a

substantial change in escape probability occurs when the stimulus angular size surpasses

≈ 20◦.
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Figure 3.8: Escape probability as a function of final angular image size. Truncated looming stim-

uli were generated from the l/v = 60 ms stimulus. The tuning curve was fitted by a

sigmoidal function (y = 1/(1+e−k(x−x0)) with x0 = 18.8◦). Bootstrap 95% confidence in-

tervals computed to be 17.5◦ to 20.7◦ for the middle of the sigmoid which corresponds

to the point of maximal slope, 0.25. Data points are mean probabilities across larvae (n

= 20 larvae). Error bars indicate 95% bootstraps. (Figure adapted from (Temizer et al.,

2015) with permission.)

For stimuli that approach with constant speed, angular size and speed are interrelated and

thus difficult to disentangle. To directly explore the speed-tuning properties of escape re-

sponses, I generated a linearly expanding stimulus in which angular expansion was con-

stant, unlike the constant approach speed stimuli (e.g. Figure 3.6A) in which the angular

size expands nonlinearly. Such a stimulus expands linearly in angular size over time, thus,

toward the end of the stimulus, the angular expansion is not as fast as the constant ap-

proach speed looming. I used five linear looming speeds; 2◦/s, 10◦/s, 20◦/s, 100◦/s and

200◦/s. The higher angular speeds of 100◦/s and 200◦/s had a lower probability of trigger-
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ing escapes. This could be because of the fact that, at the beginning of the stimulus, the

linear looming is faster than the constant approach speed looming. Thus, for these high

speeds, it is possible that the animal cannot identify looming initially, thus, fail to initiate

escapes reliably. The 20◦/s looming stimulus triggered more escape responses than the

slower or faster stimuli (Figure 3.9). This suggests that the relevant circuitry can initiate

escapes most reliably at an optimal angular expansion speed of around 20◦/s. Moreover,

this indicates that the expansion speed of the looming stimulus is an important factor in

evoking escapes.
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Figure 3.9: Escape probability as a function of constant angular expansion rate. (n = 23 larvae,

GEE, p-value = 4.2x10−3 for 20◦/s vs 10◦/s. For 20◦/s vs. all the other speeds, p-value <

0.0005, multiple comparisons were corrected by Bonferroni-Holm). Error bars indicate

±S.E. (Figure adapted from (Temizer et al., 2015) with permission.)

3.7 Visual areas AF6 and AF8 respond to looming as well as dimming

stimuli

Next I used functional imaging to determine whether there are RGCs that respond to

looming stimuli. RGC axons innervate nine distinct arborization fields (AFs) in the lar-

val brain, in addition to the optic tectum (Figure 3.10A) (Burrill and Easter, 1994; Robles

et al., 2014). I performed two-photon calcium imaging of RGC axon terminals in larvae
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3.7 Visual areas AF6 and AF8 respond to looming as well as dimming stimuli

expressing the calcium indicator GCaMP6s under control of the RGC-specific promoter

Islet2b. I presented a dark looming stimulus that had a relatively short stimulus duration

(≈ 3.3 s, see Materials and Methods, section 2.2.1) but was effective in triggering escapes

reliably (l/v = 60 ms). While displaying the looming stimulus monocularly to the larvae

and scanning through the contralateral AFs, I detected robust responses in only two ex-

tratectal areas, AF6 and AF8 (Figure 3.10B-C and Figure 3.11). To assess the stimulus se-

lectivity of these areas, I presented the array of stimuli used for the behavior experiments.

Additionally, to compare the responses to a looming stimulus with different kinematics, I

also tested a linearly looming stimulus (linear looming) which robustly triggered the es-

cape behavior (20◦/s angular expansion; see Figure 3.9). During each trial, there was first

a blank screen, followed by the appearance of the stimulus (Figure 3.10C, "Stim on"), then

the expansion, contraction, or dimming of the object ("Start") until the stimulus ceased

changing ("End") and finally disappeared ("Stim off").

I found that AF6 RGC axons responded robustly to the dark looming stimulus (Figure

3.10B). AF6 RGCs were also activated by a linear looming stimulus (Figure 3.10B), which

might be expected as this stimulus also evokes escape and is distinct from dark loom-

ing only in its temporal evolution. In addition, AF6 RGC axons responded to the dimming

stimulus (Figure 3.10B). For these three decreasing luminance (OFF) stimuli, the peak AF6

response occurred during the expansion or darkening of the dark disk (Figure 3.10C). I also

observed a slight response to the dark receding stimulus, but the plot of the time course of

the response shows that the AF6 RGC axons were responding to the initial appearance of

the dark stimulus, not its receding motion (Figure 3.10C). I also investigated the response

of AF6 to a bright looming stimulus, which occasionally evoked escapes (Figure 3.5B), and

found that AF6 was not responsive to this stimulus (Figure 3.10B).

I also observed responses to the looming stimulus in a more dorsal plane containing AFs 7,

8, and 9 (Figure 3.11A). Like AF6, AF8 axons responded to both looming dark and dimming

(OFF) stimuli. Interestingly, AF9 RGCs responded vigorously to only looming bright and

receding bright (ON) stimuli. For the receding bright stimulus, the time course of the re-

sponse shows that the AF9 axons were activated by the appearance of the bright stimulus,
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Figure 3.10: RGC axons that project to AF6 respond to looming and dimming stimuli. (A)

Schematic frontal view of the larva denoting AFs in the midbrain and forebrain. (B)

Isl2b:Gal4, UAS:GCaMP6s transgenic larvae were presented with a set of looming and

control stimuli, and RGC axons in the plane containing AF6 and AF4 were imaged. The

peak pixelwise stimulus response (△F/F) over the stimulus time window is plotted for

each stimulus. Responses are averaged across all trials for a single fish. (C) Temporal

dynamics of the AF6 responses to each stimulus as traces of individual trials. The peak

pixelwise stimulus responses (△F/F) are given as 95 percentile values. AF6: red, AF4:

yellow colored dashed lines. In (C), scale bar is 3 seconds and black colored traces

indicate background. In (B), scale bars = 30 µm; P = posterior, M = medial. (Figure

adapted from (Temizer et al., 2015) with permission.)

not the receding motion (Figure 3.11B). Some AF9 axons were activated by dark looming

and dimming stimuli, but this response was relatively weak. The third AF in this plane,

AF7, was only weakly activated by bright looming stimuli and did not respond to any of

the darkening stimuli (Figure 3.11A).
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Figure 3.11: RGC axons that project to AF8 respond to looming and dimming stimuli. (A) Shows

the same stimuli set as in Figure 3.10B, but in a more dorsal plane that includes AF7,

AF8 and AF9. Responses are averaged across all trials for a single fish. (B) Temporal

dynamics of AF8 and 9 responses are given per stimulus as traces of individual trials.

The peak pixelwise stimulus responses (△F/F) are given as 95 percentile values. AF7:

orange, AF8: light green and AF9: magenta colored dashed lines. In (B), scale bars is

3 seconds and black colored traces indicate background. Scale bars = 30 µm; TeO =

Optic Tectum, P = posterior, M = medial. (Figure adapted from (Temizer et al., 2015)

with permission.)

3.8 Pixelwise analysis reveals a generalized OFF response of RGCs in-

nervating AF6 and AF8

To determine whether individual RGC axons in these AFs are selective for any of the stim-

uli, we further analyzed the responses of single pixels within the imaging data. Each pixel

corresponds to an area of 0.3 to 0.6 µm2, which is in the range of single presynaptic bou-

tons of RGC axons (Nikolaou et al., 2012). We compared the pixel responses to dark vs.

bright looming by subtracting each pixel’s bright looming response from its dark loom-

ing response. This revealed that most AF6 and AF8 pixels responded to the dark looming

stimulus, whereas AF9 pixels were activated by bright looming (Figure 3.12A). An analysis

of the temporal dynamics of six example pixels (two from each AF) showed that responses

to the dark looming and dimming stimuli occurred during the darkening (OFF) phase of
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the stimulus (Figure 3.12B), while the responses to the receding stimuli occurred at the

initial appearance of the stimulus ("Stim on", Figure 3.12B).
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Figure 3.12: Pixelwise analysis of responses to looming vs. control stimuli reveal functional

specialization in extratectal AFs. (A) Comparison of pixelwise responses to dark vs.

bright looming stimulus. Each pixel’s bright looming response is subtracted from its

dark looming response. Pixels with positive values (larger response to dark looming)

are blue, and negative values (larger response to bright looming) are red. (B) △F/F

traces of individual example pixels from corresponding AFs (confined with dashed

lines) for each stimulus. Responses from individual trials per pixel are shown as col-

ored traces and the mean is indicated by a bold colored trace. 95 percentile values

were used as the pixel peak △F/F values. Scale bars represent 30 µm; TeO = Optic

Tectum, P = posterior, M = medial. (Figure adapted from (Temizer et al., 2015) with

permission.)

We next plotted the individual pixel responses to dark looming vs. all other stimuli to

assess whether this more fine-grained analysis would reveal selectivity for different stim-

ulus features. Comparing the responses to dark looming and dimming for AF6 and AF8,

we observed that pixels that responded to dark looming also responded to dimming stim-

uli, since the pixels are concentrated along the y = x unity line (Figure 3.13, panels 1, 6).
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Similarly, we found that most AF6 pixels responded equally to dark looming and linear

looming stimuli (Figure 3.13, panel 4).

Interestingly, two scatter plots of pixel responses in AF9 (Figure 3.13, panels 12 - 13) do

not show a high pixel concentration along the straight unity line, but a bent distribution

pointing in both horizontal and vertical directions. This may be caused by the presence

of two functionally distinct populations of RGCs projecting to this area; one responding

to decreasing luminance stimuli, and a larger population activated by the increases in lu-

minance that occurred during the looming and receding bright stimuli. Indeed, recent

study showed that AF9 receives input from ON and OFF-RGCs with distinct morphologies

(Robles et al., 2014). Based on our analysis, AF6 and AF8 seem to be predominately inner-

vated by RGCs that respond to decreases in luminance, rather than behaviorally relevant

parameters such as the expansion of the looming object.
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Figure 3.13: Scatter plots comparing peak response for each pixel in AF6, AF8 and AF9, to loom-

ing dark vs control stimuli. Pixels that are close to the unity line x = y, respond simi-

larly for both compared stimuli (n = 4 larvae). Pixel # 1 and 2, marked red, are the same

pixels as in Figure 3.12B. 95 percentile values were used as the pixel peak △F/F values.

Panel labeling from top left to bottom right, 1 - 15. (Figure adapted from (Temizer

et al., 2015) with permission.)
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3.9 Functional imaging reveals looming-specific subsets of RGC axons

in the tectal neuropil

I expanded our analysis of looming-responsive RGCs by performing imaging experiments

in the optic tectum. The tectum receives highly organized RGC input, with each axon ar-

borizing in one of the ten layers of visual neuropil (Robles et al., 2013). In response to

the dark looming and linear looming stimuli, I saw robust activation in several layers of

the stratum fibrosum et griseum (SFGS; Figure 3.14A) and often the stratum griseum cen-

trale (SGC; Figure 3.15). The dimming stimulus also activated some SFGS axons, but this

response was confined to the deepest layer of SFGS, SFGS6 (Figure 3.14A). All of these

stimuli primarily evoked responses in the central (rather than the more anterior or poste-

rior) SFGS (Figure 3.14A). This confined response could be due to the fact that the screen

spanned over 62◦ of the monocular visual field. The looming stimulus therefore did not

sweep across the most nasal and most temporal regions of the retina, which provide input

to posterior and anterior tectum, respectively. In contrast, the two bright stimuli, bright

receding and bright looming, both activated a larger swath of the tectum throughout the

anterior/posterior axis (Figure 3.14A). This broad response could be due to the activation

of RGCs that have very large receptive fields, or respond to overall luminance. Indeed, in

the case of the receding bright stimulus, the response occurred at the appearance of the

large bright object, not during the receding motion, indicating that these RGCs are likely to

be activated by the increase in luminance (Figure 3.14B). The bright looming stimulus had

similar temporal response dynamics to the dark looming stimulus since it differs from the

dark looming stimulus only in its background-to-disk contrast (reversed contrast stimu-

lus) (Figure 3.14B). This result might be related with the bright looming stimulus triggered

escape responses (Figure 3.5B). However, the bright looming and the dark looming stimuli

had much less spatial overlap in their activation (see Supplemental Figure 6.2). In addi-

tion, we imaged the tectal neuropil responses to the dark receding stimulus and a dark

flashed disk of 48◦ (Figure 3.16), which induced similar activation patterns to the bright

receding and dimming stimuli, respectively (experiment conducted by J. Semmelhack).
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Figure 3.14: Differential activation of tectal RGC axons by looming vs. dimming. (A) Loom-

ing dark and control stimuli are presented monocularly to 6 to 8 dpf Isl2b:Gal4,

UAS:GCaMP6s transgenic larvae while imaging the response of RGC axons within

the contralateral tectal neuropil. Baseline fluorescent image from the Isl2b:Gal4,

UAS:GCaMP6s transgenic larva showing tectal anatomy (SO, stratum opticum; SFGS,

stratum fibrosum et griseum superficiale; SGC, stratum griseum centrale; SAC, stra-

tum album centrale). The peak pixelwise stimulus response (△F/F) over the stimulus

time window is plotted for each stimulus. Responses are averaged across all trials for a

single fish. (B) Temporal dynamics of tectal neuropil responses are given per stimulus

as traces of individual trials. In (B), scale bars represents 3 seconds and black colored

traces indicate background. 95 percentile values were used as the pixel peak △F/F

values. Scale bar represents 30 µm; P = posterior, M = medial. (Figure adapted from

(Temizer et al., 2015) with permission.)

Pixelwise analysis of the tectal imaging data revealed populations of pixels that responded

to decreasing or increasing luminance stimuli (Figure 3.17A), as in AF6, AF8 and AF9.

However, unlike in the extratectal AFs, many dark looming-responsive pixels had a negli-

gible response to dimming (e.g. Figure 3.17A, pixel #1). Indeed, the majority of looming-

responsive pixels in the tectum had a weaker response to dimming than to looming (Fig-

ure 3.17B, panel 1). (For comparisons between control stimuli, see Supplemental Figure

6.3). We calculated the ratio of the responses to looming over dimming for each pixel,

and found that this ratio was significantly higher for tectal pixels compared to extratec-
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Figure 3.15: Spatial pattern of tectal neuropil responses to looming vs. control stimuli from in-

dividual larvae. Baseline fluorescent images (panel 1) and pseudocolored peak pix-

elwise stimulus responses (△F/F) from the three tectal planes imaged (n = 3 larvae).

Responses during the stimulus time window are averaged across all trials and plotted

for each stimulus. The peak △F/F’s are given as 95 percentile values. Scale bars rep-

resent 30 µm; P = posterior, M = medial. (Figure adapted from (Temizer et al., 2015)

with permission.)

tal AF pixels (Mann-Whitney U test, p-value = 6.9x10−4, p-value < 1x10−10, and p-value =

1x10−10 for tectum vs. AF6, AF8 and AF9 respectively.)

Finally, we visualized the location of dark looming-selective pixels within the tectum by

subtracting each pixel’s dimming response from its dark-looming response (Figure 3.18).

This analysis confirmed that many of the pixels in the SFGS responded selectively to the

expansion of the dark object, rather than to the change in luminance. When we plotted

dark looming-selective pixels in the extratectal AFs with the same scale, we saw only a few

pixels in AF6 with a slight preference for looming (Figure 3.18). These results imply that,

unlike AF6 and AF8, the tectum receives looming-selective input.
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Figure 3.16: Differential tectal neuropil responses to dark looming, dark receding and dark

flashed stimulus. Baseline fluorescent images (panels 1, 5, 9) and pseudocolored

peak pixelwise stimulus responses (△F/F). Responses during over the stimulus time

window are averaged across all trials per larva and plotted for each stimulus (n = 3

larvae). The peak △F/F’s are given as 95 percentile values. Scale bars = 30 µm; P =

posterior, M = medial. Panel labeling from top left to bottom right, 1 - 12. (Figure

adapted from (Temizer et al., 2015) with permission.)
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(Figure adapted from (Temizer et al., 2015) with permission.)
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3.10 Lesions of the tectal neuropil impair looming-evoked escapes

Since the imaging experiments identified tectal RGC axons that responded specifically to

the behaviorally relevant looming stimuli, I focused on the tectum as the potential neural

substrate for escape behavior. To test the necessity of retinotectal projections for looming-

evoked escape, I performed laser ablations of the tectal neuropil. Ablations were per-

formed unilaterally (always in the left tectum) in larvae expressing the fluorescent protein

Dendra in RGCs. I selectively targeted the RGC axon bundles entering the tectum (Figure

3.19A; pre-ablation). Since I presented the stimuli monocularly (to the right eye of the

larvae) and, in zebrafish, the retinal projections from each eye to the optic tectum cross

completely at the optic chiasm, the contralateral tectum (the right tectum) served as an

intrinsic control. Lesioning of axons subsequent to targeted ablations was immediately

detectable (Figure 3.19A; post-ablation). All larvae were imaged 24h after the ablations to

verify the persistence of the lesions. I confirmed that the ablations were restricted to the

tectum by assessing the integrity of other AFs with DiI injections to the eye to label RGC

axons (Figure 3.19B).

I found that larvae with tectum lesions were significantly impaired in their ability to es-

cape in response to a looming stimulus (Figure 3.20A). To confirm that the tectal neuropil

ablations did not have a generally adverse effect on visual function or swimming behavior,

I tested the optomotor response (OMR), before and after ablation, by presenting a moving

grating to the ablated side. In line with previous work (Roeser and Baier, 2003), the OMR

was unaffected by ablation of the tectum (Figure 3.20C). In a few experiments, I recorded

the behavior of individual larvae before and after the ablation (Figure 3.20B). The lesions

completely abolished escape responses on the ablated side, while behavior was unaltered

on the control side (n = 2 larvae). Together, these data indicate that the tectum plays an

important role in looming-evoked escape behavior.
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Figure 3.19: Targeted laser ablations of RGC axons innervating in the tectal neuropil. (A) Side

view of a 7 dpf Ath5:Gal4, UAS:Dendra transgenic larva with intact left tectal neuropil

(left panel) and immediately following ablation of left tectal neuropil (right panel). (B)

DiI injection of the same larva as in (A). DiI images are given in two example z planes

(left panel = ventral; right panel = dorsal) to show the extent of lesions through tectal

neuropil. Asterisks denote lesion sides. Scale bars = 30 µm; A = anterior, L = lateral, DL

= dorsa-lateral. Hatched white lines indicate tectal neuropil and AF7 for each image

in (A) and (B). (Figure adapted from (Temizer et al., 2015) with permission.)
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Figure 3.20: Intact tectal neuropil is necessary for the looming-evoked escape response. (A)

Escape probability in control larvae (transgenic siblings, n = 13 larvae) and ablated

larvae to the intact and ablated side (n = 12 larvae, GEE, p-value = 6.8x10−6 for sib-

lings control vs ablated side and p-value = 9.2x10−5 for intact side control vs ablated

side). (B) Escape probability before and after ablations (n = 2 larvae). Pre-ablation

behavioral experiments were performed on the to-be-ablated side. No escape was

observable to the ablated side. (C) Optomotor response triggered by moving gratings

presented to the ablated side was unimpaired by tectum ablation (n = 5 larvae, de-

pendent t-test, p-value = 0.44). Intact side in ablated larvae was used as an intrinsic

control for behavior experiments. For details, see Materials and Methods, section 2.4.

(Figure adapted from (Temizer et al., 2015) with permission.)



4 Discussion

In this work, I have established a behavioral paradigm to study the previously unknown es-

cape behavior of zebrafish larvae in response to looming stimuli. I determined the specific

parameters of the stimulus that effectively triggered escape responses and partially dis-

sected the neural circuit underlying the escape response. Thereby, I used functional imag-

ing to identify a subset of RGC axons that respond to looming. Two retinorecipient brain

areas, AF6 and AF8, were shown to respond robustly, although not exclusively, to looming

stimuli. RGCs innervating these two areas also responded to overall dimming. However, a

looming-specific pattern of excitation was detected only within the retinorecipient layers

of the optic tectum. This suggests that looming-selective RGCs project only to the tectum.

Moreover, I demonstrated that ablation of RGC axons in the tectal neuropil markedly re-

duced the escape behavior, establishing the importance of this area for visually-evoked

escapes. Taken together, the collected data expand the repertoire of interesting senso-

rimotor tasks that the fish larva can perform and are compatible with the presence of a

specialized RGCs population, involved in detection and transmission of looming-specific

visual information into the tectum.

4.1 Looming-triggered escapes in zebrafish

I have described strong, robust and immediate responses of zebrafish larvae to looming

stimuli, to the best of my knowledge, for the first time. These looming-triggered responses

mainly consist of two phases: the initial high amplitude contralateral bend of the tail and

the following fast burst swim (see Results, sections 3.1, 3.2). The bend during the first

phase of the escape normally turns the larva away from the stimulus, so that the sub-

sequent forward burst swim serves to propel the larva away. This fixed action pattern

73



4 Discussion

can be observed during looming-evoked escape in freely swimming fish (data not shown)

and is maintained under open-loop conditions when the animal is immobilized. Previ-

ously, whole-field dark flashes-induced startle turns, called O-bends, were described in

zebrafish (Burgess and Granato, 2007; Chen and Engert, 2014). These turns differ from the

escape maneuvers that I describe here in several aspects: first, the turn direction is inde-

pendent of stimulus origin in the case of an O-bend, whereas in escapes, it is usually away

from the stimulus origin. Second, O-bend swims are not followed by burst swims as in the

case of escape. Third, the swim direction of O-bend turns induced by dark flashes can be

towards the stimulus. Thus, looming-triggered escapes comprise a novel class of visually

evoked behaviors in the larval zebrafish.

In the head-restrained preparation, the eyes were not freed from the agarose, and typically

become fixed in a neutral position during the embedding process (the eye positions of

the larvae in Figure 3.1B are representative). Previously, it was estimated that, for larvae

with unconverged eyes, visual objects 1.4 mm in front of the larva should be visible to

both eyes (Bianco et al., 2011). Since the screen was 10 mm away, it can be assumed that

objects in the center of the screen were viewed binocularly when larvae were placed facing

directly toward the screen. This binocular stimulation of the larvae with looming stimuli

revealed sharp, immediate C-bend turns with a high amplitude. Binocular stimulation

results mostly in sharp C-bend escapes to either side. Monocular stimulation of the larvae

occasionally resulted in S-bend escapes (Liu and Hale, 2014), with a lower turn angle than

C-bend turns. This could be due to the stimulus position in the visual field: in monocular

stimulation the looming was presented to the side of the larva. In this case, a smoother

turn may already be enough to direct the larva away from the threat. In experiments with

binocular stimulation, I observed a lateralization in the behavior (Figure 3.2A): the larvae

had a tendency to initialize leftward turns.

I used an open-loop behavioral setup with a head-restrained preparation of the lar-

vae. This may alter behavior response compared with free swimming. I chose a head-

restrained preparation to have a better control over the stimulus parameters that I pre-

sented to the larvae as well as for the functional imaging afterward. My results show that
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4.2 Looming detection across species

the behavior kinematics I observed overlap with the kinematics of the acoustic or tac-

tile stimuli triggered C-bend escapes in the freely swimming larvae (Budick and O’Malley,

2000; Kohashi and Oda, 2008). Moreover, the looming stimulus evokes escape behavior

in freely swimming larvae that are near the screen when the stimulus is displayed, with a

similar locomotion pattern to the escapes that are evoked in head-restrained larvae (data

not shown). Thus, the tethered preparation produces comparable behaviors to the innate,

natural behavior of the zebrafish larvae.

4.2 Looming detection across species

Previous studies in visual looming-mediated escape behaviors in locusts (Hatsopoulos

et al., 1995), flies (Holmqvist, 1994; de Vries and Clandinin, 2012; von Reyn et al., 2014),

pigeons (Sun and Frost, 1998), adult teleost fish (Preuss et al., 2006; Dill, 1974a), amphib-

ians (Nakagawa and Hongjian, 2010; Ishikane et al., 2005), mice (Yilmaz and Meister, 2013;

Wei et al., 2015; Shang et al., 2015) and primates (Schiff et al., 1962) showed that the be-

havioral response is highly conserved, and that animals utilize similar neurobehavioral

strategies to gauge the approach of a threatening stimulus.

Among vertebrate species, looming-sensitive cells are best described in the pigeon (Sun

and Frost, 1998). These cells, found in the midbrain nuclei along the tectofugal pathway, in

nucleus rotundus. They were classified into three distinct types (τ, ω and η cells), defined

by thresholds for distinct optimal parameters of the looming stimuli: time to collision,

angular speed and angular size of the looming object. Similarly, electrophysiological and

behavioral studies in the locust have identified a looming-sensitive cell, the lobula giant

movement detector (LGMD) neuron. These neurons robustly respond to looming stim-

uli in a contrast and luminance invariant manner (Simmons and Rind, 1997; Gabbiani

et al., 2001). The time of peak firing rate of this cell relative to collision varies linearly with

the looming stimulus size-to-speed ratio (l/v), (Hatsopoulos et al., 1995; Gabbiani et al.,

1999). This linear relationship means that the peak response of these cells occurs at a fixed

time delay after the stimulus reaches an angular size threshold on the retina. As a result,
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escapes in response to fast-looming stimuli (small l/v) occur later than to slow-looming

stimuli (large l/v) relative to collision. The firing rate of these neurons can be described

with a nonlinear function of the stimulus angular size, called eta, which was introduced

by Hatsopoulos et al. (Hatsopoulos et al., 1995):

η(t ) = θ̇(t )
(
e−αθ(t )

)
(4.1)

where θ(t ) is the angular size, θ̇(t ) is the angular edge speed, α is a constant related to the

angular size threshold (see Materials and Methods, section 2.2). This function increases

with angular speed (excitation) at the beginning of looming and eventually decreases with

angular size as implemented with negative exponential (inhibition).

Interestingly, my findings indicated a similar linear relationship between the timing of es-

cape onsets, the anticipated time of collision and the value of l/v (Figure 3.7A-B). Further-

more, the threshold angular size that was observed in my psychophysics experiments, (≈
20◦; Figure 3.7B) is remarkably similar to the angular size thresholds in other species such

as locusts (≈ 24◦) and bullfrog (≈ 25◦) (Gabbiani et al., 1999; Nakagawa and Hongjian,

2010). It is quite possible that the zebrafish brain combines the excitation provided by

angular speed and inhibition provided by angular size in a nonlinear manner as in η(t )

function, which uniquely reproduce the characteristic linear relation between l/v and the

response onset time relative to collision (Gabbiani et al., 1999).

The behavioral experiment with the constant angular speed looming stimuli was designed

to investigate the dependency of escape responses on the speed of the looming (Fig-

ure 3.9). In terms of an approaching object, this stimulus corresponds to a decelerat-

ing approach, meaning that the true speed of the object is decreasing over time. The

plot of the angular sizes at escape onsets for constant angular speed looming stimuli did

not yield a clear threshold angular size (see Supplemental Figure 6.1) as in constant ap-

proach speed looming stimuli (Figure 3.7B). Although the angular sizes at escape onsets

are statistically indistinguishable for the stimuli from 2◦/s to 20◦/s (≈ 27.2◦, least-square

regression y = 0.05755x + 26.76, p-value = 0.79, R2 = 0.002), for higher angular speeds this
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value increases significantly (Supplemental Figure 6.1). These two looming stimuli sets

(constant approach speed looming and constant angular speed looming) differ in their

kinematics, representing different object approaches. For example, in locusts, while the

constant approach speed looming stimuli trigger escape responses, the constant angular

speed looming stimuli fails to elicit responses that are comparable to those of constant

approach speed looming (Rind and Simmons, 1992; Simmons and Rind, 1992; Simmons

et al., 2013). Although the constant angular speed looming stimuli can trigger escape re-

sponses in zebrafish, it is difficult to interpret the angular size threshold in the context of

constant angular speed looming.

Interestingly, if we assume a longer sensory-motor delay (≈ 180 ms) for the constant an-

gular speed looming stimuli triggered escapes, we reach a threshold angular size (≈ 25◦)

which is fairly similar to the one observed in the constant approach speed looming stim-

uli triggered escapes. From this point of view, if there is one fixed threshold angular size,

one can hypothesize that these two stimuli sets simply activate different (maybe parallel)

escape pathways with different neural delays, that finally converge on escape. In this case,

the larvae select one of these escape pathways to trigger escape responses at different de-

lays, depending on the looming stimuli statistics. Further experiments are necessary to

elucidate the precise details of the escape responses that are elicited by statistically dis-

tinct looming stimuli.

4.3 Responses to looming stimuli in RGC axons

My experiments showed that looming-triggered escapes occur as an innate response in

the naïve animal and that the escape latency strongly depends on the expansion speed

of the looming stimulus (Figure 3.7A). Given the importance of detecting an approaching

threat for survival and the rapid, robust responses that were observed, one would expect

the existence of a dedicated neural circuit driving this essential behavior. Since the RGCs

constitute one of the earliest stages in visual processing and some distinct subtypes sup-

port specific innate responses, I hypothesized that the first opportunity for the zebrafish
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brain to detect an approaching object might emerge at the RGC level. These looming-

detecting RGCs then would hypothetically project to particular, dedicated visual area(s)

that drive escape responses.

I showed that, although a mere dimming of a disk of constant size is not sufficient to evoke

escapes (Figure 3.5), the most effective looming stimulus has a dimming component (Fig-

ure 3.5), implying a role for the OFF-RGCs. However, since the bright looming stimulus

can also trigger escapes, although much rarely than the dark looming stimulus (Figure

3.5B), the ON-OFF direction selective RGCs can also be involved in looming detection.

Furthermore, the speed tuning of the behavior responses (Figure 3.9) suggests involve-

ment of transient OFF-RGCs and/or ON-OFF direction selective RGCs which are sensitive

to rapid changes (Weng et al., 2005), rather than the sustained OFF-RGCs, which have a

broader speed tuning covering slower speeds (Pang et al., 2003). Such a highly approach-

sensitive type of a retinal ganglion cell was described in mice previously (Münch et al.,

2009), although it is not known whether its activation results in a behavioral change.

I found that ganglion cells in two retinorecipient areas, AF6 and AF8, as well as several

layers of the tectum, were robustly activated by dark looming stimuli. It is worth noting

that an expanding stimulus sweeps across a large part of the visual field and therefore

activates a substantial population of neurons. This feature makes it inherently difficult to

identify the neurons that are directly involved in encoding the escape-triggering stimulus.

While a pan-RGC imaging approach can detect RGC subtypes, there is a chance of missing

a rare subtype that has its axons, and therefore the calcium signal, mixed in with other

broadly responding RGC subtypes.

To identify the neural substrate of the behavior, I used a variety of stimuli that shared im-

portant parameters with the looming stimulus, but did not evoke the behavior. I found

that individual RGC axons in AF6 and AF8 generally responded to a decrease in lumi-

nance, rather than to the behaviorally relevant parameter of expansion. These AFs have

been shown to receive input predominately from RGCs with dendrites in the OFF layer of

the IPL (Robles et al., 2014), which is consistent with their responses to dark looming and

dimming. Moreover, AF6 is mostly innervated by dorsal RGCs whereas AF8 is preferen-
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tially innervated by ventral RGCs (Robles et al., 2014), possibly covering the visual space

important for triggering defense against ecologically relevant threats. Interestingly, these

RGCs also make collaterals in tectal neuropil, deeper layers of retinorecipient SFGS sub-

lamina, where I observed robust responses to dark looming. In addition, AF6 innervates

also in SGC layer in the tectal neuropil.

It is not known whether these RGCs are directly involved in looming-triggered escapes.

Imaging and lesioning experiments indicate that the tectum is mediating the behavior

(see below, section 4.4). Genetic markers for AF6 and/or AF8 would allow to selectively

inhibit the RGCs in these retinorecipient areas. In addition, targeted laser ablations of AF6

and AF8 are technically challenging due to the positions of these AFs. AF6 is relatively

deep in the brain and both AF6 and AF8 are very close to the optic tract, making it hard

to ablate them without damaging the optic tract. Hence, the functions of AF6 and AF8

have not been isolated yet. They may "alert" the tectum about the presence of a shadow,

thus facilitating a looming-evoked escape, or they may be involved in different luminance-

sensitive behaviors, such as phototaxis.

4.4 Role of the tectum in escape

The tectum is known to be the main sensory integration and processing unit in teleost

fish. It receives direct input from 97% of the RGCs, forming the primary visual center in

the zebrafish midbrain. The tectum and its mammalian homologue, the superior collicu-

lus (SC), contain a high-resolution map of visual space and are generally thought to be

involved in localizing objects and directing appropriate orienting movements towards or

away from salient objects, such as prey or predators (Sahibzada et al., 1986; Sparks and

Nelson, 1987; Gahtan et al., 2005; Fajardo et al., 2013). Moreover, it has been shown that

pharmacological disinhibition or local stimulation of the tectum can evoke tracking or

pursuit and defensive behavior in rodents, goldfish and primates (Dean et al., 1989; Her-

rero et al., 1998; DesJardin et al., 2013). Furthermore, tectal neurons that respond to loom-

ing stimuli have been found in fish (Sajovic and Levinthal, 1983; Niell and Smith, 2005),
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tadpoles (Khakhalin et al., 2014), mice (Wei et al., 2015; Shang et al., 2015), cats (Liu et al.,

2011) and birds (Wu et al., 2005). Thus, it is conceivable that tectum mediates looming-

triggered escapes by integrating looming-selective RGC input and feeding it to the escape-

associated reticulospinal circuit.

Within the tectal neuropil, I observed responses to looming and dimming in the SFGS.

Interestingly, I found that several layers of the tectum, likely SFGS2-5, appear to respond

more strongly to looming than to dimming. These SFGS layers are innervated by RGCs

that do not arborize in any other AFs (projection classes 5-8 (Robles et al., 2014)). Thus,

looming-selective RGCs, terminating in the SFGS, might underlie the stimulus selectivity

of the behavior. However, mapping the looming-selective responses to the SFGS layers

of the tectal neuropil via pixelwise analysis has not allowed me to clearly identify a sin-

gle looming-selective RGC type. From an earlier study (Robles et al., 2014), it is known

that these layers of the SFGS receive input from RGCs with many different dendritic mor-

phologies. Therefore, linking the looming-selective RGC axons with dendritic morphology

would require systematic single RGC axonal imaging with characterization of dendritic

morphology in the retina.

It is possible, however, that additional RGC types are required for the behavior, and that

the detection of the looming stimulus occurs in the downstream periventricular neurons

of the tectum, perhaps via pooling of the inputs from an array of RGC dimming detectors.

Previously, a candidate circuit, filtering responses to objects by size, has been demon-

strated in the tectum (Del Bene et al., 2010). By analogy, the angular size threshold that I

observed in my psychophysics experiments might be encoded at the level of tectal cells,

via a specialized cell population. While the cellular composition of the looming circuit

has yet to be revealed, the tectum is the site where spatiotemporal stimulus features are

likely to be integrated (see recent study by Dunn et al. (2016)). Once a critical angular size

has been reached, a tectum-generated command could then drive escape motor circuits

in the hindbrain, such as the Mauthner neuron and its homologues (O’Malley et al., 1996).

My lesioning experiments indicate the relevance of the optic tectum in the looming-

evoked escape response. Larvae could occasionally perform escapes on the ablated side,

80



4.5 Looming computation: single neuron coding or population coding?

which could be explained by the incomplete nature of the tectal ablations. I showed that

the direction of the escape behavior is dependent on the location of the stimulus within

the visual field (Figure 3.2B). Thus, the location of looming-responsive neurons within the

tectum could be read-out to generate a directional motor response. Future experiments

are required to elucidate the underlying neural circuit.

4.5 Looming computation: single neuron coding or population coding?

Several scenarios are possible for the implementation of looming sensitivity arising from

my behavioral and functional imaging data. One possibility would be that the RGCs in

AF6 and AF8 encode dimming as an alert function (Franconeri and Simons, 2003) and

provide early excitatory input to the optic tectum when appropriate. In parallel, presum-

ably looming-sensitive RGCs that arise from the pixelwise analysis, convey looming se-

lective input to the downstream tectal cells by projecting to the deep layers of the tec-

tal neuropil. The peak activity in RGC axons does not seem to encode the angular size

threshold. Hence, alternatively, different RGCs encode different features of the looming

stimulus, such as dimming, motion direction, speed, angular size etc. These signals may

converge in the deep tectum and the stimulus categorization emerges at the tectal cell

level, where all differential inputs are pooled and processed. Previously, looming respon-

sive tectal neurons, with receptive field sizes of up to 30◦ were found in zebrafish (Sajovic

and Levinthal, 1983; Niell and Smith, 2005), but the specificity and spatial extent of these

neurons remain unknown. The angular size threshold that I observed in my behavior ex-

periments is in the range of receptive field sizes of the looming responsive tectal cells that

were found previously. This suggests that a subset of these cells forms a specialized loom-

ing detector class. It is also possible that an expanding OFF edge can be detected through

tectal cells, encoding local motion in opponent-direction, center-surround organization,

in a distributed tectal network. Summation of the excitation results in a signal exceed-

ing a threshold level which consequently converges on hindbrain descending command

circuits to generate appropriate motor output.
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In locust and flies, looming-sensitivity is achieved by a pair of wide-field neurons that have

a peak firing rate at a fixed delay before the stimulus reaches an angular size threshold and

animal takes off (Fotowat and Gabbiani, 2007; Fotowat et al., 2009). These neurons per-

form a nonlinear computation by combining excitation and inhibition according to the

η(t ) function (Hatsopoulos et al., 1995). Although, there are differences in the anatomical

position of these looming-sensitive neurons in locust and flies and the complex neuropil

structure of the zebrafish optic tectum, the ultimate computation can be similar. More-

over, this type of nonlinear neural computation facilitates the animal’s survival by induc-

ing earlier take-off for larger objects assuming equal speeds, accentuating the salience of

a potential threat. However, we need further behavioral and imaging experiments, both

pre- and postsynaptically in the tectum, to disentangle the neural computation underly-

ing looming detection.

4.6 Limitations of the methodology

In my current looming stimuli set, I have used two types of looming: first, constant ap-

proach velocity looming which triggers an accelerating angular expansion and second,

constant angular speed looming, indicating a linear angular expansion. All of the stim-

uli started from the same initial angular size, 2◦ and expanded until a maximum of 48◦.

Although I can trigger escape responses with the current stimuli set, I do not know how

much of it relates to the ethologically relevant threat. Further behavior experiments ex-

ploring the effect of different stimulus initial sizes and speeds on the behavior separately,

are necessary to understand the underlying computation in more detail.

In addition, I could show that mere dimming of a stationary large disk did not evoke any

escape responses, indicating the necessity of an edge motion for the behavior. Although

in a control experiment we assessed the efficacy of a laterally moving large dark disk (ob-

servation by J. Semmelhack), which did not evoke any escape response, I have not tested

an iso-luminance looming stimulus. This could be done with a checkerboard looming

stimulus in order to check the necessity of pure expansion without dimming. Since the
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bright looming stimulus comes second best after dark looming in triggering escapes (Fig-

ure 3.5B), I would expect that checkerboard looming evokes escape responses. This would

confirm the presence of an expansion computing circuit in the zebrafish brain (see recent

study by Dunn et al. (2016)). Previously, it was shown that locust LGMD neurons and

fly looming-sensitive neurons both robustly respond to checkerboard looming stimulus

(Gabbiani et al., 2001; de Vries and Clandinin, 2012). Stimulus parameter space is large;

however, to dissect the responses further, it would also be interesting to design a second-

order motion (e.g., motion-defined motion) looming stimuli (Adelson and Bergen, 1985).

Since OMR and second-order motion processing do not require the tectum (Roeser and

Baier, 2003), this experiment would help to assess the involvement of the extratectal cir-

cuits for the escape behavior.

My functional imaging experiments also have limitations in terms of elucidating the iden-

tity of putative looming-sensitive RGCs in the tectal neuropil. Unfortunately, we do not

yet have transgenic lines that label distinct RGC subpopulations. This led me to perform

the calcium imaging in pan-RGC Gal4 line expressing GCaMP6s, which in turn makes it

difficult to identify the responding cell types afterward. One way to overcome this prob-

lem for now would be a sparse labeling of RGCs by DNA injections of UAS:GCaMP6 into

the pan-RGC Gal4 expressing eggs at single cell stage and use transiently expressing trans-

genic larvae for functional imaging. Alternatively, one could use a BGUG:Gal4 transgenic

line (Scott et al., 2007) to label a subset of RGCs. Moreover, the use of faster, newly en-

gineered genetically-encoded calcium or voltage indicators (Chen et al., 2013; Hochbaum

et al., 2014; Berlin et al., 2015) and calcium signal acquisition with, for example, a resonant

scanner, might help to decode the response kinematics better in the future.

Finally, laser targeted ablations of the RGC axon bundles (Figure 3.19A-B), climbing to the

tectal neuropil, were time consuming and since it is a manual surgery, not well-controlled.

Although one can confirm the extent of ablations in the AFs overall afterward via DiI la-

beling, one cannot confirm whether the RGC axons die back at the branch spots or not.

Moreover, one cannot confirm whether the ablations also affect the collaterals of ablated

RGCs in AF8 and AF6, possibly making them not functional. An alternative approach for
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manipulating neural activity would be to use optogenetics to establish causality in the

transparent brain of zebrafish in a reversible manner (Fenno et al., 2011). However, the

field is currently lacking tools that effectively inhibit neural activity in zebrafish in vivo,

especially at the axonal level. I have performed proof-of-principle experiments with one

of the latest blue-light-sensitive chloride channels, namely Arch (Wietek et al., 2014), to

block the AF9 activity during OMR behavior while presenting moving grating, but could

not get a positive result, meaning absence of OMR response. If it could work, the idea

would be to silence the neural activity in the tectal neuropil unilaterally during looming

stimulus presentation and block the escape behavior. Moreover, one could assess more

precisely the position of putatively looming-sensitive RGCs in the tectal neuropil by shin-

ing light with a fine spatial resolution and moving it across the neuropil.
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The zebrafish brain, with its genetic accessibility and homology, provides an excellent

model system for neuroscience to link perception to behavior. I have described for the

first time a visual looming mediated behavior of zebrafish larvae, which provides a power-

ful model for studying sensorimotor integration. My results identify the essential features

of the looming stimuli psychophysically and point toward a specialized neural circuit for

looming detection. Next, I began to characterize neural activation elicited by such stimuli.

I found specific responses in defined RGCs. This suggests they encode a threat. Targeted

laser ablation experiments in the tectum showed that they were necessary for the escape

behavior.

Several open questions remain to be addressed to illuminate the neural basis of looming

detection and the circuit components that underlie this vital behavior. One of them is

the identity of the RGCs that selectively respond to looming and their postsynaptic part-

ners in the tectum. To tackle these questions diverse RGC markers are required that can

target specific subpopulations and dissect the response profile of candidate RGC types

with functional imaging. These RGCs are possibly feeding into a tectal network where the

further computation of looming is likely to take place. One could perform two-photon

calcium imaging in pan-neuronal transgenic larvae, in search of looming-selective tectal

cells, although in this case the type of neurons that generates the signals remains am-

biguous. From that point, depending on the distribution of selective responses, candidate

Gal4 lines that label distinct tectal cell populations can be tested. This will be an essen-

tial experiment to understand the representation of looming parameters in tectal cells.

Another useful experiment would be utilizing a monosynaptic retrograde tracer (Stepien

et al., 2010) by initiating the tracer from the looming-sensitive tectal sites in vivo and look

at the presynaptic RGC partners. However, this tool is currently not available in zebrafish.
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Another open question is the contribution of AF8 and AF6 to the looming-triggered es-

cape, if any. Since I could not perform ablation experiments in these two retinorecipient

areas due to their critical anatomical position and since we do not have the tools to selec-

tively silence neural activity at the axonal level, the roles of these areas in behavior, if any,

remain to be elusive. One could perform two-photon imaging in postsynaptic AF6 and

AF8 neurons to see whether they encode any looming-specific information. Previously it

was shown that extratectal neurons process whole-field motion (Kubo et al., 2014), form-

ing dedicated visual channels that support OMR and OKR responses. Although we now

know that the looming stimuli selective RGC input feeds to the optic tectum, it will be

interesting to see whether these areas are necessary for the behavior.

Finally, it remains unclear what are the neural substrates of the downstream hindbrain cir-

cuit that translates looming-specific visual information into motor output. We know that

the Mauthner cells (M-cells), a pair of reticulospinal neurons in the hindbrain of teleost

fish, and its segmental homologues play a crucial role in fast, high-amplitude C-bend es-

cape turns in response to tactile or acoustic stimuli in larval zebrafish (Kohashi and Oda,

2008; Lacoste et al., 2015). In goldfish, anatomical and physiological experiments demon-

strated that M-cells receives direct tectal input from its ventral dendrite (Zottoli et al.,

1987); however, currently there is no evidence that this applies to larval zebrafish as well.

Previously, electrophysiological recordings also showed that the neural activity in M-cells

is strongly correlated with canonical escape maneuvers (the C-bend turns) in adult gold-

fish, in response to looming stimuli (Preuss et al., 2006). Interestingly, Preuss et al. also

showed that temporal kinematics of looming-triggered excitatory postsynaptic potentials

in the M-cells can be fitted with the scaling function η(t ), which was described previously

(see section 4.2). In preliminary experiments, I performed two-photon functional imaging

in the M-cells backfilled with dextran-conjugated calcium indicator, OGB-1, and did not

receive any signal in response to looming. Moreover, I performed laser targeted ablations

of M-cells and tested whether this would cause any dramatic effect on the behavior. While

ablation of M-cells did not abolish or cause any obvious defect in the behavior (data not

shown), it is still possible that certain parameters of the behavior, such as bend-amplitude,

speed and latency of escape are affected (see recent study by Dunn et al. (2016)). Future
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experiments are needed to dissect the role of M-cell and its segmental homologues in

visually-mediated escapes and to confirm the putative direct, anatomical link between

the tectum and the M-cell in zebrafish. Understanding the complete neural circuit that

filters salient sensory cues and transforms them into an innate behavior will provide fun-

damental insights into how the vertebrate brain makes complex evaluations, for example,

when facing impending threats.

Other future directions include dissecting the behavior further by high-speed camera

recordings to observe sub-behaviors, preparatory phases and accompanying eye move-

ments of the looming-triggered escapes. In combination with functional imaging and

correlation analysis, each of these details may provide information about the underlying

neural circuit. In addition, one can look at other brain areas, such as nucleus isthmi, that

was shown to respond to looming stimuli in teleostean fish (Gallagher and Northmore,

2006), especially in the presence of two competing stimuli in owls (Asadollahi et al., 2010).

Little is known about how the saliency decision is made when larva is presented with

both a prey- and predator-like stimuli simultaneously. To map the whole-brain looming-

triggered escape circuit, one can utilize CaMPARI, a new calcium indicator (Fosque et al.,

2015), to label active neurons during the escape behavior depending on their calcium ac-

tivity level in freely swimming larvae. Such technological advances in tools and methods

enable us to genetically target, monitor, manipulate, trace and model the neuronal cir-

cuits. I believe that the zebrafish model organism, in combination with these advances,

will continue to provide us a better understanding of the general working principles of

vertebrate brain and perhaps in future, will help us to better describe the neural basis of

‘simple’ innate behaviors in humans.
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A
n

g
u

la
r 

si
ze

 3
5

 m
s 

b
e

fo
re

 

   
e

sc
a

p
e

 o
n

se
t 

(d
e

g
re

e
s)

Angular expansion rate (deg/s)

Figure 6.1: Angular size 35 ms before escape onset for constant angular speed looming stimuli.

Stimulus angular sizes at a fixed neural delay preceding escape onset (35 ms, see Mate-

rials and Methods, section 2.2.1) vs. constant angular speed stimuli from 2◦/s to 200◦/s.

Each dot represents the angular size value averaged within larva (n = 23 larvae). Over-

lapping dots (dark color) show the intensity of escape events. Gray bars indicate the

mean values.
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Figure 6.2: Stimulus spatial response overlap in the tectal neuropil. (A) Spatial overlap between

the response to the linear looming and bright looming stimuli. Yellow indicates a ro-

bust response to both stimuli, while red and green denote areas that were responsive to

a single stimulus. (B) Quantification of the spatial similarity of activation by looming vs.

other stimuli. Pearson’s correlation coefficient was computed per fish for the response

to each stimulus vs. looming. A value of 1 would indicate an identical response. Be-

tween different trials of looming stimuli, the response was highly correlated. Dimming,

receding bright, and looming bright stimuli all had significantly different response cor-

relations. Dependent t-test within fish (n = 5 larvae), Bonferroni corrected p-values of

2.7x10−2, 2.4x10−4, 1x10−4, and 4.3x10−1, respectively. Scale bars = 30 µm; A = anterior,

L = lateral.
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comparing peak pixel responses between control stimuli. Pixels that are close to the

unity line (x = y) respond similarly to both compared stimuli (n = 4 larvae). 95 percentile

values were used as the pixel peak △F/F values. Scale bars = 30 µm; P = posterior, M =
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