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Abstract 

The oculomotor integrator transforms an eye velocity input into an eye position signal that 

is essential for retinal image stabilization. This signal is stored for a prolonged amount of 

time in the brain and acts as a working memory for eye position. The oculomotor integrator 

is embedded into the vertebrate hindbrain circuit that drives horizontal eye movements. 

While the basic components of this circuit are known, we still have little knowledge about 

how those neurons achieve this integration and the exact coding properties of those 

neurons and of the connected oculomotor nuclei. Similarly, different theories exist that try 

to explain how the binocular coordination of the two individual eyes is achieved to drive 

precise binocular eye movements. No conclusive answer has been found to this question so 

far.  

The larval zebrafish is becoming an increasingly popular choice for neuroscientists as a 

model organism due to its transparency and great accessibility for microscopy studies 

during early development. Therefore, I used calcium imaging in the developing brain of 

larval zebrafish to investigate those questions. 

In the first set of experiments, I exploit a specific experimental paradigm to provoke 

monocular eye movements in one-week old larval zebrafish to investigate the eye specific 

tuning of oculomotor neurons and to coarsely map their eye position/velocity sensitivity. I 

imaged the hindbrain area encompassing the nucleus abducens, oculomotor integrator, 

inferior olive, and the velocity storage mechanism. The results of this experiment show 

that the neurons of those nuclei can be grouped into four response groups which differ in 

their activity during monocular eye movements. One group shows preferential activity 

during binocular eye movements. This points towards a certain degree of task separation at 

this developmental stage. Additionally, I show how the oculomotor integrator appears to 

extend into areas that were previously not identified as important for retinal image 

stabilization.  

In the second part, I further investigate the precise tuning properties of those neurons by 

running a closed-loop experiment that was aimed at decoupling the eye position signal 

from eye velocity. I report how oculomotor neurons encode eye position and eye velocity 

to a varying degree and their different activation thresholds. I show how the neurons in the 

caudal hindbrain appear to integrate eye velocity into position along a gradient, but they 

are arranged in two separate eye position and eye velocity clusters.  
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In the last set of experiments, I examine the maturation of the previously investigated 

nuclei. I replicate the experiments on two-week old larvae, as the brains of zebrafish are 

still developing at that age. I show how several aspects of the oculomotor system are 

already established in young larvae, but some others are still undergoing refinement. 

Monocular neurons increase their eye specific sensitivity even further and the eye velocity 

system is becoming almost exclusively monocular with age. Neurons that show 

preferential binocular activity are more distributed in the brain and become less frequent 

with age, while neurons that are active regardless which eye is moving become more 

abundant. 

This thesis characterizes the binocular coordination and coding sensitivities of the 

oculomotor hindbrain neurons at two different developmental stages. It expands our 

knowledge on how the nuclei controlling horizontal eye movements are tuned and provides 

the basis for further investigations on how persistent activity can be generated in the brain. 
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Zusammenfassung  

Der okulomotorische Integrator wandelt ein neuronales Signal, welches 

Augengeschwindigkeit kodiert, in ein Augenpositionssignal um das für die Stabilität des 

Netzhautbildes wichtig ist. Dieses Signal wird über einen längeren Zeitraum im Gehirn 

gespeichert und dient als Arbeitsgedächtnis für die Augenposition. Der okulomotorische 

Integrator ist in den neuronalen Schaltkreis des Hinterhirns von Wirbeltieren eingebettet, 

der horizontale Augenbewegungen steuert. Während die grundlegenden Komponenten 

dieses Schaltkreises bekannt sind, wissen wir noch wenig darüber, wie die 

Integratorneurone diese Integration erwirken und welche genauen 

Kodierungseigenschaften diese Neurone und die angebundenen okulomotorischen Kerne 

haben. Es gibt verschiedene Theorien die zu erklären versuchen, wie die binokulare 

Koordination der beiden einzelnen Augen erreicht wird, um Augenbewegungen präzise zu 

steuern. Eine schlüssige Antwort auf diese Frage wurde bisher noch nicht gefunden.  

Der larvale Zebrafisch wird als Versuchstier für Neurowissenschaftler immer beliebter, da 

er sich transparent entwickelt und dadurch für mikroskopische Untersuchungen 

empfänglich ist. Ich habe Kalzium-Bildgebungsverfahren im sich entwickelnden Gehirn 

des larvalen Zebrafisches verwendet, um diese Fragen zu beantworten. 

In einem ersten Experiment benutze ich ein spezielles Stimulationsprotokoll, um 

monokulare Augenbewegungen in einwöchigen Zebrafischlarven auszulösen. Dies 

ermöglicht es mir die Augenspezifität der okulomotorischen Neurone zu untersuchen und 

ihre Sensitivität bezüglich Augenposition und -geschwindigkeit grob zu kartieren. Ich habe 

den Hinterhirnbereich untersucht der den Nucleus abducens, den okulomotorischen 

Integrator, den unteren Olivenkernkomplex und den 

Geschwindigkeitsspeichermechanismus beinhaltet. Die Ergebnisse dieses Experimentes 

zeigen, dass die Neurone dieser okulomotorischen Kerne in vier verschiedene Gruppen 

eingeteilt werden können, die sich in ihrer Aktivität während monokularer 

Augenbewegungen unterscheiden. Eine dieser Gruppen zeigt eine bevorzugte Aktivität bei 

binokularen Augenbewegungen, was auf ein gewisses Maß an Aufgabentrennung in 

diesem Entwicklungsstadium hinweist. Darüber hinaus zeige ich wie sich der 

okulomotorische Integrator in Bereiche ausdehnt, die bisher nicht als wichtig für die 

retinale Bildstabilität erachtet wurden.  
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Im zweiten Teil untersuche ich die genauen Abstimmungseigenschaften dieser Neurone, 

indem ich ein Closed-Loop Experiment durchführe, welches darauf abzielt, das 

Augenpositionssignal von dem Augengeschwindigkeitssignal zu entkoppeln. Ich 

beschreibe wie okulomotorische Neurone Augenposition und Augengeschwindigkeit in 

unterschiedlichem Maße kodieren und ich veranschauliche ihre unterschiedlichen 

Aktivierungsschwellen. Ich zeige, wie die Neurone im kaudalen Hinterhirn, die das 

Augengeschwindigkeitssignal in ein Positionssignal umwandeln, entlang eines Gradienten 

angeordnet erscheinen, aber in Wirklichkeit getrennt in zwei räumlich spezifischen 

Arealen liegen.  

Im letzten Teil meiner Arbeit beschreibe ich die Entwicklung der zuvor untersuchten 

Gehirnbereiche. Ich wiederhole die Experimente an zwei Wochen alten Larven, da sich die 

Gehirne der Zebrafische in diesem Alter noch entwickeln. Ich zeige, dass einige Aspekte 

des okulomotorischen Systems in jungen Larven bereits etabliert sind, während sich andere 

noch in der Entwicklung befinden. Monokulare Neurone erhöhen ihre Spezifität noch 

weiter und das Augengeschwindigkeitssystem wird mit zunehmendem Alter fast 

ausschließlich monokular. Neurone, die bevorzugt binokulare Aktivität zeigen, sind 

gleichmäßiger im Gehirn verteilt und werden mit zunehmendem Alter seltener. 

Nervenzellen, die unabhängig davon welches Auge sich bewegt aktiv sind, kommen mit 

zunehmendem Alter häufiger vor. 

In der vorliegenden Doktorarbeit untersuche ich die binokulare Koordination der Augen 

und die Kodierungsempfindlichkeit der okulomotorischen Hinterhirnneurone in zwei 

verschiedenen Entwicklungsstadien des larvalen Zebrafisches. Die Ergebnisse dieser 

Arbeit erweitern unser Wissen darüber, wie die Gehirnbereiche, welche horizontale 

Augenbewegungen steuern, kodieren und sie bildet eine Grundlage für weitere 

Untersuchungen wie persistente Aktivität im Gehirn erzeugt werden kann. 
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Chapter 1: Introduction 

1.1 The “Neuron Doctrine” and “Functional Localization” in the context of studying 

neuronal circuits 

In his pioneering work, Ramón y Cajal showed, using Golgi-staining in the cerebellum of 

birds, that the nervous system is composed of independent cells (Figure 1-1a; Ramón y 

Cajal (1888)). This discovery contradicted with the at the time popular idea of the 

“reticular theory”, which states that the nervous system forms a continuous network which 

is physically connected, a theory which Golgi himself followed (Gerlach, 1872; Grant, 

2007). However, the results of Cajal’s work, together with the findings of other scientists, 

led to the postulation of the “neuron doctrine”, which states that “the relationship between 

nerve cells was not one of continuity, but rather of contiguity” (López-Muñoz et al., 2006). 

The neuron doctrine developed over time into one of the most basic principles of modern 

neuroscience. 

Another important neuroscientific tenet is the “functional specialization” (or sometimes 

called “functional localization”), which states that specific parts of the brain are specialized 

for different functions/behaviors (Finger, 2009; Glickstein, 2006). Originating from the 

school of Phrenology, of which most ideas are now refuted as pseudoscience (Zola-

Morgan, 1995), the studies of Paul Broca on a patient who suffered from aphasia provided 

the first neurobiological evidence for functional localization in the brain (Broca, 1861; 

Finger, 2009). It has been shown that, especially in the visual domain, specific areas are 

selectively active not only for basic sensory and motor tasks but also for higher cognition 

(Kanwisher, 2010). However, as the most radical interpretation of the “functional 

specialization” might be too strict and not true for all high level perceptual functions, it has 

been proven that specific regions in the brain are associated to specific functions (Bartels 

& Zeki, 2004; Brett et al., 2002; Kanwisher, 2010; Schiller, 1996).  

These two components, the fact that the brain is comprised of individual cells and that 

networks of these individual cells can be attributed to specific and well-defined behaviors, 

show that not only the properties of individual neurons, but also their interconnectivity and 

interactions matter when studying neuronal circuits. This is essential in understanding how 

sensory information is processed and how neuronal networks produce different behavioral 

responses.  
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1.2 The zebrafish as a model organism in neuroscience 

1.2.1 Zebrafish: From genetics to neuroscience 

To elucidate how circuits generate behavior and the complex interactions between the 

neurons involved, one needs to study the appropriate networks in a model organism that 

ideally can perform the underlying behavior in a well-defined and quantifiable way (i), is 

susceptible to the appropriate analytical tools and genetic manipulation (ii), imaging can be 

performed in vivo (iii), shares similarities to humans to allow for translational research (iv), 

and are easily bred and maintained in laboratories (v). 

In recent time, zebrafish (danio rerio, Figure 1-1b) emerged as a prime model organism in 

neuroscience that fulfills all of the above mentioned requirements (Fetcho & Liu, 1998; 

Grunwald & Eisen, 2002; Rinkwitz et al., 2011; Rubinstein, 2003; Spence et al., 2008). 

Zebrafish are teleost tropical freshwater fish that belong to the family of Cyprinidae. They 

natively live in small streams and rice paddies in the north-eastern parts of India and 

neighboring countries. Zebrafish develop ex utero in transparent eggs, with a short 

generation time for vertebrates, and they produce a large number of offspring. They are 

very susceptible to genetic and molecular tools and their small size makes them ideal for 

laboratory use (Engeszer et al., 2007; Fetcho & Liu, 1998; Spence et al., 2008).  

The remarkable success of zebrafish in today’s scientific environment is attributed to the 

dedication of George Streisinger, who started to work on zebrafish in the 1960s. The first 

breakthrough for zebrafish came in the mid-1970s, though only published several years 

later, as Streisinger and colleagues produced clonal homozygous, diploid embryos from the 

maternal genome only (Grunwald & Eisen, 2002; Streisinger et al., 1981). Notably, at that  

 

Figure 1-1: Neurons and zebrafish 

a: Drawing of Purkinje and Granule cells in the pigeon cerebellum by Cajal. © Public Domain b: A picture 

of an adult, female zebrafish in an aquarium. © Wikimedia Commons c: 7-day old zebrafish larvae of the AB 

strain (wildtype, above) and from a mutated strain in a homozygous background that lacks melanophores 

(nacre, bottom). Left: dorsal view; right: sagittal view of the eye. Adapted under CC BY 4.0 from Antinucci 

& Hindges (2016). 



 

3 

 

time zebrafish were already used in neuroscientific research but more in the fields of 

genetics and developmental biology (Eisen et al., 1986; Kimmel, 1982). This is also 

highlighted by the 2nd phase of notable hallmark publications which came in the form of 

two forward genetic screens, the first large scale screens in vertebrae, which were 

published in a special issue of Development (volume 123, 1996) that encompassed a total 

of 37 individual zebrafish papers (Nüsslein-Volhard, 2012; Spence et al., 2008).  

While wildtype larvae still develop their eponymous stripes, the resulting opacity limits 

their use after the first days of development for traditional microscopy studies. However, 

there are several established mutations and chemical treatment protocols available which 

allow to maintain the transparency of the fish and it is thus possible to study biological 

processes and their development in vivo until the adult stage (Figure 1-1c; Antinucci & 

Hindges (2016); Elsalini & Rohr (2003); Lister et al. (1999); White et al. (2008)). With the 

establishment of these lines and simultaneous advances in microscopy, zebrafish became 

more and more relevant for researchers interested not only in the development and genetics 

of neurons but also their circuitry (Denk et al., 1990; Fetcho et al., 1998; Fetcho & Liu, 

1998). The small size of the zebrafish brain, and thus the small number of neurons (about 

100.000), makes it easier to find causal links between neuronal activity and behaviors 

(Kimmel, 1982; Naumann et al., 2010). This provides the opportunity to study behavior 

and understand the underlying neurons and their circuitry in a vertebrae system, with easy 

access to genetic markers and sensors, and then test the resulting hypotheses in “higher” 

model organisms, like mammals (Fetcho & Liu, 1998).  

 

1.2.2 The use of zebrafish in visual studies and ocular disease models 

Though zebrafish are phylogenetically distant to humans, with a common ancestor ~440 

million years ago, about 70 % of their genes are orthologous to humans and 82 % of 

disease related genes in humans have an orthologue in zebrafish (Figure 1-2; Amores et al. 

(2011); Howe et al. (2013)). Thus, it is not surprising that we share striking similarities, 

including the central nervous system morphology, a rather conserved genetic plan for brain 

development, neurotransmitters and receptors, structural and functional brain homology, 

and behavioral paradigms with zebrafish (Fadool & Dowling, 2008; Jurisch-Yaksi et al., 

2020; Kalueff et al., 2014; Levin & Cerutti, 2009; Rinkwitz et al., 2011; Tropepe & Sive, 

2003; Wilson & Houart, 2004).  
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Figure 1-2: Phylogenetic relationship between humans and zebrafish 

Phylogenetic relationship between several ray-fin (Actinopterygii) and lobe-fin fish (Sarcopterygii). Lineages 

between tetrapod and ray-fin fish diverged ~440 million years ago (MYA). TGD: teleost genome duplication; 

species: human (Homo sapiens), chicken (Gallus gallus), bichir (Polypterus ornatipinnis), spotted gar 

(Lepisosteus oculatus), bowfin (Amia calva), goldeye (Hiodon alosoides), zebrafish (Danio rerio), trout 

(Oncorhynchus mykiss), and stickleback (Gasterosteus aculatus). Adapted with permission from Amores et 

al. (2011). 

 

Therefore, zebrafish are used to study a wide variety of brain and drug-related disorders 

from anxiety (Jesuthasan, 2012; Stewart et al., 2012b), cognitive behaviors (Yu et al., 

2006), epilepsy (Stewart et al., 2012a; Yaksi et al., 2021), neuroactive drugs (Irons et al., 

2010), social behaviors (Buske & Gerlai, 2012; Lemasson et al., 2018) to withdrawal 

syndrome (Cachat et al. (2010); reviewed in Basnet et al. (2019); Kalueff et al. (2013, 

2014)).  

One specific area where zebrafish have been used as a model organism with great success 

is in ophthalmological research and the study of visuomotor circuits. The visual 

development of zebrafish happens over a small timescale (see below). It is largely 

congenital and thus comparable between individual fish. Plus, zebrafish perform a variety 

of visually driven and quantifiable behaviors from a young age. This makes it convenient 

to use them in visual screens to check for developmental or degenerative diseases 

including glaucoma, photoreceptor degeneration, myopia, and even oculomotor diseases 

like human congenital nystagmus/infantile nystagmus syndrome (Chen, 2014; Chhetri et 

al., 2014; Gestri et al., 2012). Together with the other benefits of zebrafish for 

neuroscientific research mentioned above, they developed into a prominent model 



 

5 

 

organism for oculomotor studies (Orger, 2016; Portugues et al., 2014; Portugues & Engert, 

2009). 

 

1.2.3 The development of vision and visual behaviors in zebrafish 

Oculomotor studies and visual circuit analysis in zebrafish are normally conducted at an 

age of 5-7 days post fertilization (dpf). At this age, zebrafish larvae already exhibit a 

number of different visual behaviors (Figure 1-3). The following part shows how the 

development of visual structures coincides with the emergence of several behavioral 

paradigms which have been used to investigate the underlying visual pathways (i) and that 

the development of the visual system is not complete at 7 dpf (ii).  

The zebrafish eyes begin to form around 12 hours after fertilization and after 72 hours a 

sharp image is projected onto the retina, thus making the eye emmetropic (Easter & Nicola, 

1996; Schmitt & Dowling, 1994). At that time, all extraocular muscles (EOMs) are already 

present and functional, though they are still maturing for another day. All opsins are also 

detectable and the synaptic ribbons become functional, though they are not yet fully mature 

(Chhetri et al., 2014; Easter & Nicola, 1996). The eye is now visually functional and it 

sends information towards 10 different retinorecipient brain areas (Baier & Wullimann, 

2021; Burrill & Easter, 1994). Interestingly, at that age zebrafish already perform tracking 

eye movements (see chapter 1.4.1) and a visual startle response, which can be caused by a 

rapid luminance de-/increase. This shows that, simultaneously with the emergence of all  

 

Figure 1-3: Development of vision and behavior in zebrafish 

Schematic depicting several hallmarks in visual development (above) and the emergence of some behaviors 

(below). DC: double cone, dpf: days post fertilization, EOM: extraocular muscle, LSC: long single cone, 

OKR: optokinetic response, OMR: oculomotor response, RGC: retinal ganglion cell, SSC: short single cone, 

VOR: vestibulo-ocular reflex. Red dots show the developmental stages used for experiments in chapter 3. 

Data taken and slightly modified for artistic reasons from Bilotta & Saszik (2001), Chhetri et al. (2014), 

Neuhauss (2003, 2010), Walz (2011). 
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structural prerequisites (light sensor, processing structures, muscles), zebrafish start to 

react to visual stimulation, though the performance of those behaviors is still improving 

with age. While visually evoked eye movements are already present at 3 dpf, vestibular-

induced eye movements and spontaneous rapid eye movements (saccades) become 

measurable one day later. At that age, zebrafish will only respond with compensatory eye 

movements to acceleration that is detected by their otoliths, namely to linear/translational 

head displacements. The corresponding behavior to angular acceleration is only 

measurable after ~35 dpf (Beck et al., 2004; Mo et al., 2010). This is due to the still 

immature semicircular canals. It has been shown that they must surpass a specific size 

before the endolymph movement inside them can reliably activate the vestibular hair cells 

and therefore zebrafish need additional time to grow before the angular acceleration gets 

detected (Beck et al., 2004; Branoner et al., 2016; Lambert et al., 2008). Zebrafish 

primarily rely on vision during foraging, which they start at 5 dpf, and it further highlights 

the rapid development of zebrafish vision that such a complex behavior is already 

established this fast (Bianco et al., 2011; Mearns et al., 2020).  

Most studies investigating the visual processing in zebrafish use 5-7 dpf old larvae, as 

there are already a lot of different visually evoked behaviors present and the small 

size/minimal ossification does not interfere with imaging studies to a great extent. 

However, it should be noted that at 5-7 dpf the brain and other visual structures are still 

developing and are not yet mature. On the one hand, the anatomy and the physiology of the 

eye will change further during development (Gestri et al., 2012; Zhao et al., 2006). At 5 

dpf, larval vision is mostly mediated by cone photoreceptors as rods, while already present 

and capable of driving behavior under specific circumstances, are not yet matured and only 

contribute little to larval vision (Bilotta et al., 2001; Venkatraman et al., 2020). Similarly, 

two of the four cone types, sensitive to blue light (LSC) and green/red sensitive double 

cones (DC), are also maturing at a later developmental stage (Bilotta & Saszik, 2001; 

Chhetri et al., 2014). On the other hand, further refinement will happen at other levels of 

visual processing as well. For instance, tectal receptive fields will shrink in size during the 

first three weeks of development to support a better acuity in visually guided behaviors 

(Bergmann et al., 2018; Zhang et al., 2011). Also, the already mentioned later detection of 

angular acceleration needs to be integrated into existing neuronal circuits (Branoner et al., 

2016). The sustained development is also accompanied by behavioral changes as eye 

movements of older zebrafish become more conjugate and have a more than 2-fold 
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increase in the frequency of spontaneous saccades (Beck et al., 2004). Additionally, some 

behaviors such as learning, shoaling, and other social behaviors will only occur at stages 

later than 7 dpf (Buske & Gerlai, 2012; Valente et al., 2012; Walz, 2011). This shows that, 

while most imaging studies on zebrafish are conducted at an early stage, these results 

might not be comparable to adults.  

 

1.3 Using calcium imaging to probe neuronal circuits in zebrafish 

1.3.1 Using calcium indicators to image neuronal activity 

Calcium (Ca2+) is a ubiquitous secondary messenger that is involved in a large variety of 

cellular processes from fertilization, where calcium spikes initiate development, to 

apoptosis, where it is used in the expression of apoptotic signaling components (Berridge 

et al., 2000). In neurons, calcium triggers neurotransmitter release at the presynaptic 

terminal, where a large influx of calcium induces a release of vesicles with the stored 

neurotransmitters upon activation of voltage-gated calcium channels (VGCCs; Neher & 

Sakaba (2008)). The calcium signals triggered by VGCCs, due to depolarization of the 

membrane caused by neuronal activity, and by activation of receptor mediated calcium 

channels is also propagated into the nucleus where the nuclear calcium concentration 

changes show a strong interdependence to the spiking of a neuron (Bading, 2013; Bengtson 

et al., 2010; Bloodgood & Sabatini, 2007; Tian et al., 2012). The relative calcium 

concentration changes in the cytoplasm or nucleus can now be visualized with calcium 

indicators and the resulting signals can be used as a proxy for neuronal activity. Some of 

these indicators are derived from the bioluminescent protein Aequorin, which can easily be 

used in freely moving animals, do not require external excitation, and have already been 

used successfully in zebrafish (Naumann et al., 2010). However, the recharging of these 

indicators is slow and therefore chemical or genetically encoded calcium indicators 

(GECIs) have become more prominent over the years. GECIs in particular do not require 

any potentially harmful application procedure, like microinjections (Grienberger & 

Konnerth, 2012). The most widely used GECIs are GCaMPs. They are designed based on a 

circularly permuted enhanced green fluorescent protein (cpEGFP) fused to calmodulin, a 

calcium binding protein, and M13, a target sequence of calmodulin (Figure 1-4a & b). 

Upon binding of calcium to calmodulin, a conformational change is induced, which leads 

to an increase in fluorescence at a certain wavelength. When excitation is provided by an  
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Figure 1-4: Calcium imaging and 2P-microscopy 

a: Single-fluorophore GECI where conformational intramolecular changes lead to an increase in the emitted 

fluorescence of 515 nm, after binding of calcium to calmodulin. Adapted with permission from Grienberger 

& Konnerth (2012). b: GCaMP6 variant structure and its mutations relative to GCaMP5G. With permission 

from Chen et al. (2013). c: Simplified Jablonski diagram of the 2-photon excitation process; c’: Localization 

of excitation in a scattering medium (black). 2 ballistic photons excite green fluorescence in a single 

diffraction-limited spot; scattered photons are too dilute to cause off-focus excitation. c’’: Fluorescence 

collection in a scattering medium. Fluorescence photons are emitted isotropically from the excitation volume. 

Figure and legend taken with permission from Svoboda & Yasuda (2006). d: Fluorescence emission in a 

fluorescein solution. With traditional 1-photon excitation (1P) emission can be seen throughout the sample 

depth. d’: Using 2-photon excitation it is localized to a single spot (2P). Adapted with permission from 
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Soeller & Cannell (1999). e-f’’: Illustration showing sampling of population activity using calcium imaging 

(GCaMP, e & e’) and electrophysiology (silicon probe that recorded multiple neurons at a time, f & f’) of a 

delayed-response, two alternative forced-choice task experiment. Mice had to discriminate a pole position 

and report it by directional licking. Recordings were conducted in the left anterolateral motor cortex. e’’: 

Individual trials (top) and mean activity (bottom) for calcium imaging. f’’: Raster plot (top) and peri-stimulus 

time histogram (PSTH) for electrophysiological recordings. Note the differences for the decay time after 

neuronal activity. Adapted under CC BY 4.0 from Wei et al. (2020).  

 

external source, the change in fluorescence intensity can then be used as a proxy for 

neuronal activity (Nakai et al., 2001).  

 

1.3.2 2-photon microscopy with GCaMPs 

Fluorescent indicators, like GCaMP, need an external light source to function. Lasers are 

an ideal way to provide the energy to the sensor, in particular 2-photon (2P) lasers. Here, 

the near simultaneous absorption of 2 lower energy photons is necessary for the electron to 

reach the excited state (Figure 1-4c; Denk et al. (1990)). In contrast to traditional 1-photon 

imaging, in a focused 2P laser this double absorption almost exclusively happens at the 

focal point, preventing excitation in areas above and below (Figure 1-4d & d’; Svoboda & 

Yasuda (2006)). Due to the longer wavelength of the excitation light in 2P microscopy, 

deeper tissue penetration and minimized light scattering is also achieved, which makes this 

technique quite powerful for functional in-vivo imaging in zebrafish. 

In comparison to other recording techniques, like electrophysiology (ephys), 2P calcium 

imaging enables the researcher to record signals from populations of neurons with single 

cell resolution. However, some drawbacks should be addressed. Due to the kinetic of the 

indicator, the reported fluorescence changes are distorted in time and non-linear (Figure 

1-4e-f’’; Rose et al. (2014)). Furthermore, the temporal resolution for calcium imaging is 

lacking far behind ephys data (2 Hz in this study compared to kHz in ephys). On the other 

hand, calcium imaging provides a powerful tool for interrogating the population activity of 

neurons linked to specific behaviors, even if the true extent of the neuronal assemblies 

associated to that behavior are not yet known, and is therefore utilized in the present study 

(Wei et al., 2020). 
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1.4 The visual system of zebrafish for horizontal eye movements 

Chapter 1.1 to 1.3 are intended to help readers become familiar with the importance of 

studying neuronal networks, the zebrafish with its advantages for imaging studies of visual 

systems, and some of the techniques utilized to do so. In the following chapter, the visual 

system of zebrafish is introduced, specifically the networks of neurons required for the 

execution of horizontal eye movements and the system required to maintain stable eye 

positions.  

 

1.4.1 The optokinetic response 

To maintain stable vision in response to movement of the surround or own body 

movements, vertebrates have developed two compensatory and reflexive eye movement 

behaviors to maintain a stable image on the retina. The vestibulo-ocular reflex (VOR) 

relies on information from the semicircular canals and otoliths and thus responds to head 

velocity. The optokinetic response (or optokinetic reflex, OKR) helps with retinal image 

stability in response to retinal slip signals by evoking compensatory eye movements. Both 

behaviors are complementary to each other, with the OKR capable of persistent responses 

to constant stimulation and acting as a low-pass filter while the other is more sensitive to 

rapid head rotations (Beck et al., 2004; Huang, 2008; Masseck & Hoffmann, 2009; Soodak 

& Simpson, 1988). As shown in chapter 1.2.3, the OKR is an innate behavior in zebrafish, 

develops rapidly, and is comparable among different larvae. It is thus an ideal candidate to 

provoke eye movements under laboratory conditions. 

The OKR is usually evoked by rotating vertical gratings around the head of a tethered 

zebrafish (Figure 1-5a). The fish will then perform the OKR, which consists of two 

components. During the so-called slow-phase, the zebrafish eyes follow the movement of 

the gratings by rotating until they reach an eccentric position. In the resetting eye 

movement phase, the eyes move rapidly in the contraversive direction to a more neutral 

state. In general, the two phases alternate each other resulting in a sawtooth-like eye trace 

(Figure 1-5b). The resetting eye movement phase (quick-phase) is comparable in speed and 

amplitude to saccades and the same anatomical structures are involved in both of them 

(Garbutt et al., 2001; Schoonheim et al., 2010). The OKR is dependent on the angular 

velocity, spatial frequency, and contrast of the stimulus for both larval and adult zebrafish, 

with brightness not contributing above a certain threshold (Mueller & Neuhauss, 2010;  



 

11 

 

 

Figure 1-5: The optokinetic response 

a: Setup schematic to evoke the OKR in zebrafish. The vertical stripes (large arrow) rotate horizontally 

around the fish which moves its eyes in the ipsiversive direction (small arrows). Reprinted under CC BY 4.0 

from Bollaerts et al. (2018) b: Typical eye position trace for continuous OKR stimulation in one direction. 

Red arrow indicates one saccade. Reprinted with permission from Neuhauss et al. (1999). 

 

Rinner et al., 2005). One form to quantify the OKR is its “gain”, calculated by dividing the 

eye velocity with the stimulus velocity. The OKR gain is dependent on the location of the 

stimulus and is highest with the visual stimulation located around the equator laterally to 

the eyes. However, while the gain increases significantly with age, especially for higher 

temporal frequencies, it is always smaller than one, indicating that the eyes trail behind the 

stimulus and that zebrafish do not perfectly follow the stimulus (Beck et al., 2004; Dehmelt 

et al., 2021).  

The OKR gain in zebrafish is asymmetrical and depends on the stimulus direction. Each 

eye shows a higher gain to stimulation moving in its temporal to nasal direction (e.g. 

counterclockwise movement for the right eye; Qian et al. (2005); Roeser & Baier (2003)). 

This is an OKR feature of many lateral-eyed animals, though several exceptions even 

within fish exist (Masseck & Hoffmann, 2009). In zebrafish, psychophysics studies 

showed that the spatial frequency of the stimulus has an influence on the degree of this 

asymmetry and is even capable of inverting the preferred direction if the frequency is high 

enough (Bögli et al., 2016; Qian et al., 2005).  

Fish show a varying degree of correlation between the two eyes during optokinetic 

stimulation. When one eye is occluded, the butterflyfish (Chaetodon rainfordi) and 

pipefish (Corythoichthyes intestinalis) exhibit OKR in the non-stimulated eye as well. This 

is in contrast to the sandlance (Limnichthyes fasciatus) which only exhibit OKR in the 

stimulated eye (Fritsches & Marshall, 2002). Zebrafish also show yoked eye movements 

for monocular OKR stimulation, though with less gain in the unstimulated eye than in the 
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stimulated one. If the unstimulated eye is presented with a stationary pattern, the gain of 

this eye drops significantly to <0.1 and the zebrafish performs a monocular OKR. 

However, during this monocular OKR the gain of the stimulated eye is reduced and its 

quick-phase amplitudes are smaller compared to their values during binocular stimulation 

(Beck et al., 2004; Qian et al., 2005).  

 

1.4.2 The accessory optic system mediating the OKR 

The accessory optic system (AOS) mediates the OKR in the visual system of different 

species (Masseck & Hoffmann, 2009; Simpson, 1984). The AOS responds to the optic 

flow perceived by direction-selective (DS) retinal ganglion cells (RGCs) and is present in 

all vertebrates but differs between species (Figure 1-6a & a’). In mammals, the AOS is 

comprised of 3 individual nuclei (when the NOT-DTN is counted as one functional 

structure) of which each nucleus responds directional selectively to input from only one 

preferred direction (Giolli et al., 2006; Masseck & Hoffmann, 2009). In zebrafish, the area 

pretectalis (APT) is the homologous structure to these nuclei. Here, motion-sensitive, 

direction-selective neurons are sensitive to 4 directions, which are roughly tuned to the 

cardinal directions (up & down and left/right for each eye respectively; Wang et al., 

2019)). When stimulated with moving gratings, two groups of neurons can be identified in 

the pretectum. Monocular neurons, which show response to movement in the temporal-

nasal or nasal-temporal direction for each eye, or binocular neurons, which are responsive 

to translational and rotational movement along all 3 body axes but preferably respond to 

only translational stimulation (Kubo et al., 2014; Wang et al., 2019). A recent study also 

showed that zebrafish can decompose the rotation and translational optic flow components 

separately and behaviorally respond accordingly (Zhang et al., 2022).  

In zebrafish, RGC projections terminate in 10 anatomically distinct areas in the brain, 

termed arborization fields (Afs; when counting the optic tectum as one entity (Robles et al., 

2014)). The RGCs mediating the OKR are of the ON and ON-OFF type (Emran et al., 

2007). Direction-selective RGCs innervate two of those AFs: the superficial layer of the 

optic tectum and AF5 in the pretectum (Kramer et al., 2019; Nikolaou et al., 2013), with 

one study identifying the pretectal AF6 rather than AF5 as a DS-recipient structure 

(Naumann et al., 2016). RGC axons completely cross the midline in zebrafish (Rick et al., 

2000). Therefore, the input to the pretectum is monocular and thus some form of  
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Figure 1-6: Neuronal circuitry of the OKR in mammals and fish 

Neuronal circuitry of the OKR in frontal-eyed mammals (a) and fish (a’). Arrows between the boxes 

represent anatomically verified connections in each panel. a: Arrows in the box NOT-DTN, LTN and MTN 

indicate that only ipsiversive, down or up directions of stimulus movement are coded by neurons in these 

nuclei respectively. Arrows in the box eVC indicate that extrastriate visual neurons projecting to the AOS 

prefer ipsiversive, down or up, but not contraversive stimulus movements. a’: Arrows in the box APT 
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indicate that all directions of stimulus movement are coded by neurons in the left as well as in the right 

nucleus. APT: area pretectalis; eVC: extrastriate visual cortex; IO: inferior olive; LGN: lateral geniculate 

nucleus; LTN: lateral terminal nucleus; MTN: medial terminal nucleus; PN: pontine nuclei; VP: velocity-to-

position integrator; VN: vestibular nuclei; III: nucleus oculomotorius; IV: nucleus trochlearis; VI: nucleus 

abducens. Figure adapted with permission from Masseck & Hoffmann (2009). b: Organization of the optic 

flow processing circuit in the larval zebrafish brain. The direction selective (DS) retinal ganglion cells 

(RGCs) project to the SFGS1 layer of the optic tectum (OT) neuropil and AF5 in the pretectal (PT) neuropil. 

For triggering the OKR, the pretectum sends a signal (either directly or indirectly) to the oculomotor system. 

In addition, rotation- and translation-selective information is represented in the rostromedial and caudolateral 

regions in the cerebellum (CB), respectively. Solid lines indicate projections that have been shown in 

zebrafish larvae, whereas dotted lines represent proposed connections. ABN: nucleus abducens, AF5: 

arborization field 5, CB: cerebellum, nIII/IV: oculomotor/trochlear nuclei, nMLF: nucleus of the medial 

longitudinal fasciculus, OKR: optokinetic response, OMR: oculomotor response, SFGS1: stratum fibrosum et 

griseum superficiale. Figure and legend adapted under CC BY 4.0 from Matsuda & Kubo (2021). 

 

integration must happen at the level of the pretectum for the binocular responsive neurons. 

Ablation of the posterior commissure, a structure containing commissures from both 

hemispheric pretectal areas, disrupts binocular integration. This result is in line with a 

newer study showing that binocular integration happens in the neuropil area close to AF6, 

while one study hypothesizes that integration happens further downstream (Kramer et al., 

2019; Naumann et al., 2016; Wang et al., 2019). Optogenetic perturbations and laser 

ablations of a small patch of neurons in the ventral-lateral pretectum result in an impaired 

OKR, further demonstrating that this area is responsible and necessary for driving the OKR 

(Kubo et al., 2014; Wu et al., 2020). Laser ablations of the optic tectum only interfere with 

the quick-phase of the OKR but not the slow-phase (Roeser & Baier, 2003). Neurons in the 

pretectum also have large receptive fields and are responsive to slower motion stimuli, in 

agreement with optic flow compensation behavior (Giolli et al., 2006; Wang et al., 2020). 

From the pretectum, the OKR command is then relayed to the oculomotor system (Figure 

1-6b). In the caudo-lateral cerebellum, sensory OKR information is represented, likely 

encoding an error signal from the inferior olive (IO; Knogler et al. (2019); reviewed in 

Matsuda & Kubo (2021)). 

 

1.4.3 The extraocular muscles and motoneurons that drive eye movements 

Downstream of the AOS, several nuclei are involved in initiating and maintaining eye 

movements that are ultimately generated by the EOMs. There are three pairs of different 

EOMs: the medial rectus (responsible for eye adduction; MR) and lateral rectus 

(abduction; LR) are responsible for horizontal eye movements and work antagonistically.  
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Figure 1-7: Oculomotor circuits in the hindbrain of larval zebrafish 

Simplified circuit schematic for horizontal eye movements. Red dashed rectangle represents imaged brain 

area in this thesis; blue cones show location of Mauthner cells. ABN: nucleus abducens, B: burst neurons, 

Dien: diencephalon, INN: internuclear neurons, IO: inferior olive, LR: lateral rectus, MB: midbrain, MN: 

motoneurons, MR: medial rectus, OMN: nucleus oculomotorius, OI: oculomotor integrator, PT: pretectum, 

rh 4-8: rhombomere 4-8, VSM: velocity storage mechanism, Θ: eye position. The connection from the VSM 

to the ABN/OI in zebrafish is probably indirect via the cerebellum (Beck et al., 2006; Straka et al., 2006). 

Dashed lines indicate direct or indirect inputs from upstream visual areas (Figure 1-6; Cochran et al. (1984); 

Masseck & Hoffmann (2009)). Adapted under CC BY 4.0 from Brysch et al. (2019b). 

 

The superior rectus (elevation, intorsion; SR) and inferior oblique (extorsion, elevation; 

IOb) work synergistically for eye elevation and the inferior rectus (depression, extortion; 

IR) and superior oblique (intorsion, depression; SOb) for eye depression respectively 

(Bruce & Friedman, 2002). The EOM arrangement is highly conserved across vertebrates 

(Büttner-Ennever, 2006), but there are several differences between zebrafish and humans: 

zebrafish don’t have an EOM subdivision into a global and orbital layer, but they exhibit a 

subdivision into an inner and outer layer which both connect to the globe, though it is 

debated how severe this difference is (Dennhag et al., 2020; Horn & Straka, 2021; 

Kasprick et al., 2011). Furthermore, zebrafish have a different origin for the LR and 

oblique muscles and lack the trochlea for the SO, though the individual EOM function for 
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eye movements stay the same (Asakawa & Kawakami, 2018; Kasprick et al., 2011).  

The motoneurons (MNs) innervating the EOMs are located in three different nuclei: the 

oculomotor (OMN, cranial nerve nIII), the trochlear (cranial nerve nIV) and the abducens 

nucleus (ABN, cranial nerve nVI; Horn & Straka (2021); Schilling & Kimmel (1997)). The 

oculomotor nucleus is located in the mesencephalon, containing MNs innervating the 

ipsilateral IOb, IR, and MR and MNs innervating the contralateral SR. Within nIII, MNs 

are arranged in distinct pools with SR MNs located in the medio-vental area, IOb MNs in 

the middle, and IR/MR MNs in the dorsal part. The nIV is directly adjacent to the IR/MR 

MN pool, slightly caudo-dorsally, and it contains SOb MNs that project to the contralateral 

eye (Greaney et al., 2016; Knüfer et al., 2020). LR MNs are found in the hindbrain within 

the ABN and are innervating the ipsilateral eye (Figure 1-7). In zebrafish, the ABN is 

subdivided into two separate nuclei, which reside in rhombomere 5 & 6 (rh) respectively 

(Chandrasekhar, 2004). Neither anatomical nor functional differences between the two 

rhombomeres were identified (Asakawa & Kawakami, 2018). MR MN in nIII are activated 

by internuclear neurons (INNs) in the contralateral ABN and thus reside in close proximity 

to the respective LR MNs that drive the conjugate eye movements (Cabrera et al., 1992; 

Ma et al., 2014; Straka & Dieringer, 1991).  

MNs can be subdivided into two major classes. In the first group, MNs generally form 

multiple “en grappe” terminals and project to multiply innervated (non-twitch) muscle 

fibers (MIF). MIFs have slow, tonically muscle fiber properties and they are proposed to 

be primarily active for slow-phase eye movements. The other group forms a single “en 

plaque” terminal and are innervating singly innervated (twitch) muscle fibers (SIF) which 

respond with an “all-or-nothing” twitch. MIFs can be further subdivided: MIFs in the 

orbital layer can have one additional central en plaque endplate to their en grappe 

terminals (Horn & Straka, 2021). Recently a study also described a novel type of MIF that 

has multiple en plaque endings (Liu & Domellöf, 2018), which is also present in zebrafish 

(Dennhag et al., 2020). Additionally, SIF and MIF differ in their molecular/neuronal 

markers, ion channel composition, and afferent input (reviewed in Büttner-Ennever (2006); 

Horn & Straka (2021); Spencer & Porter (2006)). Both major types of MNs are found in 

each rhombomere for the LR in zebrafish (Asakawa & Kawakami, 2018). In monkeys, SIF 

and MIF MNs differ in their soma size and spatial location. SIF MNs have larger soma 

sizes and are located more centrally in the motor nuclei, while MIF MNs are located at the 

periphery and have smaller soma sizes (Büttner-Ennever et al., 2001). A soma size gradient 
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for LR MNs has also been reported in goldfish and zebrafish, but no connection to the 

targeted muscle fiber type could be established (Asakawa & Kawakami, 2018; Sterling, 

1977).  

 

1.4.4 The burst system for fast eye movements 

As already mentioned in chapter 1.4.2, the saccades/quick-phases of the OKR are driven 

by a different system. Here, excitatory burst neurons (EBNs) in the brainstem drive 

saccade velocity with bursts of activity ~10 msec before the actual saccade onset 

(Strassman et al., 1986a). For ipsiversive horizontal saccades, this activity is relayed to the 

ipsilateral MN/INNs in the ABN (Igusa et al., 1980; Scudder et al., 2002; Van Gisbergen et 

al., 1981). Simultaneously, inhibitory burst neurons (IBNs) make connections to the MNs 

and INNs of the antagonistic muscle in the contralateral ABN to suppress activity in the 

OFF direction (Strassman et al., 1986b). Both types of burst neurons are inhibited by 

tonically active omnipause neurons (OPNs). 20 msec before a saccade occurs in either 

direction, OPNs stop firing thus causing disinhibition in the downstream EBNs/IBNs. 

OPNs stay inhibited by a “latch” command from EBNs until the saccade is executed and 

they resume their tonic activity (Curthoys et al., 1984; Scudder et al., 2002). 

In zebrafish, the locations of these burst neurons have been reported (partly including by 

my own work but not presented in detail here) to be primarily throughout the dorsal parts 

of the hindbrain (Leyden et al., 2021). Another study reported a specific group of neurons 

that show ramping activity before saccades and are thus thought to be involved in their 

initiation (Ramirez & Aksay, 2021). Additionally, broad optogenetic silencing of neurons 

in rhombomere 5 suppressed ipsilateral saccade generation (Schoonheim et al., 2010). 

Neurons involved in saccadic control have also been reported in a dorsal cluster in 

rhombomere 7 (Ramirez & Aksay, 2021; Wolf et al., 2017) and in a specific dorsal region 

in the anterior hindbrain termed anterior rhombencephalic turning region (ARTR). 

Neurons in this region show alternating activity between each hemisphere and they are 

involved in gaze control and swimming (Ahrens et al., 2013; Dunn et al., 2016; Wolf et al., 

2022). The input from the slow-phase OKR and burst system is also relayed to a structure 

termed the oculomotor integrator (OI). 
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1.4.5 The oculomotor integrator 

1.4.5.1 The function of the oculomotor integrator 

The oculomotor integrator (OI, or Velocity-to-Position-Neural-Integrator: VPNI) is an 

important structure that helps with maintaining retinal image stability. When someone 

performs a horizontal saccade and keeps the eyes stable at the new position, the EBNs only 

encode the saccade itself. However, the MNs in the ABN show not only a burst of activity 

for the saccade (pulse), but also persistent activity (step), which is linearly related to the 

eye position, after the saccade is finished (Figure 1-8a & b; Gestrin & Sterling (1977); 

Schiller (1970)). This “step”-command is important to keep the eyes stable at an eccentric 

position as the EOMs exhibit a passive pullback that would force the eyes back into a 

neutral position over time (Robinson, 1964; Seung, 1996). As this persistent activity is not 

generated by the EBNs, it must stem from a different source. The oculomotor integrator is 

serving that function by transforming the phasic eye velocity input into a persistent eye 

position encoding output signal via integration (in the mathematical sense) and thus forms 

a neuronal correlate for working memory of the current eye position. In mammals, this 

integrator consists of the medial vestibular nucleus (MVN) and the nucleus prepositus  

 

Figure 1-8: Oculomotor neurons encode eye position to hold the eyes still 

a: Extracellular voltage recording (Vextra) and firing rate (Fextra) of a position neuron in goldfish area I (OI in 

zebrafish) during one back and forth cycle of saccades and fixation. Eipsi: ipsilateral eye, Econtra: contralateral 

eye, T: temporal, N: nasal. b: Schematic showing eye position, EBNs discharge and discharge of three 

position neurons during transition in fixation position. ON burst cell activity briefly precedes saccades and 

produces burst discharges of ipsilateral position neurons. This transient command is transformed into 

persistent, elevated discharge of position neurons, supplying motoneurons with tonic drive necessary to 

maintain a new eye position. OFF burst cell activity initiates saccades in the opposite direction and induces 

pauses in discharge followed by lowered persistent firing. Changes in firing rate are opposite in sign for 

contralateral position neurons. Legend and figure adapted with permission from Aksay et al. (2001). c: 

Visual representation of a line attractor. Two of the dimensions of state space are depicted in the plane, with 

the height of the energy landscape as the third dimension. All trajectories in the state space of the memory 

network flow toward the line attractor (thick line). The corresponding trajectories on the energy landscape 

flow down the walls of a through, toward a line of minimum energy at the bottom. Figure and legend adapted 

from Seung (1996); written permission not required.  
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hypoglossi (NPH) for horizontal eye movements, while in goldfish the horizontal 

integrator is thought to be formed by a single structure in the medulla that was termed 

“area I” (Fukushima et al., 1992; Pastor et al., 1994; Robinson, 1989). The integration for 

vertical and torsional eye movements happens in the interstitial nucleus of Cajal (INC). 

While the overall integration process between the MVN/NPH and INC is thought to be 

similar, differences in their synaptic channel composition and modulation do exist 

(Fukushima et al., 1992; Saito & Sugimura, 2020, 2021).  

How this integration is achieved and how neurons store a working memory of the current 

eye position is still actively researched. The integration and the memory storage 

capabilities of the OI are often described by a “line attractor” model. To characterize this 

model, we have to introduce the idea of a dynamic system in which several states can be 

encoded that represent a set of variables at a given time. In the OI, the activity of 

individual neurons for a given eye position are converging to a single point in this state 

space due to the eye position dependent firing relationship. When looking at the possible 

eye positions in the oculomotor range, these points will form a line in the state-space. This 

means that the activity of the OI will always converge to a stable point on this line and the 

location on this line is dependent on the current eye position of the zebrafish. Further, this 

activity lasts for a long time and thus can be seen as a form of working memory (Figure 

1-8c; Khona & Fiete (2022); Seung (1996)). For each point on this line, the OI network has 

a significantly increased time constant compared to the short intrinsic, biophysical time 

constants of its individual neurons and synapses (Goldman, 2009; Seung, 1996). This line 

attractor dynamic is thought to be generated by a network of neurons that show strong 

recurrent, positive feedback connections. However, recent studies have found strong 

heterogeneity in the persistent response of neurons in the teleost and monkey OI that are 

inconsistent with a classical line attractor model (Aksay et al., 2003; Daie et al., 2015; 

Joshua et al., 2013; Miri et al., 2011a). In zebrafish, the time constant of OI neurons varies 

up to 10-fold and is arranged along a rostro-caudal and dorso-ventral gradient within the 

OI and neurons that are located close to each other show similar activity (Miri et al., 

2011a). The authors proposed a recurrent model of the OI that is strongly biased in a feed-

forward manner, where the fast-decaying neurons would perform the integration and the 

slower-decaying neurons would provide the output of the OI. A similar model can also 

explain the heterogeneity of neuronal responses in primates, while a purely feed-forward 
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model can theoretically also achieve the function of the OI (Goldman, 2009; Joshua & 

Lisberger, 2015).  

To achieve that the eyes remain stable, the OI needs to be precisely tuned. Excessive 

feedback will cause an unstable integrator that provides an overly strong drive to the 

EOMs and therefore drives the eyes to an eccentric position, instead of keeping them 

stable. If there is not enough input, the integrator becomes leaky and the eyes will slowly 

drive back towards their neutral resting position. This is the case for the OI in zebrafish 

(Khona & Fiete, 2022; Miri et al., 2011a). The OI can be trained via artificially altered 

visual feedback to become more leaky or unstable. This shows that an external error signal 

is used to evaluate the integrator performance and to tune it accordingly (Debowy & 

Baker, 2011; Major et al., 2004a, 2004b; Mensh et al., 2004). This feedback is thought to 

be mediated via the cerebellum, in particular the flocculus (Optican et al. (1986), reviewed 

in Shadmehr (2017)). However, recent work suggested, theoretically and via experiments, 

that the integrator can also self-tune and no visual feedback is required for a stable 

integrator as dark-reared animals exhibit similar integrator performance (Gonçalves, 2012; 

Nygren et al., 2019).  

 

1.4.5.2. Firing properties of OI neurons  

Integrator neurons, together with INNs and MNs, exhibit a threshold-linear firing pattern. 

They are silent until they reach a neuron specific firing threshold and then their activity 

increases linearly with ipsilateral eye position (Figure 1-9a). This results in a push-pull 

mechanism, where neurons on the right side become more active for rightward eye 

positions and neurons on the left side become more silent respectively. Neurons that have 

their firing threshold more towards the OFF-side have a flatter increase in their firing rate 

relative with eye position, while neurons having more centered firing thresholds exhibit 

steeper slopes. This behavior was termed “recruitment order” (Figure 1-9a’). While OI 

position neurons almost exclusively have their firing thresholds on the OFF-side, MNs and 

INNs have more centered thresholds (Aksay et al., 2000, 2007; Fuchs et al., 1988; King et 

al., 1981; Pastor et al., 1991). The firing rate slopes increase exponentially when plotted 

against their relative firing thresholds (Figure 1-9a’, inset) and INNs have higher slopes for 

eye position and eye velocity than MNs. It is not clear if the recruitment order for MNs and 

INNs is independently established or inherited from their afferent connections (Aksay et al. 
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Figure 1-9: Firing properties, recruitment order and hysteresis of OI neurons 

a: Threshold-linear firing rate of an eye position encoding neuron in area I in goldfish. a’: Firing rate vs. eye 

position plot for 29 area I neurons (oculomotor range normalized). Inset shows the slope (see a; kn) vs. eye 

position threshold (Eth,n) plot for those neurons. Error bars indicate 95 % confidence intervals. Reprinted with 

permission from Aksay et al. (2000). b: Firing rate vs. eye position relationship plot of goldfish area I 

position neurons for fixation periods after saccades in the ON direction (ipsilateral. black circles) or in the 

OFF direction (open circles). Some neurons show history dependence in their firing rate (b’). Reprinted with 

permission from Aksay et al. (2003).  

 

2000; Broussard et al., 1995; Pastor & Gonzalez-Forero, 2003). Additionally, some 

integrator neurons and MNs show history dependence in their firing patterns that is termed 

“hysteresis”. For those neurons, the firing rate of the step-period is higher when the eye 

position was reached by a saccade in the ON direction than it would be when the same eye 

position was reached via a saccade in the OFF direction (Figure 1-9b & b’). In goldfish, OI 

neurons with hysteresis have an average of 3.1 ± 3.7 spikes/s difference, with 

8.2 ± 4 spikes/s for MNs (Aksay et al., 2003; Eckmiller, 1974; Goldstein & Robinson, 

1986; Pastor et al., 1991). The amount of hysteresis is dependent on the eye position 

sensitivity of the neuron, with more hysteresis present for neurons with higher sensitivities 

(Aksay et al., 2000).  

 

1.4.5.3. Anatomy & connectivity of the OI  

In mammals, the NPH receives afferent connections from multiple brain areas that are 

aligned with oculomotor function, such as the vestibular nuclei (predominantly from the 

MVN), medullary and paramedian pontine reticular formation, INC, oculomotor nuclei, 

and the cerebellum. Most notably, it receives input from itself. In comparison, it sends 

efferent projections to the vestibular nuclei, inferior olive, cerebellum, reticular formation, 

thalamus, oculomotor nuclei, and various other areas (for a full list and review see: 

Fukushima et al. (1992); McCrea & Baker (1985); McCrea & Horn (2006)).  
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In gold- and zebrafish, the OI is located caudally to the ABN in the reticular formation in 

the medulla, dorsal of the IO in rhombomere 7 & 8 (Miri et al., 2011a; Pastor et al., 1994). 

Pharmacological/optogenetic inactivation or ablation of neurons in this area lead to gaze 

holding deficits that are in line with disrupted integrator function. Additionally, 

electrophysiological & calcium recordings show neurons with strong eye position 

sensitivity in two hemi-nuclei in this area, one in each brain hemisphere (Aksay et al., 

2007; Gonçalves et al., 2014; Miri et al., 2011b; Pastor et al., 1994).  

Electroporation with immunohistochemistry and electron microscopy (EM) studies have 

identified several groups of OI neurons within each hemi-integrator in zebrafish. Since 

zebrafish hindbrain neurons are arranged along rostro-caudal stripes, that share the same 

transcription factors and neurotransmitters, some predictions can be made based on their 

anatomical location (Kinkhabwala et al., 2011; Lee et al., 2015; Vishwanathan et al., 

2017). OI neurons closest to the midline are glutamatergic and project to the ipsilateral OI 

and ABN, with some neurons sending projections to the cerebellum and spinal cord. This 

is in contrast to goldfish where no direct connection between the cerebellum and Area I 

was identified (Pastor et al., 1994; Straka et al., 2006). The second group of excitatory 

neurons is located more laterally, intermingled with predominantly GABAergic neurons. 

They project to the contralateral ABN, like the inhibitory neurons which also project to the 

contralateral OI. A third stripe along the lateral edge of the brain was just identified in EM 

recordings and appears to be excitatory, but no axons could be reconstructed and their 

projections are still unknown. The EM study from Vishwanathan and colleagues also 

identified chemical synapses between ipsilaterally projecting integrator neurons which can 

be the source for the recurrent excitation. Gap junctions have not been identified between 

goldfish integrator neurons, but their existence between zebrafish OI neurons cannot yet be 

ruled out (Aksay et al., 2000; Vishwanathan et al., 2017).  

These projection patterns and inactivation studies are consistent with computational 

models where each hemi-integrator is functionally independent and maintains activity 

through recurrent, ipsilateral, excitatory connections. The inhibitory, contralateral 

projecting neurons are not thought to contribute to the generation of persistence through 

disinhibition of inhibition, but they would help to coordinate the activity between each 

hemi-integrator. This model is critically dependent on a threshold mechanism that could 

either be incorporated at the synaptic level, or it would be dependent on the neuron firing 
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threshold. In the neuronal recruitment threshold mechanism, a functional difference 

between high and low threshold neurons exists. The high threshold neurons would drive 

the integration process, while the low threshold neurons are thought to be used for the 

read-out of eye position (Aksay et al., 2007; Fisher et al., 2013).  

Additionally, one study shows that the eye position is encoded in the amplitude of the 

persistent activity of OI neurons, but the spatial activity of the OI is dependent on the 

context of the preceding eye movement. After saccadic or OKR induced fixation periods, 

neurons in the OI show different persistence times (decay of persistent firing) based on 

their anatomical location, with caudal neurons having longer persistence times after 

saccadic eye movements and rostral neurons having longer persistence times after OKR 

induced saccades. The authors propose a multi-mode model of the OI, according to which 

the rostral OI neurons receive stronger saccadic input, but caudal neurons show a longer 

persistence time for saccadic input and vice versa for OKR induced fixations (Daie et al., 

2015). 

 

1.4.6 The velocity storage mechanism and the optokinetic afternystagmus  

The slow-phase OKR, elicited by a unidirectional stimulus, can be subdivided into two 

components. The first part consists of a fast eye velocity onset that is mediated through a 

direct pathway and a second component that consists of a gradual eye velocity build-up 

until the OKR reaches a steady-state value. This build-up is mediated via an indirect 

pathway that includes a velocity storage mechanism (VSM). The VSM acts like an 

integrator which is charged over time and stores a working memory of the eye velocity 

(Figure 1-7). When the OKR stimulus is switched off and the animal is in the dark, the 

VSM will drive the eyes in the direction of the preceding stimulus until the eye velocity 

gradually decreases and the eyes stop moving (Cohen et al., 1977). This behavior is termed 

optokinetic after-nystagmus (OKAN) and is thought to help with stable OKR performance 

when the stimulus is briefly interrupted or during saccades. The VSM is also charged by 

vestibular input, primarily during low frequencies, which helps with perception and 

balance (Angelaki & Cullen, 2008; Raphan et al., 1979). The presence of the VSM and 

OKAN in teleost differs between species. While carp and goldfish show high amounts of 

OKAN with a time constant of >10 sec (Miki et al., 2020), the presence of the VSM in 

zebrafish is more elusive. One study did not find an OKAN in zebrafish (Beck et al., 
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2004), while the previous study did find an OKAN but only with a much shorter time 

constant of 1.6 seconds. This is in agreement with the results of another study where the 

VSM time constant in larval zebrafish is estimated, using mathematical models, to be 

slightly less than 2 seconds. The authors of this study argue that in zebrafish the minimal 

manifestation of the OKAN behavior is caused by overshadowing activity from the leaky 

OI. Additionally, a negative OKAN that drives the eyes in the contraversive direction of 

the preceding stimulus was also shown to be present in larval zebrafish (Chen et al., 2014; 

Lin et al., 2019; Waespe & Henn, 1978).  

In goldfish, a cluster of neurons rostral to area I, termed “area II”, has been identified to 

encode eye/head velocity. Lidocaine inactivation of these neurons almost completely 

abolished the VSM time constant and thus these neurons were suggested to generate and 

store eye velocity. This was further supported by a study which shows that the neuronal 

firing rate of area II neurons closely match the decay time constant of the VSM (Beck et 

al., 2006; Pastor et al., 1994). Additional anatomical and electrophysiological studies in 

goldfish showed that brainstem loops between area II and the vestibular nuclei are 

necessary for the generation of the velocity storage (Hirata, 2021; Straka et al., 2006). In 

zebrafish, the locations of area II neurons were reported in the rostral parts of rh7/8 based 

on labelling studies, but not by functional imaging (Ma et al., 2009). 

 

1.5 Aims of this thesis 

While the basic components and the tuning properties from neurons of the horizontal 

oculomotor system and oculomotor integrator are already known, specific knowledge 

regarding the ocular tuning and precise eye position/velocity coding is still lacking. To 

understand how conjugate eye movements are controlled and how the persistent activity in 

the integrator is achieved, it is important to have a deeper understanding of these topics. In 

this thesis, a total of four different experiments were conducted at two different 

developmental stages to investigate these issues.  

The first experiment was designed to identify neurons involved in horizontal oculomotor 

control and to investigate the coarse coding of those neurons, regarding their eye position 

or slow-phase eye velocity sensitivity and their ocular specificity in young larvae (5-7 dpf). 

Zebrafish show a high degree of conjugate eye movements, but they also exhibit a 

stereotypical eye convergence during hunting by which they change their binocular 
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vergence angle about 30 ° (Bianco et al., 2011). Additionally, our lab recently reported that 

zebrafish are capable of performing monocular saccades under specific conditions (Leyden 

et al., 2021). This raises the question how the motor commands for each eye are encoded in 

the underlying circuits. There are basically two different schools of thought how eye 

movement control is achieved. Ewald Hering postulated his hypothesis of “Equal 

Innervation” where each eye would receive the same input and monocular eye movements 

would be the results of a conjugate eye command superimposed with a special vergence 

command that cancels the movement for one eye and is added to the conjugate command 

for the other eye. This theory is contrasted by Hermann von Helmholtz’s hypothesis, which 

states that each eye receives an independent, monocular specific input. So far no 

conclusive answer to this question has been found (Bridgeman & Stark, 1977; Coubard, 

2013; Helmholtz, 2005; King, 2011).  

In zebrafish, one study used a computational model to investigate post-saccadic eye drifts 

and concluded that, based on eye movements alone, the OI should be subdivided into four 

individual clusters that exhibit uniocular control for each eye and direction (Chen et al., 

2016). Therefore, in my first experiment I used a specially designed stimulation protocol to 

decouple the normally yoked eye movements of zebrafish. I recorded the underlying 

neuronal activity in the hindbrain and provide a classification about the ocular specificity 

carried by each neuron and thus mapped the horizontal oculomotor system in zebrafish. 

The second experiment was aimed to provide a better understanding about the specific eye 

position and/or slow-phase eye velocity encoding of each neuron and to provide 2D-tuning 

curves to investigate the firing thresholds of different clusters of neurons in young larvae 

(5-7 dpf). Since the initial eye movement command for saccades exists of a “pulse”-

command to overcome the inertia of the eye plant, oculomotor neurons also receive 

velocity information via the cerebellum, vestibular nuclei and the VSM (see chapter 1.4.3; 

Pastor et al. (2022); Robinson (1964)). This will result in some additional eye velocity 

encoding on top of the already mentioned eye position encoding. Therefore, this 

experiment was geared towards eliciting different eye position/velocity combinations to 

better elucidate the differential coding for each neuron and to precisely highlight the 

anatomical distribution of eye position and eye velocity encoding neurons. With the 

already mentioned gradient for persistence time in the OI (see chapter 1.4.5.1), these 

results will potentially shed light onto the shift from eye velocity to eye position coding 

within the OI and thus visualize the integrator function (Delgado-García et al., 1989; 
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Joshua et al., 2013; Miri et al., 2011a). Based on 2D-tuning curves, I can calculate the 

firing thresholds for each neuron which will provide insights into the OI as neurons with 

different firing thresholds have been hypothesized to serve different purposes within the OI 

(Fisher et al., 2013). 

The third and fourth experiments were the same as the ones described above but conducted 

at a later developmental stage (14-15 dpf). As already laid out in chapter 1.2.3, the visual 

development of zebrafish is not finished after the more traditional imaging time window of 

5-7 dpf. In older larvae, new behaviors appear that contribute to retinal image stability 

(aVOR) and the OI shows an increased persistence time with more linear eye drifts in older 

animals (Beck et al., 2003). These experiments will investigate how the neuronal code is 

changing in the first two weeks, when newborn neurons are integrated into already existing 

and functioning circuits and potentially help to fine-tune the behavioral response. 

Additionally, the distribution of monocular and binocular neurons at a later stage should 

provide insights into the Hering vs. Helmholtz debate, as according to Helmholtz, the 

binocular coordination needs to be learned and would thus require visual feedback and 

time to be precisely calibrated which should be reflected by the underlying circuits. 

Therefore, the results of these experiments will supplement the findings from experiment 1 

& 2 and investigate which tuning properties are already fully developed at 5-7 dpf and 

which are refined at a later developmental stage.  
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Chapter 2: Material & Methods 

2.1 Animal welfare and transgenic lines 

The following transgenic zebrafish lines were used in this study: 

Table 1: Fish lines  

Name Source Publication 

Tg(ubb:nls-

GCaMP6f)m1300Tg 

Driever lab (Fenja Gawlas, 

Philipp Rustler), University of 

Freiburg, Germany 

Present study and Brysch et al. 

(2019b) 

Tg(elavl3:H2B-

GCaMP6f)jf7Tg 

Zebrafish International 

Resource Center (ZIRC), 

Oregon, USA 

Dunn et al. (2016)  

Tg(mnx1:TagRFP-

T)vu504Tg 

Driever lab, University of 

Freiburg, Germany 

Jao et al. (2012)  

 

Larvae used in the experiments were reared in an incubator at 29 °C in a 14/10 day/night 

cycle and kept in E3 medium with methylene blue (0.01 %). Fish used for the late-stage 

larvae experiments were screened for strong GCaMP6f expression under an 

epifluorescence microscope (Nikon SMZ25, Tokyo, Japan) and kept in the main fish 

facility from 5 dpf onwards. They were raised in system water and fed once per day with 

paramecia ad libitum. Between the late-stage larvae experiment days (14 to 15 dpf), they 

were fed with powdered artemia (NovoTom JBL, Neuhofen, Germany). The Tg(ubb:nls-

GCaMP6f)m1300Tg and Tg(mnx1:TagRFP-T)vu504Tg fish were kept in a TL/N (nacre; 

Lister et al. (1999)) background. The Tg(elavl3:H2B-GCaMP6f)jf7Tg were delivered from 

the ZIRC in the casper background (nacre -/-, roy -/- ; White et al. (2008)), but were only 

screened for nacre expression. All imaged larvae were nacre -/-.  

 

2.2 Animal Preparation for 2P-imaging 

2.2.1 Young larvae (5-7 dpf): 

Animal preparation was conducted as previously described in Brysch et al. (2019b). Larvae 

of both sexes (F2 or later) were screened for strong GCaMP6f expression in a nacre -/- 

background. They were immobilized, with the dorsal side up, within 1.6 % low-melting 

agarose (in E3 without methylene blue) in a 3.5 cm (in diameter) petri dish lid (627161, 
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Greiner Bio-One International GmbH, Kremsmünster, Austria). The agarose surrounding 

the eyes was cut off using a custom-made flattened platinum wire tool (see Supplemental 

Figure 1a; Arrenberg (2016)) to enable the larvae to move their eyes over the entire 

horizontal oculomotor range. After solidification of the agarose, the lid was filled with E3 

devoid of methylene blue.  

 

2.2.2 Late-stage larvae (14-15 dpf): 

Late-stage larvae were taken from the main fish facility in the morning of the day of the 

experiments and the system water was gradually replaced with Ringer’s solution to slowly 

accommodate them to the higher concentration saline solution. Late-stage larvae were 

embedded in 3 % low-melting agarose (in Ringer’s solution) in a 6 cm (in diameter) petri 

dish lid (628161, Greiner Bio-One International GmbH, Kremsmünster, Austria). During 

the solidification of the agarose, 2 Luer connectors (IDEX H&S P-801, Techlab GmbH, 

Braunschweig, Germany) were mounted to the side of the petri dish lid, in line with the 

fish body, using hot glue. The connector closest to the head (input) was oriented in a way 

that oxygenated Ringer’s solution would enter at the bottom part of the lid. The connector 

at the tail (output) was leveled with the top of the lid to ensure a water column large 

enough to cover the whole fish and to ensure the flow of oxygenated Ringer’s solution 

over the gills of the fish (Supplemental Figure 1b). After complete solidification of the 

agarose, the whole lid was filled with Ringer’s solution and the agarose surrounding the 

eyes and gills was removed (Supplemental Figure 1a). Immediately after that, the Luer 

connectors were attached to a 4-channel peristaltic pump (REGLO ICC Digital Peristaltic 

Pump, Ismatec, Barrington, USA) to provide constant flow of freshly oxygenated Ringer’s 

solution to the petri dish (7 ml/min input, 10 ml/min output to prevent flooding). The 

Ringer’s solution was oxygenated in a 500 ml glass flask with medical oxygen at 0.2 l/min 

(UN1072, provided by GTI medicare GmbH, Hattingen, Germany). From this flask, the 

oxygenated Ringer’s solution was directly pumped into the petri dish containing the fish 

while deoxygenated solution was re-fed into the flask for oxygenation. With our setup, we 

were able to support 2 embedded late-stage larvae at the same time (Supplemental Figure 

1c). As the rigidity of the tubing sometimes caused a slow drift of the petri dish, a small 

piece of modelling clay was put in front of the fish at the binocular zone, which was 

blocked with black aluminum foil during experiments 2 and 4, and behind the fish. This 
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ensured both, a stable mounting setup and unhindered view of the larvae to the areas of the 

visual field in which the highest OKR gains are evoked (Dehmelt et al., 2021).  

 

2.3 Microscope and stimulation setup 

2.3.1 Microscope: 

Calcium imaging recordings were performed under a modified MOM-microscope 

(Movable Objective Microscope, Sutter Instruments, Novato, USA; Euler et al. (2009)) 

with C7319 preamplifiers (Hamamatsu Photonics K.K., Hamamatsu, Japan) and a 25x 

objective (Nikon CFI75, Tokyo, Japan) using the MScan software (Version 2.3.0.1). 

Hindbrain patches were imaged at 2 frames per second between ~280 x 280 µm and 420 x 

420 µm, based on the size of the fish, to ensure that the appropriate hindbrain section was 

completely recorded. For excitation, a “Coherent Vision-S” Ti-Sa IR laser was used 

(Coherent Inc., Santa Clara, USA) at a wavelength of 920 nm.  

For eye detection, an IR-LED ring (850 nm) was mounted onto the microscope and the 

light of 2 IR-LEDs was fed into the laser path using a T700lpxxr (Chroma Technology 

Corp, Vermont, USA) mirror. The reflected IR light from the mirror was strong enough to 

back illuminate the zebrafish eyes through the objective though the reflection of the mirror 

was just about 2 % (Figure 3-1a). To record eye movements, the stage holding the petri 

dish either had a hole in the center to allow the light to pass through (young larvae) or was 

made out of plexiglass (late-stage larvae) and a CMOS camera (DMK 23UV024, The 

Imaging Source Europe GmbH, Bremen, Germany) was mounted below the animal and 

stage. Eye detection and stimulation was accomplished using an adapted version of 

ZebEyeTrack (Dehmelt et al., 2018) running in the Labview environment (Version 2015, 

National Instruments, Austin, USA). Due to the increased body length of late-stage larvae, 

the illumination provided through the objective was often not large enough to completely 

highlight the eyes in the camera while running calcium imaging in rh 4-8. Therefore, an 

additional custom-made LED ring (24 IR LEDs, 850 nm) was mounted below the 

mounting stage at the level of the camera which provided broad range illumination from 

below. This enabled illumination of the eyes independent from the imaged brain region 

(Supplemental Figure 2).  
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2.3.2 Stimulation setup: 

A custom-made, square, red LED arena consisting of four individual panels was used to 

stimulate the larvae with horizontally rotating vertical bars around the body of the fish. 

Each panel showed 3 bars at the same time (7 LEDs high, 12 LEDs wide, 660 nm). Two 

panels, linked together, provided stimulation either to the left or right eye. The stimulation 

setup was based on a previous publication (Kubo et al. (2014); Figure 3-1, Supplemental 

Figure 2). Stimulation was only provided during flyback of the scan mirrors to avoid 

stimulation artefacts in the recorded calcium imaging data. Stimuli were still perceived as 

continuous motion by the zebrafish (Kubo et al., 2014). For monocular stimulation 

experiments, the binocular zone between the eyes was blocked using either black 

aluminum foil (BKF12, Thorlabs, Newton, USA) or black tape directly glued to the arena 

(Conrad Components 541659, Conrad Electronic SE, Hirschau, Germany) to allow 

independent, eye-specific stimulation (Bianco et al., 2011).  

 

2.4 Stimulation protocols 

2.4.1 Binocular coordination (ocularity) tuning 

The goal of this experiment was to evoke disconjugate, slow-phase eye movements and 

classify the neurons in the hindbrain based on their ocularity as well as a coarse 

specification of their eye position or eye velocity tuning. This was achieved with a 3-step 

stimulation protocol. In the first two steps, monocular eye movements were elicited for 

each eye respectively and conjugate eye movements during the last step (Figure 3-3a).  

To provoke monocular eye movements and to circumvent the yoking of the eyes, a moving 

stimulus was shown to the stimulated eye (ON eye) while a stationary stimulus was shown 

to the non-stimulated eye (OFF eye). This technique almost completely abolishes the 

movement of the OFF eye (Beck et al., 2004). After a short adaption period of the fish 

(~5 min for young larvae, 30 min to 1 h for late-stage larvae), this stimulation approach 

decoupled slow-phase eye movements reliably. Each stimulation phase was 150 sec long 

(300 frames, young fish) and varied for late-stage larvae from 150 sec to 300 sec (300 to 

600 frames, based on the occurrence of saccades). Stimulus direction changed between 

7-10 sec with a pause of 1-4 sec between the direction changes. As both directions were 

mapped equally, no further actions were taken to account for hysteresis. Stimulation speed 
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was chosen for each larva individually to minimize the yoking of the eyes and the 

occurrence of saccades while simultaneously maximizing the explored motor range.  

The stimulation speed during experiment 1 (young larvae) for the ON phases was 

32.1 ± 11.4 °/sec and for experiment 3 (late-stage larvae) 32.0 ± 7.7 °/sec (mean ± STD). 

In experiment 1, the left eye was stimulated first in 233 recordings, while the right eye was 

stimulated first in 15 recordings. In experiment 3, the left eye was stimulated first for 76 

out of 90 recordings. For data analysis and visualization purposes, in recordings where the 

right eye was stimulated first, the first and second stimulation phase were switched.  

 

2.4.2 Eye Position/Velocity tuning 

The goal of this experiment was to investigate the coding properties for each neuron 

regarding their exact eye position and/or eye velocity sensitivity. The first part of this 

stimulation protocol consisted of an alternating OKR stimulus which changed direction 

every 8 sec and ran for 6-12 repetitions (depending on the fish’s performance) to ensure 

that the fish was exploring and to coarsely map a wide motor range. To decouple eye 

position from slow-phase eye velocity tuning, a closed-loop stimulation protocol in which 

eye position was monitored in real-time and desired eye movements were provoked by 

changing stimulus direction and speed respectively, was followed. In detail: Each eye 

position bin was defined as a fixed 2 ° wide space in the motor range and was mapped for 

different eye velocities. For experiment 2, 93 recordings were mapped between ± 10 ° and 

3 recordings between ± 8 °. Due to the increased number of saccades in late-stage larvae, 

the oculomotor range was occasionally reduced to prevent z-drifts, which otherwise would 

happen in longer recordings. Therefore, the motor range in experiment 4 ranged from 

-8.9 ± 1.2 ° (mean ± STD, left hemisphere) to 8.7 ± 1.2 ° (right hemisphere). While z-drifts 

can be prevented in adult fish by fixating the fish with dental cement and tissue glue to a 

holding mechanism (Huang et al., 2020), the ossification in 14/15 dpf animals is just 

starting and does not yet support this fixation method (Cubbage & Mabee, 1996; Parichy et 

al., 2009). After the OKR stimulus, the eyes were steered towards the desired eye position 

bin via an OKR stimulus with the baseline stimulation speed, which was set for each fish 

individually. Once this bin was reached, the stimulus speed was set to zero to keep the eyes 

stable within that bin for 3-4 sec (Figure 3-10a - a’’). Sometimes the eyes were drifting out 

of their respective bin, either because of overshoot caused by the inertia of the eye and/or 

the effect of the VSM, or because they drifted to a more nasal eye position due to the 
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passive pullback of the eye muscles and the leaky OI in zebrafish (Chen et al., 2016; Leigh 

& Zee, 2006; Miri et al., 2011a). If that happened, the whole “stable” part was restarted 

until the fish kept their eyes in the desired range for the entire time window. After 

successful completion of the “stable part”, the eyes were steered in clockwise (CW) and 

counterclockwise (CCW) direction through the respective eye position bin at baseline, 1.2 

times baseline and 1.4 times baseline speed to elicit different eye velocities. If a saccade 

occurred at any time during the stimulation protocol, the appropriate step was restarted. As 

each direction was mapped equally, no additional analysis steps were made to account for 

potential hysteresis effects. 

The average stimulation speed for experiment 2 (young larvae) was 22.5 ± 6.4 °/sec and 

24.3 ± 7.3 °/sec for experiment 4 (late-stage larvae, mean ± STD). Due to the decreased 

fish’s performance in the latter experiment (see chapter 4.3), several changes to the 

original protocol were implemented. The “stable time” was reduced for some experiments 

(2-4 sec, rarely manually to 1 sec if the fish was stuck at a certain eye position bin and 

already had several seconds of that bin mapped) due to the more frequent occurrence of 

saccades in older animals (Beck et al., 2004). The motor range was sometimes lower as the 

late-stage larvae had more problems in exploring a similar motor range than the young 

ones. 

 

2.5 2P-imaging analysis 

2.5.1 Identification of ROIs 

The raw calcium data timeseries recordings were converted into 8-bit and registered to 

their median or standard deviation in time using the ImageJ plugin “TurboReg” 

(Biomedical Imaging Group, Swiss Federal Institute of Technology Lausanne; Thevenaz et 

al. (1998)) to account for potential movement artefacts in x and y. If any drift in z was 

observed, the recording was excluded from further analysis.  

The identification of regions of interest (ROIs) was based on a previously published 

method (Brysch et al., 2019b; Miri et al., 2011b). In short: For each recording, the raw 

fluorescence was correlated in 2x2 pixel bins to a modified behavioral trace (either from 

eye position or high/low speed eye velocity), termed regressor. The regressor was 

convolved with a calcium impulse-response function (CIRF) to account for the decay time 

of fluorescence caused by the kinetics of the calcium sensor GCaMP6f (Chen et al., 2013). 

For the Tg(ubb:nls-GCaMP6f)m1300Tg line the CIRF was measured at 1.1 sec, for the 
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Tg(elavl3:H2B-GCaMP6f)jf7Tg line at 1.6 sec (in vivo, based on the fluorescence decay of 

eye position encoding neurons after a saccade in the OFF direction). In the resulting 

heatmap, individual ROIs were semi-automatically selected (Figure 3-2a). The algorithm 

for the regression-based correlation analysis was based on a modified version of “MOM-

Load” (Kubo et al., 2014).  

As the original algorithm used only one regressor to generate the heat-map for cell 

selection (and therefore would only highlight neurons with one tuning specificity, e.g. only 

eye position encoding neurons), the resulting ROIs would have been suboptimal to detect 

neurons with different coding features. Therefore, this code was adapted in a way that each 

pixel that was surpassing the threshold z-score for any selected regressor was highlighted 

with its absolute, maximal z-score value in the final heat-map (Figure 3-2b).  

The following 5 regressors were used in all experiments to highlight eye movement related 

neurons in each recording while still providing a high SNR ratio:  

• Rectified, angular eye position  

• Rectified, angular slow-phase eye velocity (capped at 20 °/s, for CW and CCW) 

• Rectified, angular quick-phase eye velocity (above 20 °/s, for CW and CCW) 

All regressors were averaged for both eyes. This method was used to initially select ROIs 

in the dataset and was sufficient to select neurons which were almost always active during 

the whole recording, or only during specific parts (Figure 3-2c, ROIs 9 and 19). 

Furthermore, it was sensitive enough to highlight pixels which only rarely showed any 

activity, even if this activity was probably not related to any eye movements (Figure 3-2c, 

ROI 47). Therefore, neurons were ultimately defined on more restrictive inclusion criteria, 

reported later, based on the respective experiments conducted. 

As the GCaMP protein was either fused to “nls” (Kalderon et al., 1984) or “H2B” 

(Freeman et al., 2014; Kanda et al., 1998) to restrict expression to the nucleus, all of the 

recorded calcium signals correspond to somatic signals. Due to the strong interdependence 

between nuclear calcium concentration and the firing of a neuron, with only milliseconds 

delay, nuclear calcium can be used as a proxy for neuronal activity (Bengtson et al. (2010), 

reviewed in Bading (2013)). This helps to avoid ROIs encompassing multiple neurons and, 

together with the already low number of those in other studies using the same approach 

(Kubo et al., 2014; Wang et al., 2019), results in a reliable selection of single neurons only.  
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2.5.2 Registration of recordings to a reference frame 

To account for drifting of the preparation and to combine multiple recordings of different 

brains to the same reference frame, each recording was manually aligned in x, y, and z to a 

z-stack of the respective larvae. This z-stack was recorded at 1x magnification at increased 

laser power/gain in 0.82 µm increments encompassing the whole area recorded during the 

normal experiments. To prevent bleaching due to the increased laser power, the z-stack 

was only recorded after all other experiments were finished. To correct for potential pitch, 

yaw and roll differences, made during the embedding of different larvae, the position of 

both Mauthner cells, the medial longitudinal fasciculus (MLF), and of the midline were 

extracted to be used as landmarks for each z-stack. Pitch and yaw were corrected based on 

the MLF position and the midline of the brain, with the intersect between the midline and 

Mauthner cells defined as the origin. Roll was corrected based on the difference between 

the Mauthner cell locations in z. This approach was based on a previous publication (Kubo 

et al., 2014) and the adapted method has previously been published (Brysch et al., 2019b).  

For experiments 3 and 4 (late-stage larvae) the data was further modified to account for the 

differences between inter-individual hindbrain sizes. Here, the standard length (SL; 

Parichy et al. (2009)) for each fish was measured under the epifluorescence microscope 

after the recordings were finished. For experiment 3 the mean SL was 5130 ± 543 µm 

(STD, 12 larvae), for experiment 4 5209 ± 773 µm (11 larvae), which is well in the 

published range for 2 week old zebrafish (Parichy et al., 2009). Each ROI location was 

then normalized to the average brain size of all late-stage larvae (5167 ± 648 µm in RC, 

275 ± 28 for LR). As the true DV extent of the brain could not be measured without 

potentially touching the agarose dorsal of the embedded fish with the objective, no further 

normalization in DV was made besides the registration to the z-stack (above).   

 

2.6 Binocular coordination data analysis 

2.6.1 General data analysis 

This analysis approach was used for experiments 1 and 3. For experiment 1, data from 28 

larvae was used (5-7 dpf) and for experiment 3 from 12 larvae (14-15 dpf). To ensure that 

stimulation phases which were tailored to elicit monocular eye movements were sufficient 

for the task, a Yoking Index (YI) was calculated. Recordings which did not pass this 

criterion were excluded from further analysis (YI < 0.5 for any monocular stimulation 
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phase, see chapter 2.6.2). For experiment 1, the hindbrain area extending from 90 µm 

(dorsal) to -60 µm (ventral) was imaged to ensure an 8-fold coverage in 5 µm intervals 

around the Mauthner cells (defined as 0 in z). For experiment 3, each z-level was imaged at 

least 3 times (in 10 µm intervals) between ± 100 µm around the Mauthner cells.  

The x/y extent of the imaged patch was set in a way that a small area rostral to the 

Mauthner cells was still imaged (for landmark identification), partly containing the ARTR, 

and to ensure that rhombomeres 5-8 were imaged completely (aligned for z=0 and then 

kept stable for different z levels). This ensured that the areas reported to contain the OI, 

area II and moto-/internuclear neurons were imaged (Lee et al., 2015; Miri et al., 2011a; 

Portugues et al., 2014; Wolf et al., 2017).  

After ROI selection, each trace was smoothed by a sliding window filter (over 5 frames): 

𝐷𝐹𝐹𝑘 =
𝐷𝐹𝐹𝑘−2∗0.25+𝐷𝐹𝐹𝑘−1∗0.5+𝐷𝐹𝐹𝑘+𝐷𝐹𝐹𝑘+1∗0.5+𝐷𝐹𝐹𝑘+2∗0.25

2.5
  (Eq. 1) 

With DFFk being the ΔF/F at the time k.  

To ensure that an individual eye position of zero was defined as the resting state of the eye 

(neutral view to the front), each eye trace was offset by its relative median eye position. 

This was necessary as the eyes at rest are rotated to the front (e.g. the right eye shows a 

slightly negative eye position when the fish is looking forward (Zimmermann et al., 

2018)).  

Neurons were grouped according to their response profiles by a similar regression-based 

analysis approach as reported by Kubo and colleagues (Kubo et al., 2014). The regressors 

used in this step of the analysis pipeline were designed in such a way that every stimulation 

phase (left eye: LE, right eye: RE, both eyes: BE) was either handled as “active” or 

“inactive”, which results in 8 general activity states (three phases with two activity states). 

The behavioral trace used for these regressors were either taken from the recorded eye 

position or eye velocity (as the derivative of eye position). If the regressor contained an 

“inactive” activity state, the appropriate section was filled with zeros. The “active” parts of 

the regressor were calculated in two different ways: In the 1st (non-averaged), the activity 

for the monocular phases were always taken from the stimulated (ON) eye. For the 2nd 

(averaged), the mean activity over both eyes (ON & OFF) was used. This was done 

because the explored motor range, and thus activity during the binocular phase, was often 

higher than for the monocular phases (own observations and Beck et al. (2004)). This 
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regressor captured the activity of “binocular always” neurons more reliably (see chapter 

3.2). Given the threshold-linear firing properties of the recorded neurons (see chapter 

1.4.5.2), the regressors were rectified in positive (right eye position/rightward eye velocity) 

and negative (left eye position/leftward eye velocity) direction to prevent that behavioral 

activity in the OFF state of the neuron would result in a smaller correlation value and thus 

prevent identification. In the end, this approach generated 52 different regressors (see 

Figure 3-4c & Supplemental Figure 3).  

The regressors were convolved with the appropriate CIRF in a similar way as described in 

chapter 2.5.1. To prevent noise from saccades, regressors encoding eye velocity were 

capped at 8 °/sec. The DFF trace for each ROI was then correlated (Pearson correlation) 

with all 52 regressors and the ROI was only kept for further analysis if any of the 

regressors had a correlation value of at least 0.6. In total, 16413 ROIs were analyzed for 

experiment 1, with 4483 exhibiting a big enough correlation coefficient to be kept for 

further analysis and 1297 neurons for experiment 3, with a total of 4855 ROIs analyzed.  

The explored motor range was usually larger during the binocular stimulation phase than 

during any of the monocular phases as zebrafish normally exhibit conjugate eye 

movements, with the exception of monocular saccades and eye convergence during 

hunting (Bianco et al., 2011; Leyden et al., 2021). In combination with eccentric firing 

thresholds, this could result in a misclassification of specific response types (binocular 

preferred or monocular exclusive; see chapter 3.2) due to potential under-sampling of the 

explored motor range during monocular phases. To prevent this from happening, the firing 

threshold (using the start of the fluorescence raise as a proxy) for each eye during the 

binocular stimulation was calculated. This was achieved by calculating the tuning curve 

from the deconvolved and smoothed DFF (using the same CIRF as for convolution of the 

regressors, Eq 1) and binning it in 2 ° increments for eye position and 1 °/sec increments 

for eye velocity for each eye separately. Starting from the OFF direction of the tuning 

curve, the first three bins were used as the starting baseline and a one-sided, iterative 

Wilcoxon rank-sum test was conducted against the neighboring bin in the ON direction. 

This bin was then pooled into the baseline and tested against the next bin in the ON 

direction. A Bonferroni correction was used to shield against multiple comparison errors. 

The firing threshold was defined as the first significant different bin where at least one of 

the following two bins in the ON direction was also significantly different. If the neuron 

did not reach this firing threshold for any of the relevant OFF stimulation phases it was 
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discarded from the analysis, e.g: if a neuron was classified as encoding for the right eye 

monocularly, it was assessed if its motor range during the left eye monocular stimulation 

was big enough to potentially have resulted in activity. This resulted in the elimination of 

1181 neurons for experiment 1 (26.3 %, 3302 neurons approved, Figure 3-5) and 466 

neurons for experiment 3 (35.9 %, 831 neurons approved). Please note that at this step the 

exclusion of the neurons was purely based on the behavior of the fish and, to some extent, 

on the intrinsic coding properties, as neurons with a more eccentric firing threshold would 

require a wider motor range on both eyes to be classified correctly. This means that the 

reported number of neurons is quite conservative and the total number of neurons involved 

in horizontal eye movement control is probably larger than what was identified in this 

study.  

 

2.6.2 Yoking index (YI) 

The yoking index was calculated using the following equation: 

𝑌𝑜𝑘𝑖𝑛𝑔 𝐼𝑛𝑑𝑒𝑥 =
∑ 𝑎𝑏𝑠(𝐸𝑦𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑂𝑁)−∑ 𝑎𝑏𝑠(𝐸𝑦𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑂𝐹𝐹)

∑ 𝑎𝑏𝑠(𝐸𝑦𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑂𝑁)+∑ 𝑎𝑏𝑠(𝐸𝑦𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑂𝐹𝐹)
  (Eq. 2) 

For each stimulation phase, the absolute, smoothed eye velocity (Eq 1, capped at 8 °/sec) 

of the stimulated eye (ON) was summed up against the one of the non-stimulated eye. For 

the binocular coding phase, the left eye was defined as the ON eye. The resulting YI ranges 

from 1 (only stimulated eye moves) to -1 (only non-stimulated eye moves), with 0 meaning 

both eyes move the same amount (Figure 3-3b). Only recordings with a YI of 0.5 and 

higher during the monocular stimulation phases were used, except for four recordings 

during experiment 3 (see chapter 4.2). 

 

2.6.3 Monocular coding difference 

For each of the main position encoding groups (BA, BP, MLE, MRE), the biggest 

correlation for any of the monocular eye position encoding regressors (MLE: 7, 8, 19, 20; 

MRE: 3, 4, 21, 22) was taken and their correlation difference was standardized using the 

following equation:  

𝑀𝑜𝑛𝑜𝑐𝑢𝑙𝑎𝑟 𝑐𝑜𝑑𝑖𝑛𝑔 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  
𝐶𝑜𝑟𝑟max (𝑀𝑅𝐸)−𝐶𝑜𝑟𝑟max (𝑀𝐿𝐸)

𝐶𝑜𝑟𝑟max (𝑀𝑅𝐸)+𝐶𝑜𝑟𝑟max (𝑀𝐿𝐸)
         (Eq. 3)  
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If the highest correlation for any of the monocular sets was negative, the respective value 

was set to zero. The index runs from -1 (exclusively coding for the left eye) to 1 

(exclusively coding for the right eye). 

 

2.6.4 PVInfluence 

For all BA and BP position coding neurons, the highest scoring regressor was standardized 

against its respective velocity coding regressor with the same kinematic parameters (e.g. 

for regressor 1, it was regressor 9) using the following equation: 

𝑃𝑉𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑐𝑒 =
𝐶𝑜𝑟𝑟𝑃−𝐶𝑜𝑟𝑟𝑉

𝐶𝑜𝑟𝑟𝑃+𝐶𝑜𝑟𝑟𝑉
         (Eq. 4) 

If the appropriate velocity regressor was negative, it was set to zero. This index runs from 

0 (equal position and velocity encoding) to 1 (exclusively position encoding). 

 

2.6.5 Adjustment for unequally sampled z-levels in older animals 

Due to the unequally sampled z-levels in late-stage larvae in experiment 3, the data had to 

be adjusted. To maintain the quality of the data, each z-level in 10 µm increments between 

± 100 µm around the Mauthner cells was recorded at least three times (up to six) and then 

upscaled to eight brains in 5 µm increments to ensure comparability to the data from young 

larvae. To reach the minimum recording number, four recordings with a YI of smaller than 

0.5 had to be included into the final data set. Great care was taken to only include 

recordings which missed the YI threshold of 0.5 by a marginal degree (0.49, 0.49, 0.44, 

0.49; Figure 4-2e). In total, 90 recordings for late-stage larvae were analyzed of which 84 

were in the range of ± 100 µm around the Mauthner cells. For plotting the cell maps with 

adjusted neuron numbers, each identified neuron was grouped into voxels of 10x10x10 µm 

and upscaled to 8 brains with 5 µm intervals in z to ensure comparability to the young 

larvae dataset (Supplemental Table 2). 

 

2.7 Eye Position/Velocity data analysis 

2.7.1 General data analysis 

In experiment 2, a total of 16 larvae were recorded (5-7 dpf) from 90 (dorsal) to -60 µm 

(ventral) around the Mauthner cells (defined as z = 0). The same hindbrain area (in x and 

y) as for experiment 1 was imaged in 96 recordings which resulted in an equally sampled, 
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6-fold coverage of the hindbrain in 10 µm intervals. For experiment 4, 11 larvae 

(14-15 dpf) were recorded from 70 to -70 µm in 10 µm increments 5 times, which resulted 

in 75 recordings. After ROI selection and registration, a correlation analysis approach was 

applied, similar to the one described in chapter 2.6. Here, only neurons which were 

correlated to a rectified and convolved eye position or slow eye velocity (capped at 8 °/sec) 

regressor with at least 0.4 were analyzed. In contrast to experiment 1 and 3, a lower 

correlation coefficient was chosen here as the goal of this analysis step was only to ensure 

that neurons which showed some eye position and/or eye velocity coding were chosen for 

further analysis. The 2-dimensional tuning curves contain all data points from the whole 

recording (including OKR stimulation), only excluding frames that contain saccades 

(> 10 °/sec eye velocity) and the following three frames (1.5 sec).  

 

2.7.2 PVIndex 

To classify the eye position and/or eye velocity sensitivity of each neuron, a Position-

Velocity Index (PVIndex) was calculated according to the following equation: 

𝑃𝑉𝐼𝑛𝑑𝑒𝑥 =
𝐶𝑜𝑟𝑟(𝐸𝑦𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛)−𝐶𝑜𝑟𝑟(𝐸𝑦𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦)

𝐶𝑜𝑟𝑟(𝐸𝑦𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛)+𝐶𝑜𝑟𝑟(𝐸𝑦𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦)
  (Eq. 5) 

The highest scoring eye position and eye velocity regressor from the previous section was 

used for calculation. If a neuron had a negative correlation for both regressors of the same 

quality, it was discarded from this analysis step given that - due to the rectification - at 

least one should be positive. This was the case for 41 neurons in experiment 2 and for 25 

neurons in experiment 4.  

 

2.7.3 Firing threshold analysis 

To extract the firing thresholds, the previously described iterative-baseline approach (see 

chapter 2.6.1) was used. To verify the firing threshold assessment and to provide 

confidence intervals, a bootstrap analysis was performed. Here, each data point from the 

baseline pool was randomly selected (with repetitions allowed, meaning the baseline could 

include one datapoint multiple times) and for each neuron this test was repeated 1000 

times. The resulting firing thresholds were sorted and the 25th and 975th rank was used as 

the upper and lower confidence interval.  
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2.8 Quantification and statistical analysis 

All statistical tests were conducted using Matlab 2015a. Significance level was set as 

p < 0.05. All statistical tests are reported in the appropriate sections. For multiple 

comparison analysis, if not stated otherwise, a Kruskal-Wallis test was performed 

(kruskalwallis) with a subsequent multiple comparison test (multcompare). 

 

2.9 Chemicals and solutions 

Table 2: Chemicals 

NaCl AppliChem, A3597 

KCl Carl Roth, 6781.1 

CaCl2 AppliChem, A1873 

MgSO4 Merck, 1.05886.050000 

HEPES AppliChem, A3724 

Methylene blue AppliChem, A4084 

Low-melting agarose (Sieve GeneticPure) Biozym, 850080 

 

E3: NaCl (5 mM), KCl (0.17 mM), CaCl2 (0.33 mM), MgSO4 (0.33 mM) with 0.01 % 

methylene blue 

Ringer’s solution: NaCl (116 mM), KCl (2.9mM), CaCl2 (1.8 mM), 5mM HEPES, pH 7.2 

 

The above mentioned methods (except for chapter 2.6.5) and some of the data (for 

experiment 1 and 3) have previously been published by me (Brysch et al., 2019a, 2019b). 
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Chapter 3: Results for Young Larvae 

3.1 Young larvae 

In the first part of my thesis, I describe and present data of 2 experiments conducted using 

young zebrafish larvae (5-7 dpf). This is the timespan in which most calcium imaging and 

behavioral studies in zebrafish research are conducted (Ahrens et al., 2013; Bianco et al., 

2011; Migault et al., 2018; Wang et al., 2020). At this developmental stage, the OKR can 

already reliably be evoked and the small brain size and transparency (in the nacre 

background) of the larvae, together with the still rudimental ossification, result in a good 

image quality (Easter & Nicola, 1996; Parichy et al., 2009). While some hallmarks of 

visual processing are still developing at this age (e.g.: OI linearity, OKR gain, aVOR), 

most of the underlying circuits are already functional and can be studied (Figure 1-3). 

Some of the data presented in chapter 3 has previously been published by me (Brysch et 

al., 2019a, 2019b). 

 

3.1.1 Setup 

The present and following chapter provide only a brief overview of the stimulation and 

recording setup together with a brief introduction how the data was analyzed. They are 

applicable for all conducted experiments. The full details are provided in chapter 2. 

Young larvae (5-7 dpf), transgenic for the calcium indicator GCaMP6f, were embedded in 

1.6 % low melting agarose with the eyes cut free and placed under a 2-P microscope inside 

a custom-made LED arena (Figure 3-1a). Brain activity was recorded in the hindbrain 

(rhombomeres 4-8) for different z-levels (Figure 3-1b), according to previous reports of the 

ABN, OI and VSM in this area (Ma et al., 2009; Miri et al., 2011a; Portugues et al., 2014; 

Vishwanathan et al., 2017; Wolf et al., 2017). Eye movements were elicited by 

horizontally rotating vertical bars around the zebrafish using a custom-made LED arena. 

This setup enabled me to provide monocular, binocular, and stationary stimuli for each eye 

individually (Figure 3-1c). During experiments with monocular stimulation, the binocular 

zone in front of the fish was blocked. 

Due to the small size of the larvae’s head, it was sufficient to provide back-illumination of 

the eyes only through the microscope’s objective. This was enough to highlight the head 

with the eyes and to record eye movements on a separate PC (Figure 3-1d).  



 

42 

 

 

Figure 3-1: Experimental setup 

Setup and stimulation arena schematic. a: Schematic of the microscope setup: GCaMP6f positive zebrafish 

larvae were embedded in agarose and placed under a 25x objective and imaged at 920 nm. IR-LEDs were 

used to illuminate the head to ensure tracking of horizontal eye movements. Not drawn to scale. b: Imaged 

hindbrain patch for one recording (red dashed line) at the level of the Mauthner cells (red arrows). Scale bar 

50 µm. A: anterior, L: left, P: posterior, R: right. c: Schematic of stimulation arena: The petri dish lids with 

the embedded fish were placed inside a custom-made LED arena with the option to block the binocular zone 

at the front. d: Example picture showing the image recorded by the CMOS camera (below setup, green arrow 

indicates the fish’s body axis) and the pixels identified as the eyes (right, magnified). Figure adapted under 

CC BY 4.0 after Brysch et al. (2019b). 
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3.1.2 Neuron selection 

Regions of interest (ROIs) were selected using pixel-wise correlation of the calcium 

activity to behaviorally derived traces, called regressors (Kubo et al., 2014; Miri et al., 

2011b). For initial neuron identification, regressors for eye position and quick/slow eye 

velocity were used. The correlation analysis was performed for each regressor separately 

and ROIs were chosen semi-automatically from one general heat-map which combined any 

active pixels from all regressors (Figure 3-2a & b). This approach was sensitive enough to 

highlight neurons which were only active under specific stimulation conditions (ROI 9 and 

19 in Figure 3-2c) or seldom active (ROI 47), hardly with any activity related to eye 

movements. Therefore, more conservative inclusion criteria were applied in the 

downstream analysis to only analyze ROIs which show a clear eye movement related 

activity. 

Using this method, I was able to reliably identify all neurons showing any degree of coding 

for eye position and/or fast/low eye velocity. Identified ROIs were aligned and registered 

to a reference coordinate system based on several anatomical landmarks in the larval brain, 

which negated any mounting differences in pitch, yaw, and roll between individual larvae. 

Therefore, the recordings of several larvae were combined into one picture.  
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Figure 3-2: Example recording for ROI selection 

Example showing the ROI selection and the generation of the heatmap from the five regressors used in the 

data analysis. a: Mean image of one timeseries recording with semi-automatically selected ROIs in red (left). 

Mean image with the heatmap generated from five different regressors superimposed used for ROI selection 

(right). Scale bar 50 µm. A: anterior, L: left, P: posterior, R: right. b: Original unscaled z-scores for each 

regressor used to generate heatmap in a (right, details on generation of these maps see Methods section and 

Kubo et al. (2014) & Miri et al. (2011b)). CCW: counterclockwise, CW: clockwise, Pos: eye position, right: 

positive colormap used for right eye positions, vel: velocity. c: Example traces (DFF, selection shown in a) 

for one ROI only active during one stimulation period (9), during 2 stimulation periods (19) and only seldom 

active (47). R1 (red) shows the Regressor used to generate the heatmap “Pos right” in b. Please note that in 

this recording the right eye was stimulated first. 
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3.2 Experiment 1 (eye coordination in young larvae) 

3.2.1 Experimental framework: 

The goal of this experiment was to investigate the coding properties and ocular specificity 

of horizontal eye movement related neurons in the hindbrain (see chapter 1.5). To decouple 

the conjugated eye movements, which zebrafish normally show to an alternating OKR 

stimulus, I applied a specific stimulation pattern which is capable of evoking monocular 

eye movements. The stimulation protocol was divided into three equally long parts. In the 

first part, only one eye (ON) was shown a moving bar stimulus which was rotating either 

in CW or CCW direction around the fish. To keep the other eye stable, a stationary 

stimulus was shown to the other eye (OFF), which is sufficient to decouple eye movements 

and to reduce the gain of the OFF eye below 0.1 (Beck et al., 2004). In the second part the 

ON and OFF eyes were switched and in the last step both eyes were shown the moving 

stimulus. This stimulation approach resulted in a very clear response pattern with 

monocular eye movements during the first two stimulation segments and binocular, 

conjugated eye movements during the last phase (Figure 3-3a). However, it should be 

noted that the fish were still capable of performing binocular eye movements during the 

monocular stimulation phases (e.g. saccades, see Figure 3-4b’) and even the OFF eye can 

still show some residual stimulation related activity, though it was drastically reduced. This 

was not related to a suboptimal blocking of the binocular zone but due to intrinsic 

properties in zebrafish (Beck et al., 2004; Fritsches & Marshall, 2002; Qian et al., 2005). 

Therefore, I introduced a method to exclude recordings where the OFF eye showed too 

much movement, termed Yoking Index (Figure 3-3b, chapter 2.6.2).  

The resulting decoupled monocular and conjugate binocular eye movements enabled me to 

group the recorded neurons based on their innervated eye(s), or at least to their correlation 

to the resulting eye movements, and their primary coding feature. To do this, a similar 

correlation approach was applied as in the ROI selection. Here, the regressors were derived 

from the recorded eye movement traces but adapted to the underlying stimulus protocol. 

Different regressors were generated based on combinations of the potential activity during 

each stimulation phase, eye position or slow-phase eye velocity coding, tuning direction, 

and two sets of regressors to address the reduced motor range during binocular 

stimulations. This resulted in a total set of 52 regressors (see chapter 2.4.1 & 2.6.1, Figure 

3-4c and Supplemental Figure 3). These were comprised of two monocular groups for each  
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Figure 3-3: Stimulation protocol and example eye traces 

Example picture showing the stimulus protocol and resulting eye movements with an example for the Yoking 

Index. a: Stimulus protocol schematic (top) showing the alternating OKR stimulation pattern. Bottom: 

Example eye traces resulting from the shown stimulation pattern. Dashed lines indicate transition between 

stimulus segments. b: Example eye traces from another recording showing one recording close to the YI 

threshold (0.5) for the left eye stimulation. This recording was still included into the final dataset. Figure 

modified under CC BY 4.0 from Brysch et al. (2019b). 
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Figure 3-4: Regressor creation and example neuron traces 

Analysis pipeline to classify neuronal response types. a: Eye traces (same as in Figure 3-3a) and two 

monocular example neurons from that recording (black, DFF). Blue traces show the respective highest 

scoring regressors (monocular right eye position encoding r3, monocular left eye position encoding r7) and, 

for r3, how it is derived from the right eye position. Dashed lines indicate transition between stimulus 

segments. a’: Additional example regressors to highlight the rectification and the phase shift between the eye 

position and eye velocity regressors. Squares correspond to stimulation segment, filled squares indicate 

activity. Arrows show tuning direction. NA: non-averaged, P: position, V: velocity b: Example eye position 

and capped counterclockwise eye velocity traces (top 2 plots) and two “binocular always” (BA) regressors to 

show the difference between averaged and non-averaged regressors (red/blue) and the eye trace they were 

derived from (grey, middle plot). Example DFF traces for one BA position neuron (DFF, black) and its 

respective regressor (r18, blue) and one BA velocity neuron (r24, lower two traces). b’: Example “binocular 

preferred” (BP) DFF trace and respective eye movements from that recording. Note the binocular event (red 

arrow). The blue trace shows the respective highest scoring regressor (r1). c: Overview showing all 

kinematic parameters (left) and all regressors used to group neurons into different response groups (right). 
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Italic numbers refer to averaged regressors, squares as in a’. BE: both eyes, LE: left eye, RE: right eye, 

MLEX: monocular left eye exclusive, MREX: monocular right eye exclusive. Figure modified under 

CC BY 4.0 from Brysch et al. (2019b). 

 

eye (monocular right eye: MRE, monocular left eye: MLE) and two binocular groups 

(binocular always: BA, binocular preferred: BP). Additionally, there were regressors for 

exclusive monocular eye movements (MLEX: monocular left eye exclusive, MREX: 

monocular right eye exclusive, MX: monocular exclusive). The DFF for each neuron was 

correlated against all regressors and the neuron was grouped into one class according to its 

highest scoring regressor. Based on the different firing thresholds and differences in the 

explored motor ranges between the stimulation phases, potential misclassified neurons 

were excluded from the final dataset (Figure 3-5). In total, 4483 neurons from 28 young 

larvae (5-7 dpf) were identified using the regressor analysis and after application of the 

firing threshold assessment 3302 neurons remained (1181 excluded) and were analyzed 

further in detail. 
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Figure 3-5: Exclusion of neurons with too little eye movement  

This figure shows the process of eliminating neurons who might have been misclassified based on too little 

eye movements during individual stimulation phases. a: Example for one excluded BP neuron. Individual 

plots show the explored motor range (top) and the resulting monocular tuning curves (cyan/magenta, bottom) 

for the monocular left eye (left), monocular right eye (middle) and binocular stimulation phase (right). The 

black tuning curve shows the activity from the binocular stimulation phase with the respective firing 

threshold (red dot). If a neuron did not reach the firing threshold, it was excluded from the analysis. 

Monocular eye position traces and DFF are shown in the lower right corner. a’: Bar plot showing the number 

of excluded neurons for each regressor. b: Example eye positions and tuning curves for one approved BP 

neuron. Note that the monocular tuning curves (cyan/magenta) exceed the binocular firing threshold (red 

dot). b’: Bar plot showing the number of approved neurons for each regressor. Figure modified under 

CC BY 4.0 from Brysch et al. (2019b). 
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3.2.2 Oculomotor hindbrain neurons show distinct coding properties 

Horizontal eye movement related neurons in the larval zebrafish hindbrain primarily fall 

into four groups, which account for 95 % of all neurons identified (BA, BP, MLE, MRE: 

3125 of 3302 neurons; Figure 3-6a). These are the two monocular groups for the left and 

right eye and both binocular groups. Therefore, almost all identified neurons were active 

during the binocular stimulation phase and only differed in their activity during the 

monocular stimulation phases. Neurons exclusively active for movement of one eye only 

(MLEX, MREX) are quite infrequent and can possibly be attributed to noise rather than 

distinct coding preference. Neurons which were exclusively silent during the binocular 

phase and active irrespectively of the monocular phases (MX) are completely absent in the 

hindbrain.  

Within the four major response groups, position encoding neurons are more frequent than 

slow-phase velocity encoding neurons (2359 P vs. 766 V; for 8 composite brains, 150 µm 

imaged brain volume in z, 5 µm increments). This is also reflected by the fact that the most 

frequent eye velocity group (MLE/MRE adduction) is less frequent than the least frequent 

eye position encoding group (BA; 303 vs. 295). Within the eye position encoding group, 

monocular neurons are the most frequent type with neurons carrying medial rectus 

information (adduction: 1057), followed by the respective monocular neurons coding for 

the lateral rectus (abduction: 605). For the binocular encoding neurons, BP neurons are 

more frequent than BA neurons (394 vs. 303). Monocular adducting neurons are also the 

most frequent eye velocity encoding neurons, but in contrast to eye position neurons, they 

are followed by eye velocity BA neurons before their respective antagonists (adduction: 

295, BA: 267, abduction: 146). BP velocity neurons are surprisingly infrequent with only 

58 neurons identified and are also outnumbered by monocular exclusive position neurons 

(adduction: 66). Other monocular exclusive groups are virtually non-existent.  

While this analysis approach provides an easy first classification of the different coding 

properties of horizontal eye movement related neurons, it is ignorant to the fact that 

different response groups might exist alongside a continuum and neurons encode both eye 

position and eye velocity (Leigh & Zee, 2006), or are graded regarding their eye preference 

(King & Zhou, 2000). To highlight the differences in eye preference coding, I calculated 

the monocular coding difference for each eye position encoding neuron (see chapter 2.6.3, 

Figure 3-6b). It shows that binocular neurons group around 0 (Index running from -1 (left  
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Figure 3-6: Response groups and their coding properties in young larvae 

Figure showing the distribution of neurons for each response group and coding properties regarding their 

exclusivity and firing threshold. a: Number of identified neurons grouped pairwise according to their mono-

/binocular coding and eye muscle(s). The bar plot shows the mean and STD for eight artificial, composite 

brains. b: Difference in monocular coding for position coding neurons for all four main response groups. 

Index runs from -1 (exclusively coding for the left eye) to 1 (exclusively coding for the right eye). c: Index 

showing the difference in position or velocity coding for BA P and BP P neurons. The index runs from zero 

(equal correlation of position and velocity coding) to 1 (exclusive position coding). d: Firing thresholds of 

position encoding neurons for the left eye derived from the firing threshold analysis pooled in ON (positive) 

direction (n: MLE=768, BP=394, BA=303). e: same as in d, but for the right eye (n: MRE=894). Figure 

modified under CC BY 4.0 from Brysch et al. (2019b). 

 

eye) to 1 (right eye)), indicating a similar coding for the left and right eye. Monocular 

neurons are located more towards their respective sides. This indicates that these neurons 

indeed form gradients regarding their eye preference, but this effect could also be 

influenced by binocular events (saccades) and residual yoking of the eyes during the 

monocular stimulation phases (see chapter 5.2 for discussion). As mentioned above, the 
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explored motor range during the binocular stimulation was often greater than that during 

the monocular stimulation phases. This means that the exhibited eye velocity during the 

binocular phase is also higher than that during the monocular ones. This can lead to a 

potential misclassification of neurons, which have a certain degree of eye velocity 

encoding, as binocular neurons because they respond better during the binocular phase 

than during the first two monocular phases. Therefore, true BA neurons might end up in 

the BP group. To address this issue, I calculated the eye position/velocity influence 

(PVInfluence, Figure 3-6c, chapter 2.6.4) for BA and BP eye position encoding neurons. This 

index runs from 0 (equal eye position and velocity encoding) to 1 (exclusive eye position 

encoding). It should be noted that, due to the close cross-correlation of eye position and 

eye velocity (see Figure 3-4a’, lower trace), values close to 1 should not be expected. This 

index shows that BA and BP neurons have a similar PVInfluence, but BP position neurons 

have indeed a slightly higher velocity contribution by 0.16 (Wilcoxon rank-sum 

test: p < 0.05).  

Regarding the eye position firing thresholds for the left eye (Figure 3-6d, pooled in 

ON (positive) direction, extracted from the firing threshold analysis, see Figure 3-5), MLE 

neurons have significantly more centered firing thresholds than BP neurons (Kruskal-

Wallis test: p < 0.05). However, there is no statistically significant difference between the 

firing thresholds of BP and BA neurons for the left eye. For the right eye, BP neurons have 

more eccentric firing thresholds than MRE and BA neurons (Kruskal-Wallis test: MRE-BP 

& BP-BA: p < 0.05; Figure 3-6e). It should be noted that in this analysis different 

anatomical functional groups have been combined, even though it is known that OI and 

ABN neurons have differently centered firing thresholds (see chapter 1.4.5.2). This 

analysis has been conducted to show the broad spread of firing thresholds for eye position 

and to highlight that the BP neuron classification might be slightly influenced by later 

firing thresholds, even though the absolute difference is rather small (BP-BA left eye: 

0.83 °, right eye: 2.53 °; but see chapter 3.3.4 for a more detailed analysis of the firing 

thresholds). The difference regarding the firing thresholds and the slightly stronger eye 

velocity sensitivity in BP neurons might have a beneficial impact on the classification of 

BP neurons as I also observed some residual activity for some BP neurons during the 

monocular stimulation phases. However, that activity was not strong enough to classify 

those neurons as BA or monocular. Taken together, these findings suggest that BA and BP 

neurons might not be two distinct groups, but these neurons exist alongside a continuum 
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with the extreme cases being BA and BP on each side. This is also the reason I label BP 

neurons as “binocular preferred” rather than “binocular exclusive” as this might be a too 

extreme label for these neurons.  

 

3.2.3 Spatial arrangement of monocular neurons 

Regarding the spatial location of all identified oculomotor neurons, a strict hemispheric 

separation caudal to the Mauthner cells becomes visible. Neurons identified with either 

rightward eye velocity or right eye position regressors are primarily located in the right 

hemisphere (1426 of 1460 neurons, 98 %) as it is the case for the left hemisphere for 

left(ward) regressors (1358 of 1397 neurons, 97 %). Rostral to the Mauthner cells this clear 

separation is less pronounced (ipsiversive: 237 neurons, contraversive: 208 neurons).  

Monocular neurons, which are only active during their respective monocular and for the 

binocular stimulation phases, are located throughout the whole hindbrain with some clear 

clusters visible (Figure 3-7). Notably, these hotspots are mirror symmetric for MLE and 

MRE neurons. MLE and MRE eye position encoding neurons range from 90 µm dorsal to 

-80 µm ventral, thus spanning the whole recorded dorsal-ventral extent. Along the AP axis, 

they range from 100 µm rostral to ~ -220 µm caudal. For the medial-lateral expanse, a 

clear dependency on their dorsal-ventral location is visible (Figure 3-7, left panels). While 

dorsally located neurons lie directly lateral from the midline to ~40 µm (with only some 

exceptions at the very top), the more ventrally the cells are, the more lateral they get (from 

~75 µm up to 100 µm for some neurons). However, the most lateral cell cluster is located 

just about 20 µm below the MLF within rhombomeres 7-8.  

The largest clusters of monocular eye position neurons are within the ABN. Here, two 

distinct columns are visible with one in each hemisphere (Figure 3-7a middle panel dashed 

line & grey areas in right panel). When looking at the transversal projections of these cells, 

a clear separation based on the underlying eye identity becomes visible. Monocular 

neurons encoding the ipsiversive eye position for the ipsilateral eye are located ventrally in 

this cluster ranging from about -40 to -80 µm with only some single cells located more 

dorsally. This area overlaps with the expression pattern of the 

Tg(mnx1:TagRFP-T)vu504Tg line (Jao et al., 2012), which labels motoneurons. The 

corresponding expression of three 5 dpf old vu504Tg larvae is highlighted in Figure 

3-7a & b (mean vertices + STD, ignoring sparsely labeled cells in the dorsal region; Brysch  
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Figure 3-7: Monocular cell maps for young larvae 

Spatial locations of identified monocular neurons. a-b’: Transversal, sagittal and dorsal views for MLE 

position (a), MLE velocity (a’), MRE position (b), and MRE velocity (b’) encoding neurons in the larval 

zebrafish hindbrain. Each dot represents one neuron identified in one recording with its highest correlation to 

the regressor in the respective legend. A: anterior, D: dorsal, INN: internuclear neuron, IO: inferior olive, 

L: left, M: Mauthner cells, MN: motoneuron, MVN: medial vestibular nucleus, OI: oculomotor integrator, P: 

posterior/position, R: right/regressor, rh: rhombomere, V: ventral/velocity. Shaded area in (a) and (b) show 

overlap with the Tg(mnx1:TagRFP-T)vu504Tg transgenic line highlighting motoneuron location. Dashed 
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lines show rough separation of anatomical clusters based on identified neuron locations. Figure modified 

under CC BY 4.0 from Brysch et al. (2019b). 

 

et al. (2019b)). The coding pattern and spatial locations of these neurons coincide with the 

expected coding of motoneurons innervating the lateral rectus that are responsible for 

abducting eye movements. The INNs relaying the information for driving the antagonistic 

adducting eye movements should therefore encode for the same eye but for contraversive 

eye positions and should also be located within the ABN. These cells can be found in the 

contralateral ABN, in agreement with the above-mentioned hemispheric lateralization, and 

span a wide dorsal-ventral range from -60 to 90 µm. They spatially overlap to a little extent 

with contraversive MNs around -50 µm ventrally, but other than that are distinctly 

separated. Within the cluster of INNs, two smaller clusters can be distinguished with a 

small gap at around -20 µm at a ~30 ° angle (see Supplemental Figure 4a). Based on the 

eye command, monocular neurons in rh5 & 6 would separate to 39 % into MNs (n=411) 

and 61 % into INNs (n=654). 

Outside of the ABN, some MN-like neurons extend from the group of identified MNs in 

rh5 & 6 rostrally into rh4 (best seen for MRE neurons, Figure 3-7b). However, this cluster 

is not labeled in the vu504Tg line and is not within the ABN where the MNs are located. 

Therefore, these neurons carry the same information as motoneurons, but probably do not 

innervate the lateral rectus. Their function might lie in providing a corollary discharge to 

upstream brain areas.  

Another large group of monocular eye position encoding neurons can be found in rh7/8. 

Most of those neurons encode the contralateral eye position. These neurons span from 

-60 µm ventrally to ~60 µm dorsally. Some of these ventral neurons are located lateral and 

close to the ventral boarder of the brain. They are likely part of the IO, which is mostly 

monocular encoding. The neurons more medial and dorsal around the MLF, up to ~40 µm, 

and the ones more rostral and lateral in rh7/8 are likely part of the OI (Figure 3-7a, middle 

panel; Daie et al. (2015); Vishwanathan et al. (2017)). I only find very few monocular 

neurons in rh 7/8 coding for the ipsilateral eye. One cluster is around -150 µm caudal to the 

Mauthner cells and around 30 to 100 µm lateral to the MLF. The other group is around 

-150 µm to -230 µm caudal and only extends 40 µm from the MLF. Notably, the more 

medial group is also located more dorsally around and above the MLF. The latter cluster 

appears to be arranged in a rostro-caudal dependent fashion. Contralateral MLE and MRE 
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encoding neurons appear to be more rostral than ipsilateral neurons, with a switch around 

-180 µm, though only very few neurons were identified < -200 µm (Figure 3-7a & b, right 

panel).  

MLE and MRE slow-phase velocity encoding neurons are less frequent and encompass 

different locations than their eye position encoding counterparts (Figure 3-7a’ & b’). They 

are located primarily -120 to -180 µm caudal to the Mauthner cells and 25 to 60 µm lateral 

to the MLF in rh7/8. They range from -25 to -60 µm ventral to the MLF, which puts them a 

little more rostro-ventral to the above-mentioned lateral eye position encoding cluster with 

some overlap between them. Similarly, most of these cells encode the contralateral eye. 

Some sparsely scattered ipsi- & contralateral encoding monocular velocity neurons can be 

found rostral from this cluster, stretching up to the dorsal imaging border and up to the 

position encoding neurons in rh6, filling the area between the position encoding ABN and 

rh7/8 neurons. Rostral and above the Mauthner cells some velocity neurons, intermingled 

with eye position encoding neurons, are visible close to the midline. Their location 

corresponds to the ARTR (see chapter 1.4.4), which is supported by the fact that their 

coding preference regarding their velocity direction is flipped compared to the rest of the 

neurons. This is expected, as they are encoding anticipatory eye/tail movements (Ahrens et 

al., 2013; Dunn et al., 2016; Wolf et al., 2022). 

Monocular exclusive neurons (MLEX, MREX, Figure 3-8) are only found very 

infrequently (177 of 3302 neurons) and do not appear to cluster in any specific locations. 

Additionally, their hemispheric separation regarding their coding direction is less 

pronounced compared to the other mono- and binocular groups (MLEX/MREX: 67 

ipsiversive, 46 contraversive; MLE/MRE/BA/BP: 2717 ipsiversive, 27 contraversive; 

caudal to the Mauthner cells). This further supports the notion that these groups are 

probably not a functional entity in the zebrafish hindbrain. Neurons only active during any 

of the monocular stimulation phases were completely absent. 
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Figure 3-8: Monocular exclusive cell maps for young larvae 

Spatial locations of identified monocular exclusive neurons. a-b’: Transversal, sagittal and dorsal views for 

MLEX eye position (a), MLEX velocity (a’), MREX position (b) and MREX velocity (b’) encoding neurons 

in the larval zebrafish hindbrain. Each dot represents one neuron identified in one recording with its highest 

correlation to the regressor in the respective legend. A: anterior, D: dorsal, L: left, M: Mauthner cells, P: 

posterior/position, R: right/regressor, rh: rhombomere, V: ventral/velocity. Figure modified under CC BY 4.0 

from Brysch et al. (2019b). 
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3.2.4 Spatial arrangement of binocular neurons 

For binocular neurons, the hemispheric lateralization is comparable to the monocular 

neurons mentioned above. BP neurons span the whole imaged patch in the rostro-caudal 

and dorso-ventral dimensions (Figure 3-9a). Notably, there is a huge difference in the 

number of identified BP eye position and BP slow-velocity neurons, with the latter being 

almost completely absent from the hindbrain (BP position: 394, BP velocity: 58). The few 

identified BP velocity neurons are found roughly in the same locations as their monocular 

counterparts, caudal to rh6 and around the ARTR.  

BP position neurons are scattered throughout the hindbrain. Their biggest aggregation is in 

the ventral part of the ABN at the location of the MNs. A small protrusion ventrally into 

rh4 is also visible, even though it is less pronounced than the one from the monocular 

neurons. Other clusters are located above the Mauthner cells and around the ARTR. BP 

position neurons follow roughly the spatial arrangement of monocular position neurons, 

but only very few neurons were identified < -180 µm caudal to the Mauthner cells and in 

the dorsal part of the ABN. 

BA neurons, active regardless of the stimulation phase, are found throughout the whole 

hindbrain and do not appear to form distinct clusters. Generally, they follow the 

distribution of the respective other eye position and eye velocity encoding neurons (Figure 

3-9a’). In contrast to BP position neurons, they are also present in areas more caudally than 

180 µm from the Mauthner cells and even appear to aggregate there, though the number is 

too low to draw a conclusion. However, the eye identity switch from ipsi- to contralateral 

monocular position neurons is around the same area as the faint separation of BA and BP 

position neurons. 

BA velocity neurons are predominantly found in the area between rh6 and the position 

encoding clusters in rh7/8 through the whole dorso-ventral extent of the imaged brain area. 

Here, they form a narrow band, medially from the ABN to more lateral positions in the 

anterior regions of rh7/8, where they connect to the clusters of monocular velocity coding 

neurons (Figure 3-9a’, right panel). With that, a slight gradient for slow-phase eye velocity 

encoding neurons is visible. Binocular velocity neurons caudal to the ABN are mostly 

found in the more dorsal regions, while monocular velocity encoding neurons are located 

more ventral and caudal (Supplemental Figure 4b & b’). The remaining BA velocity 

neurons are located around the Mauthner cells and in the ARTR.  
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Figure 3-9: Binocular and single regressor cell maps for young larvae 

Spatial locations of identified binocular neurons and maps highlighting the distribution of cells identified by 

averaged and non-averaged regressors. a-b’: Transversal, sagittal and dorsal views for BP eye position and 

velocity (a), BA position and velocity (a’), BA position, separated for each regressor, (b) and MLE position 

(b’) encoding neurons in the larval zebrafish hindbrain. Each dot represents one neuron identified in one 

recording with its highest correlation to the regressor in the respective legend. A: anterior, D: dorsal, L: left, 
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M: Mauthner cells, P: posterior, R: right/regressor, rh: rhombomere, V: ventral. Figure adapted under 

CC BY 4.0 from Brysch et al. (2019b). 

 

As mentioned in chapter 2.6.1, with the difference in the explored motor range during the 

binocular stimulation, the introduction of “averaged”-regressors was necessary. As it is 

visible in Figure 3-9b, most of the BA P neurons were indeed identified with those 

regressors (averaged regressors: 255 neurons, non-averaged regressors: 48 neurons). There 

was no spatial aggregation of neurons identified by one specific regressor. For all other 

neuronal response types, the distribution of identified neurons for averaged and non-

averaged regressors was roughly equal as it is exemplary shown for MLE P neurons in 

Figure 3-9b’ (averaged regressors: 379 neurons, non-averaged regressors: 389 neurons). 

 

3.2.5 Summary 

The experiment conducted here provides the basic layout of horizontal oculomotor neurons 

in the zebrafish hindbrain regarding their ocular specificity and basic coding features. It 

shows that oculomotor neurons in the zebrafish hindbrain can be categorized into four 

distinct response groups based on their ocular tuning. These groups only differ in their 

extent of monocular encoding and are always active during binocular eye movements.  

The location of two clusters of putative INNs in the dorsal ABN was identified, with a 

faint gap separating them, and the location of MNs in the ventral ABN with MN-like 

neurons extending into rh4. In rh7/8, a rostro-ventral to dorso-caudal gradient from 

velocity to position encoding is visible, which coincides with the location thought to 

contain the OI. Also, a faint rostro-dorsal to caudo-ventral gradient for velocity encoding 

neurons is visible, switching from mono- & binocular to only monocular encoding 

neurons. In the caudal part of the medio-dorsal cluster of rh7/8 eye position encoding 

neurons, a response type flip for both monocular neurons (contra- to ipsilateral) and for 

binocular neurons (BP to BA) is visible.  
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3.3 Experiment 2 (neuronal tuning in young larvae) 

3.3.1 Experimental framework: 

While the previous experiment can provide a basic ground plan for the organization of eye 

position and slow-phase eye velocity encoding neurons in the zebrafish hindbrain, those 

neurons were grouped in a “winner takes it all” fashion and this analysis is thus ignorant to 

the fact that multidimensional response types might occur as well and it’s not capable to 

highlight the precise coding properties of each neuron (see chapter 1.5).  

Therefore, this experimental stimulation protocol was tailored to map the eye position and 

eye velocity sensitivity of horizontal oculomotor neurons in the hindbrain. At the start, an 

alternating OKR stimulus was shown to coarsely map the explored motor range, which was 

followed by a closed-loop stimulation protocol to elicit different combinations of eye 

position and slow-phase eye velocity. This precisely mapped the influence of the slow-

phase eye velocity towards the eye position encoding and vice versa (Figure 3-10a-a’’). 

Using this data, 2-dimensional tuning curves, which were covering almost all combinations 

of eye position and eye velocity in the well explored motor range between ± 15 ° and 

± 7 °/sec, were constructed. The firing thresholds were calculated from the data with the 

least amount of influence from the opposite coding feature (e.g. the eye position tuning 

curve was calculated from the data between ± 1 °/sec eye velocity) with the previously 

described iterative baseline approach (see chapter 2.6.1). 
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Figure 3-10: Stimulus and results for eye position/velocity assessment in young larvae 

Example stimulus and results for the experiment assessing the different eye position & velocity coding. 

a: Schematic example for the different eye position (green) and velocity (magenta) combinations for one eye 

position bin (P1). For illustration purposes, only the stable and two of the three different velocity steps are 

shown (grey shaded areas). CCW: counterclockwise, CW: clockwise, P: position, V: velocity. a’: Eye 

position trace for one example recording. In the beginning the alternating OKR stimulus is visible, followed 

by the three repetitions of the closed-loop stimulus. a’’: Different stable and velocity steps for one eye 

position bin from highlighted area in a’. b-d: left column: two-dimensional tuning curves for one example 

eye position (b), one eye position/velocity (c) and one eye velocity encoding neuron (d), with the DFF color-

coded for eye position (x-axis) and slow-phase eye velocity (y-axis). Middle column: eye position tuning 

curve. Red line shows the averaged eye position tuning between ± 1 °/sec. Blue dots show the remaining 
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datapoints for all different velocities. The black dashed line indicates the respective firing threshold 

(extracted from red trace), if identified. Right column: same as in middle column but for slow-phase eye-

velocity, with the red line showing the eye velocity between ± 1 °. e: Cumulative sum of identified eye 

position thresholds for position encoding neurons (PVIndex>0) pooled in ON direction for left (cyan, n=343) 

and right (red, n=332) side. f: Cumulative sum of identified eye velocity thresholds for velocity encoding 

neurons (PVIndex<0) pooled in ON direction for left (cyan, n=228) and right (red, n=144) direction. g: 

Fluorescence dynamic range for different groups of neurons. Note that there is no significant difference in the 

dynamic ranges between the different groups of velocity encoding neurons (PVIndex<0, dashed lines, Kruskal-

Wallis test: p > 0.05). Pie chart showing the distribution of the different strong velocity encoding groups (w/ 

saturation: 27 % (44/162), w/o saturation: 43 % (70/162), ambiguous: 30 % (48/162)). Figure adapted under 

CC BY 4.0 from Brysch et al. (2019b). 

 

3.3.2 Eye position and slow-phase eye velocity tuning curves  

I identified 1181 neurons with this protocol in the same imaging area of the hindbrain as in 

experiment 1. Using the richer dataset from this new experiment, I calculated a 

Position/Velocity-Index (PVIndex; see chapter 2.7.2). This index ranges from 1 (completely 

eye position encoding) to -1 (completely eye velocity encoding) with 0 indicating equal 

eye position/velocity coding. Neurons with a PVIndex larger than 0.5 were classified as 

“strong position encoding” while neurons with a PVIndex < -0.5 were identified as “strong 

velocity encoding”. 

To show the precise coding features of each neuron, I created 2-dimensional tuning curves 

for eye position and slow-phase eye velocity. Here, some neurons show only fluorescence 

increase along the x-axis (eye position coding) but not along the y-axis (eye velocity, 

Figure 3-10b left panel neuron 1, Supplemental Figure 5a & b). Note that the “exponential-

like” tuning curve pattern for eye position tuned neurons is caused by non-linearities of the 

indicator and not by the actual firing properties of the neurons (Akerboom et al., 2012; 

Chen et al., 2013; Pologruto et al., 2004; Rose et al., 2014). Consistently, these neurons 

also show the highest PVIndex. The other “extreme” are neurons with a strongly negative 

PVIndex which only show activity changes along the y-axis (Figure 3-10d). Neurons which 

have their PVIndex around 0 have an intermingled response and show activity increases for 

both eye position and eye velocity changes. The vast majority of those intermingled 

neurons (0.5 > PVIndex > -0.5) have their eye position and velocity ON direction to the 

same side (93 %, 565/608; neurons which encode the eye position to the right, also encode 

rightward eye velocity). This is in line with the results from experiment 1, where neurons 

with the same tuning directions were also located in the same brain hemisphere (caudal to 

the Mauthner cells). When looking at the tuning of neurons with an intermingled response, 
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the influence of the eye velocity tuning towards the eye position tuning becomes visible 

(and vice versa, Figure 3-10c). The eye position and eye velocity tuning curve both show 

an increase in fluorescence, even before the respective firing threshold is reached, when 

the other movement quality is present (compare Figure 3-10c middle and left panel). This 

shows how the eye position/velocity responses are summed up and further highlights the 

intermingled coding for those neurons. 

 

3.3.3 Eye position and slow-phase eye velocity firing thresholds  

The firing thresholds for eye position encoding neurons (343 neurons for the left side, 332 

for the right side with an identified firing threshold, PVIndex > 0) span a wide range between 

roughly ± 10 ° (Figure 3-10e). About 20 % of neurons for both tuning directions have their 

firing threshold already on the OFF-side, meaning that neurons encoding the right eye 

position already start firing for slightly leftward eye positions. This was slightly but 

significantly increased for neurons with a leftward eye position encoding (Wilcoxon rank-

sum test: p < 0.05, mean for left coding neurons: 3.8 °, right: 5.7 °; pooled in ON).  

For slow-phase eye velocity encoding neurons (PVIndex < 0), the identified firing thresholds 

span a smaller range of about ± 2 °/sec, with roughly 35 % of neurons exhibiting a firing 

threshold already on the OFF-side (Figure 3-10f). Therefore, their firing thresholds are 

more centered around 0 °/sec and have a larger portion of neurons already active on the 

contralateral side. There was no difference observed for the firing thresholds between 

leftward and rightward coding neurons, but I identified a larger fraction of neurons 

encoding for leftward eye velocity (Wilcoxon rank-sum test > 0.05, firing threshold mean 

for leftward coding neurons (n=228): 1.13 °/sec, rightward (n=144): 1.06 °/sec; pooled in 

ON). In line with the identified firing thresholds, the strongest fluorescence increases for 

the 2D tuning curves are visible around 0 °/sec.  

During visual inspection of the strong eye velocity encoding neurons, it became obvious 

that a subset of those neurons show fluorescence saturation for their eye velocity tuning 

curves (e.g. Figure 3-10d, Supplemental Figure 5f & g, right panel) while other neurons 

still showed the expected threshold-linear firing response (Supplemental Figure 5d & e). 

This was only the case for some strong eye velocity encoding neurons and never for strong 

eye position encoding neurons. All strong velocity encoding neurons were manually 

classified as either “with saturation” (n=44), “without saturation” (n=70) or “ambiguous” 
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(n=48). To investigate if the observed saturation for slow-phase eye velocity was indeed 

caused by intrinsic coding and not by indicator saturation, I calculated the dynamic range 

of the indicator for eye position and eye velocity coding neurons and for each subset of eye 

velocity coding neuron (FMax/FMin, Figure 3-10g). With these results, I can rule out 

indicator saturation as there was no statistical difference between any group (Kruskal-

Wallis test: p > 0.05) and the dynamic range was well below the published range of 51.7 

(Chen et al., 2013).  

Given that there is no observable spatial clustering between saturating and non-saturating 

neurons, and the probability that the non-saturating neurons might still saturate at higher 

velocities, they were merged into one group for further analysis (Figure 3-11a).  

When looking at the firing thresholds of different groups of neurons, it becomes evident 

that the thresholds for eye position encoding neurons in rh7/8 are significantly shifted 

towards the ON direction compared to those of the MNs and INNs (and thus also to 

rh5 & 6, Figure 3-11b-b’’, Supplemental Figure 6a, Kruskal-Wallis test: p < 0.05). In 

contrast, eye velocity encoding neurons in rh7/8 have their velocity firing threshold 

significantly shifted into the OFF direction compared to rh5 (Figure 3-11c-c’’, 

Supplemental Figure 6b). However, the low number of velocity encoding neurons outside 

of rh7/8 limits the comparability.   

To judge the robustness of the firing threshold assessment, a bootstrap analysis was 

performed (see chapter 2.7.3, Figure 3-11d & d’). This analysis shows that the measured 

firing thresholds are constantly very close to the upper confidence intervals. Further, as the 

onset of fluorescence change was used as a proxy for the firing threshold and the 

difficulties to detect single action potentials using GCaMP6f (Chen et al., 2013; Huang et 

al., 2021), the identified firing thresholds are probably shifted towards the ON direction. 

Therefore, the reported firing thresholds might be underestimated compared to their real-

life counterparts.  
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Figure 3-11: Firing threshold analysis in young larvae 

a: Transversal, sagittal and dorsal view of all strong velocity encoding neurons grouped according to their 

eye velocity tuning curves (w/ saturation: 27 % (44/162), w/o saturation: 43 % (70/162), ambiguous: 30 % 

(48/162)). No specific clusters for each type are visible. b: Cumulative sum plots of the eye position firing 
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threshold for motoneurons (b, left: 147, right: 127), internuclear neurons (b’, left: 128, right: 133) and rh 7/8 

(b’’, left: 43, right: 37) position encoding neurons pooled in the ON direction. The different neuronal groups 

were defined based on their anatomical location and the boundaries were set according to Figure 3-7a. 

c: Cumulative sum plots of the eye velocity firing threshold for motoneurons (c, left: 0, right: 1), internuclear 

neurons (c’, left: 14, right: 7) and rh 7/8 (c’’, left: 131, right: 89) velocity encoding neurons pooled in the ON 

direction. d: Bootstrap analysis for all eye position (d) and eye velocity encoding neurons (d’) pooled in ON 

direction. Note how the identified thresholds (red) are always close to the upper 95 % confidence interval 

(blue dots). Confidence intervals were calculated for 1000 repetitions. Figure adapted under CC BY 4.0 from 

Brysch et al. (2019b). 

 

3.3.4 Anatomical PVIndex and firing threshold maps  

To investigate the distribution of firing thresholds, color-coded maps for eye position 

(PVIndex>0, n=675) and eye velocity (PVIndex<0, n=372) were created (Figure 3-12).  

Along the dorsal-ventral axis, eye position firing thresholds (PThres) are more centered 

below the Mauthner cells and the MLF, with more shifted thresholds in the dorsal and 

ventral areas. However, the mean for each bin never falls below zero. While this slight 

shift towards more centered thresholds is present for the whole rostro-caudal extend, it is 

most notable in rh5 & 6. It is at the same location as the gap described earlier separating 

the 2 INN groups (Supplemental Figure 4a). In rh7/8, this shift is also present with more 

dorsal neurons showing similarly increased firing thresholds towards the ON direction. The 

aforementioned delayed firing thresholds for eye position encoding neurons in rh7/8 are 

also clearly visible in this figure (Figure 3-12, Supplemental Figure 6). Given a previously 

identified anatomical soma size gradient for MNs in zebrafish (Asakawa & Kawakami, 

2018), the firing thresholds for MNs were separately analyzed, but no visible gradient was 

identified (based on their spatial location, Kruskal-Wallis test: p > 0.05). Eye velocity 

firing thresholds (VThres) show no gradients nor any anatomical clustering as it is expected 

given their small activation range (Figure 3-12b). 
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Figure 3-12: Firing threshold maps 

Sagittal, transversal and dorsal views of eye position and velocity firing thresholds tuned in the respective 

ON direction. a: Eye position threshold color-coded for eye position encoding neurons (PVIndex>0, n=675) 

with an identified threshold. Inset shows threshold for motoneurons (based on anatomical location). b: Eye 

velocity threshold color-coded for eye velocity encoding neurons (PVIndex<0, n=372) with an identified 

threshold. Error bars are SEM. Figure modified under CC BY 4.0 after Brysch et al. (2019b). 
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To visualize the different coding for each neuron, color-coded maps of the PVIndex were 

created (Figure 3-13). Those maps show a close resemblance to the maps generated from 

experiment 1 (Figure 3-7 & Figure 3-9a & a’) regarding the spatial location and tuning 

properties of oculomotor neurons.  

In the dorso-rostral area to the Mauthner cells, most neurons show velocity tuning, 

following the expected coding for the ARTR. Neurons in rh5 & 6 have an average PVIndex 

of 0.42 ± 0.27 (STD, n=571), thus showing strong eye position sensitivity. Notably, the 

“gap” described above, -20 µm below the MLF between the two INN clusters, is visible 

again. Here, neurons thus show not only a shift in their firing threshold but also exhibit a 

more intermingled eye position/velocity encoding with more eye position sensitivity in the 

clusters above and below. This experiment also reveals eye position encoding neurons in 

the ventral parts of rh4 as it was expected from experiment 1. This further underlines that 

these neurons were not identified by chance and unveils a previously unreported cluster of 

eye position sensitive neurons.  

Oculomotor neurons in rh7/8 have an average PVIndex of -0.26 ± 0.51 (STD, n=300), thus 

showing a strong amount of eye velocity encoding. However, when looking at the spatial 

distribution of the individual neurons, a clear coding shift from eye velocity (rostro-

ventral) to eye position (dorso-caudal) can be seen. Here, the ventral cluster overlaps with 

the eye velocity encoding neurons from experiment 1 (MLE, MRE, BA), showing velocity 

encoding in the most ventral areas and a more intermingled encoding the further dorsal the 

neurons are located. The strongest position encoding neurons in rh7/8 can be seen in the 

dorsal part around the midline overlapping with the OI neurons described in experiment 1. 

However, from a dorsal view (Figure 3-13b) it appears that most eye position encoding 

neurons are limited to the medial-most regions in the caudal part of rh7/8, while eye 

velocity encoding neurons are located along a rostro-medial to caudo-lateral stripe, with 

only few neurons with intermingled responses between them and the eye position encoding 

neuron cluster. This stricter anatomical separation between a strong eye position and a 

strong eye velocity encoding cluster somewhat disagrees with the visible rostro-caudal and 

dorso-ventral gradients from velocity to position encoding as seen in the PVIndex-panels in 

Figure 3-13a.  



 

70 

 

 

Figure 3-13: PVIndex maps for young larvae 

Spatial location of all neurons color-coded for their PVIndex. a-c: Sagittal, dorsal and transversal views of all 

neurons with an identified PVIndex from experiment 2. Numbers show the locations of neurons highlighted in 

Figure 3-10b-d. A: anterior, D: dorsal, L: left, P: posterior, R: right, V: ventral; error bars are SEM. Adapted 

under CC BY 4.0 from Brysch et al. (2019b). 
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3.3.5 Summary 

Oculomotor neurons in the hindbrain of zebrafish show a broad response profile of eye 

position and/or eye velocity encoding. Eye position firing thresholds are distributed along a 

wide range. In contrast, eye velocity firing thresholds are centered around the midline with 

only a minor fraction of neurons having their threshold in the OFF-side before crossing the 

midline. Strong eye velocity encoding neurons sometimes show saturation for their 

velocity tuning, but those neurons do not cluster anatomically.  

The distribution of eye velocity and eye position encoding neurons reported for this 

experiment closely resembles the one reported in experiment 1. Furthermore, this 

experiment shows that the gap between the two INN clusters is not only of an anatomical 

nature, but also that the neurons close to this gap exhibit a shift for their eye position firing 

thresholds into the OFF direction and a stronger eye velocity encoding. Last, an eye 

velocity to position encoding gradient in the hindbrain along the rostro-caudal and dorso-

ventral axis in the area which is thought to contain the OI was identified. 

Thus, the findings reported here support the data from experiment 1 and precisely show the 

coding preferences for oculomotor neurons in the hindbrain. 
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Chapter 4: Results for Late-Stage Larvae 

4.1 Late-stage larvae 

As already shown in the introduction, most of the imaging experiments in zebrafish are 

conducted in young and still developing brains (5-7 dpf), due to the easier accessibility of 

the brain for calcium imaging and the relatively few technical requirements to keep young 

larvae alive during microscopy at that age (Xu et al., 2015).  

However, several visually guided behaviors undergo changes during the larval 

development or even only emerge after the conventional imaging timeframe of 5-7 dpf (see 

chapter 1.2.3). As behavior is the readout from neuronal activity, changes and the 

emergence of new behaviors are represented in altered neuronal activities and the neuronal 

code changes with development of the animal (Avitan & Goodhill, 2018). Therefore, I 

investigate the ontogeny of those circuits examined earlier by repeating experiments 1 & 2 

in late-stage larvae (14-15 dpf) in the second part of my thesis.  

 

4.1.1 Modifications to the recording setup: 

Several modifications to the recording setup were implemented to adapt to the 

physiological changes of the older larvae.  

With the increased body size and age, it becomes harder for the fish to breathe through 

their skin (Rombough & Drader, 2009). Therefore, it is necessary to provide a constant 

water flow over the gills to provide oxygen to the larvae and to ensure their survival at 

14 dpf, but also to ensure proper ionoregulation from 7 dpf onwards (Rombough, 2002, 

2007). This was achieved by pumping oxygenated Ringer’s solution through the recording 

chamber and by removal of the agarose around the gills (Supplemental Figure 1).  

Due to the increased length of the older animals, the passive illumination through the 

objective was not sufficient to fully illuminate the eyes while simultaneously record the 

whole hindbrain. Thus, an additional LED ring was mounted around the CMOS camera at 

the bottom of the stage to provide additional illumination from the bottom (Supplemental 

Figure 2). A more detailed description of the setup is provided in the Method section (see 

chapter 2.2.2). 
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4.1.2 Replacement of the transgenic reporter line 

In a pilot experiment, it became obvious that the Tg(ubb:nls-GCaMP6f)m1300Tg line is 

not feasible for imaging older zebrafish larvae (Figure 4-1). In these preliminary 

experiments, the expression levels of two GCaMP6f lines were compared to assess which 

is more suitable for recordings in late-stage larvae. In a set of recordings using the same 

experimental paradigm from experiment 1, only 9 % of identified oculomotor neurons 

originated from the m1300Tg line, while 36 % of all recordings were conducted in that 

line. 91 % of identified neurons were found using the Tg(elavl3:H2B-GCaMP6f)jf7Tg line. 

This difference was not observed when imaging 5-7 dpf old larvae (Omejc, 2019). Thus, 

continuing the experiments with the m1300Tg line would have resulted in deprecated 

neuronal maps as this line loses much expression with age. This came as a surprise, as it 

was specifically chosen to combat the expected weaker expression of the elavl3 line in 

older animals. It is the most commonly used promotor for pan-neuronal expression, but it 

is primarily active in young, differentiating neurons (Kim et al., 2014; Park et al., 2000). 

However, the newer GCaMP6f line Tg(elavl3:H2B-GCaMP6f)jf7Tg (Dunn et al., 2016) 

shows higher baseline fluorescence and the expression stays active >7 dpf in a 

homozygous background. Therefore, the m1300Tg line was replaced by the jf7Tg line, 

given that the sensor is still the same and pan-neuronal expression is guaranteed in both 

lines.  

 

Figure 4-1: Comparison of two different GCaMP lines by identified neurons 

Number of neurons obtained from individual zebrafish, based on their standard body length, the transgenic 

line they belong to, and the number of recordings they went through. Animals are represented by a circle and 

are color-coded based on their transgenic insert. The number of recordings is coded by the size of the circles. 

Figure, legend and data from Omejc (2019). 
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4.2 Experiment 3 (eye coordination in late-stage larvae) 

4.2.1 Experimental framework: 

The goal of this experiment was to reassess the organization of the circuits responsible for 

horizontal eye movements in the larval zebrafish hindbrain and to investigate how changes 

during development influence the neuronal tuning. The results from this experiment will 

show how mature the oculomotor circuits already are at the larval stage and how the 

mono-/binocular arrangement of neurons changes at a later developmental stage (see 

chapter 1.5). The stimulation and data analysis were the same as for experiment 1, with 

only minor changes due to the increased size of the larvae and due to some behavioral 

differences (see next chapter, 2.4.1 & 2.6.1 for details).  

 

4.2.2 Late-stage larvae show decreased yoking and increased saccadic activity: 

Late-stage larvae show several behavioral differences during the OKR stimulation 

compared to young larvae. First, the occurrence of saccades during each stimulation phase 

increased significantly from 0.024 ± 0.020 Hz to 0.068 ± 0.048 Hz in older animals 

(mean ± STD, Wilcoxon rank-sum test: p < 0.05, Figure 4-2a & b, Supplemental Figure 

7a). While there were no differences in the saccade direction, most of the saccades 

happened during the binocular stimulation phase due to the increased gain present during 

binocular stimulation (Supplemental Figure 7a & b; Beck et al. (2004)). Notably, for some 

of the late-stage larvae the saccade frequency was comparable to the values of young 

larvae (Figure 4-2a top three traces), while other recordings exceeded that frequency range 

(bottom three traces). A lot of these saccades were spontaneous and not triggered by 

eccentric eye positions and thus not preventable.  

The developmental progress of zebrafish larvae from the same clutch raised under identical 

conditions can vary greatly with increased age. Therefore, age is not an appropriate 

indicator for maturation and the standard length (SL) of the fish is often used to 

approximate the developmental stage (Parichy et al., 2009). Given the rather broad range 

of the SL for the late-stage larvae, it could be possible that the late-stage larvae group in 

this experiment consists of several subgroups and could be further subdivided. However, 

when plotting the saccade frequency against the SL, no increase is visible for the higher SL 

larvae and a linear regression fit shows a slight decrease in saccade frequency for the larger 

animals (Figure 4-2c). Therefore, all late-stage larvae were pooled into the same group. 
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Figure 4-2: Saccade frequency and YI for different developmental stages 

Zebrafish show increased saccadic activity and more yoked eye movements at later stages. a: Example eye 

traces from late-stage larvae showing the range of saccade frequency for this experiment. LYI: left eye 

stimulation yoking index, RYI: right eye stimulation yoking index, SF: saccade frequency. b: Saccade 

frequency for young and late-stage larvae during experiment 1 & 3 (Wilcoxon rank-sum: p < 0.05, young: 

n=248, late-stage: n=90). c: Saccade frequency for each late-stage recording in each direction (cyan 

diamond: left, magenta cross: right) plotted against their SL. Black line shows the linear fit for both saccade 

directions (R2: 0.03). d: Yoking index from each monocular stimulation phase for young and late-stage 

larvae (Wilcoxon rank-sum: p < 0.05). e: Yoking index for each monocular stimulation phase (cyan 

diamond: left, magenta cross: right) for all late-stage recordings plotted against the SL. Black line shows the 

linear fit for both stimulation phases (R2: 0.06). Black dashed line shows the Yoking index cutoff (see 

chapter 2.6.2). 
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Second, late-stage larvae have a decreased ability to perform monocular eye movements. 

While 5-7 dpf old fish had an average yoking index of 0.66 ± 0.09, late-stage larvae have 

0.61 ± 0.09 (mean ± STD, Wilcoxon rank-sum test: p < 0.05, Figure 4-2d). In contrast to 

the saccade frequency, a small decrease for the YI in larger larvae is observable. Taken 

together, these two changes in behavior make it more difficult to perform this experiment 

with late-stage larvae. Thus, fewer successful recordings were achieved for late-stage 

larvae compared to young larvae (90 vs. 248). To ensure a minimum sampling size of three 

recordings for each 10 µm increment, four recordings with a YI < 0.5 for one eye were 

included (Figure 4-2e, chapter 2.6.2). Apart from the YI in those recordings, all recordings 

for late-stage larvae were analyzed in the same way as the ones from young larvae. This 

led to the identification of 1297 neurons in 12 individual larvae (14-15 dpf). After the 

firing threshold assessment, which excluded 466 neurons, a total number of 831 individual 

neurons were analyzed further.  

 

4.2.3 Late-stage larvae exhibit an increased amount of eye position sensitivity 

Similar to the case of young larvae, oculomotor neurons from late-stage larvae fall into the 

same four previously identified response groups (MLE, MRE, BA, BP), but their 

distribution shows some differences as the relative number of those neurons decreased 

from 95 % (young) to 87 % (late-stage, 723 of 831 neurons, Figure 4-3a). Respectively, the 

number of MLEX and MREX neurons increased. Similar to young larvae, no monocular 

exclusive neurons (not active during binocular stimulation, MX) were identified. Another 

notable difference between the two developmental stages is the relative increase of eye 

position encoding neurons over eye velocity encoding neurons (86 %, 718 position and 113 

eye velocity encoding neurons) compared to young larvae (75 %).  

The most frequent response groups for late-stage larvae are monocular neurons encoding 

nasal eye position, like in young larvae (Figure 4-3a). However, those neurons were 

unequally distributed for the left eye (157) and for the right eye (90), but no difference 

between the left and right eye was found in young larvae (534 left, 523 right eye). The 

second most common response group in late-stage larvae are BA P neurons, which were 

only on rank 4 in young larvae. This raises the question whether the missing MRE P left 

encoding neurons were erroneously classified as BA P neurons. As MRE left eye position 

encoding neurons would correspond to the INNs in the left hemisphere (see chapter 1.4.3),  
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Figure 4-3: Response groups for late-stage larvae and their coding properties 

Distribution of late-stage response groups and coding properties regarding their exclusivity and firing 

threshold. a: Number of identified neurons grouped pairwise according to their mono-/binocular coding and 

eye muscle(s) coding. The bar plot shows the total number of identified neurons (blue) and the adjusted & 

upscaled number per brain in 5 µm (green, comparable to Figure 3-6). b: Difference in monocular coding for 

position encoding neurons for all four main response groups. Index runs from -1 (exclusively coding for the 

left eye) to 1 (exclusively coding for the right eye). c: Index showing the difference in position or velocity 

coding for BA and BP P neurons. The index runs from zero (equal correlation from position and velocity 

coding) to 1 (exclusive position coding). d: Firing thresholds of position encoding neurons for the left eye, 

derived from the firing threshold analysis pooled in ON (positive) direction (n: MLE=228, BP=85, BA=174). 

e: same as in d, but for the right eye (n: MRE=143). f: Number of identified neurons for each group per brain 
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(mean, upscaled for late-stage). f’: Color-code for subfigures g & h. g: Change of each eye position encoding 

response group for young and late-stage larvae (relative to the total, average number of neurons identified for 

the respective developmental stage). h: same as in g, but for velocity encoding groups. 

 

one would expect an increase of BA P neurons there. However, neither the regressor 

identification (due to the hemispheric restriction) nor the anatomical location of BA P 

neurons show an increase to the left side (left: 72 neurons, right: 102 neurons, both for 

regressor and anatomical classification; Figure 4-3a & Figure 4-6a’). Similarly, the 

increased amount of MLE P right encoding neurons might be falsely classified and fall into 

the BA P left category. However, this can be excluded due to their hemispheric location on 

the right side. Sampling errors and a potential different explored motor range for different 

fish are likely the cause of these differences, rather than a functional asymmetry between 

the different eye muscles.  

Interestingly, the most common velocity type for both developmental stages are also 

neurons encoding monocular adducting eye movements and they show an increased 

number of neurons encoding the left eye, though their total number is much smaller. 

Overall, the number of velocity encoding neurons decreased dramatically, mostly for the 

BA type which drop from the 6th rank in young larvae to the 2nd to the last in late-stage 

larvae.  

MLEX and MREX neurons are found very infrequently, apart from MLEX P right and 

MLEX P left encoding neurons. Notably, their respective counterpart is always 

underrepresented (MLEX P right: 33 vs 8; MLEX P left: 30 vs 17). Even though MLEX P 

right neurons were found in 10 different recordings, 22 of the identified neurons stem from 

only two recordings from the same fish. Even though no apparent movement in z is visible 

in those recordings and neuronal activity is still observable during the last stimulation 

phase, the isolated occurrence in predominantly one fish suggests that these neurons do not 

comprise a specified response group. The specific eye movements during that recording 

and the fact that the SL for that fish was the smallest of all the recorded larvae (4.2 mm) 

probably contributed to the classification of those neurons. The same holds true for MLEX 

P left encoding neurons though these were found in larger animals (SL 5.2 & 6.1 mm).  

Although the number of binocular events in the form of saccades is increased in the late-

stage data, the monocular coding difference shows a significant larger fraction of 
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monocular neurons with a stronger monocular coding preference (young vs late MLE: 

-0.18 vs. -0.36, MRE: 0.20 vs. 0.35; Wilcoxon rank-sum: p < 0.05; Figure 3-6b, Figure 

4-3b). On the other hand, both binocular groups show a different PVInfluence (Figure 4-3c). 

While BP neurons exhibited a small but significantly increased velocity sensitivity for 

young larvae, this significant effect is further increased for late-stage larvae (mean 

difference: 0.29, Wilcoxon rank-sum test: p < 0.05). Whether this is a real coding shift or 

influenced by the increased saccade frequency remains to be elucidated. However, as the 

classification of BP neurons in young larvae might have been influenced beneficially by 

later firing thresholds compared to the monocular groups, this is not the case for late-stage 

larvae where BP neurons have their firing thresholds shifted more into the OFF direction 

(median monocular left: 7 °, right: 9 °, respective BP: 5 °; firing thresholds pooled in ON). 

The only significant difference is found for BA neurons with their firing threshold shifted 

towards the OFF direction compared to monocular neurons (Kruskal-Wallis test: p < 0.05, 

Figure 4-3d & e). 

When comparing the response groups for young and late-stage larvae, several differences 

are observable (Figure 4-3f-h). While the mean number of identified neurons per brain is 

almost identical (412 young vs. 413 late-stage upscaled, Figure 4-3f), an increase for 

position encoding neurons in late-stage larvae is noticeable (with the aforementioned 

exception of MRE neurons). Velocity encoding neurons are found more seldom in late-

stage larvae. Especially BA V encoding neurons, which are the most frequent velocity 

group in young larvae, are almost absent in late-stage larvae (see below for anatomical 

maps). Given the low number of BP, MLEX and MREX velocity neurons in young larvae 

to start with, only monocular velocity neurons appear to form a distinctive velocity group 

in late-stage larvae.  

Due to the increased size of the brain in late-stage larvae, the area rostral of the Mauthner 

cells is under-sampled compared to young larvae. Therefore, large parts of the ARTR are 

missing, but this did not affect the amount of identified velocity/position neurons in a 

notable way (compare Figure 4-3f-h to Supplemental Figure 8).  

 

4.2.4 Spatial arrangement of monocular neurons in late-stage larvae 

The strict hemispheric separation for neurons caudal of the Mauthner cells is also 

observable for late-stage larvae, with 96 % (436 of 452) of neurons in the right and 95 % 
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(346 of 365) of neurons in the left hemisphere having their preferred direction to the 

ipsiversive side. Monocular eye position encoding neurons are generally found in the same 

areas as in experiment 1 and are also mirror-symmetric for MLE and MRE neurons. The 

unequal sampling in z did not affect the monocular cell maps in a noteworthy way 

(compare Figure 4-4 & Supplemental Figure 10). Monocular oculomotor neurons in the 

hindbrain are predominantly found in the ABN in rh5 & 6. Here they form two ventro-

dorsal columns, though they are less obvious than in young larvae due to the decreased 

number of identified neurons (but see Supplemental Figure 9 for a better anatomical 

overview). The clear separation of INNs and MNs does not appear to be as prominent as in 

young larvae. However, the more ventral MN clusters and the larger dorsal extent of INNs 

is still visible. Again, neurons in the dorsal areas are located closer to the midline and only 

span to ~50 µm laterally, while ventral neurons are located more towards the sides 

(~40 µm to 100 µm, best seen for INN, Figure 4-4a & b). Neurons carrying the information 

for abducting, ipsiversive eye movements in late-stage larvae are also stretching from the 

ventral ABN rostral into rh4, though the number of identified neurons is probably 

underrepresented since this area is under-sampled and cutoff directly rostral to the 

Mauthner cells. Expression of the vu504Tg line would suggest that even more MNs are 

present in the ventral areas ~ -150 µm, but the total imaging depth of >250 µm, together 

with the problem of reliably identifying single neurons at this level in a pilot study, made 

more ventral recordings unfeasible (Omejc, 2019). While there is a small gap in the INN 

cluster for MLE neurons ~ -40 µm below the Mauthner cells, this gap is not visible for 

MRE neurons. Thus, it appears that the gap separating the INN neurons into two sub-

clusters is only present for young larvae, but the extensive adjustment to address the 

different SLs might have influenced that alignment.  

Outside of rh5 & 6, monocular eye position neurons are in rh7/8 which predominantly 

encode the contralateral eye. The majority of those neurons are clustered medially around 

the MLF and thus likely correspond to the OI, but some MLE P neurons are located more 

towards the rostral/ventral end of rh7/8. This cluster was not found for MRE P neurons, 

and it is thus questionable whether this cluster forms a distinctive group or whether it’s 

caused by experimental intricacies as the anatomical location of these neurons corresponds 

more to the IO than the OI. Few ipsilateral encoding neurons can be seen towards the 

caudal end of rh7/8. This is consistent with the monocular organization in the OI observed 

in young larvae, where contralateral MLE and MRE neurons were located more rostral  
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Figure 4-4: Monocular cell maps for late-stage larvae 

Spatial locations of identified monocular neurons. a-b’: Transversal, sagittal and dorsal views for MLE eye 

position (a), MLE velocity (a’), MRE position (b) and MRE velocity (b’) encoding neurons. Each dot 

represents one neuron identified in one recording with its highest correlation to the regressor in the respective 

legend. A: anterior, D: dorsal, L: left, M: Mauthner cells, P: posterior/position, R: right/regressor, rh: 

rhombomere, V: ventral/velocity.  
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than ipsilateral neurons. However, hardly any ipsilateral encoding neurons in the OI were 

identified in the first place.  

Monocular eye velocity neurons are found less frequently and they are restricted to the 

contralateral and ventral area of rh7/8. Except for the ventral MLEP cluster, they are 

located more ventro-rostrally than their respective eye position counterparts and, in 

contrast to young larvae, almost no monocular eye velocity neurons are found dorsal of the 

MLF. Ipsiversive monocular eye velocity neurons are almost absent and are only located in 

the more rostral regions of the eye velocity neuron clusters. 

Monocular exclusive neurons in late-stage larvae are scattered throughout the hindbrain 

(MLEX, MREX, Figure 4-5, Supplemental Figure 11). Though their number increased 

relatively compared to young larvae, their hemispheric separation is less constrained than 

that of the other response groups, with MREX velocity neurons almost exclusively on the 

contraversive side (MLEX/MREX: 81 ipsiversive, 27 contraversive, MLE/MRE/BA/BP: 

782 ipsiversive, 35 contraversive). They are still identified very infrequently and the 

already mentioned fact that most MLEX neurons were identified in only two recordings 

indicates that these neurons don’t form a functional unit in the oculomotor system. Like in 

young larvae, neurons only active during both monocular stimulation phases and inactive 

for the binocular phase are completely absent. 

 

4.2.5 Spatial arrangement of binocular neurons in late-stage larvae 

Binocular neurons in late-stage larvae fall into the BA and BP group, but they exhibit some 

notable differences compared to young larvae. While the number of BP P neurons 

decreased, they are also more loosely distributed throughout the hindbrain. Therefore, no 

clear clusters of BP neurons are visible in late-stage larvae (Figure 4-6a), which contrasts 

with the strong aggregation of BP P neurons in the ventral ABN of young larvae (Figure 

3-9a). Though some of the ventral areas are under-sampled, only a small increase in the 

amount of BP P neurons is visible in the upscaled dataset (Supplemental Figure 12a). 

While BP P neurons in the ABN still aggregate in the ventral area, no clear difference 

between the number of neurons in the ventral ABN and rh7/8 is visible. This suggests that 

BP P neurons in young larvae are only a transient group and might not be present in the 

adult brain. In contrast to young larvae, no protrusion into rh4 from the ventral ABN is 

visible. However, this was also less prominent for BP neurons than for monocular neurons  
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Figure 4-5: Monocular exclusive cell maps for late-stage larvae 

Spatial locations of identified monocular exclusive neurons. a-b’: Transversal, sagittal and dorsal views for 

MLEX eye position (a), MLEX velocity (a’), MREX position (b) and MREX velocity (b’) encoding neurons 

in the larval zebrafish hindbrain. Each dot represents one neuron identified in one recording with its highest 

correlation to the regressor in the respective legend. A: anterior, D: dorsal, L: left, M: Mauthner cells, P: 

posterior/position, R: right/regressor, rh: rhombomere, V: ventral/velocity.  
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in young larvae. BP V neurons are almost absent from the hindbrain and the few present 

ones are in the area between the ABN and the OI in rh7/8 but restricted to more ventral 

areas than in young larvae.  

BA P neurons are found in the whole hindbrain. They appear to be clustered denser 

throughout the ABN below the MLF (Figure 4-6a’), but they are also found in great 

number in rh7/8. Their distribution did not change in a notable way compared to that in 

young larvae, though their overall number increased dramatically (young: 38, late-stage: 

88, per brain). This raises the question whether BA P neurons might be misclassified BP P 

neurons, which could explain the increase of the former and the decrease of the latter. 

However, like in young larvae, BP P neurons in the ABN are almost exclusively found in 

the most ventral parts (below -50 µm) in a much more clustered space than BA P neurons, 

which span a much broader area within rh5/6 (compare Figure 3-9 & Figure 4-6). Given 

that the increased number of saccades in the late-stage larvae experiments might have 

influenced the neuron classification of those groups and the fact that BP P neurons have a 

stronger velocity sensitivity than BA P neurons (Figure 4-3c), the increased number of 

binocular velocity events in the binocular stimulation phase (Supplemental Figure 7b) 

should actually increase the chance of identifying BP P neurons than for BA P neurons. 

Due to the anatomical location of BP P neurons and the already discussed differences 

between monocular and BA P neurons (see above), a systematical misclassification of BA 

P neurons to the disadvantage of one specific response group is unlikely.  

BA V neurons in late-stage larvae are almost absent from the hindbrain. This is in sharp 

contrast to the case of young larvae in which BA V neurons were the most frequent 

velocity group (Supplemental Figure 13a & a’). The few BA V neurons in late-stage larvae 

are still found in the area between the ABN and the position clusters in rh7/8, with few BA 

P neurons intermingled between them. Given that the PVInfluence for late-stage larvae’s BA 

P neurons is larger (young: 0.46, old: 0.56; Figure 3-6c, Figure 4-3c), this renders a 

misclassification of neurons that could have led to the decrease in velocity encoding BP 

neurons unlikely. The spatial location of eye position encoding neurons outside of the eye 

velocity encoding cluster further supports this notion.  

When comparing the clusters of eye position and eye velocity encoding neurons, a clear 

decrease of eye velocity encoding neurons in late-stage larvae becomes visible 

(Supplemental Figure 4b & b’, Supplemental Figure 9, Supplemental Figure 13a & a’).  
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Figure 4-6: Binocular and single regressor cell maps for late-stage larvae 

Spatial locations of identified binocular neurons and maps highlighting the distribution of cells identified by 

averaged and non-averaged regressors. a-b’: Transversal, sagittal and dorsal views for BP eye position and 

velocity (a), BA position and velocity (a’), BA position, separated for each regressor, (b) and MLE position 

(b’) encoding neurons in the larval zebrafish hindbrain. Each dot represents one neuron identified in one 
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recording with its highest correlation to the regressor in the respective legend. A: anterior, D: dorsal, L: left, 

M: Mauthner cells, P: posterior, R: right/regressor, rh: rhombomere, V: ventral. 

 

While the general area occupied by velocity neurons is still between the ABN and caudal 

eye position encoding clusters in rh7/8, most velocity neurons are found below the MLF, in 

the area around the IO which is occupied by monocular eye velocity encoding neurons. 

Therefore, the earlier reported gradient from binocular eye velocity encoding neurons to 

monocular eye velocity encoding neurons in the rostral areas of rh7/8 in young larvae is 

not present for late-stage larvae anymore (Supplemental Figure 4b & b’). 

 

4.2.6 Summary 

This experiment shows that late-stage larvae have a decreased ability to perform 

monocular eye movements and exhibit higher saccade frequencies than young larvae. The 

oculomotor neurons for horizontal eye movements of 14/15 dpf old zebrafish larvae can be 

classified into the same response groups as those of 5-7 dpf old larvae, but there are some 

notable differences. While monocular neurons in older larvae are generally comparable in 

number and location to young larvae, BP P neurons are less frequent and appear not to be 

clustered in the ventral ABN anymore. For BA P neurons, a strong increase in their cell 

number in the ABN is observed, which is accompanied by an almost complete lack of BA 

V neurons in the rostral parts of rh7/8, leaving the velocity system under almost exclusive 

monocular control. While the gap separating the putative INNs into two smaller clusters is 

not visible anymore, a rostro-ventral to dorso-caudal gradient from velocity to position 

encoding neurons is still present in rh7/8. In the caudal part of rh7/8, a flip from 

contralateral to ipsilateral monocular position encoding neurons can still be seen, but the 

switch from BP to BA neurons, as in young larvae, is not present anymore though the 

smaller number of identified neurons in this area renders this conclusion preliminary.  

This shows that within just one week, key components in the oculomotor organization of 

zebrafish larvae undergo remarkable developmental changes and further highlights that the 

maturation of the oculomotor system is still ongoing after the conventional imaging time 

window of 5-7 dpf.  
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4.3 Experiment 4 (neuronal tuning in late-stage larvae) 

4.3.1 Experimental framework: 

Similar to experiment 3, the tests from experiment 2 were conducted with 14-15 dpf old 

zebrafish larvae. The results from this experiment will shed further light on the eye 

position/velocity tuning properties for each oculomotor neuron at a later developmental 

stage. The observed coding shift from eye velocity to eye position in the OI will be 

investigated to a greater degree than the more constrained analysis pipeline of the previous 

experiment was able to do (see chapter 1.5). The stimulation and data analysis were the 

same as for experiment 2, with only minor changes due to the increased size and 

behavioral differences (see next chapter, 2.4.2 & 2.7.1 for details).  

 

4.3.2 Late-stage larvae show less velocity encoding and have shifted eye velocity 

thresholds 

The aforementioned behavioral differences between young and late-stage larvae (Figure 

4-2) were also affecting the larval performance during this experiment. To ensure the 

complete behavioral performance of larvae during the entire protocol in a timely manner 

and to prevent movement along the z-axis over time, some stimulation parameters were 

altered (e.g. repetition numbers, motor range, OKR duration; see chapter 2.4.2). This led to 

varying recording durations, since larvae which performed saccades frequently had 

problems finishing specific parts of the protocol especially in the “stable”-stimulation part 

(Figure 4-7a). In total 593 neurons were identified in 5 composite brains, between ± 70 µm 

around the Mauthner cells, of which 568 neurons could be attributed with a PVIndex. The 2-

dimensional tuning curves show the presence of eye position, eye velocity, and 

intermingled encoding neurons, despite the decreased SNR compared to young larvae 

(Figure 4-7b-d). The decreased SNR was likely caused by the reduced recording time and 

the fact that saccades and 1.5 seconds after each saccade were excluded from data analysis 

which reduced the amount of data available.  

The distribution of velocity encoding neurons between young and late-stage larvae 

changed in agreement with experiment 3. While the relative amount of strong eye position 

encoding neurons caudal to the Mauthner cells between young and late-stage larvae 

remained similar (young: 33 %, n=346; late-stage: 35 %, n=192), the relative number of 

strong eye velocity encoding neurons is strongly reduced in late-stage larvae in favor for  



 

89 

 

 

Figure 4-7: Eye position/velocity assessment for late-stage larvae 

Example eye traces, 2D-tuning curves and threshold analysis for late-stage larvae. a: Eye position trace for 3 

example recordings. Note the different number of saccades between the recordings. b-d: same as in Figure 

3-10, but for late-stage larvae. e: Cumulative sum of identified eye position thresholds for position encoding 

neurons (PVIndex>0) pooled in ON direction for left (cyan, n=83) and right (red, n=175) side. f: Cumulative 

sum of identified eye velocity thresholds for velocity encoding neurons (PVIndex<0) pooled in ON direction 

for left (cyan, n=54) and right (red, n=46) direction. g: Comparison of eye position (left) and eye velocity 
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(right) thresholds pooled in ON direction for young and late-stage larvae. Data from e & f and Figure 

3-10e & f. 

 

intermingled encoding neurons (velocity: young: 14 %, n=149; late-stage: 3 %, n=16; 

intermingled: young: 53 %, n=550; late-stage: 62 %, n=341). Intermingled encoding 

neurons (-0.5 < PVIndex < 0.5) have their preferred direction for eye position and velocity to 

the same side (96 %, 79/82), similar to young larvae. Since no eye velocity threshold could 

be identified for most intermingled neurons (206 of 341 neurons), due to the above-

mentioned reduced SNR, the number of neurons in this comparison is quite small. 

The firing thresholds for eye position encoding neurons span the same range as in young 

larvae, roughly between ± 10 ° (Figure 4-7e). Despite a strong difference in the number of 

neurons identified for the left (n=83) and right side (n=175), no difference for the firing 

threshold in ON was identified (Wilcoxon rank-sum test: p > 0.05).  

For the firing threshold of slow-phase eye velocity encoding neurons, late-stage larvae 

show a broader distribution than young larvae, starting around 4 °/sec (Figure 4-7f). 

However, the overall number of neurons exhibiting a firing threshold in the OFF-side 

decreased compared to young larvae and they are now more in line with eye position 

encoding neurons. While the number of velocity encoding neurons with an identified 

threshold was similar for the left and right side, neurons who encode leftward eye velocity 

have their thresholds shifted towards the ON-side by a small but still significant amount 

(mean firing eye velocity threshold in ON for leftward encoding neurons 

(n=54): 2.06 °/sec, rightward (n=46): 1.28 °/sec; Wilcoxon rank-sum test: p < 0.05).  

No significant difference is observed for the eye position firing threshold between young 

and late-stage larvae (young: 4.73 °, late-stage: 4.61 °; Wilcoxon rank-sum test: p > 0.05). 

This shows that even with the integration of additional cell clusters into the group of eye 

position encoding neurons for late-stage larvae (PVIndex > 0, Figure 4-3f-h, Figure 4-10), 

the overall population coding does not change and is already optimized at a young age, 

assuming all measured signals are motor related.   

In contrast, late-stage larvae have significantly increased eye velocity firing thresholds 

compared to their younger counterparts (young: 1.10 °/sec, n=372; late-stage: 1.70 °/sec, 

n=100; Wilcoxon rank-sum test: p < 0.05, Figure 4-7g). Similar to young larvae, some  
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Figure 4-8: Firing threshold analysis for late-stage larvae 

a: Transversal, sagittal and dorsal view of all strong velocity encoding neurons grouped regarding their 

velocity tuning curve (w/ saturation: 24 % (4/17), w/o saturation: 47 % (8/17), ambiguous: 29 % (5/17)). Pie 

chart showing the distribution of the different strong velocity encoding groups b: Cumulative sum plots of 

the eye position firing threshold for rh5 (b, left: 12, right: 37), rh6 (b’, left: 30, right: 35) and rh 7/8 (b’’, left: 

38, right: 93) position encoding neurons pooled in the ON direction. c: Cumulative sum plots of the eye 

velocity firing threshold for rh5 (c, left: 1, right: 0), rh6 (c’, left: 4, right: 1) and rh 7/8 (c’’, left: 44, right: 44) 

velocity encoding neurons pooled in the ON direction. d: Eye position and velocity firing threshold pooled in 
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ON direction for different neuronal groups. (d: eye position. d’: eye velocity, Kruskal-Wallis test, p > 0.05). 

Note the low number of velocity encoding neurons outside of rh7/8, which limits comparability.  

 

late-stage high velocity encoding neurons show firing saturation as well. The relative 

distribution between saturating and non-saturating strong velocity encoding neurons stayed 

the same between both observed developmental stages (w/ saturation: 24 % (4/17), w/o 

saturation: 47 % (8/17), ambiguous: 29 % (5/17); compare Figure 4-8a with Figure 3-10g). 

Due to the change in velocity encoding neurons (as seen in experiment 3), all velocity 

encoding neurons were in the ventral parts of rh7/8 with no specific visible clusters 

between saturating and non-saturating neurons.  

The clear separation between INNs and MNs in experiment 3 does not appear to be as 

prominent as in young larvae, though this could be an artifact resulting from the different 

fish sizes. Therefore, MNs and INNs in this experiment could not reliably be identified 

based on their anatomical location and only firing threshold comparisons between the 

different rhombomeres were conducted (Figure 4-8b-d’). While rh5 has a smaller range for 

the eye position threshold (PVIndex > 0), no significant difference between the individual 

rhombomeres could be identified (Figure 4-8d, Kruskal-Wallis test: p > 0.05). This 

changed from young larvae, in which rh7/8 had significantly later thresholds 

(Supplemental Figure 6a). Similarly, no difference for the eye velocity firing threshold is 

observed, though the low number of eye velocity encoding neurons outside rh7/8 strongly 

limits this comparison (Figure 4-8c-c’’ & d’).  

 

A shift of eye position firing thresholds (PThres) for late-stage larvae into the OFF direction 

below the Mauthner cells and MLF is visible in rh 5 & 6 when looking at their anatomical 

arrangement (Figure 4-9a). This shift is comparable to the one found in young larvae and it 

is at the same location as the gap that separated the two INN groups in young larvae 

(Figure 3-12a, Supplemental Figure 4a).  

Eye velocity firing thresholds (VThres) for late-stage larvae do not show any clustering or 

gradient, similar to their younger counterparts (Figure 4-9b). 
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Figure 4-9: Firing threshold maps for late-stage larvae 

Sagittal, transversal and dorsal views of eye position and velocity firing thresholds tuned in the respective 

ON direction. a: Eye position thresholds color-coded for all eye position encoding neurons (PVIndex>0, 

n=258) with an identified threshold. b: Eye velocity thresholds color-coded for all eye velocity encoding 

neurons (PVIndex<0, n=100) with an identified threshold. Error bars are SEM. 
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4.3.3 Oculomotor neurons in late-stage larvae are more eye position sensitive, but coding 

gradients still exist 

The color-coded PVIndex maps (Figure 4-10) show a similar distribution of eye position and 

eye velocity encoding neurons as the maps obtained from the monocular/binocular 

experiments (Figure 4-4, Figure 4-6a & a’). To fully image the caudal hindbrain of late-

stage larvae, the ARTR and the rostral parts of rh4 could only be imaged in animals with a 

small SL. Therefore, only few neurons in these areas were recorded and a comparison 

between young and late-stage larvae is not possible for those areas.  

Oculomotor neurons in rh5 & 6 are predominantly eye position encoding with a PVIndex of 

0.53 ± 0.34 (mean ± STD, n=176) and late-stage larvae thus exhibit a stronger eye position 

tuning than young larvae (0.42 ± 0.27, Figure 3-13). Within rh 5 & 6, around -30 µm 

below the MLF, a drop in the eye position sensitivity is present, like in young larvae. 

While these neurons do not form a clear “gap”, as in 5-7 dpf old larvae due to the rigid 

body registration to a reference brain, the coding shift is still clearly visible when 

comparing the dorsal-ventral PVIndex plots in Figure 4-10a. 

Neurons in rh7/8 have an average PVIndex of 0.18 ± 0.39 (mean ± STD, n=366) and are thus 

predominantly eye position encoding, but they still have a stronger eye velocity component 

than oculomotor neurons in rh5 & 6. The rostro-ventral and dorso-caudal eye velocity to 

eye position coding gradient is still present in late-stage larvae, but the overall velocity 

encoding is less than in young larvae (young larvae: -0.26 ± 0.51). Notably, the dorsal area 

between rh6 and the caudal part of rh 7/8, which contains the binocular eye velocity 

encoding neurons in experiment 1 (Figure 3-9a’, Supplemental Figure 4b), is mostly 

devoid of oculomotor neurons, as it was the case for experiment 3 (Supplemental Figure 

13b & b’). Along the left-right axis, neurons on the lateral extremes and closest to the 

midline show the strongest eye position encoding with eye velocity encoding neurons 

~ ±50 µm lateral to the midline. Thus, the anatomical separation between medial eye 

position encoding neurons and more eye velocity encoding neurons in the rostro-lateral 

part of rh7/8 is still visible, as it is for young larvae (Figure 3-13). 
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Figure 4-10: PVIndex maps for late-stage larvae 

Anatomical location of all neurons color-coded for their PVIndex. a-c: Sagittal, dorsal and transversal views of 

all neurons with an identified PVIndex from experiment 4. A: anterior, D: dorsal, L: left, P: posterior, R: right, 

V: ventral; error bars are SEM.  
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4.3.4 Summary 

The results presented here further support the findings from experiment 3 regarding the 

decrease of the number of eye velocity encoding neurons, especially the lack of identified 

neurons in the binocular cluster in the rostro-dorsal area of rh7/8. For the identified 

neurons, a strong shift from eye velocity encoding towards a more intermingled coding is 

observed. However, the identified gradient in rh7/8 is still present for late-stage larvae 

despite this coding shift.  

The population coding for eye position neurons in the hindbrain is already quite mature in 

5-7 dpf old larvae. Even with the integration of more neurons, the overall firing thresholds, 

and therefore the recruitment order, stay the same. The only observable difference is the 

shift in rh7/8, which is not significantly different from the other rhombomeres anymore.  

However, eye velocity encoding neurons undergo some changes in the second week of 

development. While their relative numbers are strongly reduced, some neurons still exhibit 

the firing saturation in their velocity component. Even though eye velocity firing 

thresholds span a wider range, fewer neurons have their Vthres in the OFF direction, making 

them more similar to their eye position encoding counterparts. Late-stage larvae exhibit 

significantly later VThres than young larvae. Together with the overall drop in eye velocity 

encoding in the hindbrain, these results mark striking differences in the oculomotor tuning 

between the two developmental stages and shows that the oculomotor system is still 

maturing after one week of development. 
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Chapter 5: Discussion 

5.1 Key results 

The present study investigates the binocular coordination and eye position/velocity 

sensitivity of horizontal oculomotor neurons in the zebrafish hindbrain at two different 

developmental stages. This includes their anatomical distribution and a firing threshold 

assessment. These results provide insights into the organization of the OI and VSM. 

Additionally, it shows that the oculomotor system in young zebrafish is already well set to 

a large fraction after only one week of development. However, some notable differences 

are identified in late-stage larvae. 

Oculomotor neurons are overwhelmingly encoding ipsiversive eye movements and can be 

classified into four distinct response groups, depending on their contribution to monocular 

eye movements. Monocular neurons, active during binocular and eye specific monocular 

stimulation, are the most frequent response type over all investigated structures (MNs, 

INNs, IO, OI, VSM). Based on those response profiles, the location of LR MNs are in the 

ventral part of the ABN and MR INNs are located dorsal to them. Putative INNs are 

separated into two subclusters by a faint gap, with reduced eye position sensitivity around 

that border. The OI consists mostly of monocular neurons that are encoding the 

contralateral eye, with only a few caudal neurons encoding eye movements for the 

ipsilateral eye.  

Oculomotor neurons exhibit a wide range of eye position and/or eye velocity sensitivity 

with more centered firing thresholds for eye velocity neurons. Some of them exhibit firing 

rate saturation. In the region of the OI, a rostro-ventral to caudo-dorsal gradient from eye 

velocity to eye position encoding neurons is visible. Anatomically those neurons form two 

separate eye position and eye velocity clusters with only few neurons between them that 

show an intermingled response. No distinct gradients or spatial clusters for eye position nor 

eye velocity thresholds are visible within the OI.  

With age, zebrafish show less decoupled eye movements and perform saccades more 

frequently. The amount of eye velocity encoding neurons drastically decreases in older 

animals, which is mostly caused by an almost complete absence of BA V neurons. This 

leaves the velocity system almost exclusively under monocular control. In the dorsal ABN, 

fewer eye position encoding neurons are found. BP P neurons are slightly less frequent in 

older animals, but they are not primarily clustered in the ventral ABN anymore and show a 
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more homogenous distribution throughout the hindbrain. On the other hand, there is a large 

increase in the amount of BA P neurons in the ventral ABN. Late-stage eye velocity 

encoding neurons exhibit later firing thresholds and a similar amount of saturation.  

 

5.2 Oculomotor response groups  

In the following chapters, the results regarding the different neuronal response groups are 

discussed. These chapters refer to the results from the 5-7 dpf old larvae of which some 

results have already been published and discussed by me earlier (Brysch et al., 2019b). 

Differences to late-stage larvae are discussed in chapter 5.4. 

 

5.2.1 Rhombomeres 4-6 

Neurons in the caudal hindbrain predominantly encode ipsiversive eye velocity or eye 

position. This agrees with other studies in zebrafish and goldfish (Aksay et al., 2000; 

Portugues et al., 2014). Based on the inferred coding properties of MR INNs and LR MNs 

as monocular, ipsiversive, eye position encoding, either as abducting (MN) or adducting 

(INN), MNs are located in the ventral part with a few sparsely scattered neurons in the 

dorsal areas of rhombomeres 5 & 6. Neurons that are following the INN code are located 

dorsal to the MNs and span a wide area closely up to the dorsal imaging border. They have 

only a small overlap with MNs. This clear separation in distinct MN/INN and 

rostral/caudal (rh5 & 6) pools resembles the arrangement in goldfish (Cabrera et al., 1992; 

Torres et al., 1992). In other species MNs and INNs also form distinct clusters e.g. in chick 

(Labandeira-Garcia et al., 1987) or intermingle to a variable degree e.g. in pigeon (Cabrera 

et al., 1989) or in mammals (Cabrera et al., 1988; Evinger et al., 1987; McCrea et al., 1986; 

Steiger & Büttner-Ennever, 1978). It should be noted that this functional identification is 

based on the tuning properties of individual neurons and not on their anatomical 

projections. I tried to validate the MN/INN classification using double transgenic larvae 

with photoactivatable GFP (Tg(ubb:nls-GCaMP6f)m1300Tg x 

Tg(Cau.Tuba:c3paGFP)a7437), but to no avail due to co-expression problems. Therefore, 

the MN location in the ventral parts of rh5 & 6 were only verified with genetic markers 

(Chandrasekhar, 2004; Jao et al., 2012). Monocular position neurons that share the 

neuronal code of MNs and some binocular neurons can also be found in the ventral areas 

of rh4, rostral to the ABN. As they are not labelled in MN specific lines, they are unlikely 
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to innervate the LR and probably provide an efference copy signal, since they carry a 

duplicate of the motor command and MNs do not provide the efference copy themself 

(Ghasia et al. (2008), Sparks et al. (1987); discussed in Shadmehr (2017)).  

The INNs are subdivided into two clusters in each rhombomere by a faint gap with neurons 

with reduced eye position sensitivity around it (Supplemental Figure 4a, Figure 3-13a). As 

with MNs, this raises the question whether all putative INNs project to the OMN, or 

whether some neurons just share the same eye command with INNs and the two separate 

clusters are functionally different. While MNs generally outnumber INNs in the ABN by a 

significant amount (see the aforementioned publications), I find more INNs than MNs 

based on the monocular eye command code (experiment 1, see chapter 3.2.3) or a roughly 

equal amount based on the total number of neurons in each MN/INN containing region 

(experiment 2, Supplemental Figure 6). While there could be interspecies differences, a 

more plausible explanation is that not all neurons of the dorsal cluster innervate the OMN. 

A study reported the location of the MVN in zebrafish in the dorsal, medio-lateral part of 

rh5 & 6 (Schoppik et al., 2017). Here, the authors identify nose up/down tilt responsive 

neurons that project to nIII and nIV. While ablation of those neurons did not interfere with 

horizontal saccades, optogenetic activation of the general area in a pan-neuronal line did 

evoke some degenerated horizontal eye movements. Although the area identified by 

Schoppik and colleagues is more restricted than the dorsal INN cluster identified here, and 

includes only a smaller dorso-ventral extent, there is still some overlap. Therefore, these 

neurons might be part of the MVN and thus the OI, since the MVN is part of the OI in 

mammals (Leigh & Zee, 2006; McFarland & Fuchs, 1992; Mettens et al., 1994). This is in 

agreement with a recent pre-print study in which the authors used EM data to reconstruct 

neurons and their synaptic connections in the zebrafish hindbrain (Vishwanathan et al., 

2022). Based on the obtained wiring diagram and network models, this study also proposes 

that some neurons in the dorso-medial areas of rh4-6 are part of the OI. Thus, it appears 

that the previously reported location of the OI exclusively in rh7/8 was too spatially 

constrained and the OI extends more rostrally (Daie et al., 2015; Miri et al., 2011a; 

Vishwanathan et al., 2017).  

Binocular neurons in rh4-6 overlap with the monocular eye position encoding clusters 

(BA P), or cluster in the ventral ABN and intermingle primarily with MNs (BP P). It is not 

guaranteed that the BP P neurons innervate the LR and are therefore spatially concentrated 

with MNs. Given that MNs innervate only one eye, it is surprising that these neurons 
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would be active for both eyes and show preferential activity for conjugate eye movements. 

However, this is consistent with studies in monkeys in which ABN neurons have been 

shown to encode information for both eyes, though they just innervate one eye (King et al., 

1994; Sylvestre & Cullen, 2002; Zhou & King, 1996). The binocular coordination and the 

preferential activity of some neurons for certain behaviors is further discussed in detail in 

chapter 5.2.3. 

Several methodological constrains must be addressed regarding the classification of 

neurons as BP. Given the decreased OKR gain during monocular stimulation, especially in 

larger animals (Beck et al., 2004; Qian et al., 2005), neurons with stronger eye velocity 

sensitivity will show increased activity during the binocular stimulation phase. Figure 3-6c 

and Figure 4-3c show that BP P neurons have a small but significantly stronger eye 

velocity sensitivity than BA P neurons. This could have caused that some neurons appear 

to be preferentially binocular encoding due to the beneficial conditions for them in the 

binocular stimulation phase. Identified BP P neurons have surpassed the firing threshold 

analysis, meaning that they reached eye positions in the monocular stimulation phases that 

should result in increased fluorescence if they are not true BP encoding. Yet, the increased 

velocity sensitivity might have caused a higher fluorescence during the binocular phase 

and made them appear to be preferentially binocular encoding, as some BP P neurons also 

exhibit residual activity during monocular stimulation. However, this activity was not 

enough to classify them as either monocular or BA encoding (see chapter 3.2.2). 

Additionally, it should be noted that the BP P neurons are still primarily eye position 

encoding and were predominantly found in the ventral ABN in young larvae, an area that 

shows some of the strongest eye position sensitivity in the whole dataset (Figure 3-13a). 

Therefore, the increased sensitivity to eye velocity should be largely overshadowed by the 

actual encoding of eye position in BP P neurons.  

 

5.2.2 Rhombomere 7/8 

In rh7/8, three functional groups are the prime areas that contain oculomotor neurons: the 

IO, OI and the VSM (Area II). Each of these areas is discussed separately in detail in the 

following chapters. 
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5.2.2.1 Inferior olive 

The IO is located medially at the ventral floor in the caudal part of the hindbrain (Figure 

3-7; Takeuchi et al. (2015)). In this area, monocular eye velocity neurons and some eye 

position sensitive neurons were identified, with binocular neurons only at the very rostral 

part of the IO. However, all regressors that were used to identify those neurons are based 

on eye movements and are thus motor related. IO neurons project to Purkinje cells in the 

contralateral cerebellum via climbing fibers. While the zebrafish Purkinje cell output is 

modulated by eye and swim signals, the motor components in Purkinje cells likely stems 

from Granule cells rather than the IO (Knogler et al., 2017, 2019). Though some zebrafish 

IO neurons also show activity associated with eye and tail movements, this activity is 

rather limited for most cells (R2 < 0.3), and those neurons are heavily outnumbered by 

sensory responsive IO neurons, though some show modulation during swimming events 

(Félix, 2020). Therefore, the IO neurons presented here could encode sensory information 

and just appear eye motor related due to the close resemblance of visual stimuli and eye 

movement signals during the OKR behavior (Portugues et al., 2014). One preprint study 

was investigating the responses of IO neurons to translational and rotational stimuli in 

zebrafish (Felix et al., 2021). The authors identified binocular rotation sensitive neurons in 

the rostro-lateral part of the IO. This cluster overlaps with the BA neurons in the rostral 

part of the IO (Figure 3-7 & Figure 3-9). Similarly, these neurons have their preferred 

direction to the ipsiversive side. However, given the already-mentioned lack of sensory 

regressors and the fact that most IO neurons were responsive to forward and backward 

motion in the preprint study, a stimulus not utilized in my experiments, the amount of IO 

neurons identified here is likely underestimated due to the underlying experimental 

conditions.   

 

5.2.2.2 Oculomotor integrator 

In zebrafish, OI neurons have been reported ~50 µm lateral from the midline in the ventro-

caudal hindbrain, closely located to the IO. From there, they are stretching into more 

medial and dorsal regions up to ~30 µm dorsal of the MLF (Lee et al., 2015; Miri et al., 

2011a, 2011b). The eye position encoding neurons identified in this study follow that 

pattern, but they also extend into the area of the IO. While the distribution of oculomotor 

neurons across individual zebrafish larvae is very conserved (Portugues et al., 2014), 

neuron location alone is generally a bad predictor of their function as oculomotor neurons 
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often intermingle with neurons that do not show any eye movement related activity (e.g. 

Fig. 5 in Lee et al. (2015), Fig. 4 in Miri et al. (2011b)). Therefore, functional groups of 

neurons in zebrafish do not necessarily cluster in distinctive nuclei and it is thus not 

surprising that no clear separation between the IO and OI is present (Arrenberg & Driever, 

2013; Vishwanathan et al., 2022). The anatomy of eye position sensitive neurons in this 

area was investigated before and those results align well with the proposed integrator 

function for these neurons (see chapter 1.4.5.3). Additionally, I find some eye position 

sensitive neurons at the lateral edges of the hindbrain, roughly 100 µm away from the 

midline. Eye position sensitive neurons in this rough area have been reported previously in 

an EM study, but no axons for this cluster could be identified. Thus, anatomical evidence 

that these neurons belong to the integrator is still missing (Vishwanathan et al., 2017). 

While this EM study did only identify medial (<30 µm) integrator neurons at the border of 

rh6 & 7, a follow up EM and an additional imaging study found more medially located OI 

neurons in the caudal part of rh7/8 as well (Daie et al., 2015; Vishwanathan et al., 2022). In 

the data presented here (also see chapter 5.3.2 & Figure 3-13), a large proportion of the eye 

position sensitive neurons is located in the dorso-medial area of rh7/8. These neurons 

predominantly code for the contralateral eye, whereas ipsilateral eye sensitive neurons are 

hardly present and more restricted to the caudal end of rh7/8. While the eye specificity was 

assessed based on the fish’s behavior, the rostro-caudal separation and ocular tuning of 

monocular neurons are conforming to the connectivity of reconstructed integrator neurons 

(Vishwanathan et al., 2022).  

In monkeys, NPH/MVN neurons have been described as predominantly monocular 

encoding (Chen-Huang & McCrea, 1999). While some studies found an equal amount of 

ipsi- and contralateral monocular neurons (McConville et al., 1994; Sylvestre et al., 2003), 

other studies identified more monocular neurons for the ipsilateral eye (Zhou & King, 

1996, 1998). In goldfish, 57 % of area I neurons (goldfish equivalent of the OI) are 

encoding for the ipsilateral eye and only 4 % for the contralateral eye during disconjugate 

eye movements (Debowy & Baker, 2011). Therefore, it is rather surprising that only few 

ipsilateral eye sensitive neurons were identified in this study. In zebrafish, eye specific 

time constants for post-saccadic eye drifts have been observed and they can be modified 

independently by altering visual feedback monocularly. This led to the hypothesis that the 

OI is subdivided into two clusters in each brain hemisphere that follow the Helmholtzian 

model for eye movement commands and each eye is independently controlled (Chen et al., 
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2016; Debowy & Baker, 2011). While this hypothesis is supported by the strong eye 

specific wiring of oculomotor neurons in zebrafish (Vishwanathan et al. (2022), but see 

chapter 5.2.1), the lack of ipsilateral OI neurons here and of contralateral OI neurons in 

goldfish contradicts this assumption as the underrepresented eye would primarily be 

encoded only in the binocular context. However, unilateral lidocaine inactivation of the OI 

in goldfish showed that a single functional hemi-integrator can drive both eyes during 

ipsilateral eye positions, showing that each hemi-integrator encodes both eyes (Pastor et 

al., 1994).  

Given the low number of ipsilateral encoding neurons in the caudal hindbrain, the question 

arises if they are a distinct functional group, or whether they were only identified due to 

noise. Based on my analysis protocol, the number of reported neurons is underrepresented. 

The conservative estimation of firing thresholds, while preventing a false-positive 

classification, will reduce the number of identified neurons. Integrator neurons have their 

firing threshold on the OFF-side (see chapter 1.4.5.2), but the iterative baseline approach, 

which was used to estimate the threshold, is skewed towards reporting thresholds as late. In 

combination with the challenge to detect single action potentials with GCaMP6f (Chen et 

al., 2013), the measured thresholds are shifted towards the ON-side (see chapter 3.3.3 & 

Figure 3-11). Therefore, the firing threshold analysis (Figure 3-5) will eliminate a large 

fraction of neurons solely because the fish could sometimes not offset the late firing 

thresholds with its explored motor range. This led to the exclusion of 26 & 36 % 

(experiment 1 & 3) of strong eye movement correlated neurons as no reliable classification 

of their ocular specificity could be made. Given the low fraction of contralateral monocular 

neurons in goldfish (4 %; Debowy & Baker (2011)), combined with the number of 25-40 

neurons in each hemi-integrator (Daie et al., 2015; Pastor et al., 1994) and the caveats 

mentioned above, it can’t be ruled out that the ipsilateral neurons form a functional 

relevant group. Similarly, ablation or optogenetic activation of only 6-12 neurons in the 

zebrafish pretectum is sufficient to abolish or provoke OKR behavior (Wu, 2019). Thus, 

partial sparse coding might be a common feature in the OKR circuit of zebrafish. 

In the caudo-dorsal hindbrain, a coding shift for binocular neurons is also visible. While 

BP P neurons are more restricted to the rostral parts of rh7/8, BA P neurons are found more 

caudally, with a shift roughly at the same location as for the monocular neurons. While 

binocular neurons have been identified in the mammalian and teleost OI before (Debowy 

& Baker, 2011; Sylvestre et al., 2003; Zhou & King, 1996, 1998), no study reported the 
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preferential activity of neurons for only conjugate eye movements. Given the changes for 

BP neurons in late-stage larvae (see chapter 5.4), it is questionable whether the differences 

in coding between BA and BP neurons are a functionally relevant feature of the OI, or 

whether this phenomenon is only caused by immature neurons. However, it has been 

shown that the executed behavior has an influence on the eye preference of some neurons. 

25 % of burst-tonic integrator neurons in the rhesus monkey changed their eye preference 

to a variable degree between disjunctive saccades and fixation (Sylvestre et al., 2003). 

Behavioral coding differences have also been reported for the zebrafish OI. Here, Daie and 

colleagues report that the spatial pattern of persistent firing for eye fixations changes 

depending on how this eye position was reached, either via saccades or via OKR (Daie et 

al., 2015). Based on their multi-mode model of the integrator, monocular ipsilateral & BA 

neurons in our data would primarily receive optokinetic input and the more rostrally 

located contralateral monocular & BP neurons would primarily receive saccadic input. 

Therefore, it would be interesting to see in a future study if the eye specification in 

zebrafish also changes with the executed behavior.  

Several limitations regarding the ocular tuning should be addressed. Like the eye position 

and eye velocity classification, the ocular specificity was decided in a “winner takes it all” 

fashion that puts each neuron into a discrete group. Some of the above-mentioned studies 

also describe the eye sensitivity for integrator neurons to be more graded and not 

necessarily following a strict monocular or binocular classification (Debowy & Baker, 

2011; Sylvestre et al., 2003), while one study did only find graded eye specificity in the 

abducens but not in the integrator (Zhou & King, 1996). The monocular coding index 

(Figure 3-6b) in my thesis also shows that MLE and MRE neurons are not clustered at the 

extremes but are more evenly distributed across the whole range with binocular neurons 

centered in the middle. Binocular events, such as saccades, might have influenced this 

analysis, but late-stage larvae, despite exhibiting saccades more frequently, show a 

stronger monocular sensitivity for MLE and MRE neurons (Figure 4-3b). This shows that 

zebrafish oculomotor neurons are also distributed along a gradient regarding their eye 

specificity. However, differences in the stimulation/analysis protocols limit the 

comparability to the other studies.  

Apart from the differences in the OI activity based on the executed eye movements, one 

current preprint study investigated the activity of zebrafish neurons in tail-immobilized and 
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tail-free conditions (Sun et al., 2019). The authors identified a caudo-dorsal cluster of 

neurons in the hindbrain that overlaps with the location of the OI. Those neurons showed a 

strong correlation to eye position when the tail was immobilized, but their activity was 

reduced when the tail was free to move. The authors hypothesize that a tail movement 

efference copy is inhibiting the activity of the OI. Tail movement sensitive neurons have 

also been identified in the general vicinity of the integrator (Aksay et al., 2000; Lee et al., 

2015; Sun et al., 2019; Vishwanathan et al., 2022) and the lack of specific locomotion 

regressors in my analysis could have masked some tail movement sensitive neurons as 

oculomotor neurons, comparable to the case of some early studies of the ARTR (see 

chapter 1.4.4). However, I can exclude that tail movements did influence OI activity in this 

study or that a large quantity of tail movement related neurons were identified in the first 

place for the following reasons: zebrafish that showed struggle behavior while being 

embedded were discarded from the analysis/not recorded in the first place (i), restrained 

zebrafish perform spontaneous swimming very infrequently (ii; Portugues et al. (2015)), 

and zebrafish become passive if movement commands do not produce the desired outcome 

(iii; Mu et al. (2019)) as it is the case in tail-immobilized larvae. Similarly, another current 

preprint study investigated neurons that form an integrator for self-location in the dorsal 

areas of rh7/8. This integrator biases future swimming events (Yang et al., 2021). While 

the authors hypothesize that these neurons are located in the NPH, their location is more 

lateral and dorsal than the eye position encoding neurons identified in my thesis.  

 

5.2.2.3 Area II (VSM) 

Area II neurons in zebrafish have been described in rh7/8, stretching from more medial 

locations at the border of rh6 & 7 to lateral positions in the caudal part of rh7/8 (Ma et al., 

2009). The behaviorally identified eye velocity neurons follow the same pattern, best 

visible for the cluster of BA V neurons. The zebrafish’s organization of area II and the OI 

thus resembles the same basic layout as found in goldfish, with area II being rostral and 

slightly ventral to the OI (Pastor et al., 1994), when following the traditional view of the 

OI being restricted to rh7/8. Given the above mentioned lack of nuclear organization in 

parts of the zebrafish oculomotor system, the close proximity of area II neurons to the IO 

(Ma et al., 2009; Straka et al., 2006) and the partial velocity encoding of the integrator 

(Delgado-García et al., 1989; Escudero et al., 1992; Miri et al., 2011a; Pastor et al., 1994), 

it is challenging to draw clear spatial boundaries between area II, the OI, and the IO. 
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However, the ocular specificity of proposed area II neurons also shows a lack of 

monocular encoding for the lateral rectus (ipsilateral eye), similar to the OI. Unilateral 

inactivation of area II causes deficits in both eyes (Pastor et al., 1994), showing that the 

BA V neurons compose an integral part of area II. In contrast to eye position encoding 

neurons, no distinct clusters of BP V neurons were identified. While BP P neurons are 

primarily found in the ABN and the OI, an area that makes direct connection to the ABN, 

area II neurons exhibit no direct connection to oculomotor nuclei (Straka et al., 2006). 

Therefore, the “binocular preferred” command might be motor exclusive and only needed 

in the position but not in the eye velocity domain. This separation of eye position and eye 

velocity commands likely represents an “ancestral condition” in teleosts compared to 

mammals (discussed in Pastor et al. (2019)). 

 

5.2.3 Ocular control and task specificity in the larval zebrafish 

Ever since their postulations more than a century ago, scientists tried to find an answer to 

which of the two competing theories from Ewald Hering and Hermann von Helmholtz 

regarding eye movement control is correct. While there is evidence in support of Hering’s 

law of equal innervation (Mays, 1984; Mays et al., 1986; Zhang et al., 1991), recent 

findings tend to favor Helmholtz (King & Zhou, 1995; Sylvestre & Cullen, 2002; Zhou & 

King, 1998). However, so far no conclusive answer has been found as there is evidence 

that (dis)agrees with both theories (for review see Coubard (2013), Cullen & Van Horn 

(2011), King, (2011)).  

Similarly, the results presented here do not conform to either theory completely. Most of 

the oculomotor neurons in the zebrafish hindbrain are monocular and thus correspond to 

the theory of Helmholtz, comparable to the large number of monocular premotor neurons 

in primates and goldfish (see chapter 5.2.1 & 5.2.2). On the other hand, the BA neurons are 

in line with the conjugate neurons in Hering’s hypothesis, but the BP neurons are not as 

they are silent during monocular eye movements. The infrequent number of MLEX & 

MREX neurons and complete lack of MX neurons also support Helmholtz rather than 

Hering as these neurons encode a disconjugate eye movement signal. It would be 

interesting to see whether the zebrafish has dedicated vergence neurons for slow eye 

movements as well. The experiments presented here did not include a specific 

convergent/divergent stimulus and neurons specifically encoding vergence signals have 
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been identified in primates in the midbrain (Judge & Cumming, 1986; Mays, 1984; Mays 

et al., 1986; Quinet et al., 2020), an area not imaged here. Thus, our data cannot 

conclusively exclude the existence of slow-phase vergence neurons. A previous whole-

brain imaging study using vergence stimuli did not find evidence for their existence either, 

though this study was not designed with that goal in mind (Portugues et al., 2014).  

A recent study from our lab was investigating the ocular control during monocular, 

conjugate, and vergence saccades (Leyden et al., 2021). Similarly, burst neurons in 

zebrafish are also not following either theory completely. The largest group of burst 

neurons are of the conjugate type and thus conform to Hering’s hypothesis. Vergence 

neurons, particularly for convergent saccades, were also identified. However, they show 

inconsistent activity during monocular saccades and thus do not strictly conform to Hering. 

Helmholtz specific burst neurons were also identified, but they showed inconsistent 

activity during conjugate and monocular saccades. Therefore, in zebrafish the control for 

the slow and fast eye movement system exhibit components from both hypotheses. 

Likewise to the preferential activity of BP neurons during conjugate eye movements, 

zebrafish burst neurons show saccadic-specific recruitment as some burst neurons show 

preferential activity for specific saccade-types (Figure 7 in Leyden et al. (2021)).  

Such differential recruitment is reminiscent to the presence of SIF and MIF motoneurons. 

SIF/MIF are discussed to participate differently for specific eye movements, with SIF 

being responsible for fast eye movements and MIF for gaze holding and slow eye 

movements. However, newer studies suggest that they are not exclusively recruited, but 

rather act conjointly as both participate to a varying degree during all eye movements 

(Carrero-Rojas et al., 2021; Hernández et al., 2019). Similarly, a study in Xenopus leavis 

identified two distinct MN pools that encode different features during VOR but act in 

concert when generating eye motor commands (Dietrich et al., 2017). However, this study, 

and other work from the same lab, identified a specific class of motoneurons that were 

silent during slow eye movements and only active during saccades and for swimming 

efference-copy driven eye movements (Schuller, 2017). While these neurons were found 

infrequently, their reported activity would reflect true task-specificity between the slow- 

and quick-phase of the OKR. While BP neurons in the ABN are likely MNs (see chapter 

5.2.1), their activity is better described as “preferential” rather than “exclusive”. This 

response profile might result from the fact that they are primarily comprised of one specific 
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group of MNs. Their location in the ventral ABN suggest that they are SIF MNs, due to the 

increased soma size of ventral ABN MNs and their spatial overlap with the vu504Tg line, 

but in contrast to monkeys (Büttner-Ennever et al., 2001) no distinct connection between 

the soma size and the targeted muscle-fiber can be established in zebrafish (Asakawa & 

Kawakami, 2018). No relation between the firing threshold and the spatial location for the 

ventral MN group was found either (Figure 3-12). This indicates that MIF and SIF are 

intermingled in zebrafish, as MIF in cats exhibit lower firing rates and earlier recruitment 

(Carrero-Rojas et al., 2021; Hernández et al., 2019). However, this conclusion should be 

considered preliminary as the spatial information of BP neurons from experiments 1 & 3 

can’t be easily combined with the firing threshold data from experiments 2 & 4.  

Regardless of their contribution as “exclusive” or “preferential”, BP neurons provide an 

additional motor command that is only present during conjugate eye movements. This 

signal is not generated for monocular eye movements, as monocular exclusive neurons 

(MREX/MLEX/MX) are scarce or completely absent. MN activity for the LR & MR can 

be increased for the same eye position for convergent gaze in comparison to conjugate 

gaze. Further, this MN activity does not necessarily reflect the exhibited force of the 

innervated muscle (Miller et al., 2002, 2011). Thus, while the activity profile of BP 

neurons would argue for a stronger muscle activation during conjugate eye movements, 

further studies are needed to investigate if this activity also results in higher exhibited 

muscle force. A potential compartmentalization of the zebrafish EOMs, that hypothetically 

adds a secondary vertical and/or torsional action to the primary adduction/abduction 

movement (Clark & Demer, 2014; da Silva Costa et al., 2011; Peng et al., 2010), potential 

polyneuronal innervation of MIFs (Dimitrova et al., 2009; Jacoby et al., 1989; Liu & 

Domellöf, 2018), or muscle tension encoding (Davis-Lopez de Carrizosa et al., 2011) 

could account for differences in MN activity to the expected eye position.  

The preferential innervation and activity of MNs for different types of eye movements has 

long been discussed (Horn & Straka, 2021; Pastor et al., 2022). The different activity of 

saccade associated burst neurons from Leyden et al. (2021) during quick eye movements 

and the response profile of BP neurons during slow-phase OKR provides further evidence 

for task separation in the oculomotor system that is present even within the same type of 

eye movement and not just between different types.  
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5.3. Coding properties of oculomotor hindbrain neurons 

The following chapters discuss the coding properties of hindbrain neurons for 5-7 dpf old 

larvae. Some results have already been published and discussed by me earlier (Brysch et 

al., 2019b). Some differences to late-stage larvae are discussed but see chapter 5.4. 

 

5.3.1 Firing thresholds 

Eye position firing thresholds span a wide range, with some neurons having their threshold 

already on the OFF-side. MNs, INNs, and rh7/8 position neurons have their mean firing 

threshold on the ON-side, with rh7/8 position neurons exhibiting significant later 

thresholds (Supplemental Figure 6). This disagrees with previous reports where integrator 

neurons had their firing thresholds almost exclusively on the OFF-side (Aksay et al., 2000, 

2007; McFarland & Fuchs, 1992) and more centered thresholds for ABN neurons, 

especially for MNs (Delgado-Garcia et al., 1986a, 1986b; Fuchs et al., 1988; Pastor et al., 

1991; Pastor & Gonzalez-Forero, 2003). My conservative estimation of the firing threshold 

(see chapter 5.2.2.2) can account for a population shift towards the ON-side, but this 

should not affect the distribution between different neuronal populations. While these 

inconsistencies to the previous studies could have been unraveled by the clear separation of 

eye position from eye velocity in this study, inter-species differences could also exist. 

However, a more probable explanation is that the limited classification based on the 

anatomical position of MNs and INNs alone is insufficient and not every eye position 

encoding neuron in rh7/8 is necessarily an integrator neuron. Together with the possible 

extension of the OI into more rostral parts of the hindbrain, a clear separation between the 

OI and other oculomotor neurons without specific genetic markers is challenging and thus 

potential differences between the groups might be washed-out by a suboptimal neuronal 

classification. However, the significant differences between rh5 & 6 and rh7/8 vanish in 

late-stage larvae as the eye position firing thresholds in rh7/8 are shifting towards the OFF-

side. This points towards a maturation/fine-tuning of integrator neurons with age, though 

this development is not yet complete at 14/15 dpf as they are still predominantly shifted 

towards the ON-side.  

Eye velocity encoding neurons have more centered thresholds distributed across a 

narrower range. Some have their firing thresholds on the OFF-side, similar to reports in 

goldfish (Beck et al., 2006; Pastor et al., 1991). While my thesis was just investigating the 
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tuning for slow-phase eye velocity neurons, zebrafish saccadic burst neurons generally also 

show the same tuning towards one preferred direction, but they are also not exclusively 

direction selective and exhibit activity during small OFF direction saccades as well. This 

coding preference points towards a push-pull arrangement in which the activity of two 

opposing populations of excitatory and inhibitory neurons are summed up and potentially 

cancel out at the level of motoneurons (Leyden et al., 2021; Van Gisbergen et al., 1981). 

Thus, the weak activity in the non-preferred direction is a feature that is not restricted to 

the level of the MNs alone but also of higher up-stream areas, including the OI. This might 

help in fine-tuning the activity around the resting eye position. However, the vast majority 

of slow-phase eye velocity neurons in our recordings should correspond to area II neurons 

and are thus not innervating the MNs directly, but provide mossy fiber input to Granule 

cells in the cerebellum (Beck et al., 2006; Straka et al., 2006). They are a likely source of 

the eye movement signals that have been shown to be present in zebrafish Granule cells 

(Knogler et al., 2017, 2019) and supplement the limited motor signals stemming from the 

IO (Félix, 2020).  

The saturation of some eye velocity neurons came as a surprise, as oculomotor neurons in 

the OI are described as threshold-linear and no saturation is observed for MNs and INNs 

within the oculomotor range (see chapter 1.4.5.2; Delgado-Garcia et al. (1986a, 1986b)). 

However, some OI neurons in goldfish have been reported to show a “nonmonotonic 

persistent firing” where their activity either stopped increasing or decreased at more 

eccentric eye positions (Aksay et al., 2003; Major et al., 2004b). Some models of the OI 

achieve the proposed line-attractor dynamics based on the progressive recruitment of 

neurons to compensate for hypothetical saturation (Gonçalves et al., 2014; Seung et al., 

2000). However, in these models the saturation is constrained to the synapses and not to 

the neuronal firing itself. In a more recent approach to model the OI, it was shown that 

circuits based on synaptic saturation do not comply to other biological constraints of the 

integrator and linear/sigmoidal synaptic activation functions are more likely to be present 

(Fisher et al., 2013). We only find saturation in slow-phase eye velocity neurons outside of 

areas linked to the OI in zebrafish, predominantly in area II neurons. Based on the 

anatomical location and the newer models of the OI, I conclude that the observed 

saturation in the present study is not a necessary component for the integrator to function.  

In goldfish, some area II neurons have been reported to show non-linearities with increased 

stimulation frequencies for both OKR & VOR and, especially for vestibular stimulation, a 
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decreased sensitivity for larger eye velocities. While decreased sensitivity can lead to the 

observed saturation, a contribution of stimulus/slip velocity in the area II activity can be 

neglected (Beck et al., 2006). The saturation and narrow range of eye velocity thresholds 

might help to fine-tune the oculomotor system around the resting state and the tuning to 

low frequencies acts as a low-pass filter to stabilize the OKR performance during brief 

stimulus interruptions (Beck et al., 2004, 2006; Chen et al., 2014).  

Apart from the slight shift towards the non-preferred direction around the gap separating 

the two putative INN clusters in the ABN, no spatial arrangement for the firing thresholds 

could be identified within the ABN or the OI. This conforms to the limited data available 

in squirrel monkeys and goldfish (Aksay et al., 2000; McCrea et al., 1986). Similarly, no 

connection between a reported soma size gradient for MNs and the firing thresholds could 

be established (Asakawa & Kawakami, 2018). Based on the aforementioned modelling 

study, Fisher and colleagues reported that there can be a functional difference between 

high and low threshold neurons in the OI. In a neuronal recruitment threshold mechanism 

model, the low threshold neurons would be used for read-out while the high threshold 

neurons would be used to maintain the persistent firing (Fisher et al. (2013), but see Major 

et al. (2005)). While there is no real gradient visible for the eye position threshold 

distribution in rh7/8, more dorsal neurons appear to have higher eye position thresholds. 

This is predominantly true in the medial areas that overlap with the location of the OI. 

Neurons in this area are excitatory and they are the only OI neurons that project to the 

ipsilateral OI (Lee et al., 2015). Neurons with this projection pattern are expected to form 

the recurrent network that is thought to generate the persistent activity (see chapter 

1.4.5.1). However, OI neurons are generally described as having their firing threshold 

shifted towards the non-preferred side while in our dataset they exhibit significantly later 

thresholds than any of the other neuronal groups (see above).  

 

5.3.2 Eye position/velocity encoding & OI circuit organization 

In rh7/8, there is an anatomical rostro-ventral to caudo-dorsal gradient of eye velocity to 

eye position encoding neurons (as shown by the PVIndex), spanning from supposedly area II 

neurons to areas previously reported to contain the OI. This gradient resembles a 

feedforward model of the OI in which the integration from eye velocity to eye position 

happens gradually with neurons encoding intermediate steps between dedicated input 
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(velocity) and output clusters (position encoding). A similar rostro-caudal gradient has 

been identified for the persistence time in the zebrafish OI before, with caudal neurons 

exhibiting longer persistence times than rostral neurons in rh7/8. This heterogeneous 

activity would similarly favor a network model of the OI that is biased in a feedforward 

manner and the neurons with a longer persistence time would be used as a readout of the 

OI (Miri et al., 2011a). The potential readout neurons from Miri and colleagues overlap 

anatomically with the previously discussed eye position neurons with somewhat late firing 

thresholds (see chapter 5.3.1) and the PVIndex maps show the highest eye position encoding 

in these parts as well. Together, the spatial aggregation of neurons with long persistent 

firing, strong eye position encoding, and late firing thresholds would support the notion 

that these neurons are the final step of the velocity to position transformation in the OI. 

However, this heterogeneity of neuronal responses does not conform to the classical line 

attractor model of the OI. Additionally, Miri and colleagues recently showed in a follow-

up study that this heterogeneity is needed to counteract the viscoelastic components of the 

oculomotor plant. The OI achieves this by integrating the eye velocity command not in an 

uniformly manner but via multiple distributed timescales (Miri et al., 2022). Similarly, 

studies in primates (Joshua et al., 2013; McFarland & Fuchs, 1992) and cats (Delgado-

García et al., 1989; Escudero et al., 1992; Lopez-Barneo et al., 1982) also showed strong 

heterogeneity in the MVN/NPH regarding the eye velocity/position encoding. They are in 

line with a more hierarchical model of the OI (Joshua & Lisberger, 2015) “in which a 

progressive decrease of eye velocity sensitivity [is] accompanied by a proportional 

increase in eye position sensitivity” (Delgado-García et al., 1989). While these results 

argue against a strict implementation of the classical line attractor theory, a recent study 

investigated the short-term memory formation in the anterolateral motor cortex in mice that 

predicts the direction of upcoming motor actions (Daie et al., 2021). The authors found that 

smaller, interconnected, recurrent modules in the circuit produce and maintain the 

persistent activity independently from each other. They propose a modular attractor model 

with a tunable heterogeneous connectivity between each module. A similar modular model 

was already proposed for the oculomotor integrator in the past (Crawford & Vilis, 1993). 

To fully understand the role of single neurons in this network, knowledge about their 

precise connections was needed to explain some of their heterogeneous behaviors (Daie et 

al., 2021). Thus, information about the neurotransmitters/transcription factors (Lee et al., 

2015), anatomical connections (Vishwanathan et al., 2022), and coding preferences (Daie 
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et al., 2015; Miri et al., 2011a) of zebrafish OI neurons would be needed, ideally from a 

single experiment, to investigate whether the OI is also comprised of a similar modular 

structure. Additionally, optogenetic studies could also be used. 

While the PVIndex and several other publications describe the neuronal code in the OI as 

heterogeneous, the exact anatomical locations of eye position and eye velocity neurons in 

rh7/8 are more separated than the distribution of the PVIndex along the RC and DV axis 

might suggest (Figure 3-13). This stricter spatial separation follows the arrangement in 

goldfish (Pastor et al., 1994) in which no position/velocity gradient was identified (Aksay 

et al., 2000). Additionally, the above-mentioned rostro-caudal gradient for the persistence 

time, that aligns with the PVIndex gradient, is present after saccadic input but it is flipped for 

OKR driven eye movements (Daie et al., 2015). However, saccadic events were cropped 

from the data presented here and they are absent in the 2D-tuning curves and the PVIndex 

which were only generated from the slow-phase part of the OKR or during stable 

stimulation. It is thus questionable, if the PVIndex gradient resembles the persistence time 

gradient described earlier as Miri and colleagues used spontaneous (saccadic) eye 

movements to generate their data. Furthermore, they only imaged neurons 20-70 µm lateral 

of the midline (Miri et al., 2011a), which excludes most of the caudo-dorsal eye position 

encoding neurons identified in this thesis. Therefore, the eye position/velocity gradient 

shown by the PVIndex might just stem from the partial overlap of eye position/velocity 

encoding neurons along the RC/DV axis in the caudal hindbrain (Figure 3-13b) but does 

not necessarily reflect the continuum of eye position/velocity encoding within the OI as 

seen in mammals. Additionally, midline lesions and unilateral inactivation of the OI in 

mammals causes severe bilateral gaze holding deficits (Anastasio & Robinson, 1991; 

Arnold & Robinson, 1997; Arnold et al., 1999; Cheron & Godaux, 1987; Straube et al., 

1991), which is not the case in gold- and zebrafish (Aksay et al., 2007; Debowy & Baker, 

2011; Pastor et al., 1994), highlighting additional inter-species differences. Selective 

inactivation and anatomical tracings are needed to determine whether the velocity and 

intermediate encoding neurons in zebrafish are actually involved in the generation of the 

OI command, are just immature neurons who are not yet fully integrated into the circuit 

(see chapter 5.4), or whether they belong to area II. 
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5.4 Ontogeny of the oculomotor system 

5.4.1 Experimental constrains 

In experiments 3 & 4, the already discussed experiments were repeated in 14-15 dpf old 

larvae. While it would be interesting to compare this data to even older animals, as the 

maturation of the zebrafish brain is not complete at two weeks of age, several limitations 

that come with older larvae had to be considered to achieve reliable recordings. First, for 

older animals the passive water flow over the gills is not sufficient for survival and 

therefore intubation, pumping oxygenated water through the mouth, is required (Olt et al., 

2016; Xu et al., 2015). This potentially interferes with eye movements/behavior and 

requires anesthetization of the fish via MS-222, a sodium channel blocker, which needs to 

be washed out for up to 90 min until neuronal activity is restored to native levels (Johnston 

et al., 2013; Palmer & Mensinger, 2004). Secondly, the increased thickness of the skull in 

older/adult animals requires removal of the skin and thinning of the skull to reliably image 

deeper tissues (Barbosa et al., 2016). Thirdly, with increased age/SL it became harder for 

the software to reliably identify the eyes. The 2nd LED ring would cause reflections and the 

start of the ossification, primarily the development of the anguloarticular and interopercle 

(Cubbage & Mabee, 1996; Parichy et al., 2009), would start to overshadow the eyes as the 

CMOS camera, which was used for eye detection, was mounted at the bottom part of the 

stage. Taken together, this resulted in a sharp drop of successful recordings after 15 dpf in 

a pilot study (Omejc, 2019) and, together with the decreased behavioral performance 

discussed below, limited the age at which these types of experiments could be performed 

reliably with the available setup/experimental paradigm. However, while some behaviors 

are only developing after 14 dpf (e.g. aVOR), some notable changes are already happening 

within the zebrafish OI at that age. The time constant significantly increases (starting at 

4.2 mm SL) and in larger animals (>5.3 mm SL) the leaky decay of eye position after 

spontaneous saccades changes from an exponential decay to a more linear decay as seen in 

adults (Beck et al., 2003). However, the additional week of development is enough for 

newborn neurons to fully integrate into existing neuronal circuits (Boulanger-Weill et al., 

2017). Therefore, the use of 14/15 dpf old zebrafish is justified to investigate the ontogeny 

of the OI, though it should be noted that the maturation of the OI is not yet finished at this 

stage. At the developmental stages investigated in this study, the input to the OI is 

primarily driven by the OKR, tVOR and spontaneous eye movements (Lambert et al., 

2008; Mo et al., 2010). With the integration of the aVOR signal at a later developmental 
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stage, the OI has to adapt to an additional input stream (Beck et al., 2003). Therefore, the 

results presented here show how a system matures and optimizes its performance under 

somewhat constant biological conditions, while any future changes to the OI circuit have to 

acknowledge the changed task profile by the future integration of the aVOR-signal.  

 

5.4.2 Increased yoking and saccadic frequency in older larvae 

Older larvae perform more saccades and show a decreased capability to execute monocular 

eye movements. Similarly to the data presented here, an earlier study in zebrafish, medaka, 

and goldfish reported an increased frequency for the quick-phase of the OKR and for 

spontaneous saccades in larger animals (Beck et al., 2004). This study also reported the 

decreased capability of older zebrafish to perform monocular eye movements. On the other 

hand, Xenopus laevis larvae, at a comparable developmental stage, exhibit a slight decrease 

in conjugacy (stages 47-59), until it drastically drops for larvae at metamorphic climax and 

for froglets. However, this decrease is likely caused by the transformation from a lateral 

eyed, swimming larvae into a frontal eyed tetrapod which limits the comparability to 

zebrafish (Schuller, 2017).  

In zebrafish, the gain during binocular OKR stimulation increases with development. 

However, during monocular stimulation the gain of the unstimulated eye largely stays the 

same while the gain of the stimulated eye decreases (Beck et al., 2004). This shows that the 

increase in conjugacy in older animals is mainly caused by an inability to move the 

stimulated eye, rather than increased yoking of the OFF eye as a naïve interpretation of my 

YI might suggest. At the beginning of each experiment, every zebrafish was tested for its 

ability to perform monocular eye movements. In young larvae, only ~5 min of an adaption 

period was needed to achieve a reliable decoupling of the eyes, while up to 1 h was 

necessary for some late-stage larvae (see chapter 2.4.1). Unfortunately, this period was not 

recorded and no quantifications can be made. Nevertheless, this shows that the binocular 

response to monocular stimulation can be actively altered in older larvae. In the context of 

oculomotor control, Helmholtz proposed that oculomotor control is monocular and 

binocular coordination must be learned. A decreased capability to perform monocular eye 

movements and an increase in conjugacy in zebrafish with age can thus be seen as a small 

win for Helmholtz. Similarly, the longer adaption time needed for experiment 3 might 
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indicate that zebrafish “unlearn” the previously learned conjugacy to exhibit a higher 

degree of monocular eye movements. 

 

5.4.3 Changes in eye specific encoding  

As already described in chapter 5.2.2.2, oculomotor neurons form a continuum regarding 

their eye specificity (Debowy & Baker, 2011; Sylvestre et al., 2003; Zhou & King, 1996). 

The results from this thesis show that the monocular preferences for MLE & MRE position 

neurons become significantly stronger with age (Figure 4-3b). In combination with the 

additional changes discussed below, this shows that the oculomotor system in zebrafish is 

still maturing after 7 dpf, which is reflected in the tuning of the underlying neurons. 

Furthermore, it has been proposed that the visual system in zebrafish is under adaptive 

control in which neurons can change their relative connection strengths between the eyes 

to counteract changes caused by disease and aging (Chen et al., 2016). Somewhat 

similarly, some neurons in the mouse dorsal lateral geniculate nucleus have binocular 

connections but are functionally monocular. Synaptic refinement and input selection has 

been identified to drive the monocular specification, with inputs from the preferred eye 

resembling values in adult mice and inputs from the non-preferred eye remaining in a 

juvenile state (Bauer et al., 2021). A similar synaptic maturation can be the underlying 

cause for the increased monocular encoding of MRE/MLE neurons.  

It is unclear from this data if these changes are hard-wired or whether they are shaped by 

visual experience. Early oculomotor development in zebrafish, including that of the OI, has 

been described as primarily genetically driven, with neuronal activity used for optimization 

but not required for development (Ulrich et al., 2016). Other studies in zebrafish showed 

that visual input shapes the visual sensitivity and tectal activity during a critical period 

between 5-7 dpf (Avitan et al., 2017; Xie et al., 2019), while other studies (partially) argue 

for a predetermined development as well (Nevin et al., 2008; Pietri et al., 2017). 

Regardless the cause, neuronal changes happening during/after the time window of the 

young larvae’s experiments lead to an optimized behavioral output (Avitan et al., 2020), or 

completely change the outcome of the underlying behavior (Harpaz et al., 2021). Thus, the 

increased monocular specificity identified in this thesis could underlie a similar 

optimization process. 
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With the increase of the monocular coding strength of MLE/MRE neurons, their relative 

number in late-stage larvae also changed. MLE P neurons are slightly more common in 

older larvae, but at the same time the amount of MRE P neurons drastically decreases 

(Figure 4-3f-g). Given the relative equal number of MRE P neurons in young larvae, it is 

rather surprising that their distribution changed with age, given that most horizontal eye 

movements in zebrafish are conjugate under natural conditions. Asymmetric projections of 

vestibular interneurons have been identified in zebrafish, where motoneurons that move the 

eyes downwards receive stronger innervation (Schoppik et al., 2017). However, these 

asymmetries, which are already present at 7 dpf, are not eye specific but direction specific, 

for which environmental requirements do exist. On the other hand, behaviorally different 

eye specific usage has been described in zebrafish. The left eye is preferentially used to 

investigate a novel stimulus, while the right eye is used to approach a target and for biting 

(Miklósi & Andrew, 1999, 2006; Miklósi et al., 2001). Teleost fish also have a preferential 

eye when viewing conspecifics (Sovrano, 1999). This preference is flipped in situs-

inversus zebrafish (fsi), in which the neuroanatomical and visceral organization is mirror 

symmetric, indicating that these behavioral asymmetries are reflected in the neuronal code 

(Barth et al., 2005). While the difference of monocular eye specific neurons might reflect a 

different eye usage, it is still unclear why the right eye would be controlled by fewer 

neurons with age. Potential experimental intricacies might be the underlying cause for 

these differences, such as lighting differences between the two half arenas or unequal 

blocking of the binocular zone as no systemic OKR asymmetries between the eyes were 

identified in a previous study (Dehmelt et al., 2021). The authors contributed external 

factors and individual fish biases as the cause for some small asymmetries in the OKR gain 

between the left and right eye, rather than a general asymmetry of the OKR system.  

Together with the increased monocular MLE/MRE encoding, BP P neurons also exhibit 

developmental changes. Their relative amount decreases only slightly, but they do not 

cluster in the ventral ABN anymore. While it is possible that the missing BP P neurons 

went into apoptosis before the 2nd week, they also might have changed their eye specificity 

to either monocular or BA P. The latter are much more common in older larvae, implying a 

possible transformation of BP P into BA P neurons. However, BA P neurons are more 

spread out in the ABN below the Mauthner cells and occupy areas dorsal to the location of 

BP P neurons in younger larvae. The increased amount of BA P neurons is therefore not 

the sole cause for the decrease of BP P neurons. The increased number of saccades likely 
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contributed beneficially to the increase of identified BA P neurons, but a systematic 

misclassification to the disadvantage of one particular oculomotor group seems unlikely 

(see chapter 4.2.5). Similar to the increased monocular specificity of MLE/MRE P neurons 

described above, a strengthening of eye specific connections for BP P neurons can lead to 

the observed results. However, this would mean that at 5-7 dpf a large part – and at later 

developmental stages potentially the whole group – of BP P neurons are just immature and 

their specific binocular response profile might vanish during development. But why would 

that class of neurons be needed in the first place? Given their ventral location, these 

neurons are relatively old and already had enough time to get fully integrated into the 

oculomotor system (Kinkhabwala et al., 2011). If they truly form a specific subgroup of 

MNs, why would their unique response profile be needed at 5-7 dpf, when EOMs are 

already adult-like at 3 dpf (Easter & Nicola, 1996)? A major reorganization of a neuronal 

circuit with increased age is not unheard of in zebrafish. Spinal locomotor neurons have 

been reported to alter their connectivity and even change the function of the underlying 

circuit in adults compared to larval fish (Pallucchi et al., 2022). However, the neuronal 

reorganization reported in my thesis is happening on a much shorter timescale and is thus 

unlikely to be necessary due to the increased size of the fish as it was concluded for the 

locomotor neurons. Future studies at later developmental stages are needed to investigate 

the fate of the remaining BP P neurons, the origin of the additional BA P neurons, and to 

identify if the BP class is a functional relevant group or whether it’s just comprised of 

immature neurons. Similarly, the decreased amount of eye position encoding neurons in 

the dorsal ABN/putative MVN remains to be elucidated. A possible coding shift with the 

emergence of the aVOR might be a plausible cause.  

 

5.4.4 Decreased eye velocity encoding and the maturation of the OI 

One striking feature in late-stage larvae is the decreased eye velocity encoding in all four 

major response groups, primarily in the BA type (Supplemental Figure 13a & a’). This 

leaves the velocity system under almost exclusive monocular control. Based on the 

stereotypical spatial organisation of the velocity encoding neurons, a large dorsal cluster of 

velocity encoding neurons in the rostral area of rh7/8 is now missing. Given their location, 

it is likely that the remaining rostro-dorsal neurons are putative OI neurons and the 

question arises if this coding shift reflects the more mature integrator in older larvae (Beck 
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et al., 2003). In young zebrafish, the OI has been hypothesized to be topographically 

organized with strong persistence time heterogeneity, exhibiting a more distributed 

connectivity with less heterogeneity in adult fish (Fisher et al., 2013; Miri et al., 2011a). 

The decrease in velocity encoding in the rostral area of rh7/8 does reflect such a decrease 

in heterogeneity for the encoded eye movement quality, but not in the persistence time 

domain. 

Several studies investigated the maturation of working memory during a delayed 

oculomotor response task in the prefrontal cortex of non-human primates (Li et al., 2021; 

Zhou et al., 2013, 2014, 2016). Here, specific neurons show persistent firing after the 

animal is presented with a spatial cue and this activity predicts an ocular behavioural 

response. While this brain region serves a different function than the OI, and is comprised 

of a different set of neurons, the underlying neurons act as a continuous attractor, which 

achieve their persistent activity due to their recurrent connectivity, similar to the OI 

(Khona & Fiete, 2022; Li et al., 2020; Liu et al., 2021; Riley & Constantinidis, 2016). On 

the neuronal level, the maturation of this system is characterized by an increased activity 

during the delay period (Zhou et al., 2013, 2016) and by a decrease in the functional 

connectivity of inhibitory neurons while the excitatory connections stay the same (Zhou et 

al., 2014). Similarly, the dorso-medial cluster in late-stage larvae, which forms excitatory 

recurrent connections (Lee et al., 2015), show no noteworthy changes compared to their 

younger counterparts. However, it’s not possible to draw a conclusion regarding a potential 

increase in their monotonic firing pattern as different larvae were used for each 

experiment. Based on their location, a large part of the missing eye velocity encoding 

neurons could be inhibitory (Lee et al., 2015; Vishwanathan et al., 2017), which can reflect 

a similar maturation mechanism. Given their unique relevance in the OI (see chapter 

1.4.5.3), it would be interesting to see what this maturation means for models of the 

integrator (Fisher et al., 2013). However, the question still remains why these changes are 

happening in eye velocity encoding neurons. It is possible that these neurons only appear 

eye velocity encoding and sharpen their tuning over time and are thus not part of the OI. 

Neurons rostral to the OI/VSM in goldfish exhibit postural signals, somewhat linked to 

head velocity/position, but their inactivation does not lead to oculomotor deficits (Pastor et 

al., 1994). Similarly, the stimulation velocity might have an influence on the underlying 

tuning. In adult goldfish, neurons become more velocity encoding during increased VOR 

stimulation (Major et al., 2005). Though the stimulation speed was very similar between 
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young and late-stage experiments (see chapter 2.4.1 & 2.4.2), the gain of the oculomotor 

system might change during development. However, the decrease in eye velocity encoding 

neurons is not reflected by a similar increase in eye position encoding neurons at the same 

spatial location as it would be expected if a similar process exists in the larval zebrafish.  

 

5.5 Conclusion and future directions:  

In this study, I investigated the binocular coordination and coding sensitivities of 

oculomotor neurons in the hindbrain of larval zebrafish. This analysis is supplemented by 

an investigation of the maturation of those neurons. 

The results regarding the ocular tuning of hindbrain neurons show that the binocular 

coordination is not achieved in a way that fully conforms to either the theory of Helmholtz 

or Hering. While most of the underlying neurons are monocular, a large fraction of 

binocular neurons was also discovered, with one specific binocular type that is 

preferentially active during conjugate eye movements. These results show that a certain 

degree of task separation is not only implemented in the premotor areas but also potentially 

at the level of the motoneurons. The possibility of preferential recruitment of (pre)motor 

areas should be considered in future studies of oculomotor control. The tuning of 

oculomotor neurons regarding eye position/velocity is best described as graded, with true 

position/velocity encoding neurons being the extremes of a continuum. The firing 

thresholds of eye position and eye velocity encoding neurons both show activity during a 

limited range in the non-preferred direction that helps in encoding the resting eye position 

and act as a low-pass filter of the oculomotor system. 

The spatial location of the OI in larval zebrafish likely spans into more rostral areas, 

previously not considered important for gaze holding stability. This requires reanalysis of 

earlier experiments of the zebrafish OI, as certain findings might change due to the more 

distributed location of the OI. The organization of the OI appears to form a gradient from 

eye velocity to eye position encoding along a rostro-caudal axis. However, the exact 

locations of eye position/velocity neurons are more separated and do not appear to form a 

gradient as my PVIndex might suggest. This points towards a more recurrent organization of 

the OI, which is mostly comprised of eye position encoding neurons. This highlights 

differences in the organization of the OI between teleost and mammals, in which a gradient 

of eye velocity to eye position encoding is reported. While this limits the capability of 
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zebrafish to explain the oculomotor integrator organization in mammals, it provides the 

opportunity to investigate how neuronal circuits solve the same biological problem in 

different ways.  

On the other hand, my study shows how one must be careful when interpreting data from 

larval zebrafish. My investigation into the maturation of the oculomotor system in the 

hindbrain already shows striking differences after only one week of additional 

development. Eye velocity encoding neurons become less frequent in older animals and 

neurons that show preferential activity are more spread out. These changes are only 

expected to become more significant after the maturation of the aVOR in older zebrafish. 

My results show that, while providing useful insights, findings in larval zebrafish should 

always be considered to come from an immature organism until validated in adult fish. 

Similarly, future studies are needed to investigate how the oculomotor tuning of adult 

neurons differs to the findings we usually see in larval fish. However, the basic 

components of the OI can still be investigated in young larvae to probe circuit 

organization. Future OI studies are required to incorporate more rostral hindbrain neurons 

to fully investigate their involvement into the OI. Optogenetic activation/silencing of 

specific subsets of oculomotor neurons would provide a useful foundation to further 

elucidate how the different threshold neurons contribute to the OI.  

Overall, this study expands our knowledge on how neurons that control and maintain 

horizontal eye positions are tuned and shows that the zebrafish is a competitive model 

organism for studying neuronal circuits and mechanisms of persistent activity generation.   
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Appendix  

Supplemental figures: 

 

Supplemental Figure 1: Fish mounting and perfusion setup for late-stage larvae 

a: 14 dpf late-stage larvae mounted in 3 % agarose with its right eye and gills cut free of agarose. The red 

dashed line indicates the additional area cut free for the late-stage larvae to ensure Ringer’s solution flow 

over the gills for better oxygen uptake. b: 14 dpf larvae mounted in a petri dish lid with the Luer connectors 

glued to it. The red arrow indicates fish orientation (in direction of the head). Note the different level of the 

connectors with the input connector (left, at the side of the larvae’s head) being lower to ensure mixture of 

the solution and the output connector being higher to ensure that the larvae stay fully submerged. c: Picture 

of the perfusion setup with the O2 bottle (right) and peristaltic pump (left). Note the different input and output 

speeds, with the output speeds being higher to prevent flooding of the microscope. The asterisk indicates a 

2nd location to keep a mounted fish oxygenated.   
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Supplemental Figure 2: Modified setup for late-stage larvae 

a: Input tube for oxygenated Ringer’s solution. b: Modified stage with a plexiglass cutout in the middle to 

record eye movements. c: Additional IR-LED ring to provide illumination of the eyes independent of 

objective position. d: CMOS camera to record eye movements. e: One half of the LED arena (2 panels, used 

for stimulation of the right eye). Note the diffusor in front of the LEDs and the black foil in front of the 

binocular zone (partially hidden by the objective, behind the input tube). f: Output tube for deoxygenated 

Ringer’s solution. 

a 
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Supplemental Figure 3: Example regressors for one recording 

All 52 regressors from the recording depicted in Figure 3-3a and Figure 3-4a. Scale bar from regressor 1 

accounting for all regressors. Abbreviations similar as for Figure 3-4. Figure adapted under CC BY 4.0 from 

Brysch et al. (2019b). 
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Supplemental Figure 4: Additional monocular and binocular cell maps 

Additional cell maps highlighting the arrangement of monocular neurons in rh5/6 and alignment of mono- 

and binocular velocity neurons in young larvae. a: Transversal projection of monocular position encoding 

neurons in rh5 & 6. The two black arrows indicate the faint gap between the two INN clusters. The bar plot 

shows the number of neurons in D-V for the left hemisphere rotated by 30 ° with the reduced number of 

neurons visible in the middle. D: dorsal, L: left, M: Mauthner cells, MLE: monocular left eye, MRE: 

monocular right eye, P: position, R: right, V: ventral. b & b’: Sagittal and dorsal view of mono- and 

binocular velocity encoding neurons. The black arrow in b shows the shift of velocity coding neurons from 

intermingled towards monocular. A: anterior, BA: binocular always, BP: binocular preferred, L: left, 

P: posterior, R: right, rh: rhombomere, V: velocity. Figure adapted under CC BY 4.0 from Brysch et al. 

(2019b). 
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Supplemental Figure 5: Additional tuning curves from experiment 2 

a-g: Left column: two-dimensional tuning curves with the DFF color-coded for eye position (x-axis) and 

slow-phase eye velocity (y-axis). Middle column: eye position tuning curve. Red line shows the averaged eye 

position tuning between ± 1 °/sec. Blue dots show the datapoints for the remaining velocities. The black 

dashed line shows the respective firing threshold, if identified. Right column: same as in middle column but 

for slow-phase eye-velocity with the red column showing the eye velocity between ± 1 °. Figure adapted 

under CC BY 4.0 from Brysch et al. (2019b). 



 

151 

 

 

Supplemental Figure 6: Firing thresholds for different anatomical locations in young larvae 

a: Eye position firing thresholds pooled in ON direction for eye position encoding neurons (PVIndex > 0) for 

different neuronal groups. INN: internuclear neurons, MN: motoneurons, rh: rhombomere. All other groups 

are significantly different from rh7/8 (Kruskal-Wallis test, p < 0.05). b: Eye velocity firing thresholds pooled 

in ON direction for eye velocity encoding neurons (PVIndex < 0) for different neuronal groups. Rh5 

significantly differs to rh7/8 (Kruskal-Wallis test, p < 0.05). Please note the low number of velocity encoding 

neurons outside of rh7/8, which limits comparability.  
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Supplemental Figure 7: Saccade frequency for each direction and stimulation phase 

Late-stage larvae show increased saccadic frequency in both directions in comparison to young larvae and 

most saccades are triggered during the binocular stimulation phase for experiment 1 & 3. a: Saccadic 

frequency in each direction over the whole experiment. No differences in direction were observed, but 

frequency increased with development (Kruskal-Wallis test: p < 0.05). L: saccade to the left; R: saccade to 

the right. b: Saccadic frequency for each stimulation phase for young and late-stage larvae (Kruskal-Wallis 

test: p < 0.05: YLS-YBS, YLS-LLS, YLS-LRS, YLS-YBS, YRS-YBS, YRS-LLS, YRS-LRS, YRS-YBS, 

YBS-LBS, LLS-LBS, LRS-LBS). BS: both eyes stimulated, LS: left eye stimulated, RS: right eye stimulated. 
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Supplemental Figure 8: Neuron number comparison caudal to the Mauthner cells 

a: Number of identified neurons for each response group per brain caudal of the Mauthner cells (mean, 

upscaled for late-stage). a’: Color-code for subfigures b & c. b: Change of each eye position encoding 

response group for young and late-stage larvae (relative to the total, average number of neurons identified for 

the respective developmental stage). c: same as in b, but for velocity encoding groups. 
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Supplemental Figure 9: Maps for all identified eye position and velocity neurons in late-

stage larvae: 

Spatial locations of all identified neurons in late-stage larvae color-coded for eye position and velocity. a-c: 

Sagittal, dorsal, and transversal views. Each dot represents one neuron identified in one recording. A: 

anterior, D: dorsal, L: left, M: Mauthner cells, P: posterior, R: right, rh: rhombomere, V: ventral.  
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Supplemental Figure 10: Upscaled monocular cell maps for late-stage larvae 

Spatial locations of upscaled monocular neurons. a-b’: Transversal, sagittal and dorsal views for MLE eye 

position (a), MLE velocity (a’), MRE position (b) and MRE velocity (b’) encoding neurons. Each dot 

represents one 10 x 10 x 10 µm voxel upscaled to 8 brains in 5µm increments. A: anterior, D: dorsal, L: left, 

M: Mauthner cells, P: posterior/position, R: right/regressor, rh: rhombomere, V: ventral/velocity.  
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Supplemental Figure 11: Upscaled monocular exclusive cell maps for late-stage larvae 

Spatial locations of upscaled monocular exclusive neurons. a-b’: Transversal, sagittal and dorsal views for 

MLEX eye position (a), MLEX velocity (a’), MREX position (b) and MREX velocity (b’) encoding neurons. 

Each dot represents one 10 x 10 x 10 µm voxel upscaled to 8 brains in 5µm increments. A: anterior, D: 

dorsal, L: left, M: Mauthner cells, P: posterior/position, R: right/regressor, rh: rhombomere, V: 

ventral/velocity.  
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Supplemental Figure 12: Upscaled binocular cell maps for late-stage larvae 

Spatial locations of upscaled binocular neurons. a-b’: Transversal, sagittal and dorsal views for BP (a) and 

BA (b) encoding neurons. Each dot represents one 10 x 10 x 10 µm voxel upscaled to 8 brains in 5µm 

increments. A: anterior, D: dorsal, L: left, M: Mauthner cells, P: posterior/position, R: right/regressor, rh: 

rhombomere, V: ventral/velocity.  
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Supplemental Figure 13: Comparison of BA neurons and the PVIndex between young and 

late-stage larvae 

a & a’: Transversal, sagittal and dorsal views of identified BA neurons in young and late-stage larvae. Data 

from Figure 3-9a’ and Figure 4-6a’. Note the different size of the pictured hindbrain patch which was kept 
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similar to the other figures of the respective developmental stage. Each dot represents one neuron identified 

in one recording with its highest correlation to the regressor in the respective legend. M: Mauthner cells, P: 

position, R: regressor, V: velocity. b & b’: Color-coded PVIndex for neurons identified in experiment 2 and 4. 

Data from Figure 3-13a and Figure 4-10a. Note the different size of the pictured hindbrain patch which was 

kept similar to the other figures of the respective developmental stage. Error bars are SEM. 
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Supplemental Table 1: Number of identified neurons for each regressor for Exp 1 

Regressor 

number 

Tuning Total # 

(per brain) 

Regressor 

number 

Tuning Total # 

(per brain) 

1 BP P → NA 173 (22) 27 MRE V → A 23 (3) 

2 BP P ← NA 221 (28) 28 MRE V ← A 36 (5) 

3 MRE P → NA 221(28) 29 MX P → NA 0 (0) 

4 MRE P ← NA 273 (34) 30 MX P ← NA 0 (0) 

5 BA P → NA 26 (3) 31 MX P → A 0 (0) 

6 BA P ← NA 22 (3) 32 MX P ← A 0 (0) 

7 MLE P → NA 282 (35) 33 MX V → NA 0 (0) 

8 MLE P ← NA 107 (13) 34 MX V ← NA 0 (0) 

9 BP V → NA 39 (5) 35 MX V → A 0 (0) 

10 BP V ← NA 19 (2) 36 MX V ← A 0 (0) 

11 MRE V → NA 45 (6) 37 MLEX P → NA  20 (3) 

12 MRE V ← NA 96 (9) 38 MLEX P ← NA 7 (1) 

13 BA V → NA 31 (4) 39 MLEX P → A 19 (2) 

14 BA V ← NA 39 (5) 40 MLEX P ← A  22 (3) 

15 MLE V → NA 114 (14) 41 MLEX V → NA 7 (1) 

16 MLE V ← NA 51 (6) 42 MLEX V ← NA 9 (1) 

17 BA P → A 113 (14) 43 MLEX V → A 2 (0) 

18 BA P ← A 142 (18) 44 MLEX V ← A 3 (0) 

19 MLE P → A 252 (32) 45 MREX P → NA 10 (1) 

20 MLE P ← A 127 (16) 46 MREX P ← NA 15 (2) 

21 MRE P → A 150 (19) 47 MREX P → A 3 (0) 

22 MRE P ← A 250 (32) 48 MREX P ← A 12 (2) 

23 BA V → A 99 (12) 49 MREX V → NA 22 (3) 

24 BA V ← A 98 (12) 50 MREX V ← NA 4 (1) 

25 MLE V → A 49 (6) 51 MREX V → A 12 (2) 

26 MLE V ← A 27 (3) 52 MREX V ← A 10 (1) 

A: averaged, BA: binocular always, BP: binocular preferred, MLE: monocular left eye, MLEX: monocular 

left eye exclusive, MRE: monocular right eye, MREX: monocular right eye exclusive, MX: monocular 

exclusive, NA: non-averaged P: position, V: velocity 
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Supplemental Table 2: Number of recordings of late-stage larvae per z-level 

Z-level # of recordings Z-level # of recordings Z-level # of recordings 

130 1 40 6 -50 3 

120 1 30 5 -60 3 

110 1 20 6 -70 3 

100 4 10 5 -80 3 

90 4 0 5 -90 3 

80 3 -10 4 -100 3 

70 4 -20 4 -110 1 

60 4 -30 3 -120 1 

50 5 -40 4 -130 1 

Gray shaded entries indicate dorsal-ventral area which was upscaled to 8 brains 
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Supplemental Table 3: Number of identified neurons for each regressor for Exp 3 

Regressor 

number 

Tuning Total # 

(upscaled, 

per brain) 

Regressor 

number 

Tuning Total # 

(upscaled, 

per brain) 

1 BP P → NA 42 (20) 27 MRE V → A 2 (1) 

2 BP P ← NA 43 (20) 28 MRE V ← A 4 (2) 

3 MRE P → NA 30 (16) 29 MX P → NA 0 (0) 

4 MRE P ← NA 50 (24) 30 MX P ← NA 0 (0) 

5 BA P → NA 37 (18) 31 MX P → A 0 (0) 

6 BA P ← NA 28 (14) 32 MX P ← A 0 (0) 

7 MLE P → NA 117 (56) 33 MX V → NA 0 (0) 

8 MLE P ← NA 45 (26) 34 MX V ← NA 0 (0) 

9 BP V → NA 2 (1) 35 MX V → A 0 (0) 

10 BP V ← NA 13 (6) 36 MX V ← A 0 (0) 

11 MRE V → NA 3 (2) 37 MLEX P → NA  23 (11) 

12 MRE V ← NA 17 (9) 38 MLEX P ← NA 21 (11) 

13 BA V → NA 2 (1) 39 MLEX P → A 10 (4) 

14 BA V ← NA 1 (0) 40 MLEX P ← A  9 (4) 

15 MLE V → NA 25 (14) 41 MLEX V → NA 1 (0) 

16 MLE V ← NA 4 (2) 42 MLEX V ← NA 8 (4) 

17 BA P → A 65 (34) 43 MLEX V → A 3 (1) 

18 BA P ← A 44 (22) 44 MLEX V ← A 0 (0) 

19 MLE P → A 40 (23) 45 MREX P → NA 14 (6) 

20 MLE P ← A 26 (13) 46 MREX P ← NA 7 (3) 

21 MRE P → A 23 (10) 47 MREX P → A 3 (1) 

22 MRE P ← A 40 (18) 48 MREX P ← A 1 (1) 

23 BA V → A 5 (3) 49 MREX V → NA 8 (4) 

24 BA V ← A 5 (2) 50 MREX V ← NA 0 (0) 

25 MLE V → A 5 (3) 51 MREX V → A 0 (0) 

26 MLE V ← A 5 (3) 52 MREX V ← A 0 (0) 

A: averaged, BA: binocular always, BP: binocular preferred, MLE: monocular left eye, MLEX: monocular 

left eye exclusive, MRE: monocular right eye, MREX: monocular right eye exclusive, MX: monocular 

exclusive, NA: non-averaged P: position, V:velocity                                  
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